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Summary

The field of tissue engineering aims to restore the function of damaged or missing
tissues by combining cells and/or a supportive biomaterial scaffold into an engineered
tissue construct. The construct’s design requirements are typically set by native tissues
- the gold standard for tissue engineers. Closely observing native tissues from an
engineering perspective reveals a complex multiscale modular design. This natural
architecture is essential for proper tissue functioning, but not trivial to manufacture.
Recapitulating the complexity of native tissues requires high-resolution manufacturing
technologies such as microfluidics. However, increasing resolution is typically at the cost
of production throughput and vice versa, which hampers the clinical translation of
complex tissue engineering strategies. New advanced concepts that integrate both high-
resolution and rapid additive manufacturing techniques are thus prerequisite to upgrade
the field of modular tissue engineering.

This thesis describes: i) the development of various innovative biomaterials and
microfluidic platforms for the production of (cell-laden) hydrogel microparticles (i.e.
microgels) that act as tissue engineering building blocks; ii) the modification of
microgels with in situ tunable biomechanical and biochemical properties to enable
specific tailoring of the cellular microenvironment; iii) their incorporation into modular
bio-inks, which is a novel concept to enable the facile engineering of complex tissues
using standard biofabrication methods; and iv) the invention of a platform technology
called ‘in-air microfluidics’ (IAMF), which uniquely enables the chip-free
micromanufacturing of droplets, particles, and 3D modular biomaterials at rates that are
readily compatible with clinical applications.

Together, this thesis introduces a number of innovative biomaterial modifications and
microfluidics-based manufacturing concepts that facilitate the development and clinical
translation of modular tissue engineering applications.
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Samenvatting

Het vakgebied weefselengineering heeft tot doel de functie van beschadigde of
ontbrekende weefsels te herstellen door cellen en/of een ondersteunend biomateriaal te
combineren tot een weefselconstruct. De ontwerpcriteria van het weefselconstruct
worden doorgaans bepaald door natuurlijke weefsels - de gouden standaard voor
weefselingenieurs. Nauwkeurige observatie van natuurlijke weefsels vanuit een
engineering perspectief onthult een complexe hiérarchische modulaire architectuur.
Deze natuurlijke architectuur is essentieel voor een goede weefselfunctie, maar niet
triviaal om te vervaardigen. Het kopiéren van de complexiteit van natuurlijke weefsels
vereist hoge resolutie productietechnologieén, zoals microfluidica. Echter, toenemende
resolutie gaat typisch ten koste van de productie capaciteit en vice versa, wat de klinische
translatie van complexe weefseltechnologie belemmert. Nieuwe geavanceerde
concepten die zowel hoge resolutie als snelle fabricatietechnieken integreren, zijn dus
essentieel om modulaire weefselengineering te verbeteren.

Dit proefschrift beschrijft: i) de ontwikkeling van diverse innovatieve biomaterialen en
microfluidische platformen voor de productie van (cel bevattende) hydrogel
micropartikels (microgels) die fungeren als weefselbouwstenen; ii) de verrijking van
microgels met in situ modificeerbare biomechanische en biochemische eigenschappen
om specifieke adaptatie van de micro-omgeving van de cel mogelijk te maken; iii) het
combineren van microgels in modulaire bio-inkt, wat een nieuw concept is om complexe
weefsels te produceren met behulp van standaard biofabricatiemethoden; en iv) de
uitvinding van een platformtechnologie genaamd 'in-air microfluidics' (IAMF), die uniek
de chipvrij microfabricatie van druppels, deeltjes en 3D modulaire biomaterialen
mogelijk maakt op snelheden die klinisch transleerbaar zijn.

Samengevat presenteert dit proefschrift een aantal innovatieve biomateriaal
modificaties en microfluidica-gebaseerde productieconcepten die de ontwikkeling en de
klinische vertaling van modulaire weefselengineering concepten stimuleert.
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Introduction and Motivation
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1.1 Introduction

1.1.1 Tissue Engineering

The idea to create man-made tissues to repair or replace natural tissues has existed
since ancient times. Early Greek literature, passages in the Old Testament, and
descriptive paintings of the Roman Empire are among the oldest records of this subject.™
31 The discoveries of an Egyptian wooden toe prosthesis (1065-740 BC) and a first-century
Roman metallic tooth implant provide direct evidence of ancient tissue engineers who
pioneered in restoring body functions using man-made tissue substitutes.4 5! Based on
developments in clinical medicine (e.g. prosthetics, anesthetics, transplantation) and
biology (e.g. microbiology, biochemistry, genetics), tissue engineering has emerged into
a mature interdisciplinary field within the area of life sciences.®! To date, tissue
engineers have attempted to develop substitutes for virtually every mammalian tissue.[”!

1.1.2 Natural Tissue Architecture

The original modern tissue engineering paradigm is based on homogeneously
combining cells and tissue-inducing substances with an isotropic supportive scaffold to
form a substitute graft.[#°! Although such top-down engineering results in grafts with
clinically relevant sizes, their simplistic design often does not recapitulate the complex
architecture of native tissue. In fact, native tissues are characterized by repetitive
functional units that span several length scales and are arranged into a multiscale
modular design (Figure 1.1).! This multiscale modularity is essential to combine
multiple otherwise paradoxical material properties into one construct. For example, the
structural hierarchy in natural wood and bone provides both strength and toughness,
which enables large and strong, but light-weight porous constructs that support
nutrition through liquid transport.t!

)
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Figure 1.1. Multiscale modularity in native tissues. Zooming in on various native tissues reveals well-
structured functional modules across several length scales. The modules are encircled by solid black lines.
Adapted from references.!32!
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1.1.3 Modular Tissue Engineering

A new paradigm based on modular, or bottom-up, tissue engineering has been
proposed to enable facile incorporation of complex multiscale modularity into man-
made tissue constructs.?>2% This approach relies on the fabrication and assembly of
particles and cells that act as building blocks to engineer larger tissues (Figure 1.2). The
(cell-laden) building blocks are typically made of hydrogel, as these water containing
polymer networks structurally mimic the extracellular matrix of native tissues./27-29]
Several micromanufacturing technologies based on molding, emulsification, or spraying
have been developed to produce such hydrogel microparticles, also called microgels).5*-
32]

5 i Modular Modular Poean
Rolymers Gells Microparticles microconstruct macroconstruct

Nano Micro

>

>
Macro

Figure 1.2. The concept of modular tissue engineering. Modular tissue engineering is a bottom-up
approach where typically polymers, cells, and (cell-laden) microparticles are assembled into larger

modular constructs.

Droplet microfluidics offers the resolution and control to continuously produce
monodisperse microgels with defined size, shape, and composition, which could act as
3D (cell-laden) building blocks (Figure 1.3).3335! Mixing and matching various building
blocks readily enables the engineering of myriad tissue constructs with intricate
microstructural features as present in native tissues.' 3% However, several technical
hurdles have still to be taken before man-made grafts can accurately mimic the
multifunctionality of native tissues, and can be produced at a clinically relevant scale.

Degradation sites
Biomolecule

\ afﬁmty sites

Adhesion sites

Biomolecules

Cell types
_/Cell numbers

. Capsule,

Figure 1.3. Droplet microfluidics for fabrication of tissue engineering building blocks. (a) Droplet
microfluidics is an emulsion-based technology that is compatible with the production of a wide variety
of droplets and particles. (b) Schematic representation of a microfluidic flow focusing droplet generator
for the production of biochemically and biomechanically defined cell-laden microgels. Adapted from

references.34 37
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1.2 Motivation: Challenges and Contributions

This thesis addresses a number of challenges that currently hamper the widespread
application of droplet microfluidics-based modular tissue engineering. The current
chapter (1) provides the reader with a short perspective on the emergence and
pertinence of tissue engineering and specifically microfluidics-based modular
approaches. In the following sections, we introduce the main challenges (underlined)
and provide a per-chapter overview on how this thesis contributes to overcome these.

1.2.1 In-emulsion Enzymatic Crosslinking

The production of cell-laden microgels is typically based on the emulsification of a cell
containing hydrogel precursor solution followed by an in situ crosslinking reaction. In
contrast to widely exploited, but cytotoxic, ionic- and photo-based crosslinking
strategies, enzymatic crosslinking enables the facile, cytocompatible, and rapid
production of cell-laden hydrogels.3-4°! However, enzymatic crosslinking is not trivial
in emulsion-based droplet microfluidics, as emulsions are typically multiphase
immiscible systems where oil hampers the direct mixing of the hydrogel precursor and
its crosslinker. There is currently only a limited number of micromanufacturing
approaches that are compatible with the in-emulsion enzymatic crosslinking of cell-

laden hydrogel particles, which has limited the widespread use of this promising class of
biomaterials for cell microencapsulation.

Chapter 2 focuses on the enzymatic crosslinking of tyramine-functionalized polymer
droplets using nanoemulsified crosslinker to form hydrogel particles that span multiple
length scales. In particular, the in-emulsion enzymatic crosslinking strategy is leveraged
to produce cell-laden microgels using droplet microfluidics.

1.2.2 Preventing Cell Escape

Modularity could be introduced into tissue engineered constructs using relatively
large building blocks (2100 um).[#-44l However, cells covered by a thin layer of matrix are
life’s smallest functional eukaryotic units that can exist on their own. For modular tissue
engineering approaches it is therefore intuitive to use building blocks composed of a
single cell surrounded with a thin layer of matrix (e.g. microgels <4o pm). Droplet
microfluidics technology is in principle ideally suited for the production of such (single-

)cell-laden microgels.[s! However, currently explored single cell microencapsulation
strategies have suffered from rapid cell escape caused by off-center cell encapsulation

(Figure 1.4a-c).54 This hampers all investigations and applications that require the long-
term culture of individual cells in controlled 3D microenvironments.

In chapter 3, we reveal that cells are positioned on the outer edge of gel precursor
droplets immediately after emulsification. Immediate gelation - which is the general
exploited strategy in the microencapsulation field - thus results in off-center cell
encapsulation. By delaying gelation, cells are allowed to reposition to the droplet’s
center. We present the first microfluidic approach that exploits on-chip delayed gelation
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to enable long-term 3D single cell culture by centering cells in microgels in a facile,
modular, and widely applicable manner.

1.2.3 In Situ Tunable Building Blocks

Native tissues are characterized by a dynamic nature. For example, tissue development
is a multi-staged process that involves remodeling of the extracellular matrix. ]
Recapitulating such dynamicity in engineered tissues requires the temporal control over
their biochemical composition. Although tissue engineers have recently started to
integrate these complex functions into smart (i.e. instructive and responsive)
biomaterials,4758! their use has remained limited to bulk constructs that do not
recapitulate the modular design of native tissues. The modular tissue engineering
toolbox is thus currently lacking in situ biochemically and biomechanically tunable
building blocks, which are essential to incorporate both the dynamicity and multiscale
modularity of native tissue into artificial tissue constructs.

In chapter 4, we introduce ‘direct on-cell crosslinking’ (DOCKING) of non-adhesive
biomaterial onto stem cells, which is a bio-inspired technology that enables the
transduction of biomechanical cues to the stem cells in a unique RGD-independent
manner. We use DOCKING in combination with droplet microfluidics to demonstrate
encapsulation of stem cells into microgels with in situ tunable stiffness. This strategy
readily supports the investigation of single stem cell lineage commitment dynamics in
3D, which is a new feature in the field of mechanotransduction.

Chapter 5 covers the development of in situ biochemically tunable microgels for
modular tissue engineering. Specifically, we introduce desthiobiotin/biotin
displacement to engineer in situ tunable microgels that act as smart building blocks,
thereby granting reversible and sequential spatiotemporal biochemical control over self-
assembled living modular tissue constructs.

1.2.4 Beating Poisson

Single cell encapsulation strategies are typically challenged by Poisson-distributed cell
encapsulation, which inherently results in many non-cell-laden microgels (Figure

1.4d).559 Although high-yield deterministic single cell encapsulation in culture medium
droplets has been demonstrated using inertial focusing,'®! these forces are too weak to
obtain longitudinal cell ordering in comparatively viscous fluids such as hydrogel
precursor solutions. Non-pure microgel fractions are highly inefficient and impede
subsequent applications, including modular tissue engineering. Specifically, too many
non-cell-laden microgels may result in modular constructs with non-physiological cell
concentrations.

In chapter 6, we exploit droplet microfluidics-based single cell encapsulation followed
by flow cytometry-based sorting to obtain >90% pure cell-laden microgel fractions.
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1.2.5 Multifunctionality

The aim of modular tissue engineering is to create multifunctional tissue constructs
that can simultaneously provide cell-centric microenvironments to support e.g.
encapsulated cell survival and function, as well as host-centric macroenvironments to
support e.g. integration, anastomosis, and mechanical integrity. Although it might seem

trivial, multifunctional modular tissue constructs with distinct optimized cellular micro-
and macro environments have remained elusive.

In chapter 6, modular bio-inks are created by combining purified (see section ‘1.2.4
Poisson distribution’) single-cell-laden microgels with a distinct cell-laden injectable
hydrogel to manufacture modular 3D constructs with optimized cellular micro- and
macroenvironments. We demonstrate that such modular bio-inks readily enable the
engineering of a construct with two clinically important yet normally incompatible
characteristics, namely immunoprotection and angiogenesis. Furthermore, we
demonstrate the compatibility of modular bio-inks with a multitude of standard
biofabrication technologies including molding, spinning, and 3D printing.

1.2.6 Upscaling and Integration

Due to its high resolution and control, multiphase droplet microfluidics is widely
applied for the production of tissue engineering building blocks.53+ 35! However, despite
their success in lab-scale analysis and production, microfluidic chips also have intrinsic
limitations that have hampered the extensive clinical and industrial translation of
microfluidic concepts.[6:-63]

Conventional droplet microfluidics’ throughput is limited, as controlled microdroplet
production is restricted to the dripping regime. For low-surface tension liquids such as

biological or polymer solutions, this requires Capillary number Ca < 0.1+ %! which
typically corresponds to per-nozzle flow rates of 1-10 pl/min, as confirmed by data from
literature (Figure 1.4e). In contrast, clinical and industrial scale applications require
throughput of 1-1000 ml/min, thus at least 100x faster as compared to chip-based droplet
microfluidics. Faster jet-based microfluidics (Ca > 0.1) results in polydisperse droplets
(and thus particles) due Rayleigh-Plateau instabilities that cause spontaneous
breakup.[®6-8] Advanced strategies based on bubble-triggered jet breakup have been
demonstrated to enable the on-chip production of monodisperse microdroplet
production with more than tenfold higher rates.!> %! However, introducing air bubbles
into microfluidic chip typically causes other issues such as flow instabilities. 7!

Microfluidic chips can only be operated with at least one non-solidifying co-flow,
which is required to separate droplets, particles, or fibers from each other and the
channel walls.[”> 72 This co-flow (e.g. oil) not only impairs clinical translation, it also
interferes with the microfluidics’ straightforward integration into rapid additive
manufacturing processes. Specifically, chip-based microfluidic products are limited to
suspensions and emulsions, which are incompatible with the direct manufacturing of

larger 3D constructs.
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Chapter 7 describes the invention of a platform technology called ‘in-air microfluidics’
(TAMF), which revolutionizes microfluidics-based manufacturing in several ways. IAMF
is a chip-free method were liquid microjets are combined and controlled in a gaseous
phase (e.g. air) to form monodisperse emulsions and suspensions at rates that are ~100x
higher as compared to conventional chip-based microfluidics, while maintaining
resolution. Furthermore, IAMF is compatible with solidifying co-flows; in-air and oil-
free produced micromaterials can be directly jetted onto substrates to form larger
modular 3D constructs in one step. We demonstrate that this integration of micro- and
macromanufacturing effectively enables the clinical-scale manufacturing of 3D tissue-

engineered constructs with an intrinsic structure that closely mimics the modularity of
native tissues.

. _ € 4o
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Figure 1.4. Limitations of conventional droplet microfluidics-based single-cell-laden tissue
building block fabrication. (a-c) Investigation of various landmark papers in the field revealed
consistent cell escape from microgels during in vitro culture within a few days from encapsulation. (d)
The number of encapsulated cells per microdroplet or -gel can be described by the Poisson distribution
and is often represented by plotting the chance ‘p’ of finding a certain cell number ‘k’in a droplet as a
function of the average number of cells per droplet ‘A’. Importantly, the single cell encapsulation yield of
random cell encapsulation strategies is inherently maximized to 37%. (e) Droplet microfluidic chips are
typically operated in the dripping regime, which requires Ca < 0.1,154 %! Plotting the per-nozzle flow rate
as a function of the droplet diameter of various droplet microfluidics-based studies (red squares)[® 5 73
80 confirmed this upper limit and revealed typical throughputs of 1-10 pl/min and droplet frequencies in
the 1-1000 Hz range. We anticipate that typical clinical applications require higher throughputs, in the
order of ml/min. Subpanels (a-d) adapted from references.[5% 88l

1.2.7 Future Perspective

This thesis describes several novel biomaterial modifications and microfluidic
concepts to further expand the modular tissue engineering toolbox. In short, it
contributes to the field by improving the resolution, versatility, and throughput of tissue
building block fabrication, as well as by pioneering integration of micro- and
macromanufacturing strategies to aid widespread use and eventually clinical translation
of modular tissue engineering.

Importantly, each of these contributions have their own limitations. Chapter 8 reflects
on these and provides possible directions for future research with respect to
microfluidics-based modular tissue engineering.
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Nanoemulsion-induced Enzymatic Crosslinking of
Tyramine-functionalized Polymer Droplets

In situ gelation of water-in-oil polymer emulsions is a key method to produce hydrogel
particles. Although this approach is in principle ideal for encapsulating bioactive
components such as cells, the oil phase can interfere with straightforward
presentation of crosslinker molecules. Several approaches have been developed to
induce in-emulsion gelation by exploiting the triggered generation or release of
crosslinker molecules. However, these methods typically rely on photo- or acid-based
reactions that are detrimental to cell survival and functioning. In this work, we
demonstrate the diffusion-based supplementation of small molecules for the in-
emulsion gelation of multiple tyramine-functionalized polymers via enzymatic
crosslinking using a H.O./oil nanoemulsion. This strategy is compatible with various
emulsification techniques, thereby readily supporting the formation of monodisperse
hydrogel particles spanning multiple length scales ranging from the nano- to the
millimeter. As proof of principle, we leveraged droplet microfluidics in combination
with the cytocompatible nature of enzymatic crosslinking to engineer hollow cell-
laden hydrogel microcapsules that support the formation of viable and functional 3D
microtissues. The straightforward, universal, and cytocompatible nature of
nanoemulsion-induced enzymatic crosslinking facilitates its rapid and widespread use

in numerous food, pharma, and life science applications.
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2.1 Introduction

Hydrogels are key to many applications in food, pharmacy, cosmetics, and tissue
engineering."s! These structurally stable water-swollen polymer networks have been
proven ideally suited for the nano- and microencapsulation of bioactive components
including cells and drugs.[> 77 The encapsulating particles are typically produced via
molding, atomization, or emulsification of the hydrogel precursor solution followed by
an in situ gelation strategy.®°! In particular, emulsions can be continuously produced at
high rates while stabilizing surfactants make them compatible with relatively slow
(seconds to minutes) gelation mechanisms such as Michael-type addition,™
temperature-dependent gelation, and enzyme-based crosslinking approaches.™! The
majority of polymer gelation strategies however requires the presence of crosslinker
molecules such as ions and radicals,™ which is not trivial in emulsions, as these are
typically multiphase immiscible systems where oil hampers the direct mixing of the
hydrogel precursor and its crosslinker.

The most straightforward solution to crosslink hydrogel precursor droplets in an oil
phase is by adding the crosslinker immediately before emulsification.!™ '> *®! However,
this strategy reduces the control over the emulsification process due to increasing liquid
viscosity and may result in inhomogeneous polymeric networks because the crosslinking
is induced before the hydrogel precursor and its crosslinker are homogeneously mixed.!
Furthermore, coupling gelation and emulsification frequently causes device clogging
and off-center cell encapsulation, which hampers the long-term applications of cell-
laden hydrogel particles.'” Consequently, it is often desirable to sequentially perform
the emulsification and gelation processes, which requires the in-emulsion generation or
release of crosslinker molecules. A number of advanced strategies has been developed to
enable the in situ presentation of a crosslinker upon a chemical or physical trigger, such
as changing pH, irradiation, and temperature.!® *->1 However, the commonly used acid-
, photo-, and heat-triggered crosslinking strategies are detrimental to cell survival and
function, or are technically challenging as they require the formation of labile
crosslinker-laden complexes.l3 2> 2! Alternatively, gelation of emulsified hydrogel
precursor droplets can be induced via the diffusion-based supplementation of
crosslinker molecules, which does not depend on technically challenging or cytotoxic
triggers. For example, alginate microspheres have been formed by supplementing the oil
phase with crosslinker nanoparticles®+ >5) and nanodroplets that diffuse through the
oil phase and induce crosslinking of the emulsified polymer droplets. Unfortunately,
studies that reported on the in-emulsion crosslinking through diffusion of crosslinker
molecules have remained limited and nearly exclusively focused on the production of
alginate microparticles. Expanding the portfolio of in-emulsion diffusion-based
crosslinkable materials would facilitate numerous hydrogel-based applications.

In this work, we demonstrated the in-emulsion enzymatic crosslinking of three
distinct tyramine-functionalized polymers using horseradish peroxidase (HRP) and
H.O, that was supplemented by diffusion from a H,O,/oil nanoemulsion. The crosslinker
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nanoemulsion was combined with various emulsification techniques to produce
homogeneously crosslinked monodisperse nano-, micro-, and millimeter-sized hydrogel
particles. Combining the crosslinker nanoemulsion with droplet microfluidics readily
enabled the production of hollow dextran-based microcapsules that supported
functional 3D microtissue formation. This confirmed the cytocompatible nature of the
nanoemulsion-induced enzymatic crosslinking strategy and proved its value for 3D cell
culture applications.

2.2 Materials and Methods

2.2.1 Materials

Dex-TA, HA-TA, and PEG-TA were synthesized as previously described.?7-29! The
resulting Dex-TA and HA-TA contained 15 and 3 tyramine moieties per 100 repetitive
units, respectively. PEG-TA contained 5 tyramine moieties per 8-armed PEG molecule.
Horseradish peroxidase (HRP, type VI), H,O, (with inhibitor), hexadecane, Span 8o,
peroxide color indicator strips (Quantofix), fetal bovine serum (FBS), iodixanol
(OptiPrep), Calcein-AM, ethidium homodimer-1 (EthD-1), buffered formalin, Triton X-
100, Tween 20, and bovine serum albumin (BSA) were purchased from Sigma-Aldrich.
Catalase (from bovine liver) was purchased from Wako. Phosphate-buffered saline (PBS)
was purchased from Lonza. Dulbecco's Modified Eagle’s Medium (DMEM), Minimal
Essential Medium o with nucleosides (eMEM), Penicillin and Streptomycin, GlutaMAX,
2-mercaptoethanol, HEPES, and trypsin-EDTA were purchased from Gibco. Basic
fibroblast growth factor (ISOKine bFGF) was purchased from Neuromics. Anti-KI67-
FITC (556026) was purchased from BD Biosciences. Anti-insulin (AB7842) was
purchased from Abcam. Fluorescently labeled phalloidin and secondary antibodies were
purchased from purchased from Molecular Probes. DAPI was purchased from
Invitrogen. Polydimethylsiloxane (PDMS, Sylgard 184) was purchased from Dow
Corning. Aquapel was purchased from Vulcavite.

2.2.2 Preparation and Characterization of Crosslinker Nanoemulsion

Crosslinker emulsion was prepared by mixing 30% (w/v) H,O, and 1% (v/v) Span 8o
containing hexadecane in a 1:5 volume ratio using a p1ooo micropipette, and subsequent
sonication for 5 minutes (Engisonic 200, 30 W, 47 kHz), mixing by shaking, and again 5
minutes sonication. To obtain a pure nanoemulsion, microdroplets were removed by 5
minutes centrifugation at 2000g. The size distribution of the obtained nanoemulsion was
analyzed by measuring a 100 times diluted sample using dynamic light scattering
(Zetasizer Nano ZS, Malvern). As a blank control, we measured surfactant containing
hexadecane that was not emulsified with H,O.. The H,O, concentration of the
nanoemulsion was quantified using a color indicator strip that was pre-wetted with
demineralized water.




16 | Chapter 2

2.2.3 Preparation and Characterization of Solid Hydrogel Particles

Millimeter-sized particles were produced by dripping 10 pl hydrogel precursor polymer
droplets that consisted of 10% (w/v) tyramine-functionalized polymer and 11 U/ml HRP
in PBS into H,O,/o0il nanoemulsion. Alternatively, millimeter-sized particles were
produced by putting 10 pl hydrogel precursor droplets that contained premixed 10%
(w/v) Dex-TA and 1 U/ml HRP on a polystyrene substrate and subsequently covering
them with 1 g/l H,O, nanoemulsion. Millimeter-sized particles were also produced by
mixing 10% (w/v) Dex-TA, 1 U/ml HRP, and 0.06% (w/v) H,O, in 10 pl droplets using at
least 10 times vigorous pipetting on a polystyrene substrate on ice, followed by a post-
cure with 0.06% (w/v) H,O, in PBS. Nanoparticles were produced by mixing H,O,/oil
nanoemulsion with hydrogel precursor nanoemulsion that were prepared using the
same sonication and centrifugation protocol. Microparticles were produced using a
microfluidic droplet generator, where hydrogel precursor solution and H,O,/oil
nanoemulsion were used as the dispersed and continuous phase at a 1:8 flow ratio,
respectively. Alternatively, the continuous phase was 1% (v/v) Span 80 containing
hexadecane and crosslinking was induced by introduction of H,O,/oil nanoemulsion
using a separate inlet in the delay channel downstream of the droplet generator.
Solidified hydrogel particles were separated from the oil phase by washing with
surfactant-free oil in the presence of PBS. To retrieve the nanoparticles, a small amount
of 2-propanol was added to the PBS. Crosslinked tyramines (i.e. dityramines)
autofluoresce under ultraviolet (UV) light with excitation maximum at 315 nm and
emission maximum at 405 nm.53° To analyze the internal structure of millimeter-sized
hydrogels, 10 pl hydrogel precursor droplets on flat polystyrene substrates were
crosslinked and visualized using inverted phase contrast (PC) and fluorescence
microscopy (EVOS FL with DAPI light cube). The relative UV intensity (i.e. intensity /
average intensity) across hydrogels was measured using Image]. For nanoindentation,
millimeter-sized hydrogels were placed on a glass stage in PBS and measured on at least
four locations using a probe with a cantilever stiffness of 18.7 N/m and a diameter of 214
pm (Piuma, Opticsn). Effective Young’s moduli were determined by applying the Oliver-
Pharr theory on the unloading part of indentation curves that were obtained using the
following piezo indentation sweep settings (relative to piezo position set point at start):
D[Z1] = o nm, t[1] = 2.0 s; D[Z2] = 15,000 nm, t[2] = 1.0 s (loading); D[Z3]= 15,000 nm, t[3]
= 7.0 s (holding); D[Z4] = 0 nm, t[4] = 20.0 s (unloading); D[Z5] =0 nm, t[5] 2.0 s. To
determine the variation in stiffness (coefficient of variation), matrix indentation was
performed on at least 16 positions spaced 300 pm apart using the same indentation
protocol and a probe with a cantilever stiffness of 24.5 N/m and a diameter of 70 pm.
Size distributions of nano- and micro-, and millimeter-sized particles were determined
using dynamic light scattering and phase contrast microscopy in combination with a
Matlab function for circle size analysis (imfindcircles.m), respectively.

2.2.4 Preparation of Microfluidic Chips
Microfluidic chip designs were made using CAD software (Clewin, WieWeb) and chips
with 100 pm high channels were manufactured from PDMS and glass using standard soft
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lithography techniques. Aquapel was introduced in the chips before usage to ensure
channel wall hydrophobicity. Chips were connected to gastight syringes (Hamilton)
using fluorinated ethylene propylene (FEP, inner diameter 250 pm, DuPont), which were
controlled by low pressure syringe pumps (neMESYS, Cetoni).

2.2.5 Preparation of (Cell-laden) Microcapsules

Hydrogel precursor solution that consisted of 5% (w/v) Dex-TA, 22 U/ml HRP, and
83,000 U/ml catalase in PBS was emulsified with 1% (v/v) containing hexadecane using
a microfluidic droplet generator at a 1:6 precursor/oil flow ratio. The non-cell-laden
precursor droplets were crosslinked by the influx of crosslinker nanoemulsion at a 1:8
nanoemulsion/oil flow ratio further downstream the delay channel, resulting in Dex-TA
microcapsules through competitive enzymatic crosslinking. For cell-laden microcapsule
production, mouse insulinoma MIN6-B1 cells were cultured in MIN6 proliferation
medium, consisting of 10% (v/v) FBS, 100 U/ml Penicillin and 100 pg/ml Streptomycin,
and 71 pM 2-mercaptoethanol (added fresh) in DMEM. Cells were cultured under 5%
COz2 at 37 °C and medium was replaced 3 times per week. When cell culture reached near
confluence, the cells were detached using 0.25% (w/v) Trypsin-EDTA at 37 °C and
subsequently subcultured or used for experimentation. For cell encapsulation, detached
cells (passage 35) were washed with MING6 proliferation medium, flown through a 40 pm
cell strainer, and suspended in the hydrogel precursor solution (to which 8% (v/v)
OptiPrep was added to obtain p = 1.05 g/l which reduces cell settling and aggregation) at
a concentration of 7.5-107 cells/ml. The cell-laden hydrogel precursor solution was loaded
into an ice-cooled gastight syringe where it was gently agitated every ten minutes using
a magnetic micro stirring bar. The cell-laden precursor droplets were crosslinked by the
influx of crosslinker nanoemulsion at various nanoemulsion/oil flow ratios as indicated
in Figure 2.5. The resulting microcapsules were collected in MIN6 proliferation medium
supplemented with 0.02 M HEPES or in surfactant containing hexadecane. To break the
emulsion and retrieve the microcapsules from the oil phase, microcapsules were washed
with surfactant-free oil in the presence of PBS or MING6 proliferation medium. Retrieved
cell-laden microcapsules were cultured in MIN6 proliferation medium which was
refreshed three times per week.

2.2.6 Staining and Visualization

Millimeter-sized particles were imaged using a standard digital photo camera. On-chip
droplets and microgels were visualized using a stereomicroscope set-up (Nikon SMZ8oo
equipped with Leica DFC300 FX camera). Nanoparticles were washed with water, air-
dried and subsequently imaged using scanning electron microscopy (Zeiss Merlin HR-
SEM) at 0.65 kV. Collected microemulsions and -particles were imaged using phase
contrast microscopy. Microcapsules were analyzed by selectively labeling crosslinked
Dex-TA with EthD-1 and visualization using confocal microscopy (Nikon Ai+). Optical
cross sections were analyzed using Image]J. Viability of encapsulated cells was analyzed
by staining with 2 pM calcein-AM and 4 pM EthD-1 in PBS, visualization using
fluorescence microscopy (EVOS FL), and artisan counting of > 300 cells per condition.
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For additional analyses, cell-laden microgels were first washed with PBS and fixated
using 10% buffered formalin. For immunohistochemistry, samples were permeabilized
with 0.1% Triton X-100, blocked with 5% (w/v) bovine serum albumin and 0.05% (v/v)
Tween 20, and stained with 1:100 anti-KI67-FITC (556026, BD Biosciences), 1:100 anti-
insulin (AB7842, Abcam), in combination with 1:400 AF647-labeled secondary
antibodies, and 2.5 U/ml phalloidin-AF488 and DAPI to counterstain F-actin, and nuclei,
respectively. MIN6 aggregate size distributions were determined by measuring the
surface area of >50 aggregates per condition using Image], represented as box plots, and
analyzed for statistical significance using one-way ANOVA.

2.3 Results and Discussion

2.3.1 Preparation and Characterization of Crosslinker Nanoemulsion

Tyramine-functionalized polymers can be crosslinked in situ via the formation of
tyramine-tyramine bonds using horseradish peroxidase (HRP) as catalyst and low levels
of H,O, as oxidizer (Figure 2.1a). However, this conventionally requires the mixing of
these reactive components prior to emulsification, which significantly reduces the
control over the emulsification process and typically results in deformed particles or bulk
gel formation that causes device clogging (Figure S2.1). We therefore set out to develop
a facile strategy to achieve in-emulsion crosslinking of tyramine-functionalized
polymers. However, this is not trivial as the oil phase prevents the direct mixing of
tyramine-functionalized polymer, HRP, and H.O,. We hypothesized, that in-emulsion
crosslinking could be achieved by combining pre-emulsified enzyme containing
precursor droplets with a H,O, containing oil. In concept, enzymatic crosslinking of
water-in-oil precursor droplets would be induced by the diffusion-based
supplementation of H,O, into the enzyme containing precursor droplet, while the
surfactant containing oil would prevent precursor droplet merging and ensure
spherically shaped particles (Figure 2.1b). To realize this, we emulsified H.O,
nanodroplets in oil. Compared to microdroplets, nanodroplets are more stable and have
higher surface-to-volume ratios, which ensures an adequate and constant source of H,O,
molecules, allowing for sustained and complete gelation of precursor droplets. We
exploited sonication-based emulsification followed by centrifugation to prepare the
crosslinker nanoemulsion (Figure 2.1¢). Specifically, 30% H,O, and hexadecane with 1%
Span 8o surfactant were mixed and sonicated to produce an emulsion. Using a
subsequent centrifugation step, we obtained a transparent nanoemulsion (i.e.
supernatant) by separating out the microdroplets and non-emulsified aqueous phase
(i.e. sediment). Analyzing the supernatant using dynamic light scattering revealed that
the obtained nanoemulsion was composed of two droplet populations with diameters
ranging from 1 to 10 nm and 100 to 1000 nm (Figure 2.1d). The 1 to 10 nm population,
which has also been reported by others,3" was also present in non-emulsified surfactant
containing oil and likely caused by micellar formation of Span 8o surfactant. We
consequently deduced that the 100 to 1000 pum fraction consisted of H.O, nanodroplets
or -micelles. As shown in Figure 2.1e, the presence of H,O, in the nanoemulsion was
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confirmed using a quantitative colorimetric peroxide assay, which revealed a H.O,
concentration of ~1 g/1 (Figure S2.2).

Sonication Centrifugation
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Figure 2.1. Preparation and characterization of crosslinker nanoemulsion. (a) Tyramine moieties
are crosslinked by the enzyme HRP in the presence of H.O.. (b) Concept of in-emulsion crosslinking
HRP containing hydrogel precursor droplets using a H.O./oil nanoemulsion. (¢) The nanoemulsion is
prepared and purified by sonication-mediated emulsification of H.O. in oil and subsequent
centrifugation. (d, e) The presence of 1 g/l H.O. containing nanoemulsion was confirmed using dynamic
light scattering and a quantitative colorimetric peroxide assay.

2.3.2 Crosslinker Nanoemulsion for Homogeneous Enzymatic Crosslinking of
Spherical Nano-, Micro-, and Millimeter Particles Made from Various Tyramine-
functionalized Polymers

Leveraging the H,O./oil nanoemulsion, we set out to demonstrate in-emulsion
crosslinking of various tyramine-functionalized materials droplets for the production of
monodisperse spherical particles. To extend the material compatibility of our
nanoemulsion-induced crosslinking strategy, we conjugated the enzymatically
crosslinkable moiety tyramine to dextran (Dex-TA), hyaluronic acid (HA-TA), and
polyethylene glycol (PEG-TA), which are three distinct polymers that have been proven
successful in various biomedical applications.’3>35 A facile production method based on
dripping HRP containing hydrogel precursor droplets from a micropipette into a
crosslinker bath was used to assess in-emulsion crosslinking of these polymer conjugates
(Figure 2.2a). Dripping the polymer solutions in the H,O./oil nanoemulsion resulted in
the formation of shape stable spheres for all tested biomaterials (Figure 2.2b-d).
Conversely, dripping in an aqueous bath (i.e. water) that had similar H,O, concentration
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(i.e. ~ 1 g/l) resulted in amorphously shaped gel particles, confirming the important
shape stabilizing role of the immiscible oil phase during crosslinking (Figure 2.2e). The
structural and mechanical properties of in-emulsion crosslinked (i.e. by H,O, diffusion)
Dex-TA hydrogels were then compared to Dex-TA hydrogels that had been prepared
using the conventional crosslinking approach (i.e. by H.O, mixing) (Figure 2.2f). To
evaluate the internal hydrogel structure, gel precursor droplets were cured on flat
substrates and visualized using inverted phase contrast (PC) and ultraviolet (UV)
fluorescence microscopy. Analyzing the relative UV intensity across the hydrogels, as a
measure for dityramine (i.e. crosslinked tyramine) distribution,B°! revealed that
diffusion-based crosslinking resulted a more homogeneously crosslinked hydrogel
interior as compared to samples that were prepared by mixing. Moreover,
nanoindentation measurements demonstrated that diffusion-based crosslinking
resulted in a significantly stiffer hydrogel surface (i.e. E-modulus) as compared to the
mixing strategy (Figure 2.2g). This observation was corroborated by matrix scanning
indentation of the hydrogel surface, which revealed that in-emulsion crosslinking Dex-
TA resulted in ~3-fold less variation in stiffness (Figure 2.2h). These observations are
likely to be explained by the fact that H,O, induces relatively rapid gelation that prevents
thorough mixing of all reactive components, thereby resulting in an inhomogeneous
polymer network when applying the conventional mixing approach, whereas
nanoemulsion-based crosslinking relies on the diffusion-based gelation of a premixed
gel precursor solution.
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Figure 2.2. Spherical and homogeneous particle production using nanoemulsion-induced
enzymatic crosslinking. (a) Dripping HRP containing tyramine-functionalized hydrogel precursor
solutions from a micropipette into a H.O./0il nanoemulsion bath resulted in spherical (b) Dex-TA, (c)
HA-TA, and (d) PEG-TA particles, (e) which was in sharp contrast to the amorphously shaped particles
that formed upon dripping the same Dex-TA precursor solution into an aqueous bath with similar H.O.
concentration as the H.O./oil nanoemulsion bath. (f) The conventional hydrogel preparation method
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(i.e. mixing) was compared to diffusion-based crosslinking. To study the intrinsic hydrogel crosslinking
(i.e. dityramine) distribution, hydrogels were prepared on top of flat substrates and analyzed in a cross-
sectional manner sectional using inverted phase contrast (PC) and ultraviolet (UV) fluorescence
microscopy. Nanoemulsion-induced crosslinking resulted in a more homogeneously crosslinked
hydrogel interior as compared to mixing. Furthermore, (g) hydrogels prepared using diffusion-based
crosslinking were significantly stiffer and (h) characterized by a significantly less heterogeneous network
(coefficient of variation; CV) than hydrogels prepared by directly mixing the gel precursor with a non-
emulsified H.O:. solution. * indicates significance between populations with p<o.05. Scale bars indicate 2
mm.

As the precursor droplets and crosslinker nanoemulsion are produced separately, the
nanoemulsion-induced crosslinking is readily compatible with a wide variety of
emulsion-based droplet production technologies. Indeed, spherical particles ranging
from the nano- to the millimeter scale could be produced by combining various existing
emulsion-based droplet production technologies using a chemically identical crosslinker
nanoemulsion. In particular, we used sonication (Figure 2.3a, b), droplet microfluidics
(Figure 2.3c-e), and dripping (Figure 2.3f, g) in combination with nanoemulsion based
enzymatic crosslinking to demonstrate the production of monodisperse spherical Dex-
TA particles with diameters spanning at least four orders of magnitude (Figure 2.3h).
The generic nature of this crosslinking strategy facilitates its application in various fields
that rely on the use of emulsion-based particle production including pharma, tissue
engineering, and food technology.536-4!
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Figure 2.3. Monodisperse nano-, micro-, and millimeter particle production using
nanoemulsion-induced enzymatic crosslinking. (a) Mixing HRP and Dex-TA containing
nanoemulsion prepared using sonication resulted in (b) Dex-TA nanoparticles when mixed with H.O./oil
nanoemulsion, as confirmed with scanning electron microscopy. (c¢) Droplet microfluidics was used to
generate (d) 20 pm and (e) 100 pm Dex-TA microparticles using H.O./o0il nanoemulsion as the
continuous phase. (f) Dripping hydrogel precursor solution into a H.O./oil nanoemulsion bath resulted
in (g) spherical millimeter-sized particles. (h) Size distributions of Dex-TA particles produced with
various emulsification-based technologies in combination with in-emulsion enzymatic crosslinking using
crosslinker nanoemulsion. PDI indicates polydispersity index. CV indicates coefficient of variation.

2.3.3 Producing Hollow Hydrogel Microcapsules using Nanoemulsion-induced

Enzymatic Crosslinking

Nanoemulsion-induced enzymatic crosslinking is intrinsically an outside-in process;
H.O, diffuses from the oil phase into the gel precursor droplet where it drives the HRP-
mediated crosslinking of tyramines (Figure 2.4a). Inhibiting this crosslinking
mechanism from the inside (i.e. the aqueous phase) using the H,O, neutralizing enzyme
catalase is a proven strategy to form hollow particles or capsules (Figure 2.4b).l4- 4 We
set out to exploit this approach in combination with droplet microfluidics to realize the
production of hollow Dex-TA microcapsules. To this end, we designed and
manufactured a dedicated microfluidic chip from polydimethylsiloxane (PDMS) and
glass (Figure 2.4c). The microfluidics chip contained several filters to prevent any
particles larger than ~50 pm in the oil phase (e.g. remaining PDMS particles from inlet
punching) from interfering with the droplet generation or crosslinking processes
(Figure 2.4d). Furthermore, the aqueous phase inlet contained a previously reported
pillar structure 3 that ensured particle homogenization to aid evenly distributed
encapsulation of particles (e.g. cells) (Figure 2.4e). The flow focusing droplet generator
(Figure 2.4f) was positioned a few millimeters upstream of the crosslinker
nanoemulsion inlet (Figure 2.4g). This separation between droplet production and
crosslinking initiation effectively prevented flow instabilities and clogging by preventing
polymer gelation at the nozzle. First, we assessed the production of non-laden (i.e.
without cells) hydrogel microcapsules. After Dex-TA, HRP, and catalase containing gel
precursor droplets were stabilized, on-chip enzymatic crosslinking was induced by
introducing H,O,/0il nanoemulsion (~1 g/1) in the serpentine-shaped delay channel with
an nanoemulsion/oil flow ratio of 1:8 (Figure 2.4h). The nanoemulsion’s slightly diffuse
appearance was no longer observed after four channel turns (i.e. 20 mm), which
indicated its homogenous distribution across the microfluidic delay channel. The
resulting 75+1 pm spherical particles were retrieved by washing the collected emulsion
with surfactant-free oil and breaking it in the presence of phosphate-buffered saline
(PBS) (Figure 2.4i). Analyzing these particles using confocal microscopy revealed the
presence of homogeneously crosslinked shells of even thickness (8+1 um) surrounding a
non-crosslinked core, confirming the controlled production of hollow Dex-TA
microcapsules (Figure 2.4j).
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Figure 2.4. Hollow microcapsules production using nanoemulsion-induced enzymatic
crosslinking. (a) Nanoemulsion-induced crosslinking is an outside-in process where small H.O,
molecules diffuse from the nanoemulsion through the oil phase into the gel precursor droplet to induce
enzymatic crosslinking. (b) The enzyme catalase consumes H,O. and can be incorporated in the gel
precursor to achieve competitive enzymatic crosslinking that results in hollow hydrogel capsule
formation. (¢) The microfluidic microcapsule production chip containing (d) oil inlets with particle
filters, (e) a gel precursor inlet with particle homogenizer, (f) a flow focusing droplet generator, and (g)
an inlet for the crosslinker nanoemulsion, as shown by a schematic depiction and scanning electron
microscopy images, respectively. (h) Microphotograph of the microfluidic chip in action, where Dex-TA,
HRP, and catalase containing precursor droplets in oil (blue arrow) are solidified after the influx of
H.O./oil nanoemulsion (red arrow) into (i) robust microcapsules with (j) non-crosslinked centers, as
confirmed by confocal imaging of the retrieved hydrogels.

2.3.4 Engineering Functional 3D Microtissues in Hollow Hydrogel Microcapsules

via Nanoemulsion-induced Crosslinking

Hollow microcapsules are ideally suited for the controlled formation of 3D
microtissues,?> 26 41 which serve multiple purposes in fundamental biological,
pharmacological, and tissue engineering applications.44l For example, controlled
aggregation of cells is key to bottom-up engineering of islets of Langerhans for the
treatment of diabetes.> 481 To investigate the potential of nanoemulsion-induced
enzymatic crosslinking for 3D cell cultures, we set out to encapsulate the pancreatic beta
cell line MING6 to form insulin producing microtissues. First, we aimed to identify the
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smallest amount of H,O, containing nanoemulsion that still resulted in robust cell
encapsulating microcapsules, as even a small excess of H,O, (order 1 to 10 mg/l) has been
proven detrimental to cell functioning.9! The separated configuration of droplet
generator and nanoemulsion inlet enabled straightforward screening of increasing
amounts of crosslinker without affecting droplet size. Specifically, cell-laden gel
precursor droplets were produced using a constant water/oil ratio of 1:8, while the
nanoemulsion/oil ratio was stepwise increased from 1:16 to 1:2 (Figure 2.5a). Collecting
the on-chip formed samples in an off-chip aqueous bath (i.e. cell culture medium)
resulted in <25% encapsulated cells in all tested nanoemulsion/oil ratios (Figure 2.5b).
This poor cell encapsulation was most likely the result of incomplete on-chip
crosslinking and immediate demulsification upon collection in the serum-containing
aqueous bath. However, by collecting the emulsion in an oil bath, immediate
demulsification could be prevented. This approach effectively increased the enzymatic
crosslinking time of cell-laden droplets from seconds (on-chip) to minutes (in-
suspension) resulting in robust Dex-TA microcapsules that encapsulated ~90% of the
cells while using minimal amounts of H,O,. Using this optimized encapsulation strategy,
we compared viability rates of encapsulated to non-encapsulated (i.e. syringe control)
cells using a live/dead assay (Figure 2.5¢). This revealed that the encapsulation
procedure had no detrimental effect on cell survival (Figure 2.5d). The encapsulated
cells autonomously assembled into 3D microtissues within a single day (Figure 2.5e)
and continued to proliferate during subsequent in vitro culture (Figure 2.5f), which
significantly increased the cell aggregates’ size (Figure 2.5g). KI67 staining revealed that
MING cells intensively proliferated as early as day 1 post encapsulation, which underlined
the cytocompatible nature of the nanoemulsion-induced enzymatic crosslinking
strategy (Figure 2.5h). Importantly, encapsulated and aggregated MING6 cells remained
positive for insulin staining throughout the culture period, indicating that the MING6 cells
remained functional during encapsulation and subsequent culture, further confirming
the mild and cytocompatible nature of the procedure (Figure 2.5i).

2.4 Conclusion

In conclusion, we demonstrated the successful preparation and application of
nanoemulsified H,O, for the in-emulsion enzymatic crosslinking of tyramine-
functionalized polymers including dextran (Dex-TA), hyaluronic acid (HA-TA), and
polyethylene glycol (PEG-TA). In-emulsion enzymatic crosslinking readily enabled
monodisperse spherical particle formation over a size range spanning at least 4 orders
(nm to mm). Furthermore, diffusion-based crosslinking resulted in more homogenously
crosslinked Dex-TA hydrogels that yielded higher and more consistent Young’s moduli
as compared to the conventional hydrogel preparation method. Lastly, we introduced
the crosslinker nanoemulsion in a microfluidic chip and leveraged its cytocompatible
nature to produce cell-laden hollow microcapsules that facilitated the controlled
formation of viable and functional 3D microtissues. In short, we demonstrated that a
H,0./0il nanoemulsion enabled facile, homogeneous, and cytocompatible in-emulsion
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enzymatic crosslinking of multiple distinct hydrogel precursor polymer droplets to form
solid and hollow spherical particles with diameters ranging from the nano- to the
millimeter scale.

Nanoemulsion/oil flow ratio
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Figure 2.5. Functional 3D microtissue formation in hollow microcapsules. (a) Hollow microcapsule
formation was optimized by tuning the nanoemulsion/oil flow ratio and changing the off-chip collection
bath from aqueous culture medium to surfactant containing oil, (b) while quantifying the fraction of
encapsulated cells in collected samples. (¢) The viability of microencapsulated MIN6 cells was (c)
visualized and (d) quantified using live/dead staining and compared to non-encapsulated cells (i.e.
syringe control). (e) Within one day, encapsulated MING6 cells formed microaggregates that (f, g)
significantly grew during subsequent in vitro culture as a result of (h) cell proliferation, which was
confirmed by (h) KI67-positive cells in the 3D microtissues on day 1. (i) The MING6 cells remained viable
and functional throughout the encapsulation procedure and subsequent culture, as confirmed by insulin-
positive 3D microtissues on day 7. Scale bars indicate 50 pm. * indicates significance with p<o.oo1.
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2.5 Supplementary Information

HRP—

Dex-TA—
Hzoz =

Figure S2.1. Mixing HRP, Dex-TA, and H.O. typically results in clogging of the microfluidic droplet
generator, thereby hampering its further use for hydrogel microparticle production.

Figure S2.2. H,O./oil nanoemulsion contained ~1 g/l H,O, as determined using a 100x diluted emulsion
on a quantitative peroxide color indicator strip.
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Centering Single Cells in Microgels via Delayed
Crosslinking Supports Long-term 3D Cell Culture by
Preventing Cell Escape

Single-cell-laden microgels support physiological 3D culture conditions while enabling
straightforward handling and high-resolution readouts of individual cells. However,
their widespread adoption for long-term cultures is limited by cell escape. In this work,
we demonstrate that cell escape is predisposed to off-center encapsulated cells. High-
speed microscopy reveals that cells are positioned at the microgel precursor droplets’
oil/water interface within milliseconds after droplet formation. In conventional
microencapsulation strategies the droplets are typically gelled immediately after
emulsification, which traps cells in this off-center position. By delaying crosslinking,
we succeed to drive cells towards the centers of microgels. The centering of cells in
enzymatically crosslinked microgels prevents their escape during at least 28 days. It
thereby uniquely enables the long-term culture of individual cells within <5 um thick
3D uniform hydrogel coatings. Single cell analysis of mesenchymal stem cells in
enzymatically crosslinked microgels reveals unprecedented high cell viability (>90%),
maintained metabolic activity (>70%), and multilineage differentiation capacity
(>60%) over a period of 28 days. The facile nature of this microfluidic cell centering
method enables its straightforward integration into many microencapsulation
strategies and significantly enhances control, reproducibility, and reliability of 3D

single cell cultures.
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3.1 Introduction

Encapsulating cells into biomaterials such as hydrogels provides cells with an
extracellular environment that can be tuned to mimic natural microenvironments in
vitro.'3! Engineering the physicochemical and biofunctional properties of a biomaterial
provides control over cellular behavior including migration, survival, proliferation, and
differentiation.+¢! Consequently, cell-laden hydrogels have a great potential to
contribute to fundamental biological studies, pharmacological screenings, and cell-
based therapies.-9! Although the size of cell encapsulating biomaterials is typically in
the millimeter to centimeter range, it has been recognized that downsizing hydrogel
constructs to the micrometer scale, called microgels, has the potential to advance
numerous applications. Such cell-laden microgels can, for example, advance the high-
throughput screening of cell-material combinations by allowing for facile single cell
analysis.[°! Furthermore, cell-laden microgels could function as modular building blocks
for engineering tissues with intrinsic multiscale hierarchy, which is essential for the
functioning of native tissues.!" 2 Ultimately, encapsulating individual cells in a hydrogel
coating that is only a few micrometers thick offers unique advantages. Such
microconstructs are readily compatible with standard visualization techniques including
confocal microscopy without the need for optical or physical processing such as
sectioning due to their minimal size. They also offer most efficient material-to-cell
volume ratios and improved diffusion rates of solutes, which facilitates real-time
pharmacological screenings and regenerative medicine applications while offering all
advantages of 3D cell culture conditions.[>4]

Droplet microfluidics technology is ideally suited for the production of (single-)cell-
laden microgels with narrow size distributions.'s However, current systems lock the
encapsulated cell in an asymmetrical position within the microgel. This results in partial
cell encapsulation and even escape of cells upon gelation and during subsequent
culture.i+ ¢ Moreover, incomplete encapsulation exposes cells asymmetrically to
biochemical and biomechanical stimuli and counteracts possible microgel functions
such as immunoprotection.*”! Encapsulation of single-cell-laden microgels in a second
biomaterial layer has been explored to prevent cell escape and guarantee
immunoprotection.'> 2! However, this laborious two-step approach increases the
microgels’ size, while the cells are still exposed to a polarized microenvironment.
Developing a facile strategy to center cells in microgels would thus prevent stimuli
polarization and cellular escape, which would facilitate the use of single-cell-laden
microgels in numerous research and clinical applications that require long-term 3D
culturing.

Here, we confirm that off-center encapsulation results in cell escape, and present a
novel and facile microfluidics-based approach to center single cells in microgels which
enables their long-term 3D culture. Based on our observation that cells take position at
the droplets’ water/oil interface immediately after emulsification, we delayed on-chip
crosslinking and thereby succeeded in repositioning cells from the droplet water/oil
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interface to the droplet center. In this work, we specifically focused on delaying
enzymatic crosslinking, as enzymatically crosslinked hydrogels and microgels support
cell function and tissue formation in both in vitro and in vivo applications, and have
consistently been reported to outperform widely used physical and photocrosslinking
hydrogels systems such as alginate and polyethylene glycol diacrylate (PEGDA) in terms
of cell survival and metabolic activity.*427 However, delayed enzymatic crosslinking of
droplets in oil is not trivial as it requires the gel precursor to be in direct contact with a
crosslinker. We have therefore developed a novel microfluidic device that enables in situ
enzymatic crosslinking of a continuous stream of tyramine-conjugated hydrogel
precursor droplets in oil via the controlled diffusion of small crosslinker molecules. This
approach to delay crosslinking of cell-laden microdroplets was demonstrated to be of
key importance to achieve cell centering and thereby prevent cell escape. The modular
nature of our delayed crosslinking strategy makes it readily compatible with widely used
standard droplet microfluidics technology, which facilitates its straightforward
integration into conventional encapsulation procedures.

3.2 Materials and Methods

3.2.1 Materials

Dex-TA and HA-TA were synthesized as previously described 28291, The resulting Dex-
TA and HA-TA contained 15 and 3 tyramine moieties per 100 repetitive units,
respectively. Horseradish peroxidase (HRP, type VI), H,O, (with inhibitor), fetal bovine
serum (FBS), ascorbic acid, iodixanol (OptiPrep), insulin (human), 3-Isobutyl-1-
methylxanthine (IBMX), indomethacin, dexamethasone, -glycerol phosphate disodium
salt pentahydrate (B-GP), Calcein AM, ethidium homodimer-1 (EthD-1), Thiazolyl Blue
Tetrazolium Blue (MTT), dextran-FITC (2000 kDa), Oil Red O, 2-propanol, Alizarin Red
S, buffered formalin, Triton X-100, and 10-Acetyl-3,7-dihydroxyphenoxazine (Amplex
Red) were purchased from Sigma-Aldrich. Phosphate-buffered saline (PBS) was
purchased from Lonza. Dulbecco's Modified Eagle’s Medium (DMEM), Minimal
Essential Medium o with nucleosides (dMEM), Penicillin and Streptomycin, GlutaMAX,
2-mercaptoethanol, and trypsin-EDTA were purchased from Gibco. Basic fibroblast
growth factor (ISOKine bFGF) was purchased from Neuromics. Phalloidin-AF488 was
purchased from Molecular Probes. DRAQs5 was purchased from Thermo Scientific.
Polydimethylsiloxane (PDMS, Sylgard 184) was purchased from Dow Corning. Aquapel
was purchased from Vulcavite. Pico-Surf 1 in Novec 7500 Engineered Fluid and Pico-
Break 1 were purchased from Dolomite. Surfactant-free fluorocarbon oil (Novec 7500
Engineered Fluid) was kindly provided by the BIOS Lab-on-a-Chip group. Gastight
syringes (Hamilton), fluorinated ethylene propylene tubing (FEP, inner diameter 250
pm, DuPont) and connectors were purchased from IDEX Health and Science. Low
pressure syringe pumps (neMESYS) were purchased from Cetoni.
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3.2.2 Cell Isolation and Expansion

Human mesenchymal stem cells (MSCs) were isolated from fresh bone marrow
samples and cultured as previously described.3°! The use of patient material was
approved by the local ethical committee of the Medisch Spectrum Twente and informed
written consent was obtained for all samples. In short, nucleated cells in the bone
marrow aspirates were counted, seeded in tissue culture flasks at a density of 500,000
cells/cm? and cultured in MSC proliferation medium, consisting of 10% FBS, 100 U/ml
Penicillin and 100 pg/ml Streptomycin, 1% GlutaMAX, 0.2 mM ascorbic acid, and 1 ng/ml
bFGF (added fresh) in «MEM. Mouse insulinoma MIN6-B1 cells (provided by Dr. P.
Halban, University Medical Center, Geneva, Switzerland) were cultured in MIN6
proliferation medium, consisting of 10% (v/v) FBS, 100 U/ml Penicillin and 100 pg/ml
Streptomycin, and 71 pM 2-mercaptoethanol (added fresh) in DMEM. When cells
reached near confluence, the cells were detached using 0.25% (w/v) Trypsin-EDTA at 37
°C and subsequently subcultured or used for experimentation.

3.2.3 Microgel Production and Culture

All microfluidic chips were manufactured from PDMS and glass using standard soft
lithography techniques. The droplet generator and H.O, diffusion-based crosslinking
chips were fabricated with ~25 pm, and ~100 pm high channels, respectively. Aquapel
was introduced in the chips before usage to ensure channel wall hydrophobicity. Chips
were connected to gastight syringes using FEP tubing, which were controlled by low
pressure syringe pumps. All emulsions were produced using 2% Pico-Surf 1 containing
Novec 7500 Engineered Fluid. The conventional microgel production platform was
operated as previously described, using flow rates of 0.5, 0.11, 0.1, and 2.8 pl/min for Dex-
TA, HRP, H,O,, and oil, respectively.?s! To uncouple emulsification and gelation, a
standard microfluidic flow focusing droplet generator was connected to the H.,O,
diffusion-based crosslinking chip. In this modular microfluidic set-up, tyramine-
conjugated polymer and HRP containing hydrogel precursor microemulsion was flown
through the diffusion platform, which was also fed with H,O, flowing in opposite
direction at a rate of 30 pl/min. The H,O, diffused from the feed channel through the
PDMS walls into the gel precursor microemulsion, thereby triggering enzymatic
crosslinking of tyramine-conjugated polymer. Hydrogel precursor solution contained
10% Dex-TA or 5% Dex-TA + 5% HA-TA, 44 U/ml HRP, and 8% OptiPrep (i.e. to obtain
p =105 g/1) in PBS and was emulsified in surfactant containing oil at a 1:6 flow ratio. To
produce cell-laden microgels, detached cells (passage 2 to 5) were washed with medium,
flown through a 40 pm cell strainer, and suspended in the hydrogel precursor solution
at a concentration of 107 cells per ml. The cell-laden hydrogel precursor solution was
loaded into an ice-cooled gastight syringe where it was gently agitated every ten minutes
using a magnetic micro stirring bar. The microemulsion was broken by washing three
times with surfactant-free fluorocarbon oil and subsequent supplementation of Pico-
Break 1 in the presence of PBS or serum containing proliferation medium. Retrieved
single-cell-laden microgels were cultured in MSC proliferation medium, MSC adipogenic
differentiation medium, consisting of 10% FBS, 100 U/ml Penicillin and 100 pg/ml
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Streptomycin, 1% GlutaMAX, 0.2 mM ascorbic acid, 10 mg/l insulin, 0.5 mM IBMX, 200
M indomethacin, and 1 pM dexamethasone (added fresh) in DMEM, or MSC osteogenic
differentiation medium, consisting of 10% FBS, 100 U/ml Penicillin and 100 pg/ml
Streptomycin, 1% GlutaMAX, 0.2 mM ascorbic acid, 10 nM dexamethasone (added fresh),
and 10 mM B-GP (added fresh) in MEM, which were refreshed three times per week. As
a negative control, encapsulated MSCs were also cultured in MSC proliferation medium
substituted with 10 nM B-GP.

3.2.4 Staining and Visualization

On-chip droplets and microgels were visualized using a stereomicroscope set-up
(Nikon SMZ8oo equipped with Leica DFC300 FX camera). The position of cells in
microdroplets or microgels was analyzed using Image] software. Collected
microemulsions were imaged using phase contrast microscopy. Cells touching and
protruding the microgels’ wall, and cell escape were quantified by artisan counting of
>go0 cells per time point. To exclude cell proliferation, cell escape was only quantified
until day 8 and cell colonies on tissue culture plastic were counted as 1 escape event.
Viability and metabolic activity of cells was analyzed by staining with 2 pM calcein AM
(live), 4 pM EthD-1 (dead), and o.5 g/l MTT (metabolically active) in PBS and
visualization using brightfield and fluorescence microscopy (EVOS FL). For additional
analyses, cell-laden microgels were first washed with PBS and fixated using 10% neutral
buffered formalin. Adipogenic differentiation was analyzed by staining samples with a
filtered (0.45 pm) 1.8 g/1 Oil Red O in a 2-propanol/PBS mixture (6:4) and visualization
using brightfield microscopy. Osteogenic differentiation was analyzed by staining
samples with a filtered (0.45 pm) 20 g/1 Alizarin Red S in saline demineralized H,O and
visualization using brightfield microscopy. For fluorescence confocal microscopy (Nikon
A1+), samples were permeabilized using 0.1% Triton X-100 and subsequently stained with
2.5 U/ml phalloidin-AF488, 50 ptM DRAQs5, and 4 uM EthD-1 to stain F-actin, nuclei, and
Dex-TA, respectively.

3.2.5 H20, Detection

To quantify H,O,, microemulsions were broken as described before, immediately
diluted 105 times with PBS, and mixed 1:1 with 100 pM Amplex Red, 0.2 U/ml HRP in PBS.
After 30 minutes incubation at room temperature, fluorescence intensities were
measured using a plate reader (Victor X3, ex. 545/10 nm, em. 590/10 nm) and correlated
to H,O, concentrations using a standard curve.

3.2.6 Statistical Analysis

Meta-analysis of encapsulated cell position was performed on all available single cell
encapsulation studies with a selection criterion of >20 displayed single cell encapsulation
events. Cell positions in microdroplets and microgels were analyzed for statistical
significance using ANOVA with Bonferroni’s post hoc test with n>20. Escaped cell
fraction and H.O, detection data are shown as average + standard deviation of technical
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triplicates. Live/dead, metabolic activity, and differentiation analyses were performed
via artisan counting of >125 cells per condition per time point.

3.3 Results and Discussion

3.3.1 Conventional Single Cell Encapsulation Methods Result in Frequent Cell

Escape due to Off-center Encapsulation

We observed that single cell encapsulation in microgels using droplet microfluidics is
typically challenged by off-center cell encapsulation, which causes cell escape during
subsequent culture. We set out to confirm this limitation by encapsulating single cells
into enzymatically crosslinkable microgels using a conventional encapsulation approach
in which cells, prepolymer, and crosslinkers are mixed on-chip just before droplet
formation. To this end, we down-sized the multi-cell enzyme-based microfluidic
encapsulation platform that we have recently reported.?! In concept, a tyramine-
conjugated hydrogel precursor is crosslinked on-chip via the formation of tyramine-
tyramine bonds using horseradish peroxidase (HRP) enzyme as catalyst and low levels
of H,O, as oxidizer (Figure 3.1a). Using this conventional production approach, we
succeeded to encapsulate individual mesenchymal stem cells (MSCs) — which were used
as multipotent model cells - in gelating dextran-tyramine (Dex-TA) precursor
microdroplets of 443 pm (Figure 3.1b). Notably, close observation of the microfluidic
encapsulation procedure revealed that cells take position at the droplets’ water/oil
interface immediately after emulsification. In a typical encapsulation approach as
demonstrated here, emulsification and gelation processes happen within milliseconds
(i.e. virtually coupled), and consequently cells become trapped in an off-center position.
As a result, the majority of cells was positioned on the outer edge of the microgels
(Figure 3.1¢). This induced frequent cell escape from the microgels during subsequent
handling and culture (Figure 3.1d, Figure S3.1). After one week, more than 25% of the
cells had escaped from the microgels, while the fraction of cells that touched and
protruded the outer edge of microgels had decreased, which indicated that off-center
encapsulation was the major cause for cell escape (Figure 3.1e). Consequently, off-center
cell encapsulation and escape impairs long-term cell-based studies, prevents
immunoprotection, and presents polarized biochemical and biomechanical stimuli to
the semi-encapsulated cells, which significantly reduces the control over the engineered
3D cell microenvironment (Figure 3.1f).04 19 23]

To assess the prevalence of asymmetric cell encapsulation - as the underlying cause
for cell escape - we quantified the positions of cells within microgels for all reported
single-cell encapsulation systems that displayed at least 20 single-cell-laden microgels.
The cell’s distance from the center x was normalized as x/(rge-reen), with rgq and reey as
the diameters of the gel and cell, respectively (Figure 3.1g). Interestingly, this meta-
analysis revealed near identical encapsulation deficiencies for all analyzed studies,
including our own microencapsulation attempt from Figure 3.1b (Figure 3.1h refs: al'7,
bl B, dB2l) elel fl6l ghol; Figure $3.2). In particular, the analyzed studies are
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consistently characterized by off-center cell encapsulation (i.e. median of x/(rgei-reen) >
0.5), which therefore does not seem to depend on the cell type (yeast or mammalian),
cell size (3 to 30 pm), cell encapsulating material (synthetic or natural, degradable or
non-degradable), crosslinking strategy (physical or chemical), or droplet generator type
(T-junction or flow focusing). Importantly, all analyzed studies were performed using
encapsulation methods in which emulsification and gelation happened within
milliseconds, thus near simultaneously (i.e. coupled). High-speed microscopic
visualization of our own microencapsulation procedure confirmed that cells position at
the droplets’ water/oil interface almost immediately (i.e. < 10 ms) after emulsification
(Figure S3.3). Therefore, we hypothesized that immediate gelation of the microgel
precursor droplet traps the cell in this off-center position, whereas delayed gelation
could provide time for repositioning of the cell towards the droplet center, which would
result in centered, complete, and uniform encapsulation of single cells in microgels and
thereby prevent cell escape.
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Figure 3.1. Conventional single cell encapsulation methods result in off-center encapsulation
and subsequent cell escape. (a) Tyramine-conjugated polymer is crosslinked by HRP in the presence
of H.O.. (b) Conventional microfluidic microgel generator with coupled on-chip gelation and
emulsification forced cells in an off-center position, (c) as confirmed by fluorescence confocal
microscopy. (d,e) Off-center encapsulated cells that touched the outer microgel boundary often
protruded and subsequently escaped during subsequent culture. (f) This hampers the microgel’s
potential immunoprotective capacity and may induce asymmetrical polarized presentation of
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biochemical and biomechanical stimuli. (g) The cell position in microgels was quantified by x/(rgei-reen),
with x, rger and reen as the distance from the cell’s center to the microgel’s wall, and diameters of the
microgel and cell, respectively. (h) Meta-analyses of cells’ positions in microgels produced using
previously reported microfluidic encapsulation platforms. A value of o corresponds to the microgel center
and a value of 1 to the edge of the microgel, as drawn in panel (g). n.s. indicates ‘not significant with
p<0.05". Refs: al7l, bl22l, ¢31, dB32, elol {161 glol, Black scale bars: 50 pm, white scale bar: 10 pm.

3.3.2 Modular Microfluidic Diffusion Chip Enables Delayed Enzymatic Crosslinking
of Hydrogel Precursor Microdroplets

To achieve delayed enzymatic crosslinking, we had to develop a novel strategy to
supplement yet emulsified hydrogel precursor droplets with the crosslinker. Inspired by
sensor technology, we leveraged the permselective nature of silicone rubber towards
H.O, to enable in situ enzymatic crosslinking of hydrogel precursor droplets.53!
Specifically, we designed a dedicated microfluidic chip that consisted of three equally
long (35 cm) and high (100 pum) parallel channels: one center channel for Dex-TA and
HRP containing gel precursor droplets, and two aligning channels that contained H,O,
feed solution (Figure 3.2a). The chip was fabricated from polydimethylsiloxane (PDMS),
a silicone rubber that enables the diffusion of H,O, from the feed channels towards the
gel precursor microemulsion and on-chip initiation of outside-in enzymatic crosslinking
(Figure 3.2b). Various combinations of different wall thicknesses and channel widths
were assessed to identify the design that enabled robust on-chip crosslinking of Dex-TA
and HRP containing microdroplets. The microfluidic chips were fabricated using
standard soft lithography techniques and connected to a standard microfluidic flow
focusing droplet generator in a modular fashion. All chip designs were tested for their
ability to crosslink Dex-TA and HRP containing microdroplets into microgels (Figure
S3.4). Chips with 25 pm thin PDMS walls could be produced, but proved fragile as the
thin walls often collapsed, which prevented numerous chips (>90%) from being reliably
used (Figure S3.5). In contrast, thicker channel walls of 50 pm did not collapse and
readily supported the crosslinking of Dex-TA microdroplets. However, robust microgel
production in center channels of 50 pm in widths was hampered by occasional droplet
merging, which resulted in clogging by the formation of gel plugs that caused in
continual stagnations of the flow (Figure 3.2c). Such stagnation caused differences in
diffusion-based H,O, supplementation, which is time and concentration dependent.
This resulted in a variation of crosslinking densities among microgels, causing a
polydisperse size distribution (D/Dayersge) Of differently swollen microgels (Figure 3.2d).
Widening the channel to 300 pm could prevent clogging-induced flow instabilities, but
still resulted in varying crosslinking densities. This was likely caused by the presence of
a H,O, gradient over the relatively wide (~10 droplet diameters) center channel (Figure
3.2e). Chips with a 100 pm wide center channel (~3 droplet diameters) allowed for robust
and undisturbed flow of microgel precursor droplets at all times, while supplementing
all microdroplets across the channel with equal amounts of H,O, (Figure 3.2f, Figure
$3.4). On-chip crosslinking of Dex-TA precursor microdroplets using this specific design
uniquely resulted in microgels with a narrow size distribution and identical swelling
rates, which corroborated that the microgels had received equal amounts of crosslinker
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(i.e. H,O,) (Figure 3.2g). This particular chip design consistently enabled delayed
enzymatic crosslinking of hydrogel precursor microdroplets and was therefore used for
all subsequent experiments.
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Figure 3.2. Design and optimization of the novel microfluidic diffusion-based enzymatic
crosslinking platform. (a) In concept, the crosslinking platform chip consists of parallel microfluidic
channels separated by a thin PDMS wall (b) which enables the controlled supplementation of H.O. to
initiate on-chip enzymatic crosslinking of Dex-TA gel precursor droplets in oil. (¢) Narrow (50 pm) center
channels caused flow instabilities due to droplet merging, resulting in (d) varying crosslinking densities
among microgels. (e) Wide (300 pm) center channels also resulted in varying crosslinking densities, likely
due to a H.O. gradient over the channel. (f) The final chip design supported stable flow and cured all
microgels equally, resulting in (g) monodisperse Dex-TA microgels. Black scale bars: 25 pum, white scale
bars: 250 pm, red scale bar: 1 cm.

3.3.3 Delayed On-chip Crosslinking Enables Centering of Single Cells in Microgels

The development of a strategy to delay on-chip gelation readily allowed us to position
cells in the centers of enzymatically crosslinked microgels, which was confirmed using
fluorescence confocal imaging (Figure 3.3a). Here, individual MSCs (18+4 pm) were
encapsulated within Dex-TA microgels (27+2 pm), effectively resulting in uniform 3D
single cell coatings of less than 5 pm (Figure 3.3b). To analyze the dynamics of cell
centering within the microgel precursor droplets, the relative position of single cells in
non-gelating (i.e. without H,O, feed) Dex-TA precursor droplets was measured at three
different positions along the modular microfluidic chip setup: (t1) immediately after the
droplet generator; (t2) at the start of the crosslinking chip; and (t3) at the end of the
crosslinking chip (Figure 3.3c). Similar to previous observations (Figure 3.1b, Figure
$3.3), cells were positioned at the droplets’ oil/water interface almost immediately after
encapsulation, which was <10 ms after droplet generation (Figure 3.3d). In contrast, at
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the end of the crosslinking chip (~25 s after droplet generation), most cells were
repositioned to the centers of microdroplets (Figure 3.3e). Quantification of the cell
position within microdroplets along the modular microfluidic setup validated on-chip
cell centering, as indicated by the blue data points in Figure 3.3f. Importantly, delayed
induction of on-chip enzymatic crosslinking (i.e. with H,O, feed) did not affect the
centering behavior and indeed resulted in near perfectly centered single cells in Dex-TA
microgels, as indicated by the green data points in Figure 3.3f. Moreover, delayed
crosslinking significantly improved cell centering as compared to all analyzed studies
including our own previous single cell microencapsulation experiment where
emulsification and gelation were coupled (grey and red data points).

We then aimed to confirm that cell centering via delayed crosslinking can be
universally applied with respect to the hydrogel material, crosslinking mechanism, and
cell type. To this end, we first encapsulated MSCs in enzymatically crosslinkable
microdroplets with a distinct composition. In particular, MSCs were encapsulated in
microgels that consisted of Dex-TA and hyaluronic acid-tyramine (HA-TA) in a 11
ratio.?9! We quantified the cells’ positions within delayed crosslinked Dex-HA-TA
microgels and compared these to single-cell-laden Dex-TA microgels. Figure 3.3g shows
that cells were equally centered in delayed crosslinked Dex-TA (green circles) and Dex-
HA-TA microgels (light blue circles), and significantly more centered as compared to
enzymatically crosslinked Dex-TA microgels that were produced using the conventional
strategy where emulsification and gelation were coupled (red circles). Furthermore,
encapsulating a different cell type of smaller size (pancreatic beta cell line MIN6; 12+2
pm) into delayed crosslinked Dex-HA-TA microgels (light blue crosses) also significantly
increased centering as compared to the immediate crosslinking approach. To prove that
cell centering is not limited to enzymatic crosslinking approaches only, we also
encapsulated individual MSCs in photocrosslinkable PEGDA. Initiating
photocrosslinking at the end of a previously reported microencapsulation platform’s
delay channel (i.e. ~3 s after emulsification) resulted in near perfectly centered MSCs in
PEGDA microgels (yellow circles; Figure $3.6).2! In fact, comparing PEGDA
encapsulated cells’ positions to those in enzyme-based delayed crosslinked microgels did
not reveal a significant difference, while exploiting different hydrogel precursor
solutions (i.e. PEG vs Dex/HA), crosslinking mechanisms (i.e. photo- vs enzymatic
crosslinking), and microgel sizes (38+1 pm vs 27+2 pm). In addition, we investigated the
effect of droplet size on cell position by performing regression analyses on all presented
cell position data (including data from the meta-analysis). This revealed no relationship
between droplet size and cell position (R2<0.5). Together, these results prove that the
cell position in microgels is independent of the cells, encapsulation material,
crosslinking strategy, or droplet generator, and can be tuned via a universal and facile
delayed on-chip crosslinking approach.

It is of note that relatively slow (minutes to hours) off-chip crosslinking via, for
example, thiol-Michael addition - albeit delayed - may still result in asymmetric cell
encapsulation and cell escape.34 Delayed gelation of non-moving emulsions is likely to
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result in asymmetrical cell encapsulation due to gravitational repositioning of cells
towards the bottom of the hydrogel precursor droplets. We anticipate that cell centering
is an active process that requires continuous movement of the droplets. This idea is
corroborated by a recent study where cells were centered in microgels by crosslinking
cell-laden hydrogel precursor droplets off-chip on an orbital shaker.55! Investigating the
physical mechanism that underlies cell centering in gelating microdroplets will be the
focus of future studies.
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Figure 3.3. Delayed on-chip crosslinking enables centering of single cells in microgels. (a)
Fluorescence confocal imaging confirmed that delayed enzymatic crosslinking enabled centering of
single MSCs in Dex-TA microgels. (b) On average, cell-laden microgels were only 9 um larger than the
encapsulated MSCs, effectively resulting in 3D hydrogel coatings of less than 5 um. (¢) A standard
microfluidic droplet generator was connected to the H.O. diffusion-based crosslinking chip. The position
of cells (white arrows) in non-crosslinking microgel precursor droplets was analyzed (d) immediately
after droplet generation (t1), at the start of the crosslinking chip (t2), and (e) at the end of the crosslinking
chip (t3). (f) Cell positions within microgels produced using conventional microfluidic encapsulation
systems (i.e. with coupled emulsification and gelation) are indicated with grey (i.e. references) and red
(i.e. this work) data points. Cell positions within gel precursor droplets along the modular microfluidic
setup are indicated with blue data points. Cell positions within delayed enzymatically crosslinked
microgels are indicated with green data points. (g) Cell position analyses of various combinations of
distinct hydrogel materials (i.e. Dex-TA, Dex-HA-TA, PEGDA), cell types (i.e. MIN6, MSC), and
crosslinking methods (i.e. enzyme-based and photocrosslinking), revealed that delayed crosslinking
consistently resulted in significantly increased cell centering as compared to the conventional
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encapsulation approach where emulsification and gelation are coupled. * indicates ‘significant with
p<o0.05'. White scale bars: 5 um, black scale bars: 50 pm, red scale bar: 5 mm.

3.3.4 Cell Centering in Cytocompatible Microgels Enables Long-term Single Cell
3D Culture by Preventing Cell Escape

To enable long-term cell-based studies, we optimized the enzymatic crosslinking
process to produce completely crosslinked microgels while maintaining cytocompatible
levels of H,O, (i.e. <10 pM), which would support maintained cell viability and
function.3! In the diffusion-based crosslinking platform, precursor droplets and
crosslinker fluid flows are separated by a PDMS wall. This separation enabled
straightforward screening of increasing amounts of crosslinker while leaving the droplet
production process undisturbed. As the crosslinker chip has fixed dimensions and
constant diffusivity, Fick’s law dictates that the amount of H,O, that diffuses from the
feed channel through the PDMS wall and oil into the microdroplets is determined by
both the concentration difference, which approximates the H,O, feed concentration
([H20O.]feea) and the diffusion time, which scales with the emulsion’s flow rate (Qemuision)-
Figure 3.4a summarizes the crosslinker screening results, where blue, green, and red
indicate incomplete crosslinking, complete crosslinking, and excessive H.O,
supplementation, respectively. The lower production limit of our gelation platform in
terms of [H,0.]feda and Qemuision was determined by qualifying the amount of microgel
swelling. Incomplete crosslinking resulted in the absence of microgels (i.e. dissolved) or
relatively large microgels with vague contours (i.e. swollen) as compared to completely
crosslinked microgels (Figure S3.7). Conversely, excessive H,O, supplementation did
not affect microgel morphology, but was detrimental to cell survival (Figure S3.8). To
determine a robust and cytocompatible microencapsulation window, we quantified the
residual H,O, concentration in collected microemulsions ([H.O.]emusion) using the
fluorescence-based substrate Amplex Red, which is oxidized by H,O, to form highly
fluorescent resorufin (Figure 3.4b).57 First, we validated this approach by measuring
H,O, concentrations in non-gelating microdroplets (i.e. without HRP). Indeed,
increasing [H,O,]wed correlated with increased H,O, concentrations in non-crosslinking
HRP-free microemulsions (Figure 3.4¢). Subsequent quantification of residual H,O, in
hydrogel precursor microdroplets that did contain HRP (which consumed H.O, during
crosslinking) revealed that only [H,O.]tea >10% resulted in detectable (i.e. potentially
cytotoxic) levels, while [H,O,]feed <10% remained undetectable (i.e. <10 pM). Indeed, also
the short-term viability of MSCs that were microencapsulated using [H,O,]feed = 5% and
Qemutsion = 14 pl/min was unaffected as compared to that of non-encapsulated MSCs (i.e.
syringe control). In fact, over 98% of the cells remained viable in both encapsulated and
non-encapsulated samples on day o, as measured using a live/dead assay comprised of
calcein AM and ethidium homodimer-1 (EthD-1) (Figure 3.4d). Based on these findings,
we considered [H,O,]feed = 5% and Qemuision = 14 pl/min as optimal parameters for the
production of well-crosslinked cytocompatible Dex-TA microgels. These production
settings were used in all subsequent cell encapsulation experiments.
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We then assessed whether our novel cell centering strategy would reduce cell escape
during subsequent culture. Strikingly, the centered MSC/Dex-TA
microconstructs demonstrated only 4+1% cell escape after 7 days, which was reached
within 24 hours and did not further increase over time (Figure 3.4e). This was in sharp

in vitro

contrast to the 27+5% cell escape - which was still rising over time - from off-center
single-cell-laden microconstructs that were produced using the conventional (i.e.
coupled) encapsulation approach. Cell centering thus minimized cell escape, which
makes our microencapsulation platform uniquely suited for long-term singe-cell-based
studies. Quantifying the encapsulated cell fraction during long-term culture also
revealed identical Poisson-distributed cell encapsulation on day o and 28 of in vitro
culture, confirming inconsiderable amounts of cell escape of centered cells from

microgels (Figure 3.4f).5%1 Furthermore, this experiment proved the long-term
cytocompatibility of the enzymatically crosslinked 3D microenvironments. Remarkably,
over 90% of encapsulated MSCs remained alive (i.e. EthD-1 negative) of which 80% was
metabolically active (i.e. MTT positive) throughout 28 days of in vitro culture (Figure

3.4g-1).
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Figure 3.4. Cell centering in cytocompatible microgels enables long-term single cell 3D culture
by preventing cell escape. (a) Qualification of Dex-TA microgel crosslinking as a function of the
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microemulsion flow rate (Qemulsion) and concentration of the H,O. feed ([H.O:]fed). Blue, green, and red
indicate incomplete crosslinking, complete crosslinking, and H.O. excess, respectively. (b,c) Amplex Red
assay to quantify the concentration of residual H.O. ([H:O:]emusion) in Dex-TA microgel precursor
droplets and crosslinked microgels after their retrieval from the diffusion-based crosslinking platform.
(d) The microencapsulation procedure had no detrimental effect on short-term cell survival. (e) Delayed
crosslinking resulted in 4+1% cell escape after 7 days of in vitro culture, as compared to 27+5% cell escape
when using coupled emulsification and gelation. (f) The number of encapsulated cells per microgel
tightly followed the Poisson distribution and remained similar throughout long-term (28 days) of in vitro
culture, which confirmed that cell centering prevents cell escape. (g-i) MSCs encapsulated in delayed
enzymatically crosslinked microgels remained viable and metabolically active throughout 28 days of in
vitro culture. (j) Positive Oil Red O and (k) Alizarin Red stainings confirmed that (1) more than 60% of
the microencapsulated MSCs could differentiate into the adipogenic and osteogenic lineage, respectively.
Black scale bars: 50 pm, white scale bars: 5 pm.

To assure complete cytocompatibility of our novel delayed enzymatic crosslinking
mechanism, we aimed to assess the long-term function of encapsulated MSCs by probing
their multipotent differentiation potential. To this end, single-cell-laden microgels were
cultured 28 days in differentiation medium to induce adipogenic and osteogenic
differentiation of the encapsulated MSCs. Interestingly, Dex-TA microenvironments
readily supported adipogenic, but not osteogenic differentiation, indicated by positive
Oil Red O (fat deposition) and negative Alizarin Red (calcium deposition) stainings,
respectively (Figure 3.4j, Figure S3.9). We leveraged the universal nature of tyramine-
based enzymatic crosslinking to endow the microgels with hyaluronic acid, which
rendered the microgels osteoinductive.3» 4! Specifically, HA-TA was readily
incorporated into the microgels to effectively create single-cell-laden Dex-HA-TA
microenvironments.?? Culturing these constructs for 28 days in osteogenic
differentiation medium resulted in complete osteogenic differentiation of the
encapsulated MSCs, while adipogenic differentiation capacity was also maintained, as
confirmed by positive Alizarin Red and Oil Red O stainings (Figure 3.4k, Figure S3.10).
Quantifying adipogenic and osteogenic differentiation of MCSs in Dex-TA and Dex-HA-
TA microgels, respectively, revealed that >60% of the individually encapsulated cells (i.e.
>85% of metabolically active cells) remained multipotent throughout the encapsulation
procedure and subsequent long-term in vitro culture (Figure 3.41). This further
confirmed the cytocompatible nature of the presented enzymatic crosslinking approach
as well as its capability to contribute to single cell analysis within 3D microenvironments
by preventing cell escape from microgels.

3.4 Conclusion

Encapsulation of single cells in microgels using conventional microfluidic approaches
typically results in off-center cell encapsulation. Such off-center cell encapsulation
causes frequent cell escape and consequently hampers long-term single-cell-based
studies. This work revealed that asymmetrical positioning of cells within microgels
occurs irrespective of the cell type, cell size, hydrogel material, crosslinking mechanism,
and microfluidic droplet generator. Instead, off-center encapsulation is caused by near
immediate gelation of cell-laden hydrogel precursor droplets, which traps cells in off-
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center positions. Here, we showed that a delayed crosslinking approach enabled on-chip
centering of cells within microgels. This method can be universally applied to center
various cell types into various materials that are crosslinked via different mechanisms.
Using a novel diffusion-based enzymatic crosslinking strategy, we demonstrated that cell
centering prevented cell escape and thereby enabled long-term (28 days) culture and
differentiation of MSCs in less than 5 pm thick dextran- and hyaluronic acid-based 3D
hydrogel coatings. We anticipate that the generic and facile nature of this delayed
crosslinking approach facilitates its straightforward integration into many conventional
microencapsulation systems, thereby increasing reproducibility and reliability of cell-
based studies.

3.5 Supplementary Information

Figure S3.1. Off-center encapsulated MSCs escape from microgels. Single-cell-laden Dex-TA
microgels produced using a conventional microencapsulation approach where emulsification and
gelation were coupled. Off-center encapsulated MSCs protruded (white arrow) and escaped (black
arrows) from the microgels during handling and in vitro culture. Scale bar: 50 pm.

Pooled references
10,11,13,14,15,19,20

This work without
delayed crosslinking

Figure S3.2. Near-immediate on-chip crosslinking resulted in off-center encapsulation. There was
no significant difference in cell position between all analyzed references (grey data points) and our own
data obtained using a conventional encapsulation system were reported encapsulation system (red data
points). n.s. indicates ‘not significant with p<o.o5'.
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Figure S3.3. High-speed microscopy imaging of single-cell-laden hydrogel precursor
microdroplet formation. A cell takes position at the droplet’s water/oil interface within milliseconds

after droplet formation.

H,O, Gels H,0,

X, 25 50 170
Xz Hm gm pum
50
um
100 )
um
300
um

: Chip !
i walls :

icollapse:

X

Clogging

e

H.O,
gradient i

et

Figure S3.4. Design parameters for the H202 diffusion-based microgel crosslinking platform.
Various combinations of different wall thicknesses (x,) and center channel widths (x.) were assessed to
identify the optimal design for robust on-chip crosslinking of Dex-TA and HRP containing microdroplets.

- indicates ‘not tested’.
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Figure S3.5. Collapsed PDMS walls. 25 um thick PDMS walls frequently (>90%) collapsed during chip
fabrication. Scale bar: 250 pm.

@ fe—
ol o
Figure S3.6. Delayed photocrosslinking to center cells in PEGDA microgels. (a) The microfluidic
cell encapsulation platform consisted of a standard droplet generator and a delay channel that enabled
delayed photocrosslinking of cell-laden microgel precursor using an external UV light spot. (b)

Fluorescence confocal imaging revealed that on-chip delayed photocrosslinking resulted in centering of
cells in PEGDA microgels. Black scale bar: 2 mm, white scale bar: 10 ym.
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Figure S3.7: Optimizing microgel crosslinking. Increasing amounts of H.O. were flown through the
H.O. feed channel to determine optimal crosslinking concentrations. Blue, green, and red indicate (a)
incomplete crosslinking, (b) complete crosslinking, and (c) H.O. excess, respectively. Scale bars: 50 pm.
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Figure S3.8: H.O: excess is detrimental to cell survival. Live/dead analysis revealed that [H.O:]feed =
30% and Qemulsion = 14 pl/min resulted in well-crosslinked microgels, but also caused significant (~80%)
cell dead. Scale bar: 50 pm.
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Figure S3.9. Multilineage differentiation of MSCs in Dex-TA microgels. MSCs differentiated into
the (a) adipogenic lineage in the presence of adipogenic differentiation medium as visualized using Oil
Red O staining, (b) but not into the osteogenic lineage in the presence of osteogenic medium as
visualized using Alizarin Red staining. (c¢) MSCs did not differentiate into the adipogenic lineage in the
presence of growth medium. Scale bars: 25 um.

Bl DexHA-TA [} DexHA-TA Dex-HA-TA
+ adipogenic medium  + osteogenic medium growth medium

Figure S3.10. Multilineage differentiation of MSCs in Dex-HA-TA microgels. MSCs differentiated
into the (a) adipogenic lineage in the presence of adipogenic differentiation medium as visualized using
Oil Red O staining, (b) and into the osteogenic lineage in the presence of osteogenic medium as
visualized using Alizarin Red staining. (c) MSCs did not differentiate into the osteogenic lineage in the
presence of growth medium. Scale bars: 25 um.
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Direct On-cell Crosslinked Hydrogel Microniches with On-
demand Tunable Stiffness to Program Single Stem Cell Fate

Hydrogels yield unprecedented control over cell culture by offering user-defined
microenvironments. Tuning hydrogel characteristics such as the biomechanical
properties effectively controls cell behavior via cell-material interactions. Yet,
technologies to controllably convey biomechanical cues between biomaterials and
cells have remained scarce. State-of-the-art 3D culture platforms are often static and
rely nearly exclusively on RGD-based interactions. This limitation has hampered the
unraveling and utilization of mechanotransduction pathways that, amongst others,
underlie the stiffness-induced lineage commitment of stem cells. In this study, we
introduce a novel bio-inspired technology called ‘Direct On-cell CrosslinKing’
(DOCKING) that directly and covalently tethers biomaterials onto cell membranes
using a universal and cytocompatible enzymatic crosslinking reaction between
polymers and cellular proteins. We reveal that DOCKING technology readily supports
the transduction of biomechanical cues towards 3D encapsulated cells in a unique
RGD-independent manner. By leveraging advanced droplet microfluidics, we achieve
the long-term culture of individual stem cells within on-cell tethered hydrogel
microniches. Using cytocompatible enzymatic post-curing, the microgel can be
stiffened on demand within a physiological relevant range (~5-50 kPa) to control stem
cell lineage commitment. Using on-demand stiffening, we reveal that early-stage
biomechanical stimuli are crucial to program long-term stem cell fate. Single cell
DOCKING thus readily supports the investigation of stem cell lineage commitment

dynamics in 3D microniches with unprecedented temporal control and resolution.
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4.1 Introduction

A cell's behavior is intimately controlled through continuous interactions with its
microenvironment. In fact, the biochemical and biophysical (i.e. biomechanical) cues
that cells are exposed to, are essential for their survival and function.” For example,
(stem) cells sense microelasticity by deforming themselves and the extracellular matrix,
and respond to these stimuli via mechanotransduction pathways that control migration,
proliferation, apoptosis, metabolism, and differentiation. 3 Mechanotransduction is
canonically mediated through transmembrane cell adhesion molecules (CAM; e.g.
integrins, cadherins, and selectins), and transmitted through the intracellular
actinomyosin cytoskeleton.!

To recapitulate these biological events in engineered tissues, biomaterials have
typically been endowed with cell adhesive moieties that specifically bind to these CAMs.
In particular, the integrin binding tripeptide arginine-glycine-aspartic acid (RGD) has
been widely explored to this end.s! Other, less frequently explored strategies, have been
based on modifying biomaterials with, amongst others, CAM binding antibodies!®! or
homing-CAM (CD44) binding hyaluronic acids.”” However, none of these strategies
explored the covalent coupling of cells and extracellular matrix. This is surprising, as
covalent enzymatic coupling is common in nature. For example, the enzyme tissue
transglutaminase (tTG) is able to stabilize extracellular matrix proteins through covalent
coupling and supports cell adhesion in a RGD-independent manner via complexation
with fibronectin, thereby playing a major role in wound healing.®°! Although enzymatic
crosslinking has been harnessed to endow native tissues and biomaterials with
biofunctional moieties such as RGD-type peptides,™ 2! it has never been explored as a
biomimetic approach to covalently couple biomaterials directly onto cells.

We hypothesized that tethering a non-adhesive biomaterial directly onto cells using a
cytocompatible enzymatic crosslinking approach would readily support cell/biomaterial
mechanotransduction in a novel, unique, and RGD-independent manner. As tTG-
mediated cell adhesion not exclusively acts through transamidation (i.e. crosslinking),
but also involves ternary complexation with integrins and fibronectin,®! we opted for
a highly specific enzymatic crosslinking mechanism based on tyrosine coupling, which
is known to stabilize proteins in native tissues.'! Tyrosines are abundantly present in
the extracellular domains of transmembrane proteins®! and can be coupled to other
phenolic moieties using a cytocompatible enzymatic crosslinking reaction.! This bio-
inspired crosslinking mechanism has been proven successful in tyramide signal
amplification"®, peroxidase-mediated proteomic mapping strategies within cells,'” and
tissue engineering strategies,!'® "9 but has not yet been applied for the direct tethering of
biomaterials onto living cells.

In this work, we set out to exploit a tyramine-functionalized polymer that could be
simultaneously (i) enzymatically crosslinked to form a hydrogel and (ii) enzymatically
co-crosslinked with the tyrosines of the cellular membrane. We then investigated
whether this ‘Direct On-cell CrosslinKing’ (DOCKING) technology would enable the



Direct On-cell Crosslinked Hydrogel Microniches to Program Single Stem Cell Fate | 55

mechanotransduction between cells and biomaterials in a novel RGD-independent
manner. As a proof-of-concept, we leveraged an advanced microfluidic system to
encapsulate individual mesenchymal stem cells (MSCs) in enzymatically crosslinked
microgels. Through on-demand microgel stiffening via in situ enzymatic post-curing, we
could program the lineage commitment of microencapsulated stem cells, which strongly
suggested DOCKING-mediated mechanotransduction (Figure 4.1).

Figure 4.1. Schematic representation of ‘Direct On-cell CrosslinKing’ (DOCKING) in combination
with droplet microfluidics to program the fate of 3D microencapsulated single stem cells.
Individual stem cells can be encapsulated into microdroplets that contain tyramine-functionalized
polymer (e.g. dextran-tyramine). Enzymatic crosslinking of phenolic tyramine moieties results in the
formation of a stable microgel that is covalently bound to phenolic tyrosine proteins on the cell surface.
Tuning the microgel’s biomechanical properties can steer the fate of stem cells during multilineage
differentiation.

4.2 Materials and Methods

4.2.1 Materials

Dextran (MW 15-25 kg/mol - M, 16 kg/mol) was functionalized with tyramine, as
previously described.®?! The resulting dextran-tyramine (Dex-TA) contained ~15
tyramine moieties per 100 repetitive monosaccharide units. Horseradish peroxidase
(HRP, type VI), hydrogen peroxide (H,O,; with inhibitor), tyramine, tyrosine, fetal
bovine serum (FBS), ascorbic acid, iodixanol (OptiPrep), insulin (human), 3-Isobutyl-1-
methylxanthine (IBMX), indomethacin, dexamethasone, 3-glycerol phosphate disodium
salt pentahydrate (3-GP), Calcein AM, ethidium homodimer-1 (EthD-1), Thiazolyl Blue
Tetrazolium Bromide (MTT), dextran-FITC (10, 40, 70, 150 kDa), Oil Red O, Alizarin Red
S, buffered formalin, Triton X-100, and all other solvents were purchased from Sigma-
Aldrich. Spin filter columns were purchased from Millipore. Cell strainers were
purchased from Corning. Tyramide-AlexaFluor647 (AF647) and 4',6-diamidino-2-
phenylindole (DAPI) were purchased from Thermo Scientific. Phosphate-buffered saline
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(PBS) was purchased from Lonza. Minimal Essential Medium o with nucleosides
(«MEM), Penicillin and Streptomycin, GlutaMAX, and trypsin-EDTA were purchased
from Gibco. Basic fibroblast growth factor (ISOKine bFGF / FGF2) was purchased from
Neuromics. Phalloidin-AF488 was purchased from Molecular Probes. Catalase (from
bovine liver) was purchased from Wako. Polydimethylsiloxane (PDMS, Sylgard 184) was
purchased from Dow Corning. Aquapel was purchased from Vulcavite. Pico-Surf 1 in
Novec 7500 Engineered Fluid and Pico-Break 1 were purchased from Dolomite.
Surfactant-free fluorocarbon oil (Novec 7500 Engineered Fluid) was kindly provided by
the BIOS Lab-on-a-Chip group. Gastight syringes (Hamilton), fluorinated ethylene
propylene tubing (FEP, inner diameter 250 pm, DuPont) and connectors were purchased
from IDEX Health and Science. Low pressure syringe pumps (neMESYS) were purchased
from Cetoni.

4.2.2 Cell Isolation and Expansion

Human mesenchymal stem cells (MSCs) were isolated from fresh bone marrow
samples and cultured as previously described.?! The use of patient material was
approved by the local ethical committee of the Medisch Spectrum Twente and informed
written consent was obtained for all samples. In short, nucleated cells in the bone
marrow aspirates were counted, seeded in tissue culture flasks at a density of 500,000
cells/cm? and cultured in MSC proliferation medium, consisting of 10% (v/v) FBS, 100
U/ml Penicillin and 100 pg/ml Streptomycin, 1% (v/v) GlutaMAX, 0.2 mM ascorbic acid,
and 1 ng/ml bFGF (added fresh) in tMEM. When cells reached near confluence, the cells
were detached using 0.25% (v/v) Trypsin-EDTA at 37 °C and subsequently subcultured
or used for experimentation.

4.2.3 Phenolic Crosslinking

To demonstrate enzymatic tyramine-tyrosine crosslinking, saturated tyramine and
tyrosine solutions were prepared by overnight stirring 2.5 g/l in H,O and subsequent
filtration (0.22 pum). Saturated solutions were sequentially mixed with 44 U/ml HRP and
01% (w/v) H,O. containing H,O in a 11 ratio, resulting in final HRP and H.O,
concentrations of 22 U/ml and 0.05% (w/v), respectively. After 1 hour incubation on a
roller mixer, the product was filtered using a spin filter column with 3 kDa molecular
weight cut-off to remove the HRP, and analyzed using positive electron spray ionization
mass spectrometry (Waters Micromass). Dex-TA bulk gel formation was achieved by
mixing 10% (w/v) Dex-TA, 44 U/ml HRP, and 0.06% (w/v) H,O, in PBS. Gelation was
confirmed using the vial tilting method. To demonstrate direct on-cell enzymatic
crosslinking of phenolic moieties, mesenchymal stem cells (MSCs) were fluorescently
labeled with tyramide-AF647 by incubation with 4 U/ml HRP and 0.06% (w/v) H,O, in
PBS. Enzymatic crosslinking of MSCs onto Dex-TA hydrogel substrates was
demonstrated by seeding formalin-fixed MSCs on a Dex-TA hydrogel substrate, inducing
crosslinking by adding HRP and H,O, containing PBS, and subsequently washing the
substrate with PBS. For all phenolic crosslinking experiments, H,O instead of H,O, was
used as a negative control.
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4.2.4 Microgel Production and Culture

All microfluidic chips were manufactured from PDMS and glass using standard soft
lithography techniques. The droplet generator and H,O, diffusion-based crosslinking
chips were fabricated with ~25 pm, and ~100 pm high channels, respectively. Aquapel
was introduced in the chips before usage to ensure channel wall hydrophobicity. Using
FEP tubing, chips were connected to each other and to gastight syringes, which were
controlled by low-pressure syringe pumps. Hydrogel precursor solution contained 10%
Dex-TA, 44 U/ml HRP, and 8% OptiPrep (i.e. to obtain p = 1.05 g/l) in PBS and was
emulsified in 2% (w/w) Pico-Surf 1 containing Novec 7500 Engineered Fluid surfactant
containing oil at a 1:6 (hydrogel:oil) flow ratio. To produce cell-laden microgels,
detached cells (passage 2 to 5) were washed with medium, flown through a 40 pm cell
strainer, and suspended in the hydrogel precursor solution at a concentration of 107 cells
per ml. The cell-laden hydrogel precursor solution was loaded into an ice-cooled gastight
syringe where it was gently agitated every ten minutes using a 2 mm long magnetic
stirring bar. The microemulsion was broken by washing three times with surfactant-free
fluorocarbon oil and subsequent supplementation of Pico-Break 1 in the presence of
serum containing proliferation medium. Single-cell-laden microgels were cultured in
MSC proliferation medium, MSC adipogenic differentiation medium, consisting of 10%
FBS, 100 U/ml Penicillin and 100 pg/ml Streptomycin, 1% GlutaMAX, 0.2 mM ascorbic
acid, 10 mg/l insulin, 0.5 mM IBMX, 200 uM indomethacin, and 1 pM dexamethasone
(added fresh), MSC osteogenic differentiation medium, consisting of 10% FBS, 100 U/ml
Penicillin and 100 pg/ml Streptomycin, 1% GlutaMAX, o.2 mM ascorbic acid, 10 nM
dexamethasone (added fresh), and 10 mM B-GP (added fresh) in «MEM, or a 1:1 mixture
of adipogenic and osteogenic medium, which were refreshed three times per week. As a
negative control, encapsulated MSCs were also cultured in MSC proliferation medium
substituted with 10 nM B-GP. To stiffen microgels in situ, they were incubated 30 minutes
with 44 U/ml HRP, after which H,O, was added to a final concentration of 0.03% (w/v).
After 9o s, the enzymatic post-cure was terminated by adding bovine catalase to a final
concentration of 6 kU, which immediately consumed all remaining H,O, through a
competitive enzymatic reaction.??!

4.2.5 Characterization of (Cell-laden) Microgels

On-chip droplets and microgels were visualized using a stereomicroscope set-up
(Nikon SMZ8oo equipped with Leica DFC300 FX camera). The position of cells in
microdroplets or microgels was analyzed using ImageJ software. Microgels were imaged
using phase contrast microscopy and the encapsulation and size distributions of cells
and microgels were measured using Matlab software. Microgels were mechanically
characterized using atomic force microscopy (JPK NanoWizard) combined with inverted
optical microscopy (Zeiss Axio Observer Z1). Indentation measurements were performed
in PBS using a cantilever (spring constant 0.151 N/m) with a glass colloidal probe (radius
=18.55 um) attached to the tip. To extract the elastic modulus of the beads from the
obtained force-deformation curves, the data was fitted assuming the Hertz model for the
deformation of two spheres in contact. The mathematical expression is given below, with
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F being the applied force, d deformation, E and R the relative Young’s modulus and
radius, respectively.

4 3
F=§Ed7\/§

E and R are given as follows, with v being Poisson’s ratio (assumed to equal 0.5 for our
samples) and the indices referring to the two spheres in contact.
1 _ 1— v? N 1— v2
E E, E,
1 1 1

R™R R

To analyze permeability, microgels they were incubated with FITC-labeled dextran
with molecular weights ranging from 10 to 150 kDa for six days, after which the
fluorescent intensities across the microgels were measured using fluorescent confocal
imaging (Zeiss LSM 510) and quantified using Image] software. A relative permeated
intensity of 0.1 was arbitrarily chosen as the molecular weight cut-off (MWCO). Viability
and metabolic activity of cells was analyzed by staining with 2 pM calcein AM (live), 4
MM EthD-1 (dead), and 0.5 g/l MTT (metabolically active) in PBS and visualization using
brightfield and fluorescence microscopy (EVOS FL). For focused ion beam and scanning
electron microscopy (FIB/SEM) samples were prepared and imaged as previously
described.! For additional analyses, cell-laden microgels were first washed with PBS
and fixated using 10% buffered formalin.

Adipogenic differentiation was analyzed by staining samples with a filtered (0.45 pm)
1.8 g/l Oil Red O in a 2-propanol/PBS mixture (6:4), visualizing using brightfield
microscopy, and quantifying the per-cell intensity of the inverted blue color channel
using Image] software. Osteogenic differentiation was analyzed by staining samples with
a filtered (0.45 pm) 20 g/l Alizarin Red S in saline H,O, visualizing using fluorescence
microscopy, and quantifying the per-cell fluorescent intensity using ImageJ software.
Label-free hyperspectral coherent anti-Stokes Raman (CARS) and spontaneous Raman
microscopy were performed using in-house build setups, as previously described.+ 25!
For fluorescence confocal microscopy (Nikon Ai+), samples were permeabilized using
0.1% Triton X-100 and subsequently stained with 2.5 U/ml phalloidin-AF488, 1 pg/ml
DAPI, and 4 pM EthD-1 to stain F-actin, nuclei, and Dex-TA, respectively.

4 2.6 Statistics

The position of cells was determined in =35 droplets/microgels and reported as the
average relative position (o: center, 1: edge) + standard deviation. The encapsulated cell
fraction was determined by analyzing >1200 microgels. Size distributions were obtained
by measuring the diameters of >250 MSCs and >500 microgels. Linear regression
analyses and AVOVA with Tukey’s post hoc tests to analyze statistical significance were
performed using OriginPro software.
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4.3 Results and Discussion

4.3.1 Enzymatic Crosslinking of Phenolic Moieties Enables Simultaneous Gelation
and On-cell Crosslinking of Polymers

We set out to exploit a biomaterial that could simultaneously polymerize and
covalently bind to the plasma membrane of cells using a single facile crosslinking
reaction. Inspired by nature and our previous work on self-attaching hydrogels,'®! we
selected an enzymatic crosslinking strategy based on phenolic moieties for this purpose.
Polyphenols can be formed by crosslinking the aromatic rings via C-C and C-O coupling
using HRP as a catalyst and hydrogen peroxide (H,O.,) as an oxidizer (Figure 4.2a). To
demonstrate that tyramine can be crosslinked with itself (i.e. for gelation), as well as
with tyrosine (i.e. for cell adhesion), tyramine and tyrosine were reacted in solution
using HRP and H,O.. Electrospray ionization mass spectrometry confirmed the presence
of uncoupled tyramine and tyrosine in the unreacted sample (i.e. without H,O,) and
revealed tyramine-tyramine and tyramine-tyrosine products in the reacted sample (i.e.
with H,O,) (Figure 4.2b).

Phenolic crosslinking between tyramine-functionalized molecules and cellular
tyrosines was demonstrated by successfully labeling MSCs with fluorescently labeled
tyramine (i.e. tyramide-AF647) using HRP and H,O. (Figure 4.2c¢). Importantly, the
staining remained present even after extensive washing, which suggested covalent
coupling of the label to the cells rather than fouling due to precipitation. We leveraged
this phenolic crosslinking strategy to establish DOCKING of biomaterials. To this end,
we synthesized an injectable biomaterial that could enzymatically couple directly onto
cells membranes by chemically adding tyramine residues to a dextran, which is a
cytocompatible and cell-resistant polymer.*281 Dextran-tyramine (Dex-TA) was
synthesized as previously described.>?! HRP-mediated crosslinking of Dex-TA resulted
in the formation of a hydrogel via di-tyramine formation (Figure 4.2d).

To demonstrate the direct coupling of Dex-TA to cells via polymerization of phenolic
moieties, formalin-fixed MSCs were seeded onto preformed Dex-TA hydrogel sheets,
after which they were exposed to a second enzymatic crosslinking reaction (i.e. post-
cure). Enzymatic post-curing securely trapped the cells onto the intrinsically cell-
resistant dextran-based hydrogel; vigorous washing did not remove the cells from the
hydrogel’s surface. In contrast, seeding fixated MSC’s in the absence of an enzymatic
post-cure resulted in a complete failure to trap any MSC. This strongly suggested the
formation of tyramine-tyrosine bonds between the cells and the Dex-TA during
enzymatic crosslinking (Figure 4.2e). The fact that cell-polymer and polymer-polymer
crosslinks could be in situ formed during the same cytocompatible enzyme-based
crosslinking reaction, primed Dex-TA as an ideal injectable material for covalently
coupling 3D hydrogel microniches around and onto cells via DOCKING (Figure 4.2f).
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Figure 4.2. Enzymatic crosslinking of phenolic moieties for dextran gelation and cell adhesion.
(a) Phenolic moieties can be enzymatically crosslinked using horseradish peroxidase and H.O. via the
formation of C-C and C-O bonds. (b) Electrospray ionization mass spectrometry confirmed the
enzymatic crosslinking (red peaks) of tyramine to tyramine (Mrata+H: 273, Mra1a+2H: 137), tyramine to
tyrosine (Mra-tyr+H: 317, Mratyr+2H: 159). The enzyme-based crosslinking could also be leveraged to (c)
couple fluorescently-labeled tyramine (TA-AF647) directly onto cells, (d) gel tyramine-functionalized
dextran (Dex-TA), and (e) bind cells to a Dex-TA hydrogel substrate. (f) Consequently, in situ
crosslinking of a cell embedded in Dex-TA hydrogel precursor would presumably result in the direct on-
cell crosslinking (DOCKING) and gelation of dextran via the coupling of phenolic residues on the cell
(i.e. tyrosine) and the dextran (i.e. tyramine). Scale bars: 50 pm.

4.3.2 DOCKING Supports the Production of 3D Single-cell-laden Hydrogel

Microniches

To investigate if DOCKING could support covalent cell/biomaterial coupling in 3D, we
encapsulated individual MSCs in Dex-TA microgels. To this end, we leveraged an
advanced microfluidic encapsulation platform that we have recently developed.9 This
platform uniquely enables the long-term culture of single-cell-laden microgels by
preventing cell escape; a typical problem within the microencapsulation field.5°!
Specifically, Dex-TA polymer solution, HRP enzyme, and MSCs were emulsified with
perfluorocarbon oil into monodisperse droplets of ~20 pl using a microfluidic droplet
generator and subsequently crosslinked using a second microfluidic device via diffusion-
based supplementation of H,O, (Figure 4.3a-d). This resulted in the successful
production of single-cell-laden Dex-TA microgels (Figure 4.3e). Analyzing the relative
off-center cell position as a function of on-chip crosslinking delay time revealed that
delayed gelation was instrumental to the centering of cells in microgels, as confirmed
using confocal imaging (Figure 4.3f,g). In accordance to literature, the encapsulated cell
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fraction closely followed the Poisson distribution (Figure 4.3h).31 The retrieved cell-
laden microgels (27+2 pm) were on average only 9 um larger than the stem cells (184
pm) they encapsulated, thereby effectively providing single MSCs with a conformal 3D
Dex-TA hydrogel coating with a thickness of less than 5 pm (Figure 4.3i). High
resolution confocal imaging of single-cell-laden microgels suggested that parts of the
cell membrane were physically attached to the microgel’s interior surface(Figure 4.3j).
This observation was corroborated by scanning electron microscopy images of microgels
that were opened up using focused ion beam milling (i.e. FIB/SEM) (Figure 4.3k).
Together, these data indicated that our DOCKING strategy had resulted in the
crosslinking between cells and Dex-TA, which was most likely achieved via tyrosine-

tyramine coupling.
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Figure 4.3. Producing 3D single stem cell microniches using the DOCKING technology. (a) Dex-
TA, HRP, and MSCs were mixed, (b) emulsified using droplet microfluidics, and (c,d) reacted using a
diffusion-based H.O. supplementation platform into (e) single-cell-laden microgels. (f,g) Delayed
gelation enabled centering of the cells within microgels. (h) The encapsulated cell fraction followed the
Poisson distribution. (i) The Dex-TA microgels were characterized by a narrow size distribution and were
just a few micrometers larger than the cells they encapsulated. (j) Confocal microscopy and (k) FIB/SEM
strongly suggested that the DOCKING technology had resulted in the physical connection of MSCs to
the Dex-TA microgel interior. White scale bars: 50 pm, black scale bars: 10 pm, red scale bars: 1 pm.
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4.3.3 Single Stem Cell DOCKING of Soft and Stiff Microniches Enables Stiffness-
imposed Multilineage Stem Cell Differentiation

We then aimed to tune the mechanical properties of the Dex-TA microgels. As
biomaterial stiffness is correlated to its degree of enzymatic crosslinking,’?! microgel
stiffness could be readily tuned by controlling the amount of crosslinker (i.e. H,O,). The
diffusion-based microfluidic crosslinker platform allowed for high fidelity control over
the amount of crosslinking by controlling the supplemented H.O, concentration
(Figure S4.1). Indeed, Dex-TA microgel stiffness linearly (R>=0.99) correlated with the
supplemented H.O, concentration (Figure 4.4a). Following a titration experiment, we
could robustly produce soft, medium, and stiff microgels with E-moduli of 6.7+0.4,
31.5+2.5, and 46.8+3.0 kPa, respectively. We validated that the changes in crosslinking
density had a near-negligible effect on polymer network permeability by determining
the molecular weight cut-off of soft, medium, and stiff microgels. (Figure 4.4b).

The short- and long-term effects of single cell DOCKING on cell survival were assessed
using live/dead and metabolic assays. After 28 days of in vitro culture, approximately
90% of all encapsulated (i.e. soft, medium, and stiff) MSCs were viable and up to 70% of
the MSCs were metabolically active, as indicated by negative ethidium homodimer-1
(EthD-1) and positive (i.e. reduced) MTT staining, respectively (Figure 4.4c-e). This
proved that the microfluidic encapsulation procedure, the DOCKING procedure, and
the different microenvironment stiffnesses were all cytocompatible and allowed for
long-term cell survival.

We then investigated whether DOCKING enabled mechanotransduction between the
microgels and the microencapsulated MSCs. As extracellular matrix stiffness has been
proven to direct stem cell lineage commitment,3! we assessed the multilineage
differentiation capacity of individually encapsulated MSCs in the soft, medium, and stiff
microgels. Culturing soft single-cell-laden Dex-TA microgels for 28 days in adipogenic
differentiation medium resulted in their adipogenic differentiation, as indicated by
MSCs with intracellular lipid vesicles accumulation (Figure 4.4f). This data was
corroborated with label-free hyperspectral coherent anti-Stokes Raman spectroscopy
(CARS) microscopy revealing a sharp peak at 2850 cm™, which is typical for lipids (Figure
4-4g).54 Furthermore, long-term (28 days) culture of MSCs in stiff microgels in
osteogenic differentiation medium resulted in the osteogenic differentiation MSCs, as
determined by extracellular matrix calcification using histochemical analysis (Figure
4.4h). This data was corroborated with label-free hyperspectral spontaneous Raman
microscopy revealing a sharp peak at 960 cm™, which is typical for phosphates and in
particular hydroxyapatite (Figure 4.4i).55

The ability of DOCKING to convey mechanotransductional signals was further
confirmed by validating that adipogenesis and osteogenesis of MSCs were intimately
related with micromaterial stiffness. Specifically, the average lipid deposition within
individual cells was significantly higher in soft than in medium and stiff microgels, which
was corroborated by an adipogenic population fraction (i.e. ORO absorption > 50 a.u.)
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of 64%, 35%, and 25% in soft, medium, and stiff microgels, respectively (Figure 4.4j).
Moreover, the average quantity of deposited calcium phosphate matrix per individual
cell was significantly higher in stiff than in medium and soft microgels, which was
corroborated by an osteogenic population (i.e. AR fluorescence > 50 a.u.) of 0%, 44%,
and 97% in soft, medium, and stiff microgels, respectively (Figure 4.4k). Together, our
data thus indicated that DOCKING could facilitate the transduction of biomaterial
mechanics onto stem cells to steer lineage commitment.
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Figure 4.4. Single stem cell DOCKING of soft and stiff microniches enables stiffness-imposed
multilineage stem cell differentiation. (a) The E-modulus of microgels could be tuned between
approximately 5 and 50 kPa and linearly depended on the concentration of H,O.. (b) The molecular
weight cut-off (MWCO; dotted line), and (c) the survived and the metabolically active cell fractions
during 28 days of in vitro culture were determined using (d) live/dead and (e) MTT staining. In soft Dex-
TA microgels, adipogenic differentiation after 4 weeks of culture in adipogenic differentiation medium
(DM) was confirmed using (f) Oil-Red-O (ORO) staining and (g) label-free detection of lipids using
hyperspectral coherent anti-Stokes Raman scattering (CARS; characteristic lipid peak at 2850 cm™). (h)
In stiff Dex-TA microgels, osteogenic differentiation after 4 weeks of culture in osteogenic differentiation
medium was confirmed using Alizarin Red (AR) staining and (i) label-free detection of calcium
phosphates using hyperspectral spontaneous Raman (characteristic phosphate peak at 960 cm™). (j)
Quantification of the per-cell adipogenic differentiation as a function of microgels stiffness and culture
medium (GM: ‘growth medium’). (k) Quantification of the per-cell osteogenic differentiation as a
function of microgels stiffness and culture medium. * indicates ‘significant with p<o.or’. White scale bars:
50 pm, black scale bars: 10 um.
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Given the profound differences in osteogenic differentiation and the near-identical
MW(COs of the medium and stiff microgels, we reasoned that the biomechanical (i.e.
stiffness) and not the biochemical (i.e. permeability) properties of the microgels were
responsible for the stem cell differentiation. Although several studies have reported on
stiffness-imposed stem cell differentiation in 3D microenvironments using RGD-
dependent mechanisms,’ 3¢39 the osteogenic differentiation of MSCs within non-
degradable and RGD-free hydrogels has not been demonstrated before. In fact, it has
often been claimed that biomaterial degradation and RGD-integrin interaction are
essential for mechanotransduction-mediated stem cell lineage commitment. 3% 39 OQur
data advocates for the unique capacity of DOCKING to instruct cells via
mechanotransduction through covalent cell/biomaterial interactions.

4.4.4 On-demand Stiffening On-cell Crosslinked Microgels Reveals Lineage
Commitment Dynamics of 3D Microencapsulated Stem Cells

We then leveraged DOCKING to create 3D stem cell microniches with in situ (i.e. on-
demand) tunable stiffness to further unravel the temporal role of mechanotransduction
that acted through the covalent cell/biomaterial interactions. Specifically, we harnessed
the free tyramines in soft microgels to enable their on-demand stiffening using a post-
cure with HRP and H,O,, which is a novel strategy for this purpose. Nanoindentation
measurements revealed that enzymatically post-curing soft microgels increased the
stiffness of the microgels with an order of magnitude (from 6.7+0.4 to 46.1£3.9 kPa).
Notably, the stiffness of on-demand stiffened microgels was not significantly different
from that of as prepared stiff microgels (46.8+3.0 kPa) (Figure 4.5a). Furthermore,
stiffening microgels did not change their MWCO, indicating that post-curing altered the
microgels’ biomechanical properties, but not their biochemical permeability (Figure
4.5b). Importantly, microgel stiffness could not spontaneously fluctuate during long-
term culture, as mammalian cells do not produce dextranase°) and Dex-TA has been
proven to be hydrolytically resistant under similar conditions during several months. 4!

The on-demand stiffening of DOCKING-generated microgels was then used to
investigate the dynamics of biomechanical-imposed stem cell lineage commitment.
Specifically, single-cell-laden microgels were stiffened at various time points during their
first week of in vitro culture (Figure 4.5¢, top row). Lineage commitment was
determined by analyzing adipogenic (i.e. intracellular lipids) and osteogenic (i.e.
extracellular calcification) after two weeks of culture; the previous experiments
demonstrated robust lineage specific matrix deposition within two weeks. On-demand
stiffening DOCKING-generated single-cell-laden microgels cultured in osteogenic
differentiation medium revealed that delayed stiffening significantly reduced osteogenic
differentiation (Figure 4.5d,e). In fact, stiffening the microgels within the first week of
culture was essential to induce osteogenic differentiation. These data were in line with a
previous observation based on a RGD-depending 2D hydrogel system.[4?l Our results
thus suggested that, in 3D, osteogenic lineage commitment was dictated by biomaterial
stiffness, but only during the first days after differentiation had been biochemically
initiated (i.e. using differentiation medium). To verify this hypothesis, we validated that
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osteogenic differentiation potential was not just diminished in soft microgels over time.
To this end, we performed a (positive) control experiment where soft MSC-laden
microgels were cultured for 7 days in growth medium, then in situ stiffened, followed by
2 weeks of culture in osteogenic differentiation medium (Figure 4.5¢, bottom row).
Calcified extracellular matrix deposition analysis revealed osteogenic differentiation,
thereby confirming that soft microgels did not diminish MSCs’ osteogenic potential
when cultured in growth medium. Moreover, no osteogenic differentiation was observed
in a (negative) control experiment where on-demand stiffened single-cell-laden
microgels were cultured for two weeks in growth medium (Figure 4.5d,e). In short,
these data confirmed that during the earliest phase of differentiation both
biomechanical and biochemical stimuli are essential to commit stem cells to the
osteogenic lineage.

Conventional in vitro differentiation of stem cells is achieved using media that is
optimized to commit stem cells into a single specific lineage, while minimizing their
multilineage differentiation. In contrast, the in vivo biochemical microenvironment
often offers stem cells the possibility to differentiate into multiple lineages, while
regional variances in stiffness may determine the stem cells’ differentiation fate.3 To
assess the effects of DOCKING-mediated mechanotransduction on stem cell lineage
commitment under more physiological conditions, we exposed on-demand stiffened
single-cell-laden microgels to a bipotential (i.e. adipogenic + osteogenic) differentiation
medium. Similar to on-demand stiffening in osteogenic medium, delayed post-curing
microgels in bipotential differentiation medium on days o, 1, 3, and 7 also resulted in a
significant decrease in osteogenic differentiation and an increase in adipogenic
differentiation (Figure 4.5f-i). Indeed, this confirmed that the encapsulation,
DOCKING, and post-cure procedures had no detrimental effect on the multilineage
differentiation potential of MSCs. Notably, MSCs committed even more rapidly to the
osteogenic lineage in bipotential differentiation medium as compared to osteogenic
differentiation medium. These data confirmed the pivotal importance of early-phase
mechanotransduction on stem cell lineage commitment within biochemically complex
3D microenvironments.

We then investigated whether continuous biochemical stimulation was essential to
obtain complete differentiation of osteogenic-lineage-committed MSCs by exposing
stiffened (do) single-cell-laden microgels for specific periods of time (i.e. part-time) to
bipotential differentiation medium (Figure 4.5j). Histological staining of extracellular
calcified matrix revealed that the continuous (i.e. long-term) presence of differentiation
medium was essential to obtain complete osteogenic differentiation of the MSCs (Figure
4.5k). In contrast to biomechanical stimuli, biochemical stimuli appeared to play a
crucial during both the short- and long-term lineage commitment of microencapsulated
MSCs.

The osteogenic lineage commitment of microencapsulated MSCs can be captured in a
schematic model by describing the cellular responses to short- and long-term stimuli as
Boolean operators. Specifically, short-term osteogenic lineage commitment depended
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on the paired positive input of mechanical (i.e. stiff yes/no) and chemical (i.e.
differentiation medium yes/no) stimuli, which can thus be represented by a logic AND
gate. Long-term osteogenic differentiation, or maturation, required short-term lineage
commitment and a continued long-term chemical (i.e. differentiation medium)
stimulus, which can thus be represented by a subsequent logic AND gate. We therefore
postulated that osteogenic differentiation of 3D microencapsulated MSCs is represented
by two mechanically- and chemically-triggered logic AND gates that are connected in a
serial manner, as depicted in Figure 4.51. This model advocates that MSCs possess a
conditional long-term mechanical memory that is functional during the presence of the
appropriate biochemical stimuli. Indeed, previous work on RGD-dependent 2D stem cell
culture on in situ softening hydrogel substrates has postulated the existence of
mechanical memory, which possibly acts through YAP/TAZ translocation.3! Yet, a
complete understanding of the biological pathways that underlie mechanical stem cell
memory and its role in lineage decision has remained elusive. As DOCKING uniquely
offers a dynamic, 3D, and RGD-independent culture platform, it is primed to provide
novel insights in mechanotransduction pathways of (stem) cells with single cell
resolution.

a n.s. b 11 cElE + — As prepared stiff
A50 - g (7] O %) 4 y N\
© Z o o L [$) In situ stiffened
2404, B8 &= | Q
Yo I8 5O 37 = Soft
S304 2E0,1 4 { ——
E} 3 s ks | e Neg. ctrl. (GM)
EZO'Q 0—§ ‘%- E I - « e s oo *—Pos. ctrl.
€ % |—e—Soft . a 40 dlavac Dkt
u'110_ S -@-Stifened O [FEEETEE I ————— y (delaye )
001 . C —————————r v ¢ .
0- 10 100 0123456 7 14 21 Time(day)
soft  stiff MWsexaneirc(kDa)  [Growth medium (GM)| [Differentiation medium (DM)] - - - Controls

4

PCd7 |

" PCd3

PC 0 PCd0  PCd3
e Single cell osteogenesis1 Pos. Neg. g Single cell osteogenesis i Single cell adipogenesis
* ' i o 1504 _———
~ : . I »n — __
3 L. 310044 5 . T
S | ' S ' © o 3.
© ' QD TR} 'h M :100' . Y é
) SO T T S ; .
= 1ee * c = w % -~
g ¥ .0 8 5043, =1 3 ¢ G-
7] ! e | 7 W S 504 ¢ S @
o ' e M o '-3 - 2 x i T —
5 y W 8 v T PR e
= Cmmapat = 0 o ¢ . .
o — T e 4 L ¥ O-
< d0 d1 d3 d7_- d7 do < PC d0 d1 d3 d7 - O PC d0 d1 d3 d7 -
Osteogenic DM GM Bipotential DM Bipotential DM
> k | i Short term } Long term
.| Part-time shbcias gl i
" DM = echanical—+ r :_Osteogenic
& R, ) ' AND) i differentiation
»— Pos. ctrl. | | € | i | 3 H
S ———— & Chemical— 7
: N ineage : o
0123456 7 14 Time (day) = £ commitmenits Maturation

[Growth medium| [Bipotential DM|




Direct On-cell Crosslinked Hydrogel Microniches to Program Single Stem Cell Fate | 67

Figure 4.5. On-demand stiffening on-cell crosslinked microgels reveals lineage commitment
dynamics of 3D microencapsulated stem cells. (a) Enzymatic post-curing enabled in situ (i.e. on-
demand) stiffening of soft microgels. The E-modulus of post-cured (i.e. stiffened) microgels did not
significantly differ from as prepared stiff microgels. (b) The permeability of stiffened microgels was
similar to that of soft microgels, as indicated by comparable MWCOs (dotted line). (¢) On-demand
stiffening Dex-TA microgels on predefined time points was harnessed to study the underlying dynamics
of stem cell lineage commitment. (d-g) This strategy revealed that short-term biomechanics steered long-
term cell fate in the presence of bipotential differentiation medium (DM), where adipogenic and
osteogenic differentiation were predisposed to late and early stiffened microgels, respectively. (h,i) Albeit
delayed, a similar short-term lineage commitment was observed for in situ stiffened MSC-laden microgels
in the presence of osteogenic differentiation medium. The osteogenic differentiation potential was
maintained when soft microgels were cultured for 7 days in growth medium (GM; positive control). In
situ stiffening did not result in osteogenic differentiation in the presence of growth medium (negative
control). (j,k) Long-term biochemical stimulation (i.e. differentiation medium) was essential for
osteogenic differentiation of MSCs in stiff microgels. (1) The osteogenic differentiation of MSCs could be
described with Boolean logic using a model consisting of two AND gates in series that represent the
short- and long-term cell responses as a function of mechanical and chemical stimuli. * indicates
‘significant with p<o.or’. White scale bars: 50 pm.

4.4 Conclusion

In conclusion, we introduced ‘Direct On-cell CrosslinKing’ (DOCKING) technology to
covalently tether polymers onto cells via the enzymatic coupling of phenolic moieties.
Combining DOCKING technology with advanced droplet microfluidics readily
supported the production of single-stem-cell-laden hydrogel microniches (i.e.
microgels) that were compatible with long-term in vitro culture. Stem cell lineage
commitment could be programmed by tuning the microgel stiffness, which underlined
DOCKING’s capability of enabling mechanotransduction via covalent crosslinks
between the cell membrane and the biomaterial. A cytocompatible enzymatic post-
curing procedure enabled the on-demand stiffening of cell-laden microgels. We
harnessed these unique dynamic stem cell microniches to investigate the temporal
aspects of stem cell differentiation in 3D on a single cell level. This has revealed the role
of short- and long-term biochemical and biomechanical stimuli on the fate of 3D
microencapsulated MSCs. Our DOCKING technology in combination with on-demand
stiffening acts as a unique tool to further unravel the (dynamics of) biological
mechanisms that underlie mechanotransduction of stem cells in 3D with unprecedented
control and resolution.
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4.5 Supplementary Information
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Figure S4.1. Microfluidic diffusion platform. (a) Schematic depiction of the microfluidic platform
consisting of parallel microfluidic channels separated by semipermeable PDMS, which enables the
diffusion-based supplementation of H.O. to microgel precursor droplets. (b) The H.O. concentration
within droplets linearly (R* = 0.99) correlated to the H.O. feed concentration.

To quantify H,O,, microemulsions were broken, immediately diluted 105 times with
PBS, and mixed 1:1 with 100 pM Amplex Red (Sigma Aldrich) and 0.2 U/ml HRP in PBS.
After 30 minutes incubation at room temperature, fluorescence intensities were

measured using a plate reader (Victor X3, ex. 545/10 nm, em. 590/10 nm) and correlated
to H,O, concentrations using a standard curve.
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Smart Building Blocks for Modular Tissue Engineering Based
on Sequential Desthiobiotin / Biotin Coupling

Modular tissue engineering enables the formation of 3D multiscale hierarchical
tissues with high-resolution internal complexity that can act as functional
replacements for damaged tissue and organs. This is typically accomplished by the
assembly of building blocks composed of cells and/or (micro)materials (i.e. modules)
into a larger engineered construct. However, the functionality of modular tissue
constructs is limited by the current lack of smart building blocks. Indeed, current
building blocks are designed as static elements that are not readily compatible with in
situ biofunctionalization, which limits the spatiotemporal control over the engineered
tissues. In this study, we introduce desthiobiotin/biotin displacement to engineer in
situ tunable micrometer-sized hydrogels (microgels) that act as smart building blocks,
thereby granting on-demand, reversible, and sequential spatiotemporal biochemical

control over living modular tissues.
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5.1 Introduction

Conventional tissue engineering strategies are based on homogeneously combining
cells with an isotropic supportive scaffold to form a substitute graft.l3! Although such
top-down engineering results in grafts with clinically relevant sizes, they are often not
effective in recapitulating the complex architecture of native tissues. Indeed, native
tissues consist of repetitive functional modules that are organized into larger structures
with a hierarchy that spans multiple length scales.l 51 This multiscale modularity is
found throughout nature and is essential to combine multiple otherwise paradoxical
biological functions (e.g. mechanical integrity, host integration, cell viability, and cell
functioning) into a single construct. Inspired by nature, several modular, also referred
to as bottom-up, tissue engineering strategies have been developed to enable the facile
incorporation of multiscale modularity into man-made tissue constructs.[®*! To produce
a modular construct, functional subunits such as cell-, or drug-laden particles could be
incorporated in the construct’s precursor solution, thereby effectively creating a modular
or hybrid precursor solution.["4 Alternatively, cells and/or microparticles can be self-
assembled into larger modular tissue constructs by tuning their adhesive properties
through exploiting, for example, electrostatic, supramolecular, or magnetic
interactions.'! The incorporation of micromaterials into artificial tissue constructs is an
elegant approach to obtain clinical-sized grafts using fewer donor cells.[6-8!
Furthermore, these constructs typically contain intrinsic porosity that could mitigate
starvation-induced cell death by improving diffusion of nutrients and waste products
and promoting vascularization.[7 1920l

Modular tissue constructs can be biochemically and biomechanically tailored by
combining various distinct functional building blocks via straightforward mixing and
matching.”! Growth factor-laden microcarriers can, for example, be integrated to
stimulate maturation of the engineered tissue construct.??! However, currently explored
tissue engineering building blocks are limited to static non-responsive materials,7 ¢ 2
241 which has prevented the development of dynamically tunable modular tissues.
Importantly, native tissues are characterized by a dynamic nature. For example, tissue
development is a multi-staged process that involves remodeling of the extracellular
matrix.’s! Recapitulating such dynamicity in engineered tissues requires the temporal
control over their biochemical composition. Although tissue engineers have recently
started to integrate these complex functions into smart (i.e. instructive and responsive)
biomaterials, their use has remained limited to bulk constructs that do not recapitulate
the modular design of native tissues.*37 Creating smart building blocks from in situ
tunable biomaterials is therefore expected to enable the incorporation of the dynamic
nature as observed in native tissues into man-made tissue constructs via a facile modular
tissue engineering approach.

In this study, we established the concept of smart microbuilding blocks to unlock the
full potential of modular tissue engineering by enabling in situ spatiotemporal control
over living constructs. Specifically, we aimed to develop hydrogel microparticles (i.e.
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microgels) that could 1) self-assemble with cells into modular tissues and 2) allow for in
situ inducible, reversible, and sequential presentation of instructive biochemical
elements to temporarily control cell behavior (Figure 5.1). We hypothesize that the
reversible nature of desthiobiotin/avidin complexation could be leveraged to this end.
Desthiobiotin is a non-sulfur containing analog of biotin that also interacts with avidin,
but with a substantially lower binding affinity than biotin (Kdpiotin~10" M vs
K4 desthiobiotin~10"3 M).538 Consequently, desthiobiotin can be reversibly coupled to avidin
and on-demand be replaced by biotin with a high level of specificity. This
supramolecular displacement strategy has been proven effective for reversible labeling
and affinity-based isolation of proteins.39! Furthermore, it is fully cytocompatible, which
is in contrast with photoresponsive strategies that typically rely on cytotoxic UV light.5!
Here, we pioneered desthiobiotin/biotin exchange as a novel strategy to create smart
biomaterials. We leveraged this strategy to expand the modular tissue engineering
toolbox by engineering smart building blocks that can readily grant man-made tissues
with in situ tunable biochemical functions in a facile, cytocompatible, and highly specific
manner.

Figure 5.1. The concept of smart building blocks for engineering tunable 3D modular tissue
constructs. The shell of biotinylated [B] dextran-based microgels are permanently functionalized with
cell binding motives (RGD-type) to enable modular tissue engineering via the self-assembly of microgels
(grey) and cells (magenta). The modular constructs can be further functionalized in situ via a two-step
approach using tetravalent avidin [X] as the supramolecular linker between the microgels’ free biotins
and desthiobiotinylated [D] molecules of interest (green). Subsequently, the desthiobiotin can be
displaced by biotinylated molecules of interest (red), thereby enabling on-demand biochemical tuning
of the engineered modular tissue construct.
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5.2 Materials and Methods

5.2.1 Materials

Dextran (Dex; MW 15 to 25 kg/mol - Mn 16 kg/mol; lyophilized before use), 4-
nitrophenyl chloroformate (PNC; sublimated before use), LiCl (dried at 110 °C before
use), tyramine (TA) anhydrous pyridine, anhydrous N,N-dimethylformamide (DMF),
trifluoroacetic acid (TFA), sodium hydroxide (NaOH), N-Boc-1,4-butanediamine (NH.-
Boc), sodium bicarbonate (NaHCO;), biotin-attos65, biotin-4-fluorescein (biotin-FITC),
6-aminofluorescein, horseradish peroxidase (HRP, type VI), hydrogen peroxide (H,O,;
with inhibitor), fetal bovine serum (FBS), calcein AM, ethidium homodimer-1 (EthD-1),
buffered formalin, Triton X-100, and all other solvents were purchased from Sigma-
Aldrich. Succinimidyl 6-(biotinamido)hexanoate (biotin-LC-NHS) was purchase from
ApexBio. N-hydroxysuccinimide-desthiobiotin (EZ-Link NHS-desthiobiotin) and 4',6-
diamidino-2-phenylindole (DAPI) were purchased from Thermo Scientific. Phosphate-
buffered saline (PBS) was purchased from Lonza. Minimal Essential Medium o with
nucleosides (aMEM), Penicillin and Streptomycin, GlutaMAX, and trypsin-EDTA were
purchased from Gibco. Basic fibroblast growth factor (ISOKine bFGF) was purchased
from Neuromics. Phalloidin-AF647 was purchased from Molecular Probes.
Polydimethylsiloxane (PDMS, Sylgard 184) was purchased from Dow Corning. Aquapel
was purchased from Vulcavite. Pico-Surf 1 in Novec 7500 Engineered Fluid and Pico-
Break 1 were purchased from Dolomite. Gastight syringes (Hamilton), fluorinated
ethylene propylene tubing (FEP, inner diameter 250 pm, DuPont) and connectors were
purchased from IDEX Health and Science. Low pressure syringe pumps (neMESYS) were
purchased from Cetoni.

5.2.2 Dex-TA-biotin Synthesis and Characterization

First, dextran was functionalized with tyramine and 1,4-butanediamine, as previously
described.#> 41 In short, dextran was activated with PNC, which was subsequently
substituted with tyramine and Boc-protected 1,4-butanediamine and, after using TFA
and dialysis using a membrane with 3 kDa molecular weight cut-off, further
functionalized with biotin by reacting the Dex-TA-NH., with a 20-fold excess of biotin-
LC-NHS for at least 1 hour in 0.1 M bicarbonate buffer (pH ~ 8.5) (Figure Ss5.1, Figure
Ss5.2). Dex-TA-biotin was then purified and concentrated using a spin filter column with
3 kDa molecular weight cut-off. The successful syntheses of Dex-PNC, Dex-TA-NH,, and
Dex-TA-biotin were confirmed using 'H NMR (AVANCE III HD NanoBay 400 MHz,
Bruker) in DMSO-ds or D,O. The numbers of conjugated tyramine and butylamine
moieties per 100 dextran anhydroglucose rings were determined by calculating the ratios
of integrated signals from the dextran (8 4.0 - 5.8 ppm) and the tyramine groups (8 6.66
ppm and § 6.98 ppm), and those of dextran and the the butylamine groups (8 1.4 - 1.5
ppm), respectively. The number of conjugated biotin moieties per 100 dextran
anhydroglucose rings was determined by calculating the ratio of integrated signals from
the tyramine groups (8 6.66 ppm and 8 6.98 ppm) and the coupled 6-aminocaproic
spacer (8 2.13).
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5.2.3 Microgel Production and Characterization

All microfluidic chips were manufactured from PDMS and glass using standard soft
lithography techniques. The microfluidic mixer, droplet generator, and H,O, diffusion-
based crosslinking chips were fabricated with ~100, ~25 pm, and ~100 pm high channels,
respectively. Aquapel was introduced in the chips before usage to ensure channel wall
hydrophobicity. Using FEP tubing, chips were connected to each other and to gastight
syringes, which were controlled by low-pressure syringe pumps. All emulsions were
produced using 2% (w/w) Pico-Surf 1 containing Novec 7500 Engineered Fluid. To
generate hydrogel precursor microdroplets, PBS that contained 5% (w/v) Dex-TA-Biotin
(~1 mM biotin) and 22 U/ml HRP in PBS, and PBS that contained 5% (w/v) Dex-TA
(without biotin) and 22 U/ml HRP in PBS were combined in the microfluidic mixer and
subsequently emulsified in the connected droplet generator using surfactant containing
oil at a 1:6 flow ratio. The hydrogel precursor microemulsion was flown at a total rate of
14 pl/min through the connected diffusion platform, which was also fed with H.O,
flowing in opposite direction at a rate of 30 pl/min. The H,O, diffused from the feed
channel through the PDMS walls into the gel precursor microemulsion, thereby
triggering enzymatic crosslinking of tyramine-conjugated polymer, as previously
described. The microemulsion was broken by washing three times with surfactant-
free fluorocarbon oil and subsequent supplementation of Pico-Break 1 in the presence of
PBS that contained 0.05% (w/v) NaN; for preservation and 1% (w/v) BSA to prevent
aggregation and sticking. On-chip droplets were visualized using a stereomicroscope
set-up (Nikon SMZ800 equipped with Leica DFC300 FX camera). Retrieved microgels
were imaged using phase contrast microscopy and the size distribution was measured
using Matlab software.

5.2.4 Microgel Functionalization and Characterization

After washing Dex-TA-biotin microgels three times with excessive washing buffer that
consisted of 1% (w/v) BSA in PBS to remove NaNj, they were consecutively incubated
with 1 pM neutravidin in washing buffer, washed with washing buffer, incubated with 1
MM biotinylated or desthiobiotinylated molecule of interest in washing buffer, and
washed again with washing buffer. If necessary, the functionalization protocol was
repeated, for example, to create core-shell functionalized microgels, as further specified
in Figure 5.3d. For fluorescence microscopy (EVOS FL), fluorescence confocal
microscopy (Zeiss LSM 510 and Nikon Ai+), and fluorescence recovery after
photobleaching (FRAP; Zeiss LSM 510), the microgels were functionalized with biotin-
attos6s, biotin-FITC, and/or desthiobiotin-FITC that was produced in house by coupling
desthiobiotin-NHS to 6-aminofluorescein in 1 M bicarbonate buffer (pH ~8). The FRAP
curve was obtained by plotting, as a function of time, the fluorescent intensity of the
bleach spot minus the background normalized for the bleach-rate corrected average
intensity before bleaching, where the bleach rate was determined by normalizing the
sample’s fluorescent intensity besides the bleach spot normalized for its average
intensity before bleaching. To characterize the desthiobiotin-biotin displacement, Dex-
TA-biotin microgels were consecutively functionalized with neutravidin, washed,
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functionalized with desthiobiotin-FITC, washed, and functionalized with biotin-attos6s,
while imaged using fluorescence confocal microscopy, as described above. Intensities of
all fluorescent images were measured using Image] software.

5.2.5 Cell Isolation and Expansion

Human mesenchymal stem cells (MSCs) were isolated from fresh bone marrow
samples and cultured as previously described.[s] The use of patient material was
approved by the local ethical committee of the Medisch Spectrum Twente and informed
written consent was obtained for all samples. In short, nucleated cells in the bone
marrow aspirates were counted, seeded in tissue culture flasks at a density of 500,000
cells/cm? and cultured in MSC proliferation medium, consisting of 10% (v/v) FBS, 100
U/ml Penicillin and 100 pg/ml Streptomycin, 1% (v/v) GlutaMAX, 0.2 mM ascorbic acid,
and 1 ng/ml bFGF (added fresh) in tMEM. When cells reached near confluence, the cells
were detached using 0.25% (w/v) Trypsin-EDTA at 37 °C and subsequently subcultured
or used for experimentation.

5.2.6 Modular Tissue Engineering

To produce modular tissue constructs, the shells of Dex-TA-biotin microgels that
contained ~1 mM biotin were first permanently functionalized with ¢(RGDfK) peptide.
To this end, the microgels were incubated for 30 minutes with 1 pM neutravidin in
washing buffer (see previous section ‘microgel functionalization and characterization’),
washed, and subsequently incubated for 60 minutes with 1 pM biotinylated cyclic RGD
peptide biotin-(PEG).-c(RGDfK) in washing buffer, as also depicted in Figure 5.3d in the
results section. Dex-TA (i.e. without biotin) microgels that had been treated with the
same functionalization protocol and Dex-TA-biotin microgels that had been
functionalized with biotin-(PEG),-c(RADfK) were used as controls. The cell adhesive
microgels were then co-seeded with cells into non-adherent microwell chips that were
produced by casting 3% (w/v) sterile agarose in demineralized water on an in-house
fabricated mold, as previously described.l4l In short, MSCs and microgels were
homogenously seeded into agarose constructs (1.9 cm?) containing 3000 microwells (200
X 200 X 200 pm) at a seeding density of 50 units (i.e. cells + gels) per microwell. The
modular microtissues were cultured in proliferation medium and visualized using
fluorescence (confocal) microscopy. Viability and metabolic activity of cells was
analyzed by staining with 2 pM calcein AM (live) and 4 pM EthD-1 (dead) in PBS and
visualization using fluorescence microscopy. For additional fluorescent (confocal)
analyses, constructs were first washed with PBS, fixated using 10% neutral buffered
formalin, permeabilized using 0.1% Triton X-100 and subsequently incubated for 30
minutes with 2.5 U/ml phalloidin-AF647 and 1 pg/ml DAPI to stain F-actin and nuclei,
respectively.
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5.2.7 Statistics

The microgel size distribution was obtained by measuring the diameters of =275
microgels. The fluorescent confocal intensity measurements (except for FRAP
measurements) were performed on =5 microgels per condition and reported as the
average (cross sections of neutravidin diffusion experiment) or the average + standard
deviation (all other experiments) normalized for the highest average intensity. Cell
seeding distributions were obtained by artisan counting of cells and microgels in =20
microwells per condition and reported as the average + standard deviation normalized
for the total average number of units (cells + microgels) per microwell. The diameter,
area, circularity, and solidity of modular microaggregates were obtained from =10
constructs using the ‘area’ and ‘shape descriptor’ measurement functions of Image]J and
reported as the average + standard deviation. Linear regression analyses and AVOVA
with Bonferroni’s post hoc tests to analyze statistical significance were performed using
OriginPro software.

5.3 Results and Discussion

5.3.1 Engineering in Situ Biochemically Tunable Microgels Based on Sequential
Desthiobiotin / Biotin Coupling

We set out to engineer micrometer-sized hydrogel particles (microgels) that could be
biochemically tuned in a cytocompatible fashion. To this end, dextran was selected as a
bio-inert, biocompatible, and easily modifiable polymer backbone, thereby acting as a
perfect template material for further functionalization.[*s 46] Tyramine and biotin were
selected as reactive side groups that could be enzymatically crosslinked and further
functionalized via biotin/avidin interaction, respectively,3% 447 in a fully orthogonal and
cytocompatible manner. The dextran polymer was endowed with tyramine and 1,4-
butanediamine (i.e. Dex-TA-NH.,), as previously described,4® 41 which was then further
functionalized using amine-reactive biotin, which contained a long-chain spacer (biotin-
LC-NHS) (Figure 5.2a). Successful Dex-TA-biotin synthesis was confirmed using 'H
NMR. The numbers of conjugated tyramine and biotin moieties per 100 dextran
anhydroglucose rings were 13 and 6, respectively, as determined by calculating the ratios
of integrated signals from the dextran (§ 4.0 - 5.8 ppm) and the tyramine (8 6.66 ppm
and § 6.98 ppm) and those of tyramine and the coupled 6-aminocaproic spacer (8 2.13)
(Figure 5,2b, Figure Ss.1, Figure Ss.2). Tyramine-functionalized dextran could be
crosslinked in situ via the formation of tyramine-tyramine bonds using horseradish
peroxidase (HRP) as a catalyst and H.O, as an oxidizer (Figure S5.3). A microfluidic
droplet generator was used to generate microdroplets composed of 5% (w/v) Dex-TA-
biotin (i.e. ~1 mM biotin) and 22 U/ml HRP (Figure 5.2c). These microgel precursor
droplets were cured by controlled supplementation of H,O, using a diffusion-based
microfluidic crosslinking platform that we have recently reported (Figure Ss.4).14?! This
resulted in the formation of monodisperse Dex-TA-biotin microgels with a diameter of
20.7+0.6 um (Figure 5.2d,e).
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After enzymatic crosslinking, the biotin moieties remained available for subsequent
orthogonal functionalization (i.e. without affecting the enzymatically crosslinked
hydrogel network) via supramolecular biotin/avidin complexation. Specifically, the
biotinylated microgels were further functionalized using a two-step approach by
incubating them with tetravalent neutravidin (i.e. an avidin analog) and fluorescein-
labeled biotin (biotin-FITC), respectively. Fluorescence confocal microscopy and
fluorescence recovery after photobleaching (FRAP) confirmed that biotin-FITC was
coupled to Dex-TA-biotin microgels, but not to non-functionalized (i.e. Dex-TA)
microgels, which validated the successful generation and functionality of Dex-TA-biotin
microgels (Figure s5.2f,g). The final degree of functionalization could be tuned by
changing either the concentration of biotin in the microgels or the type and amount of
biotinylated functional groups that were coupled via tetravalent neutravidin. To control
the biotin concentration in the microgels, we varied the ratio of Dex-TA-biotin and Dex-
TA hydrogel precursor solution using a microfluidic mix chip that was connected to the
inlet of the droplet generator (Figure Ss.5). The biotin concentration in the resulting
microgels linearly correlated (R*=0.99) to the final degree of functionalization, as
measured by coupling either biotin-FITC (i.e. green) or biotin-attos65 (i.e. red) to the
microgels (Figure 5.2h, Figure S5.6). Alternatively, the biochemical composition could
be altered by varying the ratio of biotinylated FITC and atto565, while maintaining the
same concentration of biotin in the microgels (Figure S5.7). In principle, both methods
could be applied to tune the microgels’ biochemical properties without altering their
biomechanical properties.

We then aimed to create smart microgels that could reversibly and sequentially
present molecules of interest. To this end, we leveraged the reversible nature of the
supramolecular desthiobiotin/avidin complex by displacing desthiobiotin with biotin in
a rapid and highly specific manner, as shown in Figure 5.2i. Microgels were first
endowed with an abundant amount of neutravidin, which specifically bound to the free
biotins in the microgels (Kq~1075). The microgels were then washed (t=0 min) and
continually imaged using fluorescence confocal imaging to visualize and quantify the
desthiobiotin binding and displacement in time (Figure 5.2j). The neutravidin-labeled
microgels were incubated with 1 pM desthiobiotin-FITC (i.e. green), which could bind to
the remaining free binding pockets of the tetravalent neutravidin in the microgels
(K¢~1073). After the fluorescent intensity had reached a plateau (t~40 min), biotin-
attos6s (i.e. red) was introduced to a final concentration of 1 M. Biotin interacted more
strongly with neutravidin (Kq~10"5), which resulted in a rapid displacement of
desthiobiotin by biotin. Over 80% of the desthiobiotin-FITC was replaced by the biotin-
attos65 within the first 10 min after biotin addition and approximately 95% was replaced
within 60 min.



Smart Building Blocks for Modular Tissue Engineering | 81

ay Dex-TA-Biotin
0 O=[,;>=0 ;
0,0
Hd%\o
0
HNZIZ Hd%\oﬂm
o) NH
it
iu +
H N d
. HNRH P . R N S —
Dex-TA-NH, Biotin-NHS E 80 70 60 50 40 30 20 10 00
ppm
e06 CV=21% g >‘1 0 —— h__§1.0- R=0.99
' % 0.8+ o 508
6 04- T e 0.6 - ﬁfé 06
£ 024 £ g 0.4 1 S §0'4-
o
= 0 O 040‘-—1—7—7—7—
= . J > 00 05 10
1%me2(2) 30 [Biotin] ,, (mM)
i 240
@ 1.0
2 § 084
N C
5 = 0.6
=
E0 044
™ O B
O n
Z 0 (.24
0
2 00

a T T T T
/0 20 /oo 60 8 100
K~10"  K~10"  Ke~10 +Desthiobiotin  +Biotin  Time (minutes)

Figure 5.2. Engineering in situ biochemically tunable microgels based on sequential
desthiobiotin/biotin coupling. (a,b) Tyramine- and biotin-functionalized dextran (Dex-TA-biotin)
was synthesized by coupling amine-functionalized Dex-TA (Dex-TA-NH.) to biotin-NHS. (c-e)
Monodisperse dextran microgels were produced using droplet microfluidics. (f) Biotinylated microgels
could be further functionalized with tetravalent avidin (or analog) and subsequently with a biotinylated
molecule of interest, as demonstrated with biotinylated FITC. (g) The biotin/avidin/biotin coupling was
confirmed by measuring fluorescence recovery after photobleaching (FRAP). (h) The amount of
functional groups could be linearly tuned by controlling the concentration of biotinylated hydrogel
precursor during Dex-TA-biotin microgel production. (i) The Dex-TA-biotin microgels could be
reversibly functionalized using the facile desthiobiotin/biotin displacement strategy, as demonstrated by
replacing desthiobiotin-FITC (i.e. green) by biotin-attos65 (i.e. red) (j) and characterized using time-
lapse fluorescence confocal imaging. Black scale bars: 25 pm, white scale bars: 10 pm.

5.3.2 Enabling Self-assembly of Cells and Microgels using Cell Adhesive Shell
Functionalization

To enable the self-assembly of smart microgels and cells into engineered modular
tissue constructs, we aimed to endow the microgels with a permanent and spatially
controlled cell adhesive coating. Specifically, we anticipated that functionalizing the
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microgel’s shell with biotinylated cyclic RGD peptide biotin-(PEG),-c(RGDfK) would
enable the microgels to self-assemble with cells, while leaving the biotins in the
microgel’s core available for further in situ functionalization (Figure 5.3a). By tuning the
concentration and incubation time of neutravidin, we could reproducibly control its
penetration depth into the microgels. This strategy granted 2.5D control over the
microgel’s biochemical composition by determining the thickness of the neutravidin
shell, which acted as the reactive substrate for subsequent coupling of biotinylated
molecules. This diffusion-based spatial templating was visualized and quantified using
biotin-FITC (i.e. green) labeling and subsequent fluorescence confocal imaging (Figure
5.3b, ¢, Figure S5.8). After shell functionalization, the microgels’ cores still contained
free biotins that could be endowed with another moiety by repeating the
functionalization protocol with a prolonged neutravidin incubation step. For example,
core-shell multifunctional microgels could be readily prepared by applying a shell
functionalization using the multistep functionalization protocol as described in Figure
5.3d. After confirming the effectiveness of the core-shell functionalization protocol using
fluorescent labels (Figure 5.3e), the same core-shell functionalization strategy was used
to permanently endow the microgels’ shells with ¢c(RGDfK) peptides to enable integrin-
mediated cell adhesion and promote bottom-up self-assembly. The concentration of
biotin and consequently ¢(RGDfK) in the microgels was set to ~1 mM, as this has been
proven to be effective to render hydrogels with cell adhesive properties. 48 491

Self-assembly of mesenchymal stem cells (MSCs) and c¢(RGDfK)-functionalized
microgels into larger engineered modular tissues was achieved by co-seeding them in
non-adherent microwell arrays, as previously described (Figure S5.9).l4+ 5°1 Within a
single day, the cells and gels self-assembled into modular microtissues with an average
diameter of no+10 pm (Figure 5.3f, Figure Ss.10). In contrast, Dex-TA (i.e. without
biotin) microgels that had been treated with neutravidin and biotin-(PEG),-c(RGDfK),
and Dex-TA-biotin microgels that had been functionalized with neutravidin and biotin-
(PEG),-c(RADfK) were not incorporated into the microtissues (Figure 5.3g, Figure
S5.11). This confirmed that RGD-type peptides granted the Dex-TA-biotin microgels with
the cell adhesive properties that are crucial for their self-assembly into modular
microtissues.

To study the effect of aggregate composition on microtissue shape, self-assembled
modular tissue constructs containing 0%, 50%, and 75% c(RGDfK)-functionalized
microgels were produced by seeding 50 units (i.e. cells and microgels) per microwell
(Figure 5.3h, Figure Ss.12). It is of note that the effect of composition on modular tissue
shape is cell- and microgel-size dependent. Here, we combined MSCs and microgels of
almost equal size (~20 pm). Interestingly, increasing the microgel fraction resulted in
significantly larger microtissues, and replacing 75% of the MSCs by cell adhesive
microgels even resulted in more than 2-fold area increase (i.e. >8-fold volume) (Figure
S5.13). The difference in microtissue size is presumably caused by cellular condensation;
aggregated cells typically condensate over time,[5°! whereas the non-degradable dextran-
based microgels presumably remained their initial size and shape. This confirmed the
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possibility of using modular tissue engineering strategies for engineering larger tissue
constructs using fewer donor cells.[! Using these specific cell and microgel types, the
final construct’s external shape was not affected up to a microgel fraction of 50%.
However, incorporating 75% microgels into the construct affected its shape, as measured
by a significant decrease in circularity and surface smoothness (Figure S5.13).
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Figure 5.3. Cell adhesive shell functionalization enables the self-assembly of cells and microgels
into 3D modular microtissues. (a) We set out to produce Dex-TA-biotin microgels with a cell adhesive
shell by functionalizing the microgels with cyclic RGD-type peptides, while the biotin moieties in the
cores remained free, which allowed for further in situ functionalization of the modular microtissues. (b,c)
The thickness of the functionalized shells could be controlled by the diffusion of neutravidin, which acted
as a reactive substrate for biotinylated moieties. (d) Using this facile multistep functionalization protocol,
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the shells and cores of Dex-TA-biotin microgels could be endowed with distinct functional moieties, (e)
as demonstrated using FITC- (i.e. green) and attos65-labeled (i.e. red) shells and cores, respectively. (f,g)
Functionalizing Dex-TA-biotin microgels with a shell of ¢c(RGDfK) peptides was essential to achieve self-
assembly with MSCs. 3D modular microtissues were formed within a single day. (h) Microtissue
composition and shape could be readily tuned by changing the ratio of cells and microgels. (i)
Fluorescence confocal microscopy revealed that the microgels were completely incorporated in and
homogeneously distributed throughout the modular tissue constructs. (j) Multiple preformed
microtissues could be combined to form a larger, for example line-shaped modular tissue. Black scale
bars: 100 pm, white scale bars: 20 pm.

Fluorescence confocal microscopy revealed that the c¢(RGDfK)-functionalized
microgels were completely and homogeneously incorporated in the microtissues
(Figure 5.3i). Live/dead staining of the modular microtissues revealed that neither the
smart building blocks, nor the process of self-assembly caused any detrimental effect on
cell survival (Figure Ss.14). As expected, the living modular microtissues could self-
assemble into larger structures by straightforwardly combining them into a mold to
form, for example, a modular tissue fiber (Figure 5.3j).

5.3.3 Engineering Spatiotemporally Biochemically Tunable 3D Modular
Microtissues using Smart Building Blocks

We then set out to demonstrate the tunable nature of smart building blocks in a living
modular tissue by combining the optimized core-shell functionalization and
desthiobiotin-based functionalization strategies. After self-assembly of the modular
microtissues, the incorporated microgels where sequentially endowed with
desthiobiotin-FITC (i.e. green) and biotin-atto565 (i.e. red). Fluorescence confocal
microscopic imaging of the modular microtissues confirmed the in situ coupling of the
desthiobiotin and its displacement by biotin, and thus the successful reversible and
sequential functionalization of man-made living modular tissues (Figure 5.4a). This
multimodal functionalization strategy also enabled the spatiotemporal controlled
modification of microenvironments within the modular tissue constructs. To
demonstrate this, we produced modular microtissues with biotin-FITC-labeled and non-
labeled microgels that where subsequently seeded in various ratios in agarose microwells
to form larger modular tissue constructs that consisted of 3 preformed microtissues.
During culture, the construct could be spatiotemporally modified, as demonstrated by
adding biotin-atto565 that specifically coupled to the non-labeled compartments within
the modular microtissue (Figure 5.4b).
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Figure 5.4. Engineering spatiotemporally biochemically tunable 3D modular microtissues using
smart building blocks. (a) The concept of smart tissue engineering building blocks was demonstrated
by the consecutive in situ modification of self-assembled cells and Dex-TA-biotin microgels with
desthiobiotin-FITC and biotin-attos565. (b) Combining various ‘smart microtissues’ in different ratios
readily enabled their self-assembly into a variety of larger complex modular microtissues with
spatiotemporally controllable microenvironments. Black scale bars: 100 um, white scale bars: 20 pm.

5.4 Conclusion

In conclusion, we have developed microgels that can on-demand, reversibly, and
sequentially express molecules of interest using a desthiobiotin/biotin displacement
strategy. These biochemically tunable microgels were leveraged as smart building blocks
for modular tissue engineering applications by endowing the microgels with a
permanent thin shell of RGD-type moieties by exploiting neutravidin diffusion kinetics.
The resulting 3D modular living constructs could be readily biochemically modified in a
spatiotemporal manner. The ability to endow man-made tissue constructs with in situ
tunable spatiotemporal functionalization through the facile incorporation of smart
building blocks aids the technologies rapid adoption in a variety of tissue engineering
applications.
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5.5 Supplementary Information
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Figure Ss.1. Synthesis and characterization of Dex-TA-NH.. (a) Dextran (Dex) was first activated with
4-nitrophenyl chloroformate (PNC), which was then substituted with tyramine (TA) and Boc-protected
1,4-butanediamine (Boc-NH.) that was subsequently deprotected using trifluoroacetic acid (TFA). (b-d)
'H-NMR analysis was used to confirm the successful synthesis of Dex-PNC and Dex-TA-NH. and to
quantify the numbers of conjugated tyramine and butylamine moieties per 100 dextran anhydroglucose
rings by calculating the ratios of integrated signals from anomeric and hydroxylic protons of the dextran
(8 4.0 - 5.8 ppm), and aromatic protons of the tyramine groups (8 6.66 ppm and 8 6.98 ppm) and methyl
protons of the butylamine groups (8 1.4 - 1.5 ppm), respectively.
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Figure Ss.2. Synthesis and characterization of Dex-TA-biotin. (a) Dex-TA-NH. was functionalized
with biotin using Succinimidyl 6-(biotinamido)hexanoate (biotin-LC-NHS; where LC is 6-aminocaproic
acid (long-chain)). (b) 'H-NMR analysis was used to confirm the successful synthesis of Dex-TA-biotin
and to quantify the number of conjugated biotin moieties per 100 dextran anhydroglucose rings (as
determined in Figure S1) by calculating the ratio of integrated signals from aromatic protons of the
tyramine groups (8§ 6.66 ppm and § 6.98 ppm) and carboxylic amide protons of the coupled 6-
aminocaproic spacer (8 2.13).
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Figure Ss5.3. Dex-TA-biotin gelation. The phenolic hydroxyl groups in Dex-TA-biotin could be
crosslinked in situ via the formation of C-C and C-O bonds (i.e. red) using horseradish peroxidase (HRP)
as catalyst and H.O: as oxidizer. This effectively results in a dextran-based hydrogel with free biotins.
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Figure Ss5.4. Droplet microfluidics-based microgel production. (a) To produce microgels, Dex-TA(-
biotin) and HRP containing hydrogel precursor solution was emulsified using surfactant containing oil
and a standard microfluidic droplet generator that was connected to a microfluidic crosslinking platform
that consisted of 3 parallel channels separated by thin H.O. permeable walls. (b) The crosslinking of
hydrogel precursor microdroplets was induced with H.O. that diffused from the outer channels through
the polydimethylsiloxane (PDMS) walls and the oil phase into the center channel. Red scale bar: 5 mm,
black scale bars: 100 pm.



Smart Building Blocks for Modular Tissue Engineering | 89

b

l
50% |
50%

Figure S5.5. Microfluidic mixing. A microfluidic mixer was used to generate homogenous mixtures of
Dex-TA and Dex-TA-biotin hydrogel precursor solution. (a-c) The mixer was characterized using various
ratios of yellow and blue ink. Scale bars: 500 pm.

1.04

o
©
1

0.6 1
0.4

o©
¥
1

Normalized
fluorescent intensity

o°
=)

00 o5 10 5
[Biotin]__, (mM)

gel

Figure S5.6. Tuning the biotin concentration in Dex-TA-biotin microgels. The biotin concentration
in Dex-TA-biotin microgels was tuned by microfluidic mixing (Figure Ss) of Dex-TA and Dex-TA-biotin
hydrogel precursor solutions. Subsequent coupling of tetravalent neutravidin and fluorescently labeled
biotin (biotin-atto565) revealed that the biotin concentration in the microgels linearly correlated
(R?=0.99) to the final degree of functionalization, as measured by the normalized fluorescent intensity.
Scale bar: 10 pm.
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Figure S5.7. Tuning the biochemical composition of Dex-TA-biotin microgels. The biochemical
composition of Dex-TA-biotin microgels could be altered by varying the ratio of biotinylated molecules
of interest, as demonstrated using biotinylated FITC and attos65. Scale bar: 10 pm.
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Figure S5.8. Controlling functionalized shell thickness. Dex-TA-biotin microgels could be endowed
with a functional shell of tunable thickness by controlling the concentration and incubation time of
neutravidin. In fact, the neutravidin acted as a template for subsequent tethering of biotinylated
molecules of interest, as demonstrated using biotin-FITC (i.e. green). Scale bar: 20 pm.
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Figure S5.9. Homogeneous seeding of the microaggregate production chip. (a) To assess the
seeding distribution of cells and microgels over the microwells, fluorescently labeled microgels (i.e. red)
and cells were seeded on top of the microaggregate production chip. (b) Determining the per-well cell-
to-gel ratios from microphotographs of the center and edge of the chip revealed that cells and gels were
homogenously seeded in the microwels. Scale bars: 100 pm.

Figure S5.10. Modular microtissue formation. Representative microphotograph after one day of
culturing ¢(RGDfK)-functionalized microgels and MSCs. In each microwell, all cells and microgels had
self-assembled into modular microtissues. Scale bar: 500 pm.
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Dex-TA-biotin + neutravidin Dex-TA-biotin + neutravidin
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Figure S5.11. Tuning the microgels’ cell adhesive properties. Dex-TA-biotin microgels that were (a)
completely (i.e. core & shell) functionalized with ¢c(RGDfK) peptides and (b) Dex-TA-biotin microgels of
which only the shell was functionalized with c(RGDfK) peptides adhered good to cells, resulting in their
complete incorporation into modular microtissues when seeded in a 50/50 ratio with MSCs. (c) Dex-TA
(i.e. without biotin) microgels that were treated with the same neutravidin/c(RGDfK) functionalization
protocol were not cell adhesive and could therefore not form self-assembled modular microtissues when
seeded together with MSCs in a 50/50 ratio. (d) Also functionalization of Dex-TA-biotin microgels with
c(RAD(K) peptides did not result in sufficient cell adhesion to support the incorporation of all microgels
into the modular microtissues, confirming that RGD-type peptides where essential to render the
microgels with good cell adhesive properties. Scale bars: 100 pm.
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Figure Ss.12. Tuning the modular microtissue composition. (a-d) Microtissues containing various
ratios of ¢c(RGDfK)-functionalized Dex-TA-biotin microgels and MSCs were formed to assess the effect of
composition on tissue morphology. Scale bars: 100 pm.
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Figure S5.13. The effect of modular microtissue composition on morphology. (a) Increasing the
microgel fraction resulted in significantly larger microtissues. (b,c) The circularity and surface
smoothness of modular microtissues were significantly decreased when they consisted for more than 50%
of microgels. * indicates ‘significant with p<o.or’.
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) 7MSC7miciroaggregates atop microgels

Figure Ss5.14. Microtissue viability. Both microtissues that consisted of (a) only MSCs and (b) MSCs
and microgels (50/50 ratio) were characterized by > 90% cell viability, as demonstrated using live/dead
stainings comprising of calcein (i.e. live cells in green) and homodimer-1 (EthD-1; i.e. dead cells in red).
The top and bottom panels show representative live/dead stained microtissues as imaged using
fluorescence microscopy and fluorescence confocal microscopy, respectively. Besides nuclei of dead cells,
the EthD-1 also aspecifically stains the microgels. Dead cells are indicated with white arrows. Black scale
bars: 100 pm, white scale bars: 20 pm.
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Single Cell Microgel Based Modular Bio-inks for Uncoupled
Cellular Micro- and Macroenvironments

Multiscale hierarchy is found throughout nature and is essential for proper tissue
functioning. It is based on combining multiple modular units with distinct functions
into a single well-organized structure. Mimicking such designs in engineered tissues
represents a promising approach to achieve the multifunctionality that is archetypal
for native tissues. Here, we develop modular bio-inks to engineer three-dimensional
(3D) multifunctional biomaterials by leveraging single-cell-laden microgels as
building blocks. The microgels are efficiently produced using droplet-based
microfluidics, and subsequent flow cytometry-based sorting yields near pure (>90%)
cell-laden microgel populations. Microgels are mixed and matched with a wide variety
of injectable biomaterials to form various modular bio-inks that are compatible with
a variety of biofabrication techniques. Our modular approach enables independent
control over the cellular micro- and macroenvironments within the biomaterials,
which allows for the engineering of 3D multifunctional tissue constructs with
unprecedented single cell resolution. Using this approach, we endow a construct with
two clinically important yet normally incompatible functions: immunoprotection and
angiogenesis. In short, bio-inks with a modular design based on single-cell-laden
microgels within a distinct prepolymer can render engineered tissues with the

multifunctionality that underlies the behavior of native tissues.
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6.1 Introduction

Native tissues are characterized by a multiscale modular design.! The cells and
matrices within are spatially organized into repetitive three-dimensional (3D) building
blocks endowed with biochemical and biophysical ques having functional impact down
to the single cell level.> 3! In fact, these modules enable uncoupling of cellular and tissue
micro- and macroenvironments, which is key to obtain the multifunctionality that is
essential for proper tissue performance. Uncoupling the micro- and macroenvironments
by integrating modularity is also expected to improve construct functionality of
engineered tissues.[ To this end, modularity has already been successfully incorporated
in a number of bioengineering approaches, for example by incorporating porogens or
cell-laden microcarriers into an injectable biomaterial.[5°! Here, we aim to engineer
multifunctional tissues via a modular approach using bio-ink that comprises single-cell-
laden microgels in an injectable macrogel. As cells covered by a thin layer of matrix are
life’s smallest functional units that can exist on their own, it is intuitive to create modular
building blocks with single cell resolution. To this end, the encapsulation of single cells
into micrometer-sized hydrogels, also called microgels, holds great promise. In
particular, the combination of single-cell-laden microgels with distinct prepolymers
would allow the development of modular bio-inks that can create 3D multifunctional
biomaterials of which the cellular micro- and macroenvironments are individually
tunable. This biomimetic design is expected to provide biomaterials with the
multifunctionality that is typically found in native tissues.

Various techniques have been exploited for the encapsulation of cells in microgels,
including droplet microfluidics, printing, micromolding, and stop-flow lithography. Of
these, droplet microfluidics has proven most suitable for the continuous high-
throughput production of monodisperse spherical microgels. This approach has been
widely used for the efficient encapsulation of multiple cells in microgels with a diameter
as small as 100 micrometer.[>s) By making use of the Poisson distribution, it has even
been possible to encapsulate single cells into such microgels.® 7 However, due to their
size and low cell-to-volume ratio, these gel particles have remained incapable of acting
as modular building blocks for the creation of tissues with physiological cell
concentrations. To address this need, subsequent studies with advanced approaches
have attempted to encapsulate cells in microgels with sub 100 pm diameters. However,
merely downsizing the microgels has typically been insufficient for enhancing cell
encapsulation. Specifically, single cells take position at the droplet’s water/oil interface
resulting in partial cell encapsulation or even the ‘escape’ of cells upon gelation.l ],
Developing a facile fabrication strategy to produce single-cell-laden microgels that
would be just micrometers larger than the cell size thus represents a key stepping stone
for creating modular bio-inks that can be used to engineer tissues with uncoupled
cellular micro- and macroenvironments at a single cell level.

Here, we report on the development of such modular bio-inks by enabling the high-
throughput fabrication of microgels that fully encapsulate single cells, which are as small
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as 35 um in diameter. In short, single-cell-laden microgels were produced by emulsifying
a cell-laden hydrogel precursor solution in an immiscible oil phase using a microfluidic
flow focusing device and subsequently photocrosslinking the resulting emulsion in a
delay channel (Figure 6.1a). These microgels possess a vastly improved cell-to-volume
ratio compared to microgels with a diameter of e.g. 100 um, making them highly suitable
as high-resolution building blocks for modular tissue engineering. To demonstrate this,
we incorporated the microgels into multiple distinct injectable macromaterials to
effectively create several modular bio-inks (Figure 6.1b), which were used for the
biofabrication of various 3D constructs with an uncoupled micro- and
macroenvironment (Figure 6.1¢).
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Figure 1. Schematic depiction of the creation of modular bio-inks and fabrication of 3D
multifunctional biomaterials, which possess uncoupled micro- and macroenvironments. (a)
Single-cell-laden microgels are produced by emulsifying and subsequent photocrosslinking cell-laden gel
precursor microdroplets. (b) Modular bio-ink is prepared by mixing the single-cell-laden microgels in a
distinct injectable macrogel precursor. The macrogel’s composition can be optimized independently
from the microgels to provide the construct with multiple functions, for example supporting the culture
of different cell types. (c) The injectable nature of the modular bio-ink makes it compatible with a variety
of standard biofabrication techniques such as 3D bioprinting.




102 | Chapter 6

6.2 Materials and Methods

6.2.1 Single-cell-laden Microgel Production

Microfluidic chips with 258 pm high structures were fabricated from
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) and glass using standard soft
lithography techniques. Aquapel (Vulcavite) was introduced in the chips before usage to
ensure channel wall hydrophobicity. Hydrogel precursor solution was prepared by
mixing 10% (w/v) polyethylene glycol diacrylate (PEGDA 3400; Laysan Bio, Inc.), 01%
(w/v) 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, Sigma-
Aldrich) and 33% (v/v) Percoll (Sigma-Aldrich), which was then filtered through a 0.22
pm pore size filter (Millex, Millipore). For photoinitiator system comparison, either
hexadecane supplemented with 1% (v/v) Span 80, or hexadecane supplemented with 1%
(v/v) Span 80, 0.1% (w/v) 2,2-dimethoxy-2-phenylacetophenone (Irgacure 651, Sigma-
Aldrich) and 0.3% (v/v) N-Vinylpyrrolidone (Sigma-Aldrich) was used for emulsification.
To produce cell-laden microgels, cells (maximally passage 4) were washed with
phosphate-buffered saline (PBS, Gibco) and suspended in hydrogel precursor solution at
a concentration of g million cells per ml. The cell-laden hydrogel precursor solution was
loaded into an ice-cooled gastight syringe where it was continually agitated. All syringes
were controlled by low pressure syringe pumps (neMESYS, Cetoni). The hydrogel
precursor solution and oil were emulsified in the microfluidic chip at typical flow rates
of 1 pl/min and 6 pl/min, respectively. The microdroplets were cured in an on-chip delay
channel using 365 nm UV-light (~5s at ~100 mW/cm?; LC8 Lightningcure L9588,
Hamamatsu). Emulsions were broken by multiple hexadecane washes in the presence of
serum containing proliferation medium. Viability of encapsulated cells was analyzed
post encapsulation using a live/dead assay (Molecular Probes) following manufacturer’s
protocol and was visualized using a fluorescence microscope set-up (Nikon Eclipse E600
with Nikon DS-Fiic camera). Images were analyzed using Image]J software.

6.2.2 Cell Isolation and Expansion

Bovine chondrocytes were isolated from patellar-femoral groove cartilage of calf legs
as previously reported.*°l In short, the cells were isolated via enzymatic digestion using
Dulbecco's Modified Eagle’s Medium (DMEM; Gibco) supplemented with 10% (v/v) fetal
bovine serum (FBS; Lonza), 100 U/ml Penicillin with 100 pg/ml Streptomycin (Gibco)
and 0.2% (w/v) collagenase type II (Worthington). Isolated chondrocytes were
suspended in chondrocyte proliferation medium, consisting of 10% (v/v) FBS, 100 U/ml
Penicillin with 100 pg/ml Streptomycin, 1% (v/v) MEM Non-Essential Amino Acid
solution (Sigma-Aldrich), 0.35 mM L-Proline (Sigma-Aldrich) and 0.2 mM ascorbic acid
(Sigma-Aldrich) in DMEM. The resulting cell suspension was seeded in tissue culture
flasks (Nunc) at a density of 2500 cells/cm? Medium was replaced twice a week. Human
mesenchymal stem cells (MSCs) were isolated from fresh bone marrow samples as
previously described.” The use of patient material was approved by the local ethical
committee of the Medisch Spectrum Twente and informed written consent was obtained
for all samples. In short, nucleated cells in the bone marrow aspirates were counted,
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seeded in tissue culture flasks at a density of 500,000 cells/cm? and cultured in MSC
proliferation medium, consisting of 10% (v/v) FBS, 100 U/ml Penicillin with 100 pg/ml
Streptomycin, 2 mM L-Glutamine (Gibco), 0.2 mM ascorbic acid and 1 ng/ml basic
fibroblast growth factor (ISOKine bFGF, Neuromics) in Minimal Essential Medium
(MEM) o with nucleosides (Gibco). Human umbilical vein endothelial cells (Lonza) were
cultured in endothelial growth medium (EGM-2 BulletKit, Lonza). When either
chondrocyte, MSC or endothelial cell culture reached near confluence, the cells were
detached using 0.25% (w/v) Trypsin-EDTA (Gibco) at 37 °C and subsequently
subcultured or used for experimentation.

6.2.3 Size Distributions and Permselectivity

The distribution of cell sizes was measured using laser diffraction at a concentration
of 107 cells/ml (Mastersizer Hydro 2000S, Malvern). Microgel size distributions were
measured using brightfield microscopy and Matlab software. Microgels were incubated
with FITC-labeled dextran with molecular weights ranging from 10 to 70 kDa and
proteins (bovine serum albumin and immunoglobulin G) for six days, after which the
fluorescent intensities across the microgels were measured using fluorescent confocal
imaging and quantified using Image] software.

6.2.4 Fluorescence-activated Cell Sorting (FACS)

Cell membranes were fluorescently labeled with 0.5% (v/v) Vybrant DiO (Molecular
Probes) following manufacturer’s protocol. A FACSAria II (BD Biosciences) was used to
sort the cell-laden microgels fraction. To prevent clogging of the FACS nozzle, the cell-
laden microgel solution was pipetted through a 100 pm mesh cell strainer (Fisherbrand,
Fisher Scientific) prior to sorting. We acquired 50,000 data points for all samples to
determine gate settings and used a 100 pm diameter nozzle at a liquid pressure of 20 psi.
Cell encapsulation distributions were measured via artisan counting using phase
contrast microscopy.

6.2.6 Interconnected Endothelial Networks

Fibrin precursor solution was prepared by suspending FITC-labeled PEGDA microgels,
human umbilical vein endothelial cells and MSCs into EGM-2 without FBS
supplemented with 10 mg/ml fibrinogen (Sigma-Aldrich). Just before producing the
constructs, 5% FBS was added to the fibrin precursor solution. Modular constructs were
formed by injecting and mixing 9.2 pl fibrin precursor solution and 0.8 pl 50 U/ml
thrombin (Sigma-Aldrich) in a 10 pl microwell (p-Slide Angiogenesis, Ibidi). After 5
minutes at room temperature, the constructs were incubated for 20 minutes at 37 °C to
complete polymerization, after which warm EGM-2 was added on top. The hydrid
constructs were cultured for one week in EGM-2 medium, which was refreshed every 2-
3 days. The constructs were then fixated using 10% formalin and stained using phalloidin,
anti-CD31 (AB76533, Abcam) and DAPI or DRAQs5 as counter stainings for subsequent
fluorescent (confocal) imaging.
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6.2.7 Biofabrication of 3D Modular Constructs

Modular biomaterials were produced by mixing cell-laden PEGDA microgels into a
gelating 2% (w/v) agarose (Eurogentec) solution. Alternatively, fluorescently labeled
PEGDA microgels were homogeneously mixed in various distinct fluorescently labeled
in situ crosslinkable prepolymers and subsequently processed into a 3D hybrid construct
using a variety of biofabrication techniques. For PEGDA photopatterning, PEGDA
microgels were mixed with 5% (w/v) PEGDA 3400 and 0.5% (w/v) Irgacure 2959 in PBS.
The modular bio-ink was injected between stacked microscopy slides that where spaced
using #1 thickness cover glasses. Photopatterning was performed by UV-curing through
a black sheet containing a pattern of transparent triangles. Subsequently, uncured
PEGDA was washed followed by an injection of 1 pum fluorescent beads (Sigma-Aldrich).
For dextran-tyramine emulsification, PEGDA microgels were mixed with 5% (w/v) in-
house synthesized dextran-tyramine conjugates and 22 U/ml horseradish peroxidase
(Sigma-Aldrich) in PBS. The modular bio-ink was mixed with hydrogen peroxide (Sigma-
Aldrich) to a final concentration of 0.05% (w/v) and immediately emulsified with
hexadecane that contained 1% hexadecane using a microfluidic droplet generator. After
gelation, the emulsion was broken by multiple hexadecane washes in the presence of
albumin containing PBS. For collagen injection molding, the PEGDA microgels were
mixed with 5 mg/ml collagen type I (Collagen Gi, Matrix BioScience) in PBS
supplemented with 35 mM NaOH (Sigma-Aldrich). The modular bio-ink was injected
into an in-house made bone-shaped PDMS mold and incubated over night to complete
gelation. For alginate/gelatin methacryloyl (GelMA) 3D printing, the PEGDA microgels
were mixed with 4% (w/v) alginate (FMC Biopolymers) and 4.5% (w/v) in-house
synthesized GelMA. The modular bio-ink was coextruded with 0.3 M CaCl, with a
deposition speed of 4 mm/s using microfluidic syringe pumps (Harvard Apparatus) and
patterned using a NovoGen MMX Bioprinter™ (Organovo). For alginate wet spinning,
the PEGDA microgels were mixed with 2% alginate in PBS. The modular bio-ink was
extruded through a 30 gauge needle into a 0.1 M CaCl, bath to form fibers, which were
subsequently weaved manually. All 3D constructs were visualized using fluorescent
confocal imaging and microphotography under a black light source.

6.3 Results and Discussion

6.3.1 Droplet Microfluidics, Dual Photoiniated Crosslinking, and Flow Cytometry-
based Purification Enables High-yield Single Cell Encapsulation

First, we aimed to encapsulate single cells into sub 50 pm microgels. To this end, we
tested two different primary mammalian cell types (multipotent human mesenchymal
stem cells (MSCs) and bovine chondrocytes) and selected polyethylene glycol diacrylate
(PEGDA) as a model hydrogel. PEGDA allows for incorporation of a wide range of
biomimetic elements and thus conforms as a template material for potential
customization, which supports facile creation of user-defined cellular
microenvironments.>>?5! Cell-laden PEGDA microdroplets were formed at a rate of ~1
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kHz using a microfluidic droplet generator (Figure 6.2a). Nozzle size was a key
parameter in determining the hydrogel precursor droplet diameter, as we mainly utilized
the flow focusing device in geometry-controlled or ‘squeezing’ mode.2% 27 Therefore, the
nozzle dimensions were minimized to approximately 20 by 25 pum, thus only slightly
larger than the average diameter of primary mammalian cells that we encapsulated (17
pm). A conventional crosslinking approach using only photoinitiator in the gel precursor
phase, resulted in droplet coalescence and even expulsion of the cells from the microgels
(Figure 6.2b). Indeed, cell-laden emulsions are relatively unstable due to the rapid
adsorption of biomolecules and cells to the droplets’ water/oil interface.?8! We
implemented a dual photoinitiator system to achieve fast on-chip stabilization of the
cell-laden droplets’ water/oil interface, which was essential to prevent droplet
coalescence and cell release (Figure 6.2¢).?9 By dissolving photoinitiators in both the
disperse water (0.1% Irgacure 2959) and the continuous oil (0.1% Irgacure 651) phases,
we could encapsulate single cells in monodisperse PEGDA microgels with diameters
between 35 and 40 pm in a robust and reproducible manner with good encapsulation
quality, as measured by the relative position of the (semi-)encapsulated cell within the
microgel (Figure 6.2d,e). The lower microgel diameter limit was determined by the size
of the encapsulated single cells (10 to 35 pm). The microdroplets were photocrosslinked
in an on-chip delay channel using an external UV-light source. To retrieve the microgels
and allow their subsequent use, emulsions were broken by diluting the surfactant with
hexadecane in the presence of serum-containing cell culture medium. The retrieved cell-
laden microgels could be handled identically to cells in suspension. Importantly, more
than 70% of the encapsulated cells (n=220) remained viable throughout the
encapsulation, gelation, and retrieval procedures, as shown by live/dead staining
(Figure 6.2f). This indicates the cytocompatible nature of our microencapsulation
strategy and supports its further use as a platform technology. Furthermore, this
observation is in line with previously published reports, which crosslinked PEGDA off-
chip into macroscale hydrogels.5> 3 It is of note that the incorporation of bioactive
materials will support long-term cell viability and function. Regardless, we purposely
exploited unmodified PEGDA, which is a universal bio-inert template material that does
not stimulate any specific cell functions by itself. Moreover, numerous biofunctional
moieties to modify hydrogels such as PEGDA are readily available and compatible with
our encapsulation platform, indeed enabling cell specific stimulation depending on the
application of interest.?>s! Scanning electron microscopy (SEM) revealed intact
spherical microgels, indeed completely enclosing single cells (Figure 6.2g). This was
corroborated by opening the microgels using focused ion beam (FIB) milling (Figure
6.2h). Furthermore, fluorescent confocal microscopy traced fluorescently labeled cells
in the center of the microgels (Figure 6.2i). 3D visualization by z-stacking confocal
images confirmed that the hydrogel indeed completely (i.e. without protrusions)
enclosed the cells (Figure S6.1). Together, our dual photoinitiator approach enables
droplet microfluidics technology to completely encapsulate single cells within a
micrometer-thin hydrogel coating.
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Figure 2. Single-cell-laden microgel production. (a) High-throughput encapsulation of single cells
(white arrows) in PEGDA precursor microdroplets using droplet microfluidics. (b) Production of stable
cell-laden microgels failed when using the gold standard single photoinitiator system, which relied on
04% Irgacure 2959 in the disperse phase. (c) Proficient cell encapsulation into PEGDA microgels using a
double photoinitiator system that contained 0.1% Irgacure 2959 in the disperse phase and 0.1% Irgacure
651 in the continuous phase. (d) Histogram of the relative position of (semi-)encapsulated cells within
microgels as a measure for cell encapsulation quality. (e) Single-cell-laden microgels have a
monodisperse size distribution with diameters between 35 and 40 pm, which is just larger than the single
cells they encapsulate (10 to 35 um). (f) Live/dead staining of encapsulated chondrocytes post
encapsulation. SEM images of a cell encapsulating microgel that is (g) left intact or (h) opened up using
focused ion beam milling. (i) Fluorescent confocal microscopy image demonstrating complete
encapsulation of a single chondrocyte (Dil: red) with stained nucleus (DAPI: blue) within a PEGDA
microgel (black) residing in fluorescently labeled dextran solution (FITC: green). (j) The cell-laden
microgel fraction was enriched by selectively separating cell-laden microgels from microgels containing
no cells using flow cytometry-based sorting. (k) Distribution of encapsulated cells per microgel after flow
cytometry-based enrichment (bars) and Poisson distributions (lines) with A equal to 0.1 indicating the
encapsulation yield of unsorted microgels and A equal to 1.0 indicating the innate maximum single cell
yield of random encapsulation. Black scale bars: 50 pm, white scale bars: 10 pm.
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Although these data supported the proficient microencapsulation of cells, it had
remained a random process that resulted in a mixed population of microgels containing
no cell, a single cell, or multiple cells. Specifically, the number of encapsulated cells per
microgel tightly fitted the Poisson distribution that was dependent on the cell
concentration of the gel precursor solution.3! We aimed to overcome this limitation of
random encapsulation and thereby to maximize the fraction of single-cell-laden
modular building blocks. Although high-yield deterministic single cell encapsulation in
culture medium droplets has been shown using inertial focusing3), these forces are too
weak to obtain longitudinal cell ordering in comparatively viscous fluids such as
hydrogel precursor solutions. Instead, we exploited fluorescence-activated cell sorting
(FACS) to obtain a fraction with maximal single cell yield and minimal amounts of
microgels containing no cell or multiple cells (Figure 6.2j). Flow cytometry has already
been proven to be compatible with high-throughput analysis and sorting of cell-laden
microgels.343% Here, we used this technique to break through the paradigm of Poisson-
distributed cell encapsulation. To limit the number of multiple-cell-laden microgels, we
encapsulated cells at a concentration of 9 million cells per ml of hydrogel precursor.
Indeed, our encapsulation strategy resulted in a relatively high amount of microgels
containing a single cell and a minimized amount of microgels containing multiple cells.
Specifically, the number of encapsulated cells per microgel innately followed the Poisson
distribution with lambda (A) equal to o.1 (Figure $6.2). Consequently, we obtained a
cell-laden microgel fraction of only ~10%, while the majority (~90%) of the microgels did
not contain any cell (Figure 6.2j and Figure $6.3). Using flow cytometry, microgels
encapsulating fluorescently labeled cells could be readily distinguished from microgels
containing no cells (Figure S6.4). Labeled sorting increased the cell-laden microgel
fraction from 10% to over 9o% (Figure 6.2j, Figure S6.5). Further analysis of the cell
number per microgel revealed over 70% single-cell-laden microgels in the enriched
population, thereby amply transcending the maximal single cell yield of a Poisson-
distributed random cell encapsulation process with A equal to 1, which is intrinsically
limited to ~37% (Figure 6.2k). As fluorescent labeling of cells might be suboptimal for
some research applications and clinical translations, we explored label-free microgel
sorting and demonstrated its feasibility. In particular, the presence of a cell within a
microgel increased the forward-scattering and side-scattering of light, as compared to a
microgel containing no cells (Figure $6.6). Exploiting this feature, we were able to
enrich the population of cell containing microgels from 10% to almost 70% in a label-
free manner, with a single cell yield of 50% (Figure S6.7). As cell expansion represents a
major cost-determining factor in for example cell-based therapies, it is of importance to
note that both sorting processes were nearly void of cell wastage. Almost none (<2.5%)
of the cell-laden microgels were discarded, indicating the subtlety and precision of this
enrichment method (Figure 6.2j, Figure $6.8). It is expected that by selecting more
stringent sorting parameters, the percentage of single-cell-laden microgels could be even
further increased, although it might be at the expense of increased cell wastage.
Altogether, by incorporating our current sorting strategy in the production process, we
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were able to generate single-cell-laden microgels with an encapsulation yield of 90% in
a high-throughput manner.

6.3.2 Single Cell Microgel-based Modular Bio-inks

A plethora of materials and processing techniques are currently being developed for
the fabrication of cell-based constructs.57 Conventionally, these biomaterials are
archetypal a homogenous matrix in which individual cells are dispersed. In contrast,
natural tissues are characterized by a multiscale hierarchical design, which provides
tissues with spatially distinct compositions. Oversimplifying engineered tissues by
neglecting this modular design limits their functionality. Here, we leveraged our
microgels as building blocks to create modular bio-inks that allow engineering of tissues
with distinct material compositions at the micro- and macrolevel. This uncoupling
enables novel material combinations and integration of multiple biochemical and
biomechanical functions with single cell resolution. In order to expedite the translation
of our multiscale modular approach, we have mixed our single cell building blocks with
several clinically relevant materials and explored the compatibility of these bio-inks with
various commonly used biofabrication processes. Specifically, microgels were
incorporated in macroconstructs of PEGDA using photolithography, dextran-tyramine
conjugates using emulsification, collagen using injection molding, alginate/gelatin
methacryloyl (GelMA) mixtures using 3D printing, and alginate using wet spinning and
subsequent weaving (Figure 6.3a-e). Homogeneous distribution of microgels within
distinct macromaterial was observed for all biomaterial combinations and fabrication
techniques using fluorescent confocal microscopy. This mix-and-match approach
successfully produced 3D biomaterials for all tested combinations and fabrication
techniques, which demonstrates the universal applicability of this novel form of high-
resolution modular tissue engineering.

6.3.3 Controlling the Modular Construct Composition by Tuning the Microgel
Concentration

An important design parameter of modular bio-inks when engineering tissues is the
concentration of microgels per macrogel volume. This ratio determines several of the
construct’s biological and biomechanical properties. For example, a low concentration
of microgels allows for a more dominant role of the macrogel, potentially providing
tissue constructs with for example excellent mechanical properties (Figure 6.4a). This
creates novel opportunities for engineering tissues that are characterized by a low cell
density such as cartilaginous tissues, which contain a low density of individual cell niches
with a large volume of mechanically stable ECM. Conversely, a high microgel
concentration enables the macrogel to act as a biological glue, indeed confining the
specialized microniches in minimal spatial manner (Figure 6.4b). Importantly, the
single-cell-laden microgel concentration also determines the cell seeding density of the
construct. Although cell concentrations are tissue dependent, their physiological range
lies mostly between 10° and 10® cells per cm3 tissue.3%4°1 Concerning this, we would like
to highlight the drastic impact of single-cell-laden microgels’ size on the maximum
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number of cells that can be seeded into a 3D construct. Therefore, we calculated the total
number of cells in one cm3 construct that contains only single-cell-laden microgels, as a
function of microgel diameter. Importantly, we assumed that single-cell-laden microgels
are produced with relatively low encapsulation yield (10%); a common strategy to
prevent the formation of multi-cell microgels resulting from innate Poisson statistics.5>
351, Furthermore, we assumed a maximum sphere packing density of 75%, based on the
theoretical limit of spheres packed in three dimensions.[#! Figure 6.4c clearly
demonstrates that typically reported microgels with a diameter of 100 pm could barely
result in 105 cells per cm3 (black dashed line). Microgels with a diameter below 50 um are
required to reach natural densities of =106 cells per cm3. Opportunely, combining our
microencapsulation platform with flow cytometry-based enrichment even boosted the
theoretical maximum cell seeding density of constructs composed of these single cell
building blocks to >107 per cm3 (red dashed line). Attaining these cell concentrations
enables the use of single-cell-laden microgels in cell-laden biomaterial-based therapies,
which may require such high cell seeding concentrations to achieve proper clinical
outcomes. Besides the cell seeding density argument, smaller single-cell-laden microgels
are also favorable from a pharmacological perspective, as they are characterized by faster
diffusion time of solutes (e.g. nutrients and cytokines) and relatively small gel to cell
volume ratios, for example maximizing screening efficiency (Figure $6.9).

a  Photolithography Emulsification Injection molding Extrusion printing Wet spinning

Figure 3. Biofabrication of 3D constructs using modular bio-inks. Standard biofabrication
techniques (top) were exploited for the production of 3D constructs (middle) that contained PEGDA
microgels as modular building blocks incorporated into a variety of injectable macromaterials (bottom).
Fluorescent (confocal) imaging confirmed the homogeneous distribution of microgels throughout the
constructs. The constructs were fabricated by (a) photopatterning PEGDA, (b) emulsifying dextran-
tyramine, (c) injection molding collagen, (d) extruding alginate/GelMA, or (e) wet spinning and
subsequent weaving alginate. Top scale bars: 5000 pm, middle scale bars: 500 pm, bottom scale bars: 50
pm.
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Another major opportunity of modular biomaterials lies in the straightforward
reduction of growth factor amount that is commonly required for tissue engineering
applications.  Conventionally, cell-based tissue-engineered constructs are
homogeneously endowed with a supraphysiological payload of growth factors, peptides
or small molecules. This is often necessitated by our desire to steer the encapsulated
cells’ proliferation, migration or function. However, in clinical trials these bulk loads of
e.g. growth factors are frequently the main cause of adverse effects such as tissue
inflammation, vessel leakage, and even cancer formation.[4> 43 The modular nature of
our bio-inks allows for site-specific — or even cell-specific - growth factor incorporation
in either the micro or macroenvironment, enabling considerable minimization of total
growth factor amounts. To illustrate the significant potential of the modular bio-ink’s
uncoupled micro- and macroenvironments, we calculated the relative matrix
composition of one cm3 modular construct as a function of microgel number (Figure
6.4d). For example, by only administering cell stimulating growth factors to the
microgels in implants with a single-cell-laden microgel load of 10° per cm3, the required
amount of growth factors could be reduced by >99%. In short, the use of single cell
microgel-based bio-inks could reduce the amount of incorporated growth factor by two
orders of magnitude while maintaining physiological concentrations around the cells.
This may not only prevent potential adverse effects, but also lower therapy costs without
affecting the biological performance of the construct, thus supporting clinical
translation on several fronts.
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Figure 4. Effects of microgel concentration on modular construct composition. PEGDA microgels
were seamlessly incorporated into an agarose bulk hydrogel at both (a) low and (b) high concentrations
and imaged using SEM. SEM images were pseudo-colored, showing PEGDA in pink and agarose in beige.
(c) The maximum cell seeding density is determined by the microgel diameter (i.e. black dashed line).
Importantly, microgels smaller than 50 pm are required to yield cell seeding densities above one million
per cm3 construct. Enriching the cell-laden microgel fraction using flow cytometry-based sorting
tremendously increased the theoretical cell seeding density of a construct packed with single cell
microgels (i.e. red dashed line) to more than 20 million cells per cm3 of construct, compared to a mere 2
million in case of using unsorted single-cell-laden microgels of 38 pm. The size distributions of single
cells and single-cell-laden microgels are indicated in black and gray, respectively. (d) The microgel
concentration determines the volume ratio of micro- and macromaterial. When using 38 pm single-cell-
laden microgels at a typical concentration for tissue-engineered implants of one million per cm3, the
micromaterial merely makes up 1% of the total construct volume. Scale bars: 10 pm.
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Finally, we demonstrated that our modular bio-inks integrate the functions of multiple
biomaterials into a single 3D construct. In particular, we aimed to fabricate a 3D
construct providing both biomaterial-based immunoprotection and vascularization.
Although these two characteristics are not compatible in conventional approaches, using
modular bio-ink both functions could be readily incorporated in a single construct
through its uncoupled micro- and macroenvironments.

6.3.4 Modular Bio-ink to Uncouple Cellular Micro- and Macroenvironments

Currently, cell transplantations almost exclusively rely on autologous and allogeneic
sources, which are typically only available in limited quantities.[4! Genetically modified
xenogeneic sources could offer an alternative and are available in relatively copious
quantities.[s] However, non-autologous cell transplantations are still hampered by the
host-versus-graft immune response and therefore require constant immunosuppressive
treatments. Shielding non-autologous cells from the host’s immune system can be
achieved by encapsulating the cells in a specific permselective microgel. PEGDA
hydrogels have previously been demonstrated to render the construct with such
immunoprotective properties.% 471 However, PEGDA cannot be remodeled in vivo and
thus impedes blood vessel invasion, host integration and implant survival. A modular
approach using PEGDA-based single cell building blocks inside a distinct biomaterial
enables the engineering of a multifunctional tissue construct that provides both
immunoprotective and pro-angiogenic functions. Using diffusion assays with
fluorescently labeled dextran and proteins, we confirmed that micrometer-sized PEGDA
gels provide similar immunoprotective capacity as the previously reported larger
constructs (Figure 6.5a, Figure S6.10). In particular, they blocked the penetration of
molecules with a hydrodynamic diameter larger than approximately 10 nm (Figure
6.5b). Besides controlling the cell's microenvironment, our bio-ink’s multiscale
modularity enables the independent engineering of the construct’s macromaterial. Due
to the spherical nature of the microgels, the macromaterial maintains an interconnected
network. Therefore, it can function as a conduit for cellular ingrowth and thus act, for
example, as a highway for vascularization, enabling all microgels to be located within
micrometers of a vascular network. To demonstrate this, we formed a modular bio-ink
composed of immunoprotective single cell PEGDA microgels, endothelial cells, MSCs
and pro-angiogenic fibrinogen macromaterial solution, which was solidified using
thrombin to form 3D multifunctional constructs. Within one week of culturing these
constructs, the angiogenic cells in the macromaterial assembled into a CD31-positive
prevascular network that permeated throughout the construct (Figure 6.5¢). We
observed bridging and encapsulation of microgels by the endothelial network in the
macromaterial (Figure 6.5d,e). The single-cell-laden microgels were seamlessly
integrated within the macrogel, while maintaining their immunoprotective capacity,
proving the construct’s multifunctionality (Figure 6.5f,g). Importantly, confocal
microscopy confirmed that none of the cells in the macromaterial penetrated any of the
microgels, corroborating the existence of the immunoprotective microenvironments
within a prevascularized macromaterial (Figure 6.5h). We leveraged this approach by
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coculturing different cell types in the uncoupled micro- and macroenvironments of these
3D multifunctional constructs. Specifically, MSCs were encapsulated in
immunoprotective PEGDA microgels, which were then incorporated in endothelial cell
and MSC containing fibrin (Figure 6.5i). In principle, this approach prevents exposure
of the microencapsulated cells to the host’s immunoglobulins, while preserving the
diffusion of their nutrients, waste products and signaling molecules, such as growth
factors (Figure 6.5j). The microgels’ small diameter enables the vascular network to
establish within micrometers of the microencapsulated cells, enabling fast response to
cytokines in the blood, as well as unhampered diffusion of nutrients and waste, thereby
abating necrosis that is often observed in scaffolds offering immunoprotection.®!
Potentially, non-autologous cells encapsulated in an immunoprotective
microenvironment can be utilized in a variety of standard transplantation procedures,
such as stem cell therapies. In short, modular bio-inks can simultaneously provide cell-
centric microenvironments, for example immunoprotection for non-autologous cells, as
well as host-centric macroenvironments such as integration, anastomosis, and implant
survival.
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Pro-angiogenic macrogel 3D multifunctional biomaterial

whe

T 00
E PEGDA PEGDA _Fibrin
= +BSA +1gG

Microgel cross section (um
0 10 20 30 40 50

78N
(=)

o

10 20 40 70
MW,

Immunoprotective microgel

Pro-angiogenic macrogel

o Blood vessel
6 —&— Protein

e—\|WCO Growth factors

& & Nutrients & waste
ﬁr’ Immunoglobulins

0 T T 1
0 5 100 150
MW (kDa)

Hydrodynamic diameter (nm) B  Normalized fluorescent intensity

Figure 5. Multifunctional biomaterials with uncoupled micro- and macroenvironments fabricated using
modular bio-ink. (a) The micromaterial’s permselectivity was determined by measuring fluorescent
intensities across PEGDA microgels (circles) using fluorescent confocal microscopy after six days of
incubation in solutions with fluorescently labeled dextrans of various molecular weights, with darker
data points representing lower molecular weights. The bars represent the average intensities of the
microgels’ centers. (b) Dextran and protein diffusion assays indicated that the microgels are permeable
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to molecules with a hydrodynamic diameter below 10 nm. Multifunctional modular biomaterial was
produced by embedding the immunoprotective PEGDA microgels in a pro-angiogenic fibrin macrogel.
The endothelial cells in the macromaterial formed a (¢) CD31-positive interconnected network that (d)
bridged and (e) encapsulated the microgels. (f) Single cell (green) PEGDA microgels seamlessly
integrated with fibrin macrogel, while maintaining immunoprotective properties, demonstrated by
impermeability to fluorescently labeled 70 kDa dextran (red) and (g) IgG, while allowing permeation of
BSA. (h) Confocal imaging confirmed that endothelial cells spread throughout the macrogel, but did not
penetrate any of the microgels. (i) Proof-of-concept of a 3D multifunctional modular biomaterial with an
uncoupled cellular micro- and macroenvironment where microencapsulated MSCs (green) are
immunoprotected, while cocultured with endothelial cells and MSCs (red with yellow nuclei) in a pro-
angiogenic macroenvironment. (j) Schematic depicting the concept of a multifunctional biomaterial that
contains immunoprotective single-cell-laden microgels embedded in a pro-angiogenic macromaterial.
*** p <0.001. Scale bars: 25 pm.

6.4 Conclusion

In summary, high-throughput microfluidics and flow cytometry-based sorting
technologies enabled the production of small (<40 um) single-cell-laden microgels with
near pure (>90%) encapsulation yield. These microgels could be mixed-and-matched
with numerous biomaterials to create multiple modular bio-inks, which were proven to
be compatible with various standard biofabrication techniques to fabricate 3D
multifunctional biomaterials. Uniquely, this approach could exploit the individual
materials’ advantages, while limiting or omitting their drawbacks. Specifically, the use
of modular bio-inks enabled uncoupled optimization of the biomaterials bulk and the
cell'’s microenvironment with a single cell resolution, which was thus far impossible.
Finally, the modular bio-ink-based approach’s throughput, versatility, straightforward,
and cost-effective nature primes it for rapid adoption in a myriad of clinically relevant
applications.
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6.5 Supplementary Information

25um

Figure S$6.1. Three-dimensional reconstruction of a single-cell-laden microgel. Confocal
microphotographs of a PEGDA microgel (green) encapsulating a single fluorescently labeled cell (Dil:
red; DAPI: blue) were reconstructed by z-stacking using Image]J software. The partially flattened bottom
of the intact microgel (left) is an optical artefact caused by autofluorescence of the wells plate.
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Figure S6.2. The unsorted microgel fraction tightly followed the Poisson distribution with A equal to o.1.
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Figure S6.3. Before flow cytometry-based sorting, only ~10% of the microgels contained cells, while the
majority (~90%) of microgels contained no cells.
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Figure S6.4. FACS histograms and dot plots of empty vs fluorescently labeled cell-laden microgel
suspensions. Microgels encapsulating fluorescently labeled cells could be sorted based on their
fluorescent intensity by gating the fluorescent detector channel.
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Figure $6.6. FACS histograms and dot plots of empty vs cell-laden microgel suspensions. Label-free
sorting could be achieved by exploiting the difference in forward-scattering (FSC) and side-scattering
(SSC) of empty vs cell-laden microgel suspensions.
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Figure S6.7. Label-free sorting increased the single cell yield by ~500%, as compared to the unsorted
microgel fraction that tightly followed the Poisson distribution with A equal to o.1. The single cell yield
of the enriched microgel fraction even amply transcended the innate limitation (~37%) of a Poisson-
distributed cell encapsulation process with A equal to 1. After label-free sorting, ~70% of the microgels
contained cells (white arrows). Scale bar 25 pm.
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Figure S6.8. Fluorescence-based and label-free sorting techniques were highly accurate, since with both
methods >97.5% of the discarded microgels did not contain a cell.
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Figure S6.9. Increasing the microgel diameter drastically affects its volume, the gel to cell volume ratio
and the estimated diffusion time of solutes (D =107). The lower single-cell-laden microgel diameter limit
was determined by the size of single cells (10-35 pm). Our single-cell-laden microgels measured 35-40 pm

in diameter.
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Figure S$6.10. The micromaterial’s permselectivity was determined by measuring fluorescent intensities
across PEGDA microgels (circles) using fluorescent confocal microscopy after six days of incubation in
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intensities of the microgels’ centers.
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In-air Microfluidics Enables Rapid Fabrication of Emulsions,
Suspensions, and 3D Modular (Bio)materials

Microfluidic chips provide unparalleled control over droplets and jets, which has
advanced all natural sciences. However, focusing on a chip-based approach only
limits the full potential of microfluidics. Microfluidic applications could be vastly
expanded by increasing the per-channel throughput and directly exploiting the
output of chips for rapid additive manufacturing. Here we unlock these features
using in-air microfluidics, a new chip-free concept to manipulate microscale liquid
streams in the air. By controlling the composition and impact of liquid microjets,
we demonstrate the production of monodisperse emulsions, particles, and fibers
at rates that are 10 to 100 times higher as compared to chip-based droplet
microfluidics. Furthermore, in-air microfluidics uniquely enables module-based
production of 3D multiscale (bio)materials in one step, as droplets can be
solidified in-flight and immediately be deposited onto a substrate. Through its
combination of in-line control, high throughput, and cytocompatibility, in-air
microfluidics provides an enabling platform technology for science, industry, and

health care.
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7.1 Introduction

The miniaturization of fluidics using microfluidic chips offers predictable flow
behavior and in-line liquid manipulation and monitoring.! 2 The level of control and
versatility of microfluidics has resulted in tremendous progress and integration of many
research areas. Microfluidic chips have, for example, been proven perfectly suitable for
the production of monodisperse emulsions and suspensions that encapsulate food, drugs
and even cells.5¢ By further leveraging microfluidics’ high resolution and in-line
control, microparticles and -fibers with a variety of compositions and shapes have been
engineered.”" However, despite their success in lab-scale applications, the conventional
chip-based approach has also some intrinsic limitations that have been hampering
microfluidics’ widespread use in clinical and industrial settings.>*4 First, on-chip
emulsification is a relatively slow process. Conventional two-phase (i.e. water/oil)
droplet generators smaller than 100 um have a typical per-nozzle throughput of 1 to 10
pl/min, as monodisperse droplet generation is restricted to the non-jetting regime where
the Capillary number Ca < 0.1.15 ! Second, the design, fabrication, and operation of
microfluidic devices require advanced skills and specialized equipment, which are not
always compatible with existing production processes or environments outside the lab.>
7] Third, microfluidic chips are closed systems that can only be operated using at least
one non-solidifying flow. This co-flow is required to generate and separate droplets,
particles, or fibers from each other and the microfluidic channel walls.[+ ¥l However, as
removing the co-flow (e.g. oil) is not trivial, it not only limits clinical translation, but also
interferes with microfluidics’ straightforward integration with additive manufacturing
processes. An off-chip approach would unlock the full potential of microfluidics by
omitting all these wall-induced limitations.

Here we present ‘in-air microfluidics’ (IAMF), a new concept that enables the chip-
free manipulation of microfluidic streams. In concept, microfluidic channels are
replaced by micrometer-sized liquid jets that can be combined in the air, thereby
maintaining in-line control (Figure 7.1). Via the controlled impact of two microjets, this
off-chip approach is readily compatible with the production of monodisperse droplets,
particles, and fibers at per-nozzle rates that exceed conventional microfluidics up to a
100-fold for a wide range of particle diameters. Moreover, IAMF is compatible with
solidifying co-flows, which aids the direct deposition of oil-free in-air formed particles.
This capacity uniquely enables the one-step additive manufacturing of 3D multiscale
modular (bio)materials. In contrast to chip-based microfluidics, IAMF does not require
cleanroom technology, but solely relies on the spatial alignment of individual nozzles.
Its facile and open nature primes IAMF for straightforward integration into numerous
academic and industrial applications.
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Figure 7.1. Chip-based versus in-air microfluidics (IAMF). In IAMF, liquid microjets are exploited as
an alternative to microfluidic channels. By combining multiple jets, IAMF adopts the in-line control of
conventional chip-based microfluidics while omitting all wall-induced drawbacks such as the limited per-
nozzle throughput. As a result, monodisperse emulsions and suspensions could be generated at rates that
exceed traditional microfluidics by at least one to two orders of magnitude. Furthermore, IAMF’s open
nature uniquely enables one-step additive manufacturing of 3D multiscale modular materials through
the direct deposition of in-air and oil-free produced particles.

7.2 Materials and Methods

7.2.1 Device Preparation and Operation

Liquid jets were ejected from nozzles that consisted of 4+1 mm long fused silica tubing
(Idex Health&Science) with an outer diameter of 360 pm and inner diameters of 20 pm,
50 pm, 100 pm, 150 pm, or 250 pm. The nozzles were cut using a Shortix capillary cutter
(SGT), and glued into PEEK tubing (Idex Health&Science) with an inner diameter of 0.5
mm and an outer diameter of 1/16” using a quick-set epoxy adhesive (RS 850-956, RS
components Ltd.). The PEEK tubing was mounted onto a piezo-electric actuator using
two-sided tape (3M) and standard optical components (Thorlabs). The piezo was
actuated using a 150 V sine wave. For various nozzle sizes and flow rates, jet break-up
into droplets was monitored with a previously described stroboscopic visualization
setup.!9 Unless otherwise specified, flow velocities of 1.3£0.2x the minimal flow velocity
to obtain jetting were used. Nozzles were of equal diameter and were operated using
equal flow velocities unless otherwise specified. Nozzles were aligned using a xyz-stage
(Thorlabs), or using an in-house 3D printed hand-held device (Figure S7.1). To control
the flow rate, a standard syringe pump (PhD 2000, Harvard Apparatus) and plastic
syringes were used (5 ml or 10 ml, Luer-Lock, BD). A high-power syringe pump (Harvard
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Apparatus) and steel syringes (9 ml, Harvard Apparatus) were used in case excessive
pressure drops over the nozzle tip caused the standard syringe pump to stall (i.e. for the
20 pm nozzles). Threaded adapters (Idex Health&Science) were used to connect the
syringes to the nozzles. Table 7.1 provides a per-experiment overview of the used liquids.
Small amounts (<0.1%) of dextran-FITC (2000kDa, Sigma-Aldrich) or Rhodamine B
(Sigma-Aldrich) were added to enable visualization of the jets, emulsions, and
suspensions using fluorescence microscopy.

Table 7.1. Per-experiment overview of used liquids.

Experimen . .. .. Liquid 3 /
¢ Fig. Liquid 1 Liquid 2 substrate
Sinele-phase , 0.5% (w/v) sodium
gsol'lzi 7 g alginate (8o to 120 01M CaCl,in a 0.03 - 0.1 M CaCl,
i .
rticles 7 ? cP, Wako 10% (v/v) ethanol liquid bath
P 8 Chemicals)
Water-oil 2% Pico-Surf1in Novec 7500 + one
single 7.3b Water Novec 7500, drop Pico-Surf1
emulsions (Dolomite) liquid bath
Water-oil- . . 1% (v/v) sodium
water 2% Pico-Surf1in
double 7.3C Water Novec 7500 dodecyl sulphate
. (SDS) liquid bath
emulsions
0.4% (W/v)
o 0 . .

Single-phase 02MCaCl, +5% | sodium algllnate (5 0.03 - 01 M CaCl,
core-shell 7.3e | (v/v) polyethylene | to 40 cP, Sigma- liquid bath
particles glycol (PEG) 400 Aldrich) + 20% d

(v/v) ethanol
5% (w/v) in-house
i [20]
dokranyramine | 04% (619
Multi-phase T sodium alginate (5 | 20% (v/v) ethanol
(Dex-TA, 15-30
core-shell 7.3f to 40 cP) + 20% +0.05% (w/v)
) kDa, DS 15) + 22.5 o,
particles ) (v/v) ethanol + H.O, liquid bath
U/ml horseradish
. 01% (w/v) H,O,
peroxidase + 0.2 M
CaCl,
0.5% — 2% (w/v)
sodium alginate
Liquid-filled | 7.4b | 0.2M CaCl, +10% (80 to 120 cP,
1 bstrat
foams ,C (v/v) PEG 400 Sigma-Aldrich) + Glass substrate
20% - 50% (v/v)
ethanol
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Multi 10% (w/v) Dex- 0.4% sodium
material TA+34 U/ml alginate (5 to 40
solid 7.4d horseradish cP) +20% (v/v) Glass substrate
freeforms peroxidase+o.2 M ethanol + 01%
CaCl, (w/v) H,O,
3'jet: fibrin
% (w/v) sodium 5% (w/v) dextran- | precursor solution
. . > (.) tyramine + 22.5 (see section 7.2.3.)
Multimateri alginate (8o to 120 .
7.4f- U/ml horseradish Substrate:
al . cP) +10% (w/v) . .
injectables ! PEG 12000 + 01% peroxidase + polydimethyl
J (w/v) HO ’ 0.06M CaCl +10% | siloxane (PDMS,
ethanol Sylgard 184, Dow
Corning) mold
7.2.2 Surface Tension

The surface tension of ethanol containing CaCl, solutions was measured using the
hanging drop method on an optical contact angle measuring system (OCAi15Pro,
Dataphysics). The results overlap with previously reported measurements of
ethanol/water mixtures within the experimental error (%), indicating that CaCl, had
no significant effect on the surface tension (Figure S7.2).

7.2.3. Cell Isolation, Expansion, and Encapsulation

Human mesenchymal stem cells (MSCs) were isolated from fresh bone marrow
samples and cultured as previously described.??! The use of patient material was
approved by the local ethical committee of the Medisch Spectrum Twente (Enschede,
The Netherlands) and informed written consent was obtained for all samples. In short,
nucleated cells in the bone marrow aspirates were counted, seeded in tissue culture
flasks at a density of 5°105 cells/cm? and cultured in MSC proliferation medium,
consisting of 10% (v/v) fetal bovine serum (FBS, Sigma-Aldrich), 100 U/ml Penicillin with
100 pg/ml Streptomycin (Gibco), 1% (v/v) GlutaMAX (Gibco), 0.2 mM ascorbic acid
(Sigma-Aldrich), and 1 ng/ml basic fibroblast growth factor (ISOkine bFGF, Neuromics,
added fresh) in Minimal Essential Medium (MEM) o with nucleosides (Gibco). Cells
were cultured under 5% COz at 37 °C and medium was replaced 2 to 3 times per week.
When cell culture reached near confluence, the cells were detached using 0.25% (w/v)
Trypsin-EDTA (Gibco) at 37 °C and subsequently subcultured or used for
experimentation. For cell encapsulation, MSCs were suspended in MSC proliferation
medium and mixed with 1% (w/v) sodium alginate (80 to 120 cP, Wako Chemicals) in
phosphate-buffered saline (PBS, Gibco) in a 1:1 ratio. The cell-laden hydrogel precursor
solution was loaded into a disposable syringe and connected to the IAMF setup for
encapsulation. After encapsulation, cell-laden microgels were cultured in 6-wells plates
(Nunc) with MSC proliferation medium under 5% CO at 37 °C, which was refreshed three
times per week. The viability of encapsulated MSCs was analyzed using a live/dead assay
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(Molecular Probes) following manufacturer’s protocol and visualization using a
fluorescence microscope (EVOS FL, Thermo Fisher Scientific). Images were analyzed
using Image] software and cell viability was quantified via artisan counting. Endothelial
cell-laden modular constructs were formed by adding a third jet to the system, which
contained fibrin precursor solution and 50 U/ml thrombin solution (Sigma-Aldrich) that
were mixed immediately before jetting using a T-junction. Fibrin precursor solution was
prepared by suspending HUVECs and MSCs into EGM-2 without FBS supplemented with
10 mg/ml fibrinogen (Sigma-Aldrich). Just before producing the constructs, 5% (v/v) FBS
was added to the fibrin precursor solution as previously described.s! After 5 minutes
incubation at room temperature, the constructs were incubated for 20 minutes at 37 C
to complete polymerization, after which a 111 mixture of MING6 proliferation medium and
EGM-2 was added on top. The constructs were cultured for one week and medium was
refreshed every 2 to 3 days. The constructs were then fixated using 4% (w/v)
formaldehyde (Sigma-Aldrich), permeabilized using 0.1% (v/v) Triton-X (Sigma-
Aldrich), blocked using 10% (w/v) bovine serum albumin (Sigma-Aldrich), and stained
using 1100 anti-CD31 (AB32457, Abcam), 1100 anti-insulin (AB7842, Abcam), in
combination with 1:400 AF488-, TRITC-, or AF647-labeled secondary antibodies, and
DAPI as counter staining. All staining solutions were prepared using Hank’s Balanced
Salt Solution (Sigma-Aldrich), as PBS dissolves the alginate. Alternatively, constructs
were impregnated in cryo-matrix (Shandon), cryo-sectioned (7 pm, Leica cryostat), and
stained as described. Subsequent imaging was performed using a fluorescence confocal
microscope (Nikon Ai+).

7.3 Results

7.3.1 Physical Principles of In-air Microfluidics

In IAMF, liquid microjets are manipulated and combined in a gaseous phase (e.g. air).
Through controlled jet-breakup using superimposed vibration,?4 IAMF is readily
compatible with the generation of monodisperse droplets at jet speed. To prevent the
issue of synchronizing continuous droplet streams, we exploited at least one intact jet,
which resulted in two distinct collisional modes: i.e. ‘drop-jet’ (Figure 7.2a) and ‘jet-jet’
(Figure 7.2b). The key physical mechanisms of colliding jets are impact, encapsulation,
and solidification.

In ‘drop-jet’ mode, a droplet first impacts onto a jet (Figure 7.2¢). Importantly, impact
must result in coalescence, while droplet bouncing, stretching, or splashing must be
prevented.’s! Furthermore, the production of spherical particles requires that the
droplet maintains its shape during impact. Both conditions are met if capillary forces
dominate inertia, i.e. for impact Weber numbers Weimpact S p1VipactDa/0 S 1, with p,,
0, and Dq the droplet density, surface tension, and diameter, respectively.s! The impact
velocity Vippace = Vi5inf depends on the impact angle 6 and the ejection velocity V, of
jet 1. Since a significant ejection velocity is required for jet formation (Figure S7.3), a
relatively small impact angle 6 = 25°+5° was chosen to ensure a low impact Weber
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number. High-speed fluorescent imaging confirmed that the droplets maintained
virtually spherical during impact onto an intact jet (Figure 7.2d) For Wejmpaee < 1, the
coalescence of the droplets is capillary-driven and therefore occurs at a capillary time

scale T.q, = /p1 D70y /13,29 in which g, is the droplet’s viscosity.

Rapid in-air stabilization of the compound droplets is essential to prevent them from
merging again during flight or upon collection.?” We therefore encapsulated the
droplets using a jet of immiscible (e.g. oil) or reacting (e.g. crosslinker) liquid. To drive
this in-air encapsulation, the surface tension of the encapsulating (jet) liquid was
reduced with respect to that of the droplet by adding a small amount of ethanol. As a
result, a Marangoni flow (i.e. driven by surface tension gradients) pulls a thin film of the
low surface-tension liquid around the high surface-tension liquid, as depicted in Figure
7.2c. This mechanism allows for encapsulation by both miscible and immiscible
liquids, 2% 28291 while limiting droplet deformations. The encapsulation process is shown
in Figure 7.2e, and occurs on a numerically validated time scale 7, ~ g,0h; 7.4, /A0,
with Oh, the Ohnesorge number and Ao = o, - 0. For our experimental conditions, t. was
comparable to the impact time scale z.q,. Therefore, both impact and encapsulation were
completed in the air, prior to collection or deposition which happened typically ~100 ms
after in-air impact.

Surface-tension-driven droplet stabilization was demonstrated using a stream of
alginate-containing droplets that were solidified via ionotropic crosslinking with CaCl,,
which was added to the jet. Impacting these liquids without tuning the surface tension
(Ao = 0 mN/m) did not induce Marangoni-driven encapsulation and resulted in
irregularly shaped alginate microparticles (Figure 7.2f). Conversely, introducing a
surface tension gradient Ac between the aqueous gel precursor and crosslinker liquids
enabled in-air encapsulation with minimal mixing and resulted in spherical
microparticles (Figure 7.2g). Figure 7.2h shows the alginate particle shape as a function
of the surface tension gradient and the nozzle size. This demonstrated that the IAMF
has a level of in-line control that can be leveraged for the all-aqueous (i.e. without oil)
production of spherical particles. The regime transition from irregular to spherical
particles is observed for Ao = 5 mN/m, as achieved by adding a minimal amount of 0.3%
ethanol.
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Figure 7.2. Physical principles of IAMF. (a) High-speed photograph of IAMF operated in ‘drop-jet’
mode. Here, a droplet train is ejected from actuated nozzle 1 and collides with a jet that is ejected from
nozzle 2. (b) IAMF operated in ‘jet-jet’ mode. (c¢) Schematic representation of in-air impact,
encapsulation, and solidification mechanisms. Different surface tensions (o, > 0.) result in Marangoni-
driven encapsulation of the droplet. (d,e) High-speed photographs of the ‘drop-jet’ mode, in which (d)
the droplets and (e) the jet are selectively labelled with a fluorescent dye. The droplets maintain a
spherical shape during impact and encapsulation, while the jet spreads around the droplet within a few
diameters of travel. (f,g) Alginate microparticles produced (f) without and (g) with Marangoni-driven
encapsulation. (h) Phase diagram of particle shape as a function of surface tension gradient Ac and the
nozzle diameter D, = D.. Symbols indicate spherical (°) or irregular (o) particles. The solid line refers to
a basic model for the transition between these shape regimes. Black scale bars: 1 mm, white scale bars:
0.4 mm.

It is surprising that the particle shape can be controlled by combining surface-tension-
driven encapsulation and solidification, as even a thin solid front could potentially
inhibit the Marangoni flow. To provide a first rationalization of this observation, we
hypothesize that encapsulation is achieved if the surface tension gradient exceeds the
strength of the solidifying film. The thickness of this film is estimated as §; ~ /Dst,,
with Ds =109 m?s™ the diffusion constant of the CaCl, into the gel.5! The strength of the
film is estimated as o/ds, where oy = 10* Pa is the fracture stress of a 0.5% alginate gel.3!
By equating o/s = Ao and solving for Ac, one obtains the solid line in Figure 7.2h. For
the measured parameter regime, the expected film strength lies between 2 mN/m and 5
mN/m, which is remarkably close to the experimental threshold Ao = 5 mN/m. However,
the predicted dependence on the diameter is not observed, possibly because the initial
solidification dynamics (e.g. time-dependent viscosity gradients) are ignored in our
simplified model. Future research on this topic may be of interest, both for IAMF and
alternative methods for particle formation. 2% 32 33)

7.3.2 Engineering Droplets, Particles, and Fibers

By tuning the jets’ composition and impact, IAMF can produce monodisperse
microfluidic products with various compositions, sizes, and shapes with unparalleled
throughputs while maintaining micrometer resolution First, different material
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compositions were examined while operating in ‘drop-jet’ mode, using 100 pm nozzles
and a per-nozzle flow rate of 1.3 ml/min (Figure 7.3a). Coalescing water droplets onto a
surfactant-containing fluorocarbon oil jet (with Ao = 50+5 mN/m) readily enabled the
production of monodisperse water-in-oil (w/0) emulsions (Figure 7.3b). Moreover,
collecting these w/o droplets in surfactant-containing water resulted in w/o/w double
emulsions (Figure 7.3¢). IAMF also enabled the oil-free production of monodisperse
solid particles such as alginate microspheres (Figure 7.3d). Alternatively, liquid-filled
capsules were produced by coalescing CaCl, containing droplets onto an alginate jet with
reduced surface tension (Figure 7.3e). Solid-filled capsules were made by adding an in
situ crosslinkable dextran-based hydrogel precursor to the droplet and its crosslinker to
the jet (Figure 7.3f). IAMF is also compatible with slower (i.e. not in-air) in situ
solidifying materials, by leveraging alginate as structural template (Figure S7.4).54

The microfluidic product’s size could be tuned by more than an order of magnitude
by controlling the nozzle size and actuation frequency (Figure 7.3g). Monodisperse
alginate microgels with diameters ranging from 20 to 300 pm were produced using
nozzles with different diameters (Figure 7.3h-j). The droplet or particle diameter could
be fine-tuned by altering the actuation frequency f (Figure 7.3k). Measuring the
particles’ size distributions revealed monodisperse (coefficient of variation <5%)
products (Figure 7.3k, Figure S7.5).

The particle shape could be controlled by altering the velocity ratio between the jets
(Figure 7.31). Increasing the speed of the crosslinker jet (V,) while maintaining the same
gel precursor droplet speed (V)) resulted the formation of elongated particles (Figure
».3m,n. Details on the dynamics of particle elongation are provided in Section S7.1 and
Figure S7.6. Microfibers were readily produced by operating the same setup in the et-
jet’ mode, as enabled by simply moving the nozzles closer to each other (Figure 7.30).
Fibers of homogeneous thickness were produced as shown in Figure 7.3p, where the
crosslinker solution impacts with the gel precursor solution close to nozzle 1.
Interestingly, with nozzle actuation turned on while moving the jet’s impact location
closer to the break-up point (i.e. L — Lg), we could produce a ‘beaded’ fiber (Figure
7.3q). Overview images of particles and fibers are provided in Figure S7.7.

The diameter and throughput of IAMF-based droplet and particle generation are
compared to chip-based droplet microfluidics in Figure 7.3r. As discussed, the lower
flow rate of IAMF is bounded by the Weber number We > 1, as IAMF relies on the ejection
of liquid jets into the air (Figure S7.3). The upper production rate of IAMF is presumably
limited by wind-induced breakup, which occurs for gas Weber numbers We; = p,/pWe
> 0.2, with p, the density of the gas.55! In contrast, the production of monodisperse
droplets using chip-based microfluidics requires We < 0.1 and Ca = y.V./o < 0.1, where
U and V. denote the outer phase’s viscosity and velocity, respectively, and o the
interfacial tension between the liquids.'> ! These constraints imply that IAMF is
intrinsically much faster than chip-based droplet microfluidics. Comparing actual IAMF
production rates (round markers in Figure 7.3r) to those of typical microfluidic droplet
generators as reported in the literature (square markers) revealed that IAMF is typically
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operated at least two orders of magnitude faster than droplet microfluidics. Noteworthy,
a single IAMF nozzle is able to produce droplets at similar production rate as compared
to an up-scaled microfluidic chip consisting of 256 parallelized droplet generators (i.e.
~5 ml/min using a ~100 pm nozzle).5% The high throughput as well as its versatility
makes IJAMF an interesting new platform for producing droplets, particles, and fibers.
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Figure 7.3. IAMF enables high-throughput production of monodisperse microemulsions and -
suspensions with various compositions, sizes, and shapes. Schematic diagrams (left) indicate the
relevant control parameters. (a-f) IAMF operated in ‘drop-jet’ mode enabled the production of
monodisperse (b) water-in-oil emulsions, (c) double emulsions, (d) spherical particle suspensions, (e)
single- and (f) multi-material core-shell particles. (g-k) The microparticle size could be tuned by
controlling the nozzle size and actuation frequency. Colors from black to pale blue indicate increasing
driving frequencies of [2.3, 3.5, 4, 4.5, 5, 6, 7, 8] kHz. (I-n) Elongated particles were made by increasing
the relative jet velocity. (o) IAMF operated in ‘jet-jet’ mode enabled the production of (p) straight and
(q) ‘beaded’ fibers (r) Throughput as a function of nozzle diameter for IAMF and chip-based droplet
microfluidics (MF). The maximum per-nozzle throughput of monodispersed droplet production using
chip-based microfluidics is limited by Ca = 0.1 and We = 1. The production throughput window of IAMF
is determined by We =1 (i.e. minimum) and Weg = 0.2 (i.e maximum). Green circles are data points
obtained using our IAMF setup. Red squares are data points obtained from previously reported studies
on droplet microfluidics.’”-%% Droplet production frequencies are indicated with grey dashed lines. Scale
bars: 200 um unless otherwise indicated.

7.3.3 IAMF Enables One-step Manufacturing of 3D Multiscale Modular Materials
In contrast to chip-based microfluidics, IAMF does not require a non-solidifying co-

flow. It is therefore uniquely compatible with the one-step fabrication of 3D multiscale

modular materials via the direct deposition of in-air formed particles or capsules onto a
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substrate. To prove this concept, an alginate jet was impacted onto CaCl, droplets with
higher surface tension, resulting in a stream of shape-stable core-shell alginate particles.
Upon deposition onto a substrate, these partially crosslinked particles stick together
such that a larger 3D modular freeform was formed (Figure 7.4a). As an example, we
created a hollow hydrogel cylinder by the directed deposition of such core-shell particles
onto a rotating substrate (Figure 7.4b, Figure S7.8). The microscale architecture of the
modular freeform could be readily altered by tuning the microparticle composition. For
example, single-material core-shell particles formed a liquid-filled foam (Figure 7.4c),
whereas multi-material core-shell particles formed a multi-material solid construct
(Figure 7.4d). Shape-stable constructs can also be formed onto substrates with an
arbitrary inclination angle - and even upside-down - as demonstrated by
omnidirectional deposition using a hand-held IAMF device (Figure S7.9).

Furthermore, IAMF could be readily used for the one-step generation of injectable
modular materials by combining rapidly (i.e. in-air) solidifying droplet cores and slowly
(i.e. after injection) solidifying droplet shells (Figure 7.4e). Upon deposition, particles
or fibers are lubricated by their still-liquid shell that solidifies after the mold has been
filled. As an example, we filled a bone-shaped mold with in-air formed particles (Figure
7.4f,g). The construct’s micro- and mesoscale architectures consisted of stem cells
encapsulated by alginate particles that were embedded in a dextran-based hydrogel
matrix, respectively (Figure 7.4h). Alternative microarchitectures could be readily
produced by, for example, tuning the building block’s shape into a fiber (Figure S7.10).

Bottom-up module-based additive manufacturing has particular relevance for tissue
engineering, as it is an effective approach to build constructs that structurally mimic the
multiscale modularity of native tissues.[47491 To investigate IAMF’s potential in this
regard, we analyzed both the effect of cell encapsulation on particle formation (Figure
S7.1) and the influence of IAMF-based processing on the cells (Figure S7.12). The
microparticle size and shape was not affected up to mesenchymal stem cell (MSC)
concentrations of 10° cells/ml. In accordance to literature,5°) the amount of cells per
particle tightly followed the Poisson distribution. For concentrations >10° cells/ml, the
particles became more polydisperse and larger, as the jet’s break-up was affected by the
incorporated cells. More than 9o% of the MSCs that had been encapsulated using 100
pm nozzles at a flow rate of 1.2 ml/min remained viable during at least one week of in
vitro culture, irrespective of the nozzle-to-collector distance. When increasing the per-
nozzle flow rate to 2 ml/min, the one-week cell survival remained over 80%. Moreover,
the encapsulated MSCs remained functional as indicated by their maintained adipogenic
differentiation capacity.

Leveraging the cytocompatible nature of IAMF, we then produced a multicellular and
multimaterial 3D tissue construct (Figure 7.4i). Insulin-producing pancreatic beta cells
(i.e. MIN6) were encapsulated in alginate microparticles that were surrounded by a co-
culture of human endothelial cells and MSCs embedded in a pro-angiogenic fibrin gel.
Within one week, proliferating insulin-positive MING cells formed cell aggregates within
the alginate microenvironments, while endothelial and stem cells organized into a
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prevascular network that permeated throughout the fibrin gel and stained positive for
vonWillebrand factor (Figure S7.12). As such, IAMF enabled one-step rapid
manufacturing of 3D modular cell-laden biomaterials with distinct cellular micro- and
macroenvironments, which is a promising, yet challenging direction in the field of tissue
engineering.[49 5 52!

Liquid-filled foam d  Multi-material solid i k v 1 'MING /' Nuclei & Aldinate
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Figure 7.4. One-step fabrication of 3D multiscale modular (bio)materials. (a) To print modular
freeforms, the flying droplets’ shells are solidified from the inside out, which enables the deposition and
stacking of shape stable core-shell particles. (b-d) A hollow cylinder was formed by deposition of the
composite jet onto a rotating substrate. By altering the building blocks’ composition, the resulting
microarchitecture comprised of (c) a liquid-filled foam or (d) a multi-material modular solid, where the
crosslinker for the core was added to the shell and vice versa. (e) To eject a modular filler, only the
droplets’ cores are solidified in the air, whereas the slower solidifying shells enable seamless filling of the
mold. (f-h) A modular construct was produced by filling a bone-shaped mold. Inset: Hydrogel construct
while still in the mold. The 3D multiscale modular material consisted of MCSs (pink), encapsulated in
alginate microspheres (green) that are embedded in dextran-tyramine hydrogel (red). (i) The same one-
step injection molding approach was leveraged to produce a multiscale modular tissue construct with
optimized cellular micro- and macroenvironments. The construct consisted of insulin producing
pancreatic beta cells (MING, beige with blue nuclei) that were encapsulated in alginate microparticles
(green). The cell-laden microparticles were encapsulated within a pro-angiogenic fibrin network that
contained human endothelial and stem cells (pink with blue nuclei). The microenvironments supported
MING cells proliferation, while the macroenvironment supported the formation of an endothelial cellular
network within 7 days of in vitro culture. Scale bars (b,f) 1 cm, (g) 5 mm, (c,d,h,i) 100 pm.

7.4 Discussion and Conclusion

We here presented IAMF, a technical innovation that omits the wall-induced
limitations of chip-based microfluidics through the controlled collision of liquid
microjets. We demonstrated the production of various monodisperse microfluidic
products with controlled composition, shape, and size, at per-nozzle rates that exceed
conventional chip-based microfluidics by at least one to two orders of magnitude. We
anticipate that IAMF’s throughput can be readily scaled up even further by introducing
additional liquid microjets. Furthermore, IAMF’s open nature primes it readily suitable
for integration with yet existing jet-based technologies such as impinging jet reactors!ss!
or on-the-fly droplet sorting technologies including fluorescence-activated cell
sorting.54! Another advantage of this jet-collision-based approach is that it only requires
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straightforward nozzle alignment and does not rely on any cleanroom technology. This
facilitates the application of microfluidics-based technologies in environments that are
not readily compatible with microfluidic chips.? Furthermore, we foresee large
potential for IAMF in cell microencapsulation strategies, as the technology is compatible
with the oil-free production of cell-laden hydrogel particles and can be operated at
relatively high throughputs, indeed both endorsing clinical translation.

As reported in this work, IAMF can also be directly integrated into additive
manufacturing processes. Such integration might advance current fabrication
approaches in several ways. For example, the controlled in-air gelation of microdroplets
to form hydrogel bricks enables the one-step manufacturing of 3D multiscale modular
materials. Furthermore, an in-air solidification strategy enables the uncoupling of
material properties at the nozzle and substrate. Based on this feat, we demonstrated that
low-viscosity inks can be ejected at high rates while both omitting shear stress-induced
cell dead in the nozzle and ensuring shape stable construct formation on the substrate.
In principle, in-air solidification thus circumvents the paradox between shape fidelity
and printability/cytocompatibility that currently hampers biofabrication applications.[5!
IAMF-based additive manufacturing could be further optimized by incorporating
established 3D printing approaches. For example, IAMF nozzles could be readily
mounted on automated xyz-stages to enable the direct 3D printing of multiscale modular
materials with arbitrary shapes. Micrometer resolution is within reach when using a
continuous inkjet printing approach,s! where droplets can be precisely deposited as far
as 1000 droplet diameters from the nozzle."! Incorporating drop-on-demand technology
would even further improve spatial control over the printed product by enabling the
precise placement of single modular building blocks.’5®! In addition to such computer-
aided manufacturing approaches, IAMF technology can also be adapted to enable hand-
held device operation, as pioneered in this work. Especially tissue engineers and
surgeons may benefit from this ability, as it might eventually enable, for example, the
rapid in situ repair of wounds and defects using novel modular hydrogel filling strategies.

In conclusion, we demonstrated a novel disruptive manufacturing technology, called
in-air microfluidics (IAMF). IAMF integrates the fields of microfluidics and additive
manufacturing by enabling on-the-fly manipulation of liquids using controlled in-air
coalescence of multiple microjets. In this work, we identified and described the essential
physical principles underlying IAMF and demonstrated the potential of this platform for
both microfluidic and additive manufacturing applications. Specifically, IAMF can be
exploited as a chip-free alternative to conventional chip-based microfluidics for the
production of monodisperse emulsions, particles, and fibers with controlled shape and
size (10-1000 pm) at per-nozzle rates that match clinical- and industrial-level
applications. In addition, IAMF offers new potential for 3D printing applications, as it
enables uncoupling of material properties at the nozzle and substrate. In particular, we
leveraged in-air solidification of low-viscosity (bio)inks, to form a variety of oil-free cell-
laden micrometer-sized building blocks that can be directly combined into larger 3D
modular freeforms. Using this approach, IAMF enabled the one-step biofabrication of a
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viable and multifunctional engineered tissue construct with intrinsic hierarchy that
spanned multiple length scales. Its straightforward and accessible (i.e. chip-free) nature
will facilitate the rapid and widespread adoption of IAMF throughout microfluidics and
biofabrication communities, as well as boosting its application in clinical and industrial
settings.
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7.5 Supplementary Information

Section S7.1. Shape Control

Shape-controlled microgels are produced by increasing the dimensionless jet velocity
a = V,/V,. As shown in Figure S7.6a-e, this approach results in elongation of the droplets
in-flight. The collected particles closely mimic the shape of elongated droplets
immediately after jet collision (Figure S7.6f-j), confirming that ionotropic gelation of the
alginate containing droplets is rapid enough to freeze the particle shape before
deposition in a bath or onto a substrate at 1-10 cm distance from the jets’ collision point.

The extent of elongation is plotted as a function of the drop-jet velocity difference
(Figure S7.6). Several trends can be observed. First, for jet velocity ratios (1 < « < 1.3), the
droplet hardly deforms, i.e. L/Dgrop = 1. Here, the surface tension of the drop exceeds the
inertia that corresponds to the tangential component of the drop-jet impact velocity, i.e.
tangential Weber number We,, = p,D;V;’;/0, < 1 (the variables are drawn in Figure
S7.6k). Inserting V), ; = V; — V,cos8 = V,(a — cos6) in this equation readily results in a

threshold value a;;, = cos 8 + /0,/p, D,V ~ 1.3, which is in reasonable agreement with
the experiments. Second, for high jet velocity ratios (« > 2.5), a huge variation in the
elongation is observed. This is the result of break-up of the microgel droplets into a head
and a tail, as shown in the inset in Figure S7.6l. Finally, for 1.3 < « < 2.5, the elongation is
observed to increase approximately linearly L/Lgp = Coet, with fitting constant C, = 5+1.

1<}
2

~

Figure S7.1. IAMF hand-held device. We used this device to produce particles and fibers, and to print
the solid freeform structures onto surfaces with an arbitrary inclination angle, as shown in Figure S7.9.
(a) Overview image. (b) Top view. (c) Bottom view. Numbers indicate (1) nozzle 1; (2) nozzle 2; (3) piezo-
electric element; (4) base plate; (5) clamp; (6) screw; (7) tubing. Background grid: 5 mm squares.
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Figure S7.2. Surface tension of ethanol/water mixtures. The ethanol volume fraction is defined as

Vethanol | (Vethanot + VcaClz solution). Our measurements (data points) overlap with previously reported
measurements of ethanol/water mixtures (line)*! within the experimental error (5%).
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Figure S7.3. Ejection and break-up regimes. (a) Dripping is observed for slow flows, as, for example,
observed for a slightly opened kitchen tap. (b) Chaotic jetting is observed for faster flows corresponding
to higher Weber numbers We,; = pV,;D/o 2 1. The exact value of this transition Weber number
depends on additional parameters.s7 By default, the jet breaks up into droplets with a wide range of sizes.
(c) However, a monodisperse droplet train is formed if the nozzle is vibrated. Controlled break-up is
especially effective for nozzle vibrations close to the natural break-up frequency of the jet.5 Scale bar: 1
mm.
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Figure S7.4. Hydrogel templating. (a) Suspension of small particles of alginate-dextran-tyramine
interpenetrating networks (1) and larger alginate particles (1). In all particles, the alginate was
crosslinked in the air, whereas the slower solidifying Dex-TA in the small particles was crosslinked using
horseradish peroxidase in a H.O.-containing bath. (b) Addition of the calcium -chelator
ethylenediaminetetraacetic acid (EDTA) removes the Ca*>* ions from the alginate networks, resulting in
complete dissolution of the alginate particles and leaving only Dex-TA microparticles behind. This
‘templating’ approach is compatible with various materials.34 Scale bar: 100 pm.
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Figure S7.5. Particle size distributions. (a) Image of approximately 1100 particles as deposited by a D,
= 50 pm nozzle. (b) Example size histogram of the particle diameter D4, which was fitted by a logistic
distribution fit. (c) Size distributions normalized by the nozzle diameter D, = D.. Although the absolute
size distribution increases for larger nozzles, the relative size distribution narrows. The average particle
size is smaller than the nozzle for D = 20 pm, presumably because the size measurement was performed
after two days in an ethanol containing liquid, which results in shrinking of the alginate. Scale bar: 1 mm.
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Figure S7.6. Elongation of droplets and particles. (a-e) High-speed fluorescence microscopy images
of in-air drop (red) elongation for increasing relative jet (blue) velocities a = V,/V.. (f-j) Collected particles
corresponding to the top images. (k) Decomposition of the velocity vectors. (1) Particle elongation as a
function of the relative jet velocity for 6 = 17° (o) and 0 = 30° (o). The shaded areas indicate regimes of no
deformation (left, grey) and particle breakup into a head and a tail (pink, right) as shown in the inset.
Scale bars: 500 pm.
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Figure S7.7. Overview of particles and fibers. (a) Overview of liquid-filled core-shell particles.
Particles with 1, 2, 3, and 4 cores are observed. We hypothesize that the origin of these multi-core particles
is in-air collision of partially-solidified shells, as observed in the live view of the droplet trains. Such inter-
droplet collisions may be prevented by further homogenizing the speed and size of the droplets, for
example by optimizing the nozzle design.5% (b-c) Overview images corresponding to Figure 7.2i,j. (d-f)
Transition from smooth to beaded fiber by tuning the impact position of gel precursor and crosslinker
jets as shown in Figure 7.20-q. Scale bars: 1 mm.

Figure S7.8. One-step 3D modular printing a solid freeform. A tube with an outer diameter of ~15
mm is printed in one step, by depositing core-shell alginate microparticles onto a rotating substrate.
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Figure S7.9. Omnidirectional printing using IAMF hand-held device. Through in-air solidification,
IAMF enables on-step printing of 3D modular materials onto substrates with arbitrary inclination angles.

Figure S7.10. Fiber-based modular materials. (a) Line and (b) larger fiber-based modular constructs
consisting of dextran-tyramine (green) and alginate (red) were deposited onto a glass substrate using
nozzles with a diameter of 100 pm. Scale bars: 1 mm.
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Figure S7.11. Characterization of IAMF-based cell microencapsulation. (a-c¢) IAMF was used with
100 pm nozzles in ‘drop-jet’ mode to encapsulate MSCs in alginate microparticles using increasing cell
concentrations. (d) The number of encapsulated cells per gel (solid lines) tightly followed the Poisson
distribution (dashed lines). (e) Cell concentrations of > 10° cells/ml resulted in larger and more
polydisperse particles as compared to particles that were produced using lower cell concentrations or
without cells. Scale bars: 100 pm.
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Figure S7.12. Viability and function of IAMF-processed cells. (a) Live/dead staining of encapsulated
MSCs comprising calcein (green) and ethidium homodimer-1 (red). (b) Quantified cell viability of MSCs
immediately, and 1 and 7 days after encapsulation using IAMF with various nozzle-to-collector distances
(left) and flow rates (right). (c) Encapsulated MSCs differentiated into lipid droplet containing adipocytes
(black arrows) after 7 days of in vitro culture in adipogenic differentiation medium. The different images
correspond to different focal planes of a single alginate particle, revealing consistent differentiation
throughout the microgel. (d) Immunofluorescent stainings confirmed maintained proliferation (KI67
positive) and function (Insulin positive) of MIN6 cells, and angiogenic network formation (von
Willebrand factor; VWF) of endothelial cells and MSCs after IAMF-based manufacturing. Cell nuclei were
counter-stained using DAPI. Scale bars: 100 pm.
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Reflection and Outlook

Conventional tissue engineering strategies rely on the bulk fabrication of isotropic
scaffolds that act as functional substitutes for damaged or lost tissue. Although
such top-down fabrication methods allow for the facile engineering of clinically-
sized grafts, they do not recapitulate the intricate microstructural features of
native tissues. The absence of this hierarchical organization limits the potential
behavior of engineered tissues. Several bottom-up, or modular, manufacturing
strategies have recently been developed that have the resolution to mimic the
multiscale modular architecture as observed throughout natural tissues. This
thesis significantly contributes to expanding the modular tissue engineering
toolbox by: i) developing several enzymatic crosslinking strategies that are
compatible with emulsion-based cell encapsulation; ii) enabling the long-term
culture of single-cell-laden microgels by preventing cell escape through cell
centering; iii) pioneering direct on-cell crosslinking (DOCKING) for RGD-free
mechanotransduction to control cell fate in a novel manner; iv) producing smart
building blocks through in situ spatiotemporal biomechanical and biochemical
modifications of the microgels; v) facilitating facile modular biofabrication using
single-cell-laden microgel-based modular bio-inks; vi) enabling faster production
of microbuilding blocks using a novel chip-free microfluidic manufacturing
technology called ‘in-air microfluidics’ (IAMF) and; vii) establishing one-step
rapid manufacturing of 3D modular biomaterials using IAMF. However, to
achieve the full potential of these innovations and further maturation of the field
of modular tissue engineering additional research is needed, which is discussed in

this chapter.



148 | Chapter 8

8.1 Alternatives to Dextran-tyramine

The majority of this thesis is based on the use of horseradish peroxidase (HRP) to
enzymatically crosslink dextran-tyramine (Dex-TA) polymers. Dextran is a bio-inert
natural polymer that acts as a template material for modification with functional
moieties of interest. Indeed, dextran-based hydrogels have been proven to support cell
survival and function in multiple in vitro and in vivo studies.! However, dextran
matrices are not naturally occurring in the human body and, for example, cannot be
remodeled through enzymatic degradation by cells. In principle, the tyramine-based
crosslinking reaction can be leveraged to produce a variety of bioactive and/or
degradable tyramine-conjugates that can be mixed and matched, acting as polymer
building blocks. It would be intuitive to produce, for example, tyramine-conjugates of
the native extracellular matrix components including collagen, hyaluronic acid, and
heparan sulfate. Many of these tyramine-conjugated polymers have already been
developed for the production of bulk hydrogels, and are in principle readily compatible
with the microfabrication strategies presented in this thesis. Future work could leverage
this versatility to, for example, screen various microgel compositions to further optimize
(single cell) microenvironments.

HRP-mediated Dex-TA crosslinking is a bio-inspired strategy to covalently couple
polymers in a cytocompatible manner. However, it does not resemble the
polymerization reactions that naturally occur during wound healing, which might
induce arbitrary cell responses. Natural wound healing mechanisms involve, for
example, the formation of fibrin matrix through crosslinking of fibrinogen using blood
coagulation enzymes FIla (i.e. thrombin) and FXIII (i.e. transglutaminase). We
anticipate that a biomimetic strategy based on the enzymatic crosslinking of fibrinogen
would result in fully natural cell-biomaterial interactions by effectively adopting one of
nature’s basic tissue repair strategies. A number of groups have recently begun to pioneer
the FXIII-mediated manufacturing of microgels using polymers functionalized with
FXIII substrate peptides, indicating the feasibility of this approach.> ¢ Alternatively,
from an engineering perspective it is very interesting to further explore cytocompatible
bio-orthogonal crosslinking strategies that rely on highly specific bio-inert interactions,
including Michael additions, thiol-ene coupling, and (copper-free) azide-alkyne
cycloadditions.[”! In contrast to natural crosslinking strategies, bio-orthogonal systems
allow for independent tuning of cell-polymer and polymer-polymer interactions, which
provides an extra level of control over the final construct.

8.2 Mechanotransduction

We leveraged enzymatic crosslinking of tyramine and tyrosine to directly tether 3D
dextran-tyramine polymer microniches onto single cells, which we called ‘direct on-cell
crosslinking’ (DOCKING). Stem cell lineage commitment could be steered by tuning the
microgels’ microelasticity (i.e. stiffness), which indicated the successful transduction of
biomechanical cues through tyramine-tyrosine bonds. In contrast to existing state-of-
the art 3D cell culture platforms, our hydrogel was free of peptide sequences that can
interact with integrins. This suggested that mechanotransduction in our model fully
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relies on hardly described RGD-independent interactions. A possible biological role for
such RGD-independent mechanotransduction is advocated by the natural occurrence of
RGD-free cell adhesion through tissue transglutaminase/fibronectin complexes that
occur in, for example, wound healing processes.[8! Future work should focus on
unravelling how cells exactly sense and respond to their 3D microenvironment through
on-cell crosslinked polymers. For example, inhibition of integrins, focal adhesion kinase,
and the actinomyosin cytoskeleton during multilineage differentiation experiments
would provide insight in the mechanism of mechanotransduction.s !

In this work, we exploited the same crosslinking reaction to achieve cell-biomaterial
adhesion (i.e. DOCKING) and control microgel stiffness. Therefore the DOCKING
density and material stiffness could not be independently tuned, which is an intrinsic
limitation of this approach as cell-adhesion-ligand density and extracellular matrix
stiffness could both influence cell behavior.™ To uncouple DOCKING density from
material stiffness, follow up research should exploit dual-orthogonal-functionalized
polymers. An example of such material is dextran-tyramine-biotin, as presented in
chapter 5. We hypothesize that the stiffness of this material could be modified post
enzymatic crosslinking, via in situ coupling of biotins using tetravalent avidin.

In situ stiffening on-cell crosslinked microgels revealed the long-term lineage
commitment of mesenchymal stem cells (MSCs) to early biomechanical stimuli in 3D.
Specifically, a stiff microenvironment during the first week of differentiation was
essential to induce long-term osteogenic differentiation. However, the long-term role of
biomechanical cues during osteogenic differentiation of MSCs have remained unknown,
as Dex-TA could only be irreversibly stiffened by post-curing of the hydrogel’s unreacted
tyramine residues. Developing a strategy to enable in situ softening of Dex-TA would
provide a tool to study the long-term effect of microgel stiffness on stem cell
differentiation. This is especially interesting, as 2D cultures on in situ softening
substrates has potentially revealed a stiffness-induced mechanical memory of MSCs.!!
Although we attempted to soften our stiff Dex-TA using dextranase, this approach was
not sufficiently efficient to cause significant in situ softening of microgels (data not
shown). Future research should focus on the development of tyramine-modified
hydrogels that can be reversibly stiffened. Such reversible stiffening could potentially be
achieved with Dex-TA-desthiobiotin, by creating reversible crosslinks using the
desthiobiotin/biotin displacement strategy presented in chapter 5.

8.3 Biochemical Tuning

In situ tuning of the biochemical composition of engineered tissues is key to mimic
the dynamic nature of native tissues. We have developed smart building blocks that
enable the facile integration of in situ modifiable microenvironments within modular
tissues. Specifically, we pioneered desthiobiotin/biotin displacement on tetravalent
avidin analogs to sequentially present molecules of interest onto Dex-TA-biotin
microgels. This strategy readily enabled the orthogonal post-modification of modular
tissues in vitro.
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Potentially, desthiobiotin/biotin displacement is also compatible with a controlled in
vivo modification or release strategy by displacing tethered desthiobiotin with
endogenous biotin. For example, desthiobiotin/biotin displacement could trigger the
release of bound molecules from nano- or microparticles in biotin-rich organs.!s!
Moreover, there is a potential role for this approach to advance tumor-targeting
therapies that rely on the overexpression of biotin-receptors on tumor cells.! Future
research might thus focus on the biotin-rich-tumor-induced release of anticytostatica
from microgels.

Conversely, some applications may require externally triggered post-modification of
the implanted construct. For example, it has been demonstrated that photo-induced
release of ‘molecular cages’ (i.e. protective groups) from cell adhesive RGD moieties after
one week of in vivo implantation reduces fibrous capsule formation.ts! Such in vivo
triggered modifications are not readily compatible with the desthiobiotin/biotin
displacement strategy, due to the presence of ubiquitous endogenous biotin levels in
many native tissues.’3! Therefore, it might be interesting to develop smart building
blocks that rely on different in situ tunable modification strategies. Various alternative
orthogonal chemistries have already been explored for the in situ modification of bulk
materials, including click chemistry"®l and supramolecular interactions.!” Photo-based
approaches are of special interest for in vivo applications, as (near)infrared light can
penetrate relatively deep into tissue.s]

8.4 Modular Additive Manufacturing

Additive manufacturing of 3D cell-laden biomaterials with intrinsic multiscale
modularity requires the integration of micro- and macrofabrication technologies. 20! In
this thesis, we pioneered two technologies that represent such integrated approach,
namely modular bio-inks and in-air microfluidics (IAMF). The modular bio-inks are
compatible with a wide variety of well-established biofabrication technologies such as
drop-on-demand ink-jet, which supports high resolution placement of discrete liquid
volumes.? However, the preparation of a modular bio-ink requires an additional
manufacturing step. In contrast, IAMF enables the direct printing of in-air formed (cell-
laden) microparticles into a 3D modular construct, which is a one-step process. As of
yet, IAMF remains a continuous process that does not support on-demand printing and
high-resolution placement of single voxels (i.e. microgels). Future work should focus on
the integration of IAMF and drop-on-demand technology to eventually enable the rapid
and controlled deposition of distinct microbuilding blocks with single droplet
resolution.

Additive manufacturing technologies are challenged by a trade-off in printing
resolution and cell survival, which originates from technical limitations in bio-ink design
and processing strategies. Currently, 3D printers typically exploit a two-step approach,
in which (cell-laden) solid precursor solution (i.e. ink) is sequentially deposited and
crosslinked. This two-step approach requires highly viscous inks to maintain adequate
shape fidelity. Consequently, the solidified constructs are typically comprised of non-
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physiological high-density polymer networks that are not ideal for cell culture
applications.?! Moreover, rapid extrusion of high-viscous inks may cause shear stress-
induced cell damage.3! As shear stress is flow rate-dependent, this effectively limits
high-throughput bio-printing applications, which are key to large scale clinical
integration of the technology. IAMF might overcome these issues through in-air gelation
of low-viscous bio-inks. Alternatively, cytocompatible cell-laden microgels could act as
a shear-protective barriers in highly viscous but shape stable modular bio-ink. In this
way, both modular bio-inks and IAMF-based printing could potentially enable rapid
manufacturing of shape stable constructs by omitting shear stress-induced cell damage.
Future research could focus on leveraging these integrated approaches to enable rapid
and high-fidelity modular 3D printing while preventing shear-induced cell damage.

8.5 Single-cell-laden Microgel Applications

Besides modular tissue engineering, single-cell-laden microgels can be used for several
other applications. Microgels are readily compatible with standard visualization
techniques including confocal microscopy without the need for optical or physical
processing such as sectioning due to their minimal size. They also offer most efficient
material-to-cell volume ratios and improved diffusion rates of solutes, which facilitates
real-time pharmacological screenings.

Among the applications that could potentially benefit from single cell microgel
technologies are stem cell therapies. Although stem cells have great potential as anti-
inflammatory and trophic mediators,?4 their therapeutic effect upon injection is
hampered by fast cell clearance from the injection site and poor long-term cell
survival.?> 2¢! [t has been proven that cell-laden microcarriers are characterized by
improved retention after intra-myocardial injection as compared to bare cell
suspensions.l?” We postulate that single-cell-laden microgels could further improve
stem cell injection therapies by prolonging retention time, as well as improving cell
survival by providing a protective microenvironment. As proof-of-concept, we have
demonstrated the 3-week retention of single-MSC-laden Dex-TA microgels following
intra-articular injection in a mouse knee. These promising results encourage future
research in this direction.

Figure 8.1. Encapsulation in Dex-TA microgels enables long-term intra-articular retention of
stem cells. MSCs were microencapsulated in 30 pm near-infrared-labelled Dex-TA microgels and
injected in the synovial cavity of a mouse knee. (a) After three weeks, the cell-laden microgels could still
be traced in live animals using fluorescent imaging, and (b,c) post mortem using histological staining.
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Description of Artwork

Chapter 1 (p. 0)

Multiscale modularity is an omnipresent concept in our universe.
This artistic impression shows several multiscale modular
phenomena that can be observed throughout nature and in daily life.
Modular building blocks form the basis of, for example, galaxies,
natural materials including bamboo and bone, man-made
constructions such as the Eiffel tower and LEGO®.

Design: T. Kamperman and J. Klein Gunnewiek.

Chapter 2 (p. 12)

Compilation of nano-, micro-, and millimeter-sized hydrogel
spheres produced using the nanoemulsion-induced enzymatic
crosslinking method as described in chapter 2, displayed on top of a
fluorescence confocal microscopy images of hollow hydrogel
microcapsules. Some of the microcapsules contain fluorescent
images of living cell microaggregates.

Design: T. Kamperman.

Chapter 3 (p. 30)

Schematic representation of a typical cell microencapsulation
event using the delayed crosslinking approach as described in
chapter 3. Immediately after microfluidic droplet generation, a cell is
positioned at the outer edge of the droplet. By delaying on-chip
crosslinking, the cell is allowed to move to the droplet’s center.
Subsequent crosslinking results in centered cell encapsulation.

Design: T. Kamperman, J. Leijten, and Demcon Nymus3D.

Chapter 4 (p. 52)

Schematic representation of single-cell-laden microgels produced
using ‘Direct On-cell CrosslinKing’ (DOCKING), where biomaterial
is covalently tethered onto cells via the crosslinking of phenolic
moieties.
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Chapter 5 (p. 72)

Confocal cross sectional image of a 3D modular microtissue
produced by self-assembly of fluorescently labeled human
mesenchymal stem cells (green cytoskeleton, magenta nuclei) and
dextran-based microgels The microgels were functionalized with a
cell adhesive peptide shell as described in chapter 5.

Design: T. Kamperman and C. Kelder.

Chapter 6 (p. 96)

Pseudo-colored scanning electron microscopy photograph of
solidified modular bio-ink that contains polyethylene glycol
diacrylate microgels (pink) embedded in a distinct polymer matrix
(beige).

Design: T. Kamperman and J. Leijten.

Chapter 7 (p. 118)

In-air microfluidics in ‘drop-jet’ mode as described in chapter 7.
The fluid of the jet encapsulates each droplet, as it has a lower surface
tension. Therefore, the compound droplet train flowing downwards
contains spherical droplets (magenta), coated (i.e. not mixed) with
liquid from the jet (green).

Design: T. Kamperman and C.W. Visser.

Chapter 8 (p. 144)

High-resolution scanning electron microscopic image of freeze-
dried dextran-tyramine nanoparticles within a network of dextran-
tyramine

Design: T. Kamperman and B. Zoetebier.
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Microgel Technology to Advance Modular Tissue Engineering

Native tissues are characterized by a complex multiscale hierarchical design.
Recapitulating such complexity using a modular tissue engineering approach requires
the integration of micromanufacturing techniques. In this thesis, we develop various
droplet microfluidic platforms for the production of single- and multi-cell-laden hydrogel
microparticles (i.e. microgels) that act as modular tissue engineering building blocks. We
endow these building blocks with in situ tunable biomechanical and biochemical
properties to enable spatiotemporal tailoring of the cellular microenvironment.
Furthermore, we present two technological innovations that enable the facile
biofabrication of modular tissue constructs based on cell-laden microgels. To aid clinical
translation, we establish a novel platform technology called ‘in-air microfluidics', which
enables the chip-free production of monodisperse emulsions, suspensions, and 3D
modular tissue constructs at production rates compatible with clinical and industrial
applications.
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