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 Cell-laden micrometer-sized hydrogels (microgels) hold great promise for improving high 
throughput ex-vivo drug screening and engineering biomimetic tissues. Microfl uidics is a pow-
erful tool to produce microgels. However, only a limited amount of biomaterials have been 
reported to be compatible with on-chip microgel formation. Moreover, these biomaterials are 
often associated with mechanical instability, cytotoxicity, and cellular senescence. To resolve 
this challenge, dextran-tyramine has been explored as a novel biomaterial for on-chip microgel 
formation. In particular, dextran-tyramine is compared with two commonly used biomate-
rials, namely, polyethylene-glycol diacrylate (PEGDA) and alginate, which crosslink through 
enzymatic reaction, UV polymerization, and ionic interaction, respectively. Human mesen-
chymal stem cells (hMSCs) encapsulated in dextran-tyramine microgels demonstrate signifi -
cantly higher (95%) survival as compared to alginate (81%) 
and PEGDA (69%). Long-term cell cultures demonstrate that 
hMSCs in PEGDA microgels become senescent after 7 d. Algi-
nate microgels dissolve within 7 d due to Ca 2+  loss. In contrast, 
dextran-tyramine based microgels remain stable, sustain 
hMSCs metabolic activity, and permit for single-cell level anal-
ysis for at least 28 d of culture. In conclusion, enzymatically 
crosslinking dextran-tyramine conjugates represent a novel 
biomaterial class for the on-chip production of cell-laden 
microgels, which possesses unique advantages as compared 
to the commonly used UV and ionic crosslinking biomaterials.  
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  1.     Introduction 

 The cellular microenvironment strongly controls the func-
tion and fate of cells. Consequently, removing cells from 
their natural environment drastically and progressively 
alters a cell’s phenotype and capacity to perform its native 
function. [ 1–3 ]  Encapsulating cells in engineered biomi-
metic environments using instructive biomaterials there-
fore represents a powerful tool to control cell behavior. [ 4,5 ]  
One of the most common methods for embedding cells in 
a 3D environment is through hydrogels encapsulation. [ 6 ]  
Hydrogel design parameters currently are focused on bal-
ancing the biomaterial’s physical properties including, 
e.g., shape, stiffness, porosity, and degradation rate and 
chemical cues including presentation of specifi c cues such 
as matrix and growth factors. However, the demands 
in hydrogel design from hydrogel-host perspective and 
hydrogel-encapsulated cells perspective are often con-
fl icting. This can be resolved by microencapsulating cells 
fi rst in an instructive micrometer-sized biomaterial, which 
in turn is incorporated in a second biomaterial with dis-
tinct properties. 

 Unfortunately, only a limited amount of biomaterials 
have been explored for microencapsulation. [ 7–11 ]  These 
biomaterials are typically associated with poor mechan-
ical properties, signifi cant amounts of cell death, and 
insuffi cient levels of cell stimulation. This has resulted 
in suboptimal outcomes in short term culture results and 
incompatibility with long term cultures. 

 Of the explored materials, alginate has received a sub-
stantial amount of attention. [ 12 ]  Alginate is a polysac-
charide extracted from the cell walls of brown algae that 
is typically crosslinked using divalent ions such as Ca 2+ . 
However, Ca 2+  is lost over time due to diffusion, leading 
to a progressive uncontrolled decrease in stiffness and 
inevitable structural failure of the microgel. [ 13 ]  Another 
commonly explored biomaterial for microfl uidic microgel 
formation is the synthetic polymer polyethylene-glycol 
(PEG). [ 8 ]  Fast, on-chip crosslinking of PEG microgels 
requires photo crosslinking, e.g., PEG diacrylate (PEGDA), 
as other crosslinking methods like thiol-ene click chem-
istry take too much time to crosslink on-chip only. [ 14 ]  
However, this requires high power UV irradiation, which 
is correlated with suboptimal cell survival and poten-
tial genetic damage. [ 15 ]  Next to these, several other less 
commonly explored biomaterials have been reported 
for the production of cell-laden microgels, such as thiol 
conjugated hyaluronic acid. [ 14 ]  However, these materials 
have crosslinking times ranging from minutes to hours. 
This requires off chip crosslinking, for which droplets 
need to be stabilized by powerful surfactants. [ 14,16 ]  These 
approaches demand additional time consuming steps to 
be compatible with down-stream processes. Thus, there 
is a clear need for an on-chip crosslinking biomaterial 

that allows for high cell survival, does not induces genetic 
damage, and allows for facile chemical modifi cation to 
allow the fabrication of biomimetic microenvironments. 

 Here, we report on dextran-tyramine conjugates (Dex-
TA) as a novel biomaterial for microencapsulation. [ 17 ]  
Dextran is a natural polymer with excellent biocompati-
bility. Once conjugated to tyramine, the resulting polymer 
conjugate can be enzymatically crosslinked using horse-
radish peroxidase in the presence of hydrogen peroxide. 
It is potentially ideal for on-chip microgel formation, due 
to its extremely fast, yet cell friendly gelation. Moreover, 
numerous modifi cations are available to tune Dex-TA’s 
bioactivity, degradability, and mechanical stiffness. [ 18,19 ]  

 In order to make a direct comparison between photo, 
ionic, and enzymatic crosslinking, we developed a novel 
universal microfl uidic chip. This device allows for the 
controlled crosslinking of each of the three mentioned 
methods. Using this platform, we have compared micro-
encapsulation of human mesenchymal stem cells (hMSCs) 
in PEGDA, alginate and Dex-TA microgels, in long-term 
cell cultures. In short, we have shown that on-chip enzy-
matically crosslinking of cell-laden microgels has supe-
rior properties in terms of cell survival, metabolic activity, 
and stability in both short and long-term cell cultures, 
as compared to ionically crosslinked alginate and UV 
crosslinked PEGDA.  

  2.     Results 

  2.1.     Droplet Formation and Characterization 

 Using the universal chip design (Figure  1 ), we determined 
the stable droplet formation regime for each polymer. 
Stable monodispersed droplets were formed in a size range 
of 137 (±2.7)–201 (±5.3) μm, 127 (±1.9)–142 (±6.5) μm, and 
122 (±1.6)–168 (±8.3) μm for PEGDA, Alginate and Dex-TA 
solutions, respectively (Figure  2 ). In subsequent experi-
ments we used a fl ow ratio of the dispersed/continuous 
phase of 0.14 for Dex-TA and PEGDA, resulting in droplets 
of respectively 157 (±3.2) and 174 (±5.0) μm in diameter. 
At this fl ow rate, PEGDA containing droplets are exposed 
to UV-light for approximately 8 s. To achieve reason-
ably stable crosslinking into a microgel within this time 
frame a minimal UV light intensity of 140 mW cm −2  was 
required. Lower UV light intensity or higher fl ow speed 
resulted in microgels that disintegrated within a few hours 
of culture indicative for incomplete crosslinking (data not 
shown). Higher UV intensity resulted in better crosslinking 
but this proved even more detrimental for survival of 
the encapsulated cells as explained in more detail below. 
The maximum achievable stable fl ow rate ratio for algi-
nate was noticeably lower (0.075) resulting in droplets of 
142 (±5.7) μm. The possible size range of the droplets using 
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alginate was restricted, due to the highly viscous nature of 
the 2% alginate solution.    

  2.2.     Microgel Formation 

 Droplets of hydrogel precursors with or without cells 
were produced by emulsifi cation, followed by on-chip 
crosslinking of the cell-laden gel precursor droplets using 
UV irradiation, exposure to bivalent Ca 2+  ions, or enzymatic 
reaction. Crosslinked microgels were post-chip collected in 
culture medium. The emulsion was broken by washing 
with culture medium and the microgels were collected in 

the aqueous phase. The fabricated microgels were mono-
disperse within a narrow size distribution (Figure  3 A–C). 
The microgels of Dex-TA were slightly opaque, and have 
some patches on the surface caused by the rapid initiation 
of crosslinking (Figure  3 C). The microgel shape was deter-
mined by the channel geometry and the droplet’s volume. 
In particular, microgels were spheres with a fl at top and 
bottom. Scanning electron microscopy (SEM) preparation 
required dehydration of the microgels, which induced 
microgel shrinkage. SEM analysis confi rmed the shape 
and uniformity of the microgels, particularly of the PEGDA 
and alginate microgels (Figure  3 D–F). The surface of the 
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 Figure 1.    A) Schematic overview of the universal microfl uidic chip used for production of photo crosslinked PEGDA, ionic crosslinked algi-
nate, and enzymatically crosslinked Dex-TA microgels. Dashed areas indicate where photo, ionic, and enzymatic crosslinking are initiated. 
B) Photograph of the universal microfl uidic chip containing a black dye to visualize inlets on the left, incubation channel and outlet on the 
right. Scanning electron images were made of C) the incubation channel that is UV irradiated to crosslink PEGDA, D) the addition channel 
to add acidifi ed oil to crosslink alginate, and E) the droplet forming nozzle with inlets for HRP and H 2 O 2  to crosslink Dex-TA. Scale bars depict 
(C) 500 μm or (D,E) 200 μm.
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 Figure 2.    PEGDA, alginate, and Dex-TA solutions were infused in the universal chip and droplet sizes were measured on-chip using serial 
microphotography. Graphs show the average droplet diameter at varying fl ow speed ratios of A) PEGDA, B) alginate, and C) Dex-TA.
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PEGDA microgels appeared somewhat irregular which is 
likely an artefact of the dehydration process and incom-
plete crosslinking (Figure  3 D). Alginate gels have some salt 
residues on them, which precipitated during dehydration. 
The Dex-TA microgels were smooth, with two patches 
(Figure  3 F). These patches likely originated from the 
instantaneous initiation of the crosslinking of the polymer 
conjugates at the inlets of HRP and H 2 O 2  just before droplet 
formation (Figure  1 E).   

  2.3.     Mechanical Properties 

 The E-modulus of the microgels was measured using 
atomic force microscopy (Figure  4 ). UV crosslinked PEGDA 
microgels proved relatively weak, with an E-modulus of 

1.1 kPa, which is considerably lower than values reported 
in literature of a fully cross linked PEGDA hydrogel of 
similar composition and wt/vol%, indicative for incom-
plete crosslinking. [ 20 ]  Moreover, ionically crosslinked 
alginate microgels were signifi cantly stronger with 
an E-modulus of to 20.1 kPa, and the enzymatically 
crosslinked Dex-TA microgels demonstrated the highest 
E-modulus at 30.2 kPa.   

  2.4.     Cell Survival 

 We then investigated the survival of hMSCs microen-
capsulated in PEGDA, alginate and Dex-TA microgels 
(Figure  5 A). For PEGDA microgels, the survival of hMSCs 
proved inversely correlated with the UV-dose (Figure  5 B). 
Maximal cell survival was 69% at 140 mW cm −2  UV irra-
diation. Usage of lower UV intensity, potentially leading 
to higher cell survival, was insuffi cient to crosslink the 
PEGDA microgels on-chip, as these microgels dissolved 
within hours of culture (data not shown). For alginate, 
cell survival correlated with the acetic acid concentration 
within the oil, which was required to release bivalent Ca 2+  
ions from the insoluble CaCO 3  nanoparticles (Figure  5 B). 
The maximal cell survival for alginate was 81%, which was 
achieved at an acetic acid concentration of 0.44 μL mL −1  
oil. Lower acetic acid concentrations resulted in the fusion 
of microgels. In contrast, enzymatic crosslinking resulted 
in signifi cantly lower cell death, with cell survival rates of 
>95% in a wide range of H 2 O 2  concentrations (Figure  5 C). 
As theoretically every crosslink requires a single H 2 O 2  
molecule, increasing the concentration of H 2 O 2  increases 
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 Figure 4.    E-moduli of 10% PEGDA, 2% alginate, and 10% Dex-TA 
microgels as measured by AFM.

 Figure 3.    Microgels were microphotographed post-collection using A–C) brightfi eld microscopy and D–F) SEM. Microgels were composed 
of (A,D) UV crosslinked PEGDA, (B,E) ionically crosslinked alginate, and (C,F) enzymatically crosslinked Dex-TA. Scale bars of (A–C) depict 
100 μm and (D–F) depict 50 μm.
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the total amount of crosslinks. However, a too high con-
centration of H 2 O 2  inhibits the function of HRP, thus even-
tually leading to a reduction in crosslinking rate (data not 
shown). [ 21 ]    

  2.5.     Metabolic Activity 

 We then microencapsulated hMSCs in Dex-TA, alginate, 
and PEGDA microgels, and subsequently cultured the 
microgels for four weeks. At predefi ned regular intervals, 
the metabolic activity of the encapsulated cells was deter-
mined using a presto blue assay. In PEGDA the metabolic 
activity of hMSCs dropped to undetectable levels within 7 d 
post-encapsulation (Figure  6 E). In contrast, hMSCs micro-
encapsulated in alginate remained metabolically active up 
to at least 7 d (Figure  6 F). However, 7 d post-encapsulation 
the microgels disintegrated, which was likely due to the 
ion exchange with the culture media. This undermined 
the ability to reliably measure the encapsulated cells’ 
metabolic activity after day 7. In marked contrast, Dex-TA 
microgels remained stable over the whole culture period, 
and the encapsulated cells continued to be metabolically 
active for at least 28 d. Importantly, after a small initial 
drop in metabolic activity at day 4, the metabolic activity 
progressively increased over time (Figure  6 G). The meta-
bolic data was corroborated using an MTT assay at day 7 
(Figure  6 D, Figure S1, Supporting Information).    

  3.     Discussion and Conclusions 

 In this paper we have presented a microfl uidic platform 
that was used for on-chip encapsulation of cells in stable 
microgels in a size range of 120–200 μm. This device 
allowed for the universal crosslinking of different types of 
water soluble polymers that are based on an ionic, UV- or 
enzymatic initiation. Most importantly, we explored enzy-
matically crosslinking tyramine conjugated polymers as 
novel materials for microencapsulation, using Dex-TA as 
a prototype material. Dex-TA macrogels haven been dem-
onstrated to possess excellent properties for cell encap-
sulation and biofunctionality. [ 17,22,23 ]  Here, we compared 
enzymatically crosslinked Dex-TA microgels with photo 
crosslinked PEGDA and ionically crosslinked alginate, 
using an identical microfl uidic droplet generator design. 

 The on-chip UV based crosslinking of PEGDA dem-
onstrated major drawbacks caused by the limited time 
window for UV irradiation due to the relatively short on-
chip residence time. This therefore demanded high inten-
sity UV exposure to ensure on-chip microgel curing, which 
caused signifi cant levels of cytotoxicity, as also previously 
described in literature. [ 24 ]  Surprisingly, PEGDA microgels 
proved to be the mechanically weakest gels in our com-
parison, and demonstrated limited cell survival, even 
after minimizing the UV intensity. Although these weak 
gels could be suited for applications that require a matrix 
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 Figure 5.    hMSC laden microgels stained for cell survival (green) and cell death (red). A) PEGDA exposed to 140 mW cm −2  of UV. B) Alginate 
exposed to 0.44 μL mL −1  of acetic acid. C) Dex-TA exposed to 15.75 mmol L −1  of H 2 O 2 . Scale bars depict 100 μm. D–F) Semiquantifi cation cell 
survival based on live/dead microphotographs of (D) PEGDA, (E) alginate, and (F) Dex-TA. Error bars represent standard error of the mean. 
* represents a p-value of <0.05 compared to the other conditions in the material.
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stiffness in the order of magnitude of 1 kPa, e.g., for cells of 
neurogenic lineage, it also limited their ease of handling 
due to their fragile nature. [ 25 ]  It is expected that further 
increasing the UV intensity or photoinitiator concentra-
tion would produce stronger gels due to a higher den-
sity of crosslinks, but would likely also further lower the 
cell survival. Indeed by increasing the UV intensity from 
140 mW cm −2 , which was minimally required to obtain 
a more or less stable microgel confi guration in the 8s of 
retention time in the incubation channel to 700 mW cm −2 ,
decreased the already low cell survival even further. At 
the UV intensity of 140 mW cm −2  crosslinking was still 
incomplete as demonstrated by rheology. We obtained 
gels with an E-modulus of approximately 1.1 kPa which is 
considerably lower compared to the E-modulus of a fully 
crosslinked 10% wt/v PEGDA hydrogel having an E-mod-
ulus larger than 10 kPa. [ 20 ]  Phototoxicity could potentially 
be mitigated through fl ow speed and UV reduction, which 
would also limit the production speed. Alternatively, the 
microgel’s on-chip residence time could be enhanced via 
on-chip delay lines, which would result in suboptimal 
chip designs, because of high pressure buildup and thus 
increased chance of chip failure, that still associate with 
substantial amounts of cell death. In addition, on-chip 
UV based crosslinking of PEGDA microgels induced meta-
bolic cell senescence in the surviving cells within a week, 
which potentially indicates extensive cell damage. UV 
induced cell death and damage could also be minimized 
by crosslinking the microgels off-chip at low intensity for 
a prolonged period of time. [ 14 ]  Indeed, photocrosslinking 
of PEGDA into stable cell laden hydrogels is commonly 

achieved by crosslinking for at least 5 min at relatively 
low UV intensity. [ 20,26,27 ]  However, this approach would 
require long retention of droplets off-chip in stable emul-
sions, which has the adverse effect of demanding addi-
tional complex and time consuming procedures. In par-
ticular, powerful surfactants will be required for the off 
chip stabilization of cell encapsulating droplets, which 
are notoriously diffi cult to remove. From this work PEGDA 
appears not very well suited for the on-chip crosslinking 
polymers into cytocompatible and stable microgels. 

 Ionic crosslinking of alginate is commonly achieved 
by dropping alginate in a solution with divalent metal 
ions such as Ca 2+ . However, this gelation method, which 
crosslinks from the outside in, has been found unsuitable 
for the on-chip fabrication of smaller alginate microgels 
due to the formation of nonuniform and inhomogeneous 
microgels. [ 28 ]  Instead, an internal gelation method is 
required, which is based on solubilizing calcium car-
bonate particles in the polymer precursor by a temporary 
decrease in the droplet’s pH, using an oil and water sol-
uble acid. [ 28 ]  Unfortunately, this decrease in pH is toxic to 
the encapsulated cells. We indeed observed a direct corre-
lation between acid concentration and cell survival, with 
a maximum survival of 81%, as also found by Tan and 
Takeuchi. [ 28 ]  Furthermore, it is likely that the surviving 
cells experience substantial amounts of acid induced 
stress. Another potential disadvantage of this system is 
the rapid deterioration of the microgels due to progressive 
loss of calcium ions during culture. [ 29 ]  Deterioration of 
the microgels progressed on a strikingly higher pace than 
those reported for macrosized hydrogels, likely due to the 
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 Figure 6.    Brightfi eld microphotographs of hMSCs encapsulated in A) PEGDA, B) alginate, and C) Dex-TA microgels at day 1 post-crosslinking. 
D) MTT quantifi cation of microgels after 7 d of culture (n > 10). Metabolic activity of hMSCs encapsulated in E) PEGDA, F) alginate, and G) Dex-TA 
as measured by prestoblue assay on day 1, 4, 7 14, 21, and 28 and normalized to day 1. H) Z-stacked confocal laser scanning microscopy image of 
the cytoskeleton (green) and nucleus (red) of hMSCs encapsulated in a Dex-TA microgel after 14 d of culture. Scale bar depicts 100 μm.
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vastly increased surface-to-volume ratio. For short term 
cultures such as toxicology studies, this fast deterioration 
is not likely to pose a limitation. However, it does present 
a challenge for long-term cultures such as cell differen-
tiation, which usually takes over two weeks. In vitro the 
microgels can be stabilized by additional supplementa-
tions of Ca 2+  ions, which might affect cell behavior. More-
over, a repetitive crosslinking approach is not compatible 
with in vivo applications in a facile manner. 

 In contrast to these ionic and UV based crosslinking 
approaches, our body primarily relies on enzymatic 
induced crosslinking. Examples of enzymes involved in 
the crosslinking of extracellular matrix molecules are 
transglutaminase, lysyl oxidase, and horseradish per-
oxidase. [ 30–32 ]  A major advantage of this approach is its 
ability to crosslink at physiological conditions, without 
requiring harsh chemicals. In this study, we explored 
microgel formation using the enzymatic crosslinking 
of Dex-TA, which was achieved by on-chip mixing of 
polymer precursor with the enzyme HRP and H 2 O 2 . 
In contrast to UV or acid induced systems, enzymatic 
crosslinking strategies are well-known for their cyto-
compatibility. Although it might be intuitive to reason 
that the use of H 2 O 2  might induce cytotoxic events, the 
required levels of H 2 O 2  are far below those that induce 
cell damage or death, as the minute quantities of H 2 O 2  
are rapidly converted during the enzymatic reaction. 
Indeed, cell survival after microgel formation was sub-
stantially higher as compared to other reported microgel 
crosslinking strategies, reaching levels as high as 95%. In 
fact, the observed level of cell death was identical to those 
generated by routine cell passaging. The cell-friendliness 
of this approach was further underlined by the observa-
tion that the cell survival was not adversely affected by 
increasing the H 2 O 2  concentrations to levels that exceeded 
the functional crosslinking concentration. Dex-TA micro-
gels of 10% Dextran were with 30 kPa mechanically very 
strong. This makes Dex-TA microgels very suitable for dif-
ferentiation toward the musculoskeletal lineage, where 
cartilage needs 20–30 kPa and bone 25–40 kPa. [ 25,33 ]  How-
ever, other tissues like nerve or brain (0.1–1 kPa) and fat 
(3 kPa) require softer gels. [ 25,33 ]  In order to match these, 
the mechanical properties can be tuned by varying the 
wt/vol% of the gel and the degree of substitution of the 
dextran. [ 17,22 ]  

 Encapsulating cells in micromaterials that in turn 
will be encapsulated in a macrosized scaffold opens up 
numerous potential avenues in creating multiscale bioen-
gineered constructs. In particular, it is conducive for the 
decoupling of the biomaterial that is proximal to the cells 
and the bulk biomaterial that is more distal to cells. [ 34 ]  
This strategy resembles the natural organization of cells 
in tissue, in which cells are surrounded by a pericellular 
matrix, which together is embedded in an extracellular 

matrix. The composition and thus function differs greatly 
between these matrices. Our strategy provides a roadmap 
toward engineering such complex and biologically rel-
evant organizations. This approach holds great poten-
tial to advance tissue engineering by adding biological 
complexity in a facile manner to the tissue engineered 
constructs. [ 35–37 ]  This development could additionally 
contribute to other fi elds such as (stem)cell biology, 
drug development, and pathophysiology, by driving the 
development of more biomimetic ex vivo models. [ 38–40 ]  
Moreover, gaining the capability to create cell-friendly 
customizable cellular microniches provides possibilities 
for effi cient high throughput screens with single-cell reso-
lution. [ 41 ]  This might be of particular interest as microgels 
can yield information on the single cell level by confocal 
microscopic analysis of the entire gel, and allow for facile 
downstream analysis. [ 41 ]  This approach allows for the 
precise probing of cellular heterogeneity to a given bio-
physical, chemical or environmental stimuli to identify of, 
e.g., differently responsive sub-populations of cells. More-
over, these 3D biomimetic microtissues can act as smart 
building blocks to create complex functional tissues fol-
lowing a bottom up tissue engineering approach. [ 42 ]  

 However, to create truly biomimetic microgels, the 
incorporation of biomimetic elements such as extracel-
lular matrix components, growth factor binding sites, and 
cell responsive elements such as catabolically cleavable 
moieties will be of deciding importance. Advantageously, 
enzymatically crosslinked biomaterials such as Dex-TA 
allow for straightforward decoration with such elements. 
For example, cell instructing and growth factor capturing 
matrix molecules including hyaluronic acid, heparin, and 
chondroitin sulfate can be engrafted on the polymer’s 
backbone or co-crosslinked using, e.g., tyramine modi-
fi ed molecules. [ 18,19,43 ]  Enzymatic crosslink strategies such 
as used for Dex-TA can also covalently bond a myriad of 
molecules including collagens by crosslinking with their 
tyrosine residues. [ 44 ]  

 In summary, enzymatically crosslinked hydrogels are 
ideal for the generation of microfl uidically generated 
microgels. This platform is expected to contribute to the 
future development of custom-designed 3D biomimetic 
microtissues using a plethora of existing, simple and cost-
effective methods to enable cell-based screenings with a 
single cell resolution.  

  4.     Experimental Section 

  4.1.     Microfl uidic Chip Production 

 Microfl uidic devices were made using a standard soft lithography 
process. In short, microfl uidic channels were designed using CAD 
software (Clewin, Wieweb software) and patterned onto a chro-
mium photomask. A layer of SU-8 polymer (70 μm) was spun on 
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a silicon wafer and exposed to UV through the photo mask, and 
was subsequently developed to produce the mold. Polydimethyl-
siloxane (PDMS, Sylgard 184, Dow Corning) was mixed in a 10:1 
base:curing agent ratio, casted on the mold and cured. The PDMS 
was peeled from the mold, holes were punched to create inlets 
and outlets, and the PDMS was bound to a glass slide using 
oxygen plasma. A schematic representation, a microphotograph, 
and scanning electron images of key elements of the universal 
chip design are shown in Figure  1 .  

  4.2.     Cell Culture 

 The use of patient material was approved by the local ethical com-
mittee of the Medisch Spectrum Twente, and informed written 
consent was obtained for all samples. Human mesenchymal stem 
cells (hMSCs) were isolated from bone marrow as described pre-
viously. [ 45 ]  The cells were cultured in Alfa-MEM (Invitrogen), sup-
plemented with heat-inactivated FBS (10%, Lonza),  L -glutamine 
(2 × 10 −3   M , Invitrogen), ascorbic acid (0.2 × 10 −3   M , Sigma-Aldrich), 
basic fi broblast growth factor (1 ng mL −1 , ISOKine bFGF, Neuro-
mics), penicillin (100 U mL −1 ), and streptomycin (100 μg mL −1 , 
Invitrogen). Cells were kept in a humidifi ed environment with 5% 
CO 2  and used from passage 3 to 5.  

  4.3.     Microgel Formation 

 Fluids were infused into chips using syringe pumps (Cetoni 
GmbH). The continuous phase consisted of hexadecane (Sigma-
Aldrich) with Span 80 surfactant (1% (w/w), Sigma-Aldrich), 
PEGDA, alginate and Dex-TA were used as the dispersed phase. 
PEGDA (10 w/v%, 3400 g mol −1 , Lysan Bio) in PBS containing 
2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (0.2%, 
Irgacure 2959, Sigma-Aldrich) was infused at a fl ow rate ratio 
of PEG:Oil 1.4:10 (water/oil ratio = 0.14). Droplets were exposed 
to UV in the delay channel (140 mW cm −2 , LC8 Lightningcure 
L9588, Hamamatsu), unless stated otherwise. This resulted in a 
gelation time of approximately 8 s. Alginate (2%, Sigma-Aldrich, 
low viscosity, 235 CPS) in PBS, supplemented with calcium car-
bonate nanoparticles (3.3 mg mL −1 , Nanomaterials Technology), 
was used at an alginate:oil fl ow rate ratio of 3:40 (water/oil 
ratio = 0.075). Alginate was gelated by infusing of acetic acid 
containing hexadecane (0.44–1.33 μL acid per mL oil) in the 
delay channel. Dex-TA in PBS (10 w/v%, DS = 15, synthesized as 
described previously [ 22 ] ) was cofl own with HRP and H 2 O 2  in Dex-
TA. The fl ow rate ratio of Dex-TA:HRP:H 2 O 2 :oil was respectively 
6:1.2:1.2:60 (water/oil ratio = 0.14). Final concentrations were 
HRP 0.057 mg mL −1  (250 units mg −1 , Sigma-Aldrich) and H 2 O 2  
15.75 × 10 −3   M  (Sigma-Aldrich) unless stated otherwise. Micro-
gels were collected in culture medium, which in the case of algi-
nate was supplemented with 80 × 10 −3   M  CaCl 2  to ensure optimal 
crosslinking. When encapsulating cells, the hydrogel precursors 
were laden with 15 × 10 6  hMSCs per mL.  

  4.4.     Scanning Electron Microscopy 

 Samples were dehydrated in graded ethanol series (50%–100%), 
dried from Hexamethyldisilazane (HMDS, Merck), gold sputtered 
(Cressington), and imaged (XL30 ESEM, FEI).  

  4.5.     Viability and Metabolic Activity 

 Live/dead assay was performed using ethidium homodimer-1 
and calcein-AM (Invitrogen) according to manufacturer’s pro-
tocol at 2–4 h post-encapsulation, microphotographed (Nikon 
E600 fl uorescence microscope), and quantifi ed using ImageJ 
software (N = 30 microgels). Metabolic activity was assessed at 
day 1, 4, 7, 14, 21, and 28 using the Presto Blue assay (Invitrogen) 
following manufacturer’s protocol. Metabolic activities were 
normalized to day 1. Presto Blue assay results were corroborated 
with MTT staining at day 1 and 7 (Sigma-Aldrich) (Figure S1, 
Supporting Information). MTT was added to cell-laden micro-
gels cultures at 0.5 mg mL −1 , which were microphotographed 
after 2 h of incubation and quantifi ed using ImageJ software 
(N > 15 microgels).  

  4.6.     Confocal Microscopy 

 Gels were fi xated using formalin, cytoskeleton was stained with 
Phalloidin-AF488 (Invitrogen), and nuclei were stained with 
DRAQ5 (Invitrogen). Stained gels were imaged using confocal 
microscopy (Nikon A1 confocal microscope).  

  4.7.     Micromechanical Testing 

 Micromechanical testing was done with a JPK Nanowizard AFM 
combined with Zeiss inverted optical microscope, using the 
Colloidal Probe technique. The cantilever spring constant was 
0.151 N m −1  for all samples. Measurements were performed at 
ambient temperature in PBS, with exception of the alginate sam-
ples, which were supplemented with 80 × 10 −3   M  of CaCl 2  to pre-
vent ion loss.  

  4.8.     Statistical Analysis 

 All experiments consisted of biological triplicates at minimum. 
All data were shown as average ± standard deviation (SD), unless 
stated differently. Data were analyzed for statistical signifi cance 
using ANOVA with Bonferroni post hoc test, or with the Kruskal-
Wallis test for non-normal distributed data, with a p-value 
of 0.05.   

  Supporting Information 

 Supporting Information is available from the Wiley Online 
Library or from the author.  
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