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A B S T R A C T

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

The field of microfluidics has emerged as a powerful platform for the
manufacturing of advanced micromaterials. The possibility to manipulate
liquids using predictable flows allows for the production of cross-linkable
droplets with controlled size, shape, and composition for biomedical ap-
plications [1–4]. For example, microfluidic droplet generation has been
leveraged for the production of hollow core-shell micrometer-sized
hydrogels (i.e. microcapsules). The microcapsules’ hollow compartment
can be used for controlled aggregation of cells into three-dimensional (3D)
microtissues such as organoids and microaggregates [5–11].

Cellular microaggregates offer numerous advantages for tissue engi-
neering and drug screening strategies owing to their 3D biomimetic
design, which enhances cellular functions in comparison with conven-
tional two-dimensional monolayer cultures [12–14]. For example,
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microaggregates have been reported to improve stem cell differentiation,
facilitate drug target discovery, and enable engineering of macroscopic
tissue constructs [15–19]. Cell microaggregates were originally gener-
ated using flat non-adherent tissue culture plates, which resulted in
microaggregates of polydisperse sizes owing to the lack of geometrical
control during the cells’ self-assembly process [20]. Consequently,
U-shaped multiwell plates [21], conical tubes [22], hanging drops [22],
and microwells [18,19,23] have been developed to yield monodisperse
spherical microaggregates. However, the inefficient and batch-type na-
ture of these production methods only offered limited quantities of
microaggregates, which has hindered their upscaling to industrial and
clinical production scales.

In recent years, various microfluidic processes have been explored for
the continuous production of monodisperse cell-laden microcapsules
[5–11]. Despite significant progress, the microfluidic production of
Leijten).
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microcapsules has remained a complex, inefficient, and labor intensive
process, which has hampered its widespread adoption. Specifically, a
multistep process has been used in which a sacrificial microgel is pro-
duced, coated with distinct biomaterial, and subsequently turned into a
microcapsule by enzymatic degradation of the sacrificial core [9,11].
Other methods are, for example, based on multiple emulsion strategies or
multistep formation of external shells via layer-by-layer assembly of
positively and negatively charged polyelectrolytes [5,7,11]. Moreover,
most of these approaches have relied on the ionic cross-linking of algi-
nate, which can be unstable owing to the inherently reversible nature of
this physical cross-link and the gradual loss of divalent ions from the
cross-linked biomaterial [24]. More straightforward single-step micro-
capsule production methods have been developed based on competitive
enzymatic cross-linking of phenolic compounds. Specifically,
tyramine-functionalized polymers droplets can form microcapsules by
preventing enzymatic cross-linking of the core using the H2O2 (i.e.
cross-linking initiator) consuming enzyme catalase [25–27]. Although
monodisperse microcapsules were produced in a single cytocompatible
step, competitive enzymatic cross-linking remains a delicate biochemical
process that depends on balanced activities of cross-linking inducing and
inhibiting enzymes, which results in a suboptimal production process
(i.e. encapsulation efficiency and shell thickness), restricted level of
cross-linking tunability, and limited rate of production. Previously, gra-
dients of H2O2-initiated enzymatic cross-linking were observed across
semipermeable silicone microfluidic channels [28]. We hypothesized
Fig. 1. Microfluidic platform for outside-in diffusion-based delivery of cross-li
microcapsule production via delayed outside-in cross-linking of water-in-oil polymer m
a H2O2 bath. (b) H2O2 diffuses through the silicone tubing, through the oil phase, an
device in which (d) microdroplets are formed using a flow-focus nozzle setup. (e) Dro
in a hydrogen peroxide diffusion bath for diffusion of hydrogen peroxide into the d
hydrogen peroxide. (h) DAB solution was flown through a silicone tube that was im
dependent nature of the diffusion-based hydrogen peroxide availability. (i) Longer
indicating higher poly(DAB) production and thus higher hydrogen peroxide availabil
3,30-diaminobenzidine; HRP, horseradish peroxidase.
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that such cross-linker gradients could be leveraged for the continuous
microfluidic formation of microcapsules in the absence of a polymeri-
zation inhibitor, thereby providingmore control over the reproducibility,
operational window, and throughput of microcapsule production than
conventional competitive enzymatic cross-linking platforms.

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

2. Results

2.1. Microfluidic platform for diffusion-based delivery of cross-link
initiator to microdroplets

A schematic of the microfluidic platform for diffusion-based delivery of
the cross-linker tomicrodroplets is presented in Fig. 1a and b. In short, a 3D
microfluidic glass capillary device was manufactured out of
nker to water-in-oil microdroplets. (a) Schematic representation of hydrogel
icrodroplet by transporting the droplets through a silicone tubing submerged in

d into microdroplets. (c) Polymethylmethacrylate microfluidic 3D glass capillary
plets are then transported off-chip through a silicone tube, which is (f) immersed
roplets. (g) DAB forms brown precipitate (poly(DAB)) in presence of HRP and
mersed in a hydrogen peroxide diffusion bath, which demonstrated the time-
hydrogen peroxide residence times resulted in higher absorbance at 540 nm,
ity (n ¼ 2). White scale bar indicates 1 cm. Black scale bar indicates 1 mm. DAB,
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polymethylmethacrylate using a recently reported clean-room independent
method to enable the generation of polymer solution droplets (Fig. 1c)[27].
By applying a 1:10 hydrogel precursor:oil ratio at a production flow rate of
100 μl/min while using a 200 μm inner diameter nozzle, droplets were
produced at a production rate of approximately 132 Hz (Fig. 2d). Flowing
the polymer solution droplets through a semipermeable silicone tube,
which was submerged in a hydrogen peroxide bath (Fig. 1e and f), allowed
for the diffusion of hydrogen peroxide into the microdroplets.

To prove the diffusion-based delivery of hydrogen peroxide through
the silicone tubing, 3,30-diaminobenzidine (DAB) was used. In the pres-
ence of the enzyme horseradish peroxidase (HRP) and hydrogen peroxide,
DAB reacts into poly(DAB) which can be observed as a brown precipitate
(Fig. 1g). When flowing DAB þ HRP solution through a silicone tube
submerged in a hydrogen peroxide bath, the formation of brown precipi-
tate was observed, which indicated the diffusion of hydrogen peroxide
through the silicone tubing into the solution. Moreover, the quantity of
diffused hydrogen peroxide could be predictably controlled as the solu-
tion's metachromatic color positively correlated with the solution's resi-
dence time in the diffusion bath (Fig. 1h). To validate this finding,
microdroplets containing DABwere produced and transported through the
hydrogen peroxide diffusion bath with varying residence times. Again, it
was observed that longer residence time resulted in a predictable increase
in poly(DAB) formation, indicated by the higher absorbance, which was in
line with Fick's second law of diffusion. (Fig. 1i).
2.2. Outside-in cross-linking for the production of hydrogel microcapsules

Hydrogels were prepared by the HRP-mediated coupling of phenol
moieties of tyramine conjugates (Fig. 2a). As an example material,
Fig. 2. Outside-In cross-linking of polymer containing water-in-oil microdrop
cross-linked by HRP in the presence of hydrogen peroxide. (b) Delayed outside-in cro
sizes contain a hollow core and can be defined as microcapsules. (d) Size distribut
regions with a CV < 5 (N � 10). (e) Three distinct production regimes, being incomp
Histogram of soft-core (red) and hollow core microgels (black), with soft-core microg
hollow compartments of stable hollow microgels. (g) Qualification of Dex-TA cross-lin
residence time, and the presence of catalase resulting in incomplete cross-linking (blu
microcapsules without catalase enables higher total flow rates and thus a higher produ
low percentage of intact gels (<95%) after cross-linking (N � 20). Scale bar indicat

3

dextran-tyramine (Dex-TA) was used. Flowing a 5% polymer solution
droplets through the submerged silicone tubing for ~8.5 s resulted in the
monodisperse production of outside-in cross-linked microgels with a
diameter of 123.6� 4.9 μm (CV¼ 3.8) (Fig. 2b). By varying the water:oil
ratios and/or different nozzle diameters, microcapsules with diameters
ranging from 80 μm to 300 μm could be produced in a monodisperse
manner (Fig. 2c and d). Confocal analysis of ethidium homodimer stained
microgels confirmed that these microgels were formulated as single core
microcapsules (Fig. 2c). To illustrate the possibility to use multiple ma-
terials, single core microcapsules were also produced of tyramine-
conjugated hyaluronic acid (HA-TA) (Fig. S1).

Control over the local hydrogen peroxide concentration proved to be of
essential importance to successfully produce microcapsules using the
outside-in cross-linking strategy.Whenexposing the polymer precursor to a
too low hydrogen peroxide concentration it resulted in incomplete cross-
linking of microgels' shell (Fig. 2e), which resulted in microgel rupture
during the subsequent washing step. Cross-linking the microdroplet with a
higher hydrogen peroxide concentration resulted in formation of robust
microcapsules (Fig. 2e). Exposure to a too high hydrogen peroxide con-
centration also resulted in the formation of conformal microcapsules, but
associated with the cross-linking of polymer droplet's core thus giving rise
to soft-core or solid-core microgels (Fig. 2e). Quantitative analysis of shell
thickness and ethidium homodimer intensity of these soft-core microgels
confirmed that the polymer cross-linking became gradually less intense in
an outside-in manner. This was in contrast to the microcapsules, which
revealed a sharp decline in cross-linking density (Fig. 2f).

We then mapped under which parameters partially cross-linked,
hollow core, or soft-core microgels would be formed by varying the
emulsion's flow rates and the hydrogen peroxide bath's concentration
lets produces hydrogel microcapsules. (a) Tyramine-conjugated polymer is
ss-linking results in microgels. (c) EthD-1 staining proves microgels of different
ion of produced microcapsules show monodisperse production in different size
lete cross-linking, hollow microgels, and soft-core microgels, were identified. (f)
els containing hollow compartments significantly smaller in comparison with the
king regime as function of hydrogen peroxide concentration, hydrogen peroxide
e), stable hollow microgels (green), and soft-core microgels (red). (h) Producing
ction rate before reaching the incomplete cross-linking regime, as indicated by a
es 100 μm. HRP, horseradish peroxidase.



B. van Loo et al. Materials Today Bio 6 (2020) 100047
(Fig. 2g, Fig. S2). As expected, decreasing the flow through rate and
increasing the hydrogen peroxide concentration associated with
increased cross-linking. Microcapsules could be produced at a wide range
of emulsion flow rates, which spanned nearly an order of magnitude,
with the highest measured microcapsule production rate being measured
using an emulsion flow rate of 99 μl/min and a bath concentration of
30% of hydrogen peroxide. This associated with a maximum possible
microcapsule production rate of ~132 Hz. In comparison, previously
reported catalase-based microcapsule formation strategies based on
inside-out hydrogen peroxide scavenging [25], could only form micro-
capsules in a notably smaller window of operation and at a substantially
lower emulsion flow through rate, which offered a maximalmicrocapsule
production rate of only ~29 Hz (Fig. 2g and h). It is likely that delayed
outside-in cross-linking can achieve this large production window and
higher production, as compared with catalase-based strategies, by
avoiding the delicate balance between initiation and inhibition of
cross-linking (Table S1). Advantageously, the ability to form microgels
using fewer components (e.g. without catalase) not only improves the
cross-linking control and rate but also results in a cleaner, more chemi-
cally defined production process, which is of relevance for clinical and
biomedical applications. In addition, rheological characteristics of the
microcapsules can be altered by varying the Dex-TA concentration in the
hydrogel precursor solution (Fig. S3).

2.3. Optimization of microcapsules shell thickness for cytocompatible cell
encapsulation

As a concrete example for a biomedical application of the presented
delayed outside-in cross-linked microcapsule technique, cell
Fig. 3. Optimization of microcapsules shell thickness for efficient cell encapsula
and without 2*107 of hMSCs in the polymer solution. (N � 20). (b) Cell-laden micro
microgels with cell entrapment in the shell, as indicated by white arrows (c) Cell-lad
flow rate of 180 μl/min. (d) Shell size decreases with increasing production flow rates
(shown in red) tend to be entrapped in the microgel's shell. (f) Number of cells entra
Cell encapsulation with a cell concentration of 2*105 cells/ml in the hydrogel precurs
in the polymer solution to (h) 8*106 or (i) 2*107 cells/ml resulted in the encapsulati
cells per microcapsule for different cell concentrations in the hydrogel precursor solu
hMSCs, human mesenchymal stem cells.
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encapsulation experiments were performed. Mixing human mesen-
chymal stem cells (hMSCs) into the hydrogel precursor solution readily
allowed for the production of cell-laden microcapsules. However, it was
observed that the supplementation of cells to the polymer solution
consistently altered the cross-linking of the microdroplets. For example,
while cell-free microdroplets produced at a production flow rate of 100
μl/min and cross-linked using a 30% hydrogen peroxide concentration
yield hollowmicrogels, microdroplets containing 2*107 cells/ml resulted
in the production of soft-core microgels (Fig. 3a and b). We then
demonstrated that cell-laden microdroplets required higher production
flow rates than their cell-free counterparts to form microcapsules
(Fig. 3a). Advantageously, this allowed for the production of microcap-
sules at emulsion flow through rates as high as 180 μl/min (Fig. 3c),
which resulted in thinner shells with a thickness of 16.7 � 2.7 μm
(Fig. 3d). This increased flow rate equates to a production rate of ~230
Hz, which is almost double the maximum production rate of cell-free
microcapsules, and ~8� faster than catalase-dependent microcapsule
production.

The microgel's shell thickness is of great importance for cell encap-
sulation as it positively correlates with cells becoming entrapped in the
shell. Moreover, although cell death was negligible within the hollow
compartment, it was observed that cell death of entrapped cells in the
shell was relatively high (Fig. 3e) being 67� 5% after 14 days of culture.
However, by adjusting the production flow rate from 100 μl/min to 180
μl/min we were able to lower the amount of entrapped cells from 15% to
0,2% (Fig. 3f) effectively optimizing the cytocompatible cell encapsula-
tion within the microcapsules.

The number of encapsulated cells could be controlled by tuning the
cell concentration in the hydrogel precursor solution. For example,
tion. (a) Quantification of shell thickness at different production flow rates with
capsules produced at a production flow rate of 100 μl/min resulted in soft-core
en hollow core microcapsules were obtained when produced with a production
(N � 15). (e) Live/dead assay of cell-laden microcapsules showed that dead cells
pped in the shell drop from 15% to 0.2% with higher production flow rates. (g)
or solution for single-cell encapsulation. Further increasing the cell concentration
on of a predictable amount of multiple cells. (j) Quantification of the number of
tion (N � 30). Scale bar indicates 100 μm * Indicates significance with p < 0.05.
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single-cell hollow microcapsules were produced using a concentration of
2*105 cells/ml (Fig. 3g). Specifically, a single cell was present in 35% of
the microcapsules, whereas only 2% of the hollow microgels contained
two or more cells. This strategy thus represents an effective approach to
study individual cells within soft, hollow, and 3D microenvironments,
which can be composed of spatiotemporally responsive materials [29].

The number of cells per microgel scaled in a predictable manner with
the cell concentration used in the hydrogel precursor solution, which
thus also enabled the production of microcapsules that contained mul-
tiple cells (Fig. 3h and i). Delayed outside-in cross-linking of 120 μm
diameter microdroplets composed of 2*107 cells/ml polymer solution
resulted in the monodisperse encapsulation of 34.4 � 3.1 cells per
microcapsule (CV ¼ 9.2%). Increasing the cell concentration further
associated with a linear increase in the number of encapsulated cells
within the microcapsule, which corroborated the predictable nature of
the encapsulation process (Fig. 3j). Besides the cell concentration in the
hydrogel precursor solution, the amount of cells per microcapsule could
also be tuned by producing microcapsules of different sizes. For example,
production of microcapsules of 298 � 9 μm resulted in 101 � 8 cells per
gel (Fig. S4).
2.4. Long-term culture of cell-laden microcapsules enable in situ formation
of stem cell–based 3D microtissues

The semipermeable nature of the microcapsules was studied with
diffusion experiments using fluorescein isothiocyanate-conjugated dex-
trans of various molecular weights, which illustrated that molecules up to
150 kDa were are able to diffuse into the microcapsule (Fig. S5). Relevant
molecules such as growth factors, nutrients and waste products, can thus
diffuse freely through the microcapsules’ shell. This indicated that long-
term cell culture is most likely possible within the microcapsules.

hMSC containingmicrocapsules were produced and cultured for up to
28 days (Fig. 4a–c). Cells rapidly aggregated into 3D microtissues within
the hollow compartment of the microcapsules. These microaggregates
could be maintained within the microcapsules for the entire duration of
experimentation without any notable level of cell egression. As with
Fig. 4. Cell-laden microcapsules enable in situ formation, formation, and biort
microcapsules (a) immediately after cross-linking, (b) after 1 day of culture, (c) afte
of the microtissues formed within the microcapsules. (f) Quantification of live/dead
microaggregates in microcapsules after 14 days of culture, stained with EthD-1 (red
photograph of a single microaggregate in a microcapsule after 14 days of culture.
biorthogonal microaggregate isolation. Scale bar represents 100 μm * Indicates sig
stem cells.
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conventionally cultured stem cell microaggregates, the cellular spheroids
decreased (e.g. 62% reduction in 28 days) in diameter over time (Fig. 4d)
[19,23]. This observation is likely explained by cellular compaction
within the microaggregate, as previously reported [18], as cell viability
consistently remained high directly after encapsulation and after a cul-
ture period of 28 days in multiple experiments (n¼ 4), with a viability of
86 � 1% 5 h after encapsulation and 83 � 7% of cells surviving after 28
days of culture (Fig. 4e, Fig. S6). This indicated that the diffused
hydrogen peroxide was offered to the cell-laden microdroplet in a
non-toxic concentration as the hydrogen peroxide–free syringe control
associated with a comparable level of cell survival. This was likely
mediated via the outside-in consumption of hydrogen peroxide during
the cross-linking reaction, which effectively shielded the cells in the
droplets core from exposure to cytotoxic levels of hydrogen peroxide.
This emphasized the cytocompatible nature of the delayed outside-in
cross-linking process. Moreover, fluorescent confocal analysis revealed
that the microfluidic encapsulation procedure prevented cells from being
at the peripheral side of the microcapsules, thus effectively locating the
cells within the microcapsules core and allowing the formation of
conformal and continuous shells (Fig. 4f). Interestingly, evidence was
found that cells could originally reside on the proximal side of the mi-
crocapsule's shell and vacate their position after cross-linking. (Fig. 4g).
Furthermore, enzymatic digestion of the Dex-TA microcapsules using
dextranase allowed for biorthogonal isolation of the produced micro-
aggregates (Fig. 4h).

3. Discussion

Here, we present a robust and straightforward method to produce
hydrogel-based hollow single-core microcapsules. Our method relies on
the enzymatic cross-linking of polymer-tyramine conjugates in an enzy-
matic reaction that is cytocompatible, achieved in seconds, and
controlled via outside-in diffusion of a cross-link activator (e.g. hydrogen
peroxide). By exposing polymer solution microdroplets to outside-in
diffusion of low amounts of hydrogen peroxide, which can be
controlled by adjusting the production flow rate, hydrogen peroxide
hogonal isolation of stem cell based 3D microtissues. Encapsulated cells in
r 6 days of culture, (d) and after 28 days of culture. (e) Quantification of the size
assays of used hMSCs at various point in time (N � 20). (g) Confocal images of
), DAPI (magenta), and Phalloidin (green). (h) High resolution confocal micro-
(i) Enzymatic degradation of Dex-TA microgels using dextranase allowed for
nificance with p < 0.05. 3D, three-dimensional; hMSCs, human mesenchymal
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concentration and possibly by varying the thickness of the silicone
tubing, microcapsules are effectively formed as the hydrogen peroxide
will be consumed in the cross-linking reaction before being able to reach
the microdroplet's core.

Compared with previously reported strategies, such as those based on
the spatial competition between an inducer (e.g. hydrogen peroxide) and
an inhibitor (e.g. catalase) of polymer cross-linking [25], our system
offers several advantages that are a consequence from its activator--
only–based design. Specifically, it is a cleaner, more chemically defined
production process, which is favorable when taking possible future
clinical studies into account. In addition, as no inhibitors are used, the
microcapsules could be produced at a substantially higher production
rate while offering a wider window of operation. Furthermore, as our
system relies on delayed cross-linking, the cross-linking of polymer at the
droplet generator's nozzle is avoided, which lowers the chance on
microdevice failure [27]. Moreover, several other previously published
methods described for production of microcapsules demand access to
nano and microfabrication technologies and dedicated infrastructures,
whereas our method relies on the use of off-the-shelve components and
readily available non–clean-room–based production processes, thus
being suitable for a much wider target audience as it includes
non-specialized end-users [27].

The enzymatic cross-linking of Dex-TA has been used for various
biomedical applications and can be combined with distinct production
techniques [26–32]. Dex-TA is thus chosen as a model material as it
represents an effective, versatile, inert, and cytocompatible biomaterial.
Regardless, the presented method for microcapsule production is
compatible with a wide variety of polymers. Numerous natural and
synthetic tyramine polymer conjugates to form hydrogel networks have
previously been reported. Beside Dex-TA, conjugates of hyaluronic acid
[32], poly(ethylene glycol) [33], heparin [31], chitosan [34], alginate
[35], gelatin [36], Poly Vinyl Alcohol [37], and peptides [38] have been
reported. These conjugates and their combination thereof, each with
their own biological and physicochemical properties, are all suited for
outside-in enzymatic cross-linking. Hence, it will be possible to tailor the
biological and physicochemical properties of the microcapsule's shell by
selecting distinct polymer conjugates and stimulating moieties. To
demonstrate this, microcapsules consisting of different concentrations of
Dex-TA and HA-TA were produced as described earlier.

Encapsulating cells using outside-in cross-linking associated with
excellent cell survival, despite the silicone delay line being submerged in a
bath composed for 30% of hydrogen peroxide. Indeed, it is widely known
that too high concentrations of hydrogen peroxide cause acute cell death
[39]. However, it is also known this cytotoxicity depends on both dose and
incubation time. For example, decreasing theH2O2 concentration from500
to 30 μmrequired, respectively, 1 h and 48 h to show cytotoxic effects [40].
In contrast, in our enzymatically cross-linking system, H2O2 is rapidly
consumed (seconds) and thus allow for extremely short incubation times.
Extensive research has shown that these extremely short H2O2 exposure
times allow for high cell viability and long-term cell function without any
detectable functional effect [30,31,34,41–43]. In fact, it was recently
demonstrated that our enzymatic cross-linking material system was more
cytocompatible thananyof thepreviously studiedmaterial systemsused for
microfluidic generation of microgels [30]. Moreover, the amount of
hydrogen peroxide that diffuses through the silicone tubing, through the
continuous oil phase, and into the polymer droplet is both limited and
controlled and is rapidly consumed by the enzyme HRP to cross-link the
polymer into a macromolecular network. Within a few micrometer of
diffusion into the microdroplet, the H2O2 has decreased to such a low level
that it was no longer able to cross-link the microdroplet into a microgel,
hence the formation of hollow microcapsules. Consequently, the levels of
H2O2within the bulk/core of themicrodroplets—where the cells reside—
are well within the cytocompatible level. This logic is substantiated by our
viability experiments that allowedhighcell survival after encapsulationand
long-termcell culture.Advantageously, owing tohydrodynamic focusing of
microparticles (e.g. cells) inside of aqueous solution (e.g. polymer
6

microdroplets), the cells are transported away from the droplet's shell and
toward its core [41]. Indeed,using thedelayedcross-linking strategy, nocell
were present in the peripheral side of themicrocapsules' shell, which likely
contributed to the excellent postencapsulation survival rates by spatially
shielding it from the outside-in diffusing hydrogen peroxide.

When cells were encapsulated, the microcapsules functioned as
microbioreactors that enabled the formation of monodisperse 3D
microtissues via cellular aggregation. This phenomenon occurs when
cell-cell interactions are energetically more favorable as compared with
the cell-substrate interactions, which thus requires biomaterials that
present little or no cell binding motives. Controllably producing 3D
microtissue has numerous application to, amongst others, study a variety
of diseases, guide the differentiation of stem cells, and function as
microbuilding blocks in bottom-up tissue engineering [16,18–20]. Not
surprisingly, several strategies have been developed to facilitate
controlled cell microaggregation, which includes microwells, hanging
drops, non-adhesive culture substrates [23]. Although being compatible
with low throughput academic research, none of these platforms offers a
production throughput that is readily suitable for clinical or industrial
translation. Moreover, in many of these platforms, long-term cultures
need to be protected from aggregate fusing or culture substrate attach-
ment. In addition, changing media in many of these platforms is not a
straightforward or facile exercise. Hydrogel microcapsules can overcome
these challenges by allowing for facile culture and handling of 3D
encapsulated microaggregates, which can be produced in a high--
throughput manner. In addition, the biorthogonal isolation of the
microaggregates allows for easy analysis and further downstream use of
these microtissues.

Although the focus of this study was to produce microcapsules, we
also identified regimes where soft-core microgels were produced using
outside-in cross-linking of tyramine-conjugated polymers. These systems
offer cells to be encapsulated in a soft 3D microenvironment, while being
protected from undesired physical such as shear stress and/or compres-
sion. Moreover, it offers control over diffusion rates in a manner that is
not directly dependent on the hydrodynamic properties of the microgels
soft-core but rather on those of the microgel's protective shell. In addi-
tion, the shell can mitigate or prevent the cell egression that often
challenge the culture of cells in soft microgels [41]. Soft-core microgels
therefore represent an interesting tool for studying cell biology, devel-
opment processes, and pathologies such as cancer. Importantly, as with
the microcapsules, the soft-core microgels can be produced in high--
throughput, which enables the drug screening using compound libraries
[6,44,45].

4. Conclusion

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

Experimental section

A detailed experimental section can be found in the Supporting
Information.
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