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produced stoichiometric HA has only a limited capability of
reaching the versatility of its natural counterpart.[11]

To overcome such limitations, an alternative approach is to
provide a suitable form of a calcium precursor to support bone
mineralization in situ. Vaterite, which is a metastable modifica-
tion of calcium carbonate, is such a promising calcium precursor,
as it is easily convertible to bone-like hydroxycarbonate apatite
(HCA).[10,12,13] When provided in the form of micrometer-sized
particles, it is highly biocompatible with human osteoblasts
and endothelial cells, and hence, it may represent a suitable
platform for rapid in situ bone regeneration.[10,12,13] Vaterite in
combination with endogenous cells and in a flexible packaging
form with adjustable mechanical properties, functionality, and
biocompatibility might be a powerful starting point for tissue
regeneration.[14,15]

To accomplish this, certain conditions must be met. Any pre-
clinical development of a biotherapeutic material is generally
characterized by a sequence of in vitro and in vivo optimization
cycles, where the in vivo phase is complex, time consuming, and
expensive. In contrast, the preceding in vitro phase is generally
less time consuming and expensive. Thus, the introduction of
living cells to the in vitro phase would allow for a rational, early-
stage optimization of the biocompatibility of all materials and the
entire therapeutic process. This, in turn, would reduce the time
and cost for the subsequent in vivo phase. Moreover, exposing
composite bone-promoting matrix materials to bone-derived liv-
ing cells would also allow for a detailed study of bone formation
processes in vitro.
A suitable method to combine vaterite particles and living

cells homogeneously in a flexible packing form is droplet-based
microfluidic technology. This method enables the synthesis of
monodisperse and uniform micrometer-sized hydrogels with
exquisite control over their geometry. It also enables the con-
trolled micro- and nanoencapsulation of further additives such
as cells and drugs.[16]

To provide a basis for such rational materials engineering, this
paper aims to i) introduce a convenient in vitro platform for the
study of metabolic processes in bone formation and ii) provide
an in vitro foundation for novel tissue-regenerative therapies. We
report on the development of system where a model matrix com-
posed of osteoblast cells and vaterite particles are co-embedded
within 3D hydrogel-based structures designed and produced by
droplet-based microfluidics (Figure 1). Our approach includes
the development of monodisperse, sub-millimeter-sized hydro-
gel scaffolds, directed by a systematic parameter control. On a
macroscopic level, microfluidic droplet templating enables the
production of size- and shape-defined specimens with the op-
tion of controlled cell and vaterite encapsulation. On a micro-
scopic level, key requirements for the polymer system, such
as the absence of cytotoxicity as well as good biocompatibility
and biodegradability, are achieved by the use of functionalized
PEG.[14,17] Harmful radicals and toxic catalysts are avoided by the
use of bio-orthogonal and cytocompatible thiol–ene Michael ad-
dition chemistry to induce droplet gelation.[18] On a mesoscopic
level, the microgel properties, such as their mechanical stiffness
and gelation time, are adjusted to obtain high cellular viabilities
by control of the polymer concentration, precursor polymer size,
and the reaction conditions during gelation. Based on this sys-
tematic approach, physicochemically tailored scaffolding struc-

Figure 1. Production scheme for the encapsulation of vaterite particles
(left), osteoblast cells (right), as well as a combination of both (middle)
in a uniform sub-millimeter-sized microgel package formed by droplet-
based microfluidics. Gelation of the precursor polymers is carried out by
a biocompatible Michael addition between PEG-based thiol- and acrylate-
functionalized precursor polymers.

tures with bone matrix-specific properties are designed to even-
tually degrade under physiological conditions.

2. Results and Discussion

2.1. Polymer Scaffold

2.1.1. Basis

Biocompatible PEG is chosen as the starting material for gen-
erating microgels containing living cells and vaterite particles
since it is FDA approved and commercially available in a vari-
ety of pre-functionalized forms, architectures, molarmasses, and
narrow distribution of the latter. As a result, this polymer pro-
vides a suitable model platform in which key parameters for tai-
lored hydrogel generation can be controlled and explored. Based
on this material, the production of polymer-network gels is per-
formed by using PEG building blocks with star-shaped and linear
topologies. Thiol-functionalization of the star-shaped precursors
(4-armPEG-thiol) and acrylate-functionalization of the linear pre-
cursors (linear PEG-acrylate) allows the precursors to be linked
by radical-free and biocompatible Michael addition (see reaction
scheme in Figure 1). Since the Michael addition reaction gener-
ally takes place in alkaline medium, the precursor polymers are
dissolved in a slightly alkaline, biocompatible phosphate buffer
at pH 7.2. Due to subsequent experiments involving living cells,
the precursor polymers are also dissolved in Dulbecco’s Modified
Eagle Medium (DMEM) as a culture medium for cells with a pH
at physiological conditions (37 °C and 5% CO2) of 7.2–7.4.
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Figure 2. Time-dependent rheology measurements of the [4-arm PEG-
thiol 10 000 g mol−1 (10K)/linear PEG-acrylate 5000 g mol−1 (5K)] compo-
sition with a meanmass concentration of 160 g L−1 in a) phosphate buffer
and b) in cellular medium DMEM. Herein, the crossing point of storage
modulus, G′, and loss modulus G″ indicates gelation. (a) In phosphate
buffer (G′ ( ), G″ (□)), gelation occurs after approximately 20 min, (b)
whereas it occurs in less than a minute in DMEM (G′ ( ), G″ ( )). Ad-
ditional time-dependent rheology measurements of the same precursor
polymers under cross-linking conditions in DMEM with several supple-
ments (1% Gl [G′ ( ), G″ ( )], 1% Gl + 10% FBS [G′ ( ), G″ ( )], 1%
Gl + 10% FBS + 1% P/S [G′ ( ), G″ ( )]) show no influence of these on
the gelling time; they all exhibit an increase of the complex viscosity within
about 1 min.

For comparative analyses of the precursor-polymer solution
gelation time in phosphate buffer and inDMEM, time-dependent
rheology measurements are performed. For this purpose, a
[4-arm PEG-thiol 10 000 g mol−1 (10K)/linear PEG-acrylate
5000 g mol−1 (5K)] composition with a mean mass concentration
of 160 g L−1 is used. The evolution of the storage modulus, G′,
and the loss modulus G″ is monitored as a function of time t, as
shown in Figure 2a. In these experiments, the crossing point of
G′ andG″ indicates gelation. In phosphate buffer (G′ ( ),G″ (□)),
gelation occurs after approximately 20 min at room temperature.
By contrast, gelation occurs after less than 1 min in DMEM (G′

( ), G″ ( )) at room temperature (Figure2b). The reasons for the

fast gelling in DMEM are probably additional ingredients as salts
and amino acids in the cell culture medium and also the slightly
higher pH value of the medium as compared to that of the phos-
phate buffer: since theMichael addition preferably occurs in alka-
line solutions, an increased basicity leads to an increased reaction
rate.
In addition, the influence of additives to the medium,

such as GlutaMAX (Gl), fetal bovine serum (FBS), and peni-
cillin/streptomycin (P/S), on the reaction rate is studied by time-
dependent rheology. The resulting curves (G′ and G″ as a func-
tion of time t), are shown in Figure 2b. Gelation in DMEM (1%
Gl) (G′ ( ), G″ ( )) as well as DMEM (1% Gl, 10% FBS) (G′ ( ),
G″ ( )) and DMEM (1% Gl, 10% FBS, 1% P/S) (G′ ( ), G″ ( ))
leads to crossing ofG′ andG″ within 1 min and is therefore sim-
ilar to the reaction in pure DMEM (G′ ( ), G″ ( )). Major influ-
ences of these additives on the gelling time are therefore consid-
ered to be negligible.
Due to the use of thiol-functionalized building blocks, ox-

idative disulfides can be formed in a competing side reaction
to the Michael addition. To estimate the rate of this side reac-
tion, time-dependent rheology measurements of the 4-arm PEG-
thiol 10K precursor (mass concentration of 160 gL−1) dissolved
in physiological phosphate buffer as well as in DMEM (1% Gl,
10% FBS, 1% P/S) are performed in the absence of the Michael-
reactive linear PEG-acrylate precursor. Again, the crossing point
of G′ and G″ indicates gelation. It appears that the disulfide
formation and the subsequent gelation in cell culture medium
DMEM (1% Gl, 10% FBS, 1% P/S) occurs within a few hours.
The reasons for the fast gelling in DMEM are probably a high
oxygen level in the solution as well as a high amount of nutri-
ents and salts in the medium. Furthermore, 4-arm PEG-thiol
10K precursor linkages to thiol-containing components in the
culture medium DMEM, such as amino acids (e.g., cysteine)
and proteins, have to be considered as well. In comparison, we
observe a longer gelation in phosphate buffer. Depending on
the batch of the polymers, the gelation time varies between ap-
proximately 10 to 48 h. Since disulfides are formed faster in
the cell culture medium DMEM (1% Gl, 10% FBS, 1% P/S)
than in phosphate buffer, further microfluidic experiments are
done using phosphate buffer as the solvent, or a mixture of
both.

2.1.2. Droplet-Based Microfluidics

Droplet-basedmicrofluidic devices are used to formmicrogel par-
ticles from the heterofunctional PEG precursors. These devices
can also be simultaneously used to embed cells and vaterite par-
ticles as bone-regeneration supporting supplements into the mi-
crogels. We employ two different poly(dimethylsiloxane) (PDMS)
devices fabricated by soft lithography, that are shown schemati-
cally in Figure 1. The devices displayed on the left and on the
right side are designed for the preparation of either vaterite- or
cell-containing microgels, whereas the device shown in the mid-
dle of the scheme is designed for the simultaneous preparation
of vaterite- and cell-containing microgels (for details, see Figures
S1 and S2, Supporting Information).
The microfluidic device for the encapsulation of either vaterite

particles or cells exhibits a rectangular cross-section of 100 µm
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diameter, intersecting at two sequential cross-junctions. At the
first junction, aqueous solutions or suspensions of the two
precursor polymers (4-arm PEG-thiol and linear PEG-acrylate),
cells, or vaterite particles combine to form a laminar co-flowing
stream. At the second junction, addition of an immiscible carrier
fluid (HFE fluorinated oil/PFPE–Tris surfactant) serves to break
the stream into monodisperse droplets with a uniform size of
150–200 µm in diameter, depending on the flow rates and the
precursor solution viscosities. In these droplets, surrounded by
oil, the two polymeric building blocks react in a radical-free, bio-
compatible thiol–eneMichael addition and form 3D polymer net-
works within a few minutes.
The microfluidic device designed for the simultaneous encap-

sulation of vaterite particles and cells is composed of channels
that exhibit rectangular cross-sections of 100 µm diameter,
intersecting at three sequential cross-junctions. In the first junc-
tion, aqueous solutions of the two precursor polymers (4-arm
PEG-thiol and linear PEG-acrylate) and the cell suspension are
injected and combined. In the second junction, a water miscible
vaterite/ethylene glycol suspension is injected. At the third
junction, addition of an immiscible carrier fluid (HFE fluori-
nated oil/PFPE–Tris surfactant) serves to break this fluid stream
into monodisperse droplets with a uniform size of 160 µm in
diameter.
In a subsequent purification step, the resulting microgel par-

ticles synthesized using both microfluidic devices are freed from
the oil and transferred to an aqueous environment. Depend-
ing on the microgel composition and the aqueous environment
(phosphate buffer or DMEM), they swell to uniform sizes in the
range of 200–300 µm in these media.

2.2. Vaterite-Containing Microgels

2.2.1. Vaterite Synthesis and Analytics

Vaterite is a meta-stable modification of calcium carbonate and
converts to bone-like HCA under physiological conditions.[12,19]

In combination with a PEG-based packaging form, this could be
a useful compound for in situ bone regeneration.
The synthesis of vaterite particles is carried out by sonifica-

tion of a mixture of calcium chloride dihydrate and sodium bi-
carbonate in ethylene glycol until a precursor vaterite solution is
obtained.[12,19] The particle size of vaterite in the precursor solu-
tion is monitored by dynamic light scattering (DLS), which de-
notes polydisperse particles in the range of diameters between
200 and 600 nm (for details see Figure S3, Supporting Infor-
mation). Since vaterite particles are more stable in the dry state
than in suspension, they are precipitated from the precursor va-
terite/ethylene glycol mixture by addition of water and then dried
under high vacuum. The precipitated nanoparticles agglomer-
ate to micrometer-sized clusters, as shown by scanning-electron
microscopy imaging (SEM) (Figure 3a). The nanoparticles as
well as their larger agglomerates have characteristic ellipsoidal
morphologies. Further particle characterization is performed
by Fourier-transform infrared spectroscopy (FT-IR) and Raman
spectroscopy (Figure 3b,c). The resulting spectra show charac-
teristic CO3

2− vibrational frequencies of vaterite and verify its
identity (antisymmetric �3 stretching mode at 1487–1411 cm−1,

Figure 3. Characterization of vaterite particles. a) Scanning electron mi-
croscopy (SEM) image of vaterite particles. b) FT-IR and c) Raman spec-
tra show the characteristic CO3

2− vibrational bands of vaterite (1487–
1411 cm−1: antisymmetric �3 stretching mode; 1090 cm−1: symmetric �1
stretching mode; 877 cm−1: out-of-plane bending mode �2; 744 cm

−1: in-
plane bending motion �4).

symmetric �1 stretching mode at 1090 cm−1, out-of-plane bend-
ing motion �2 at 877 cm

−1, and in-plane bending motion �4 at
744 cm−1).[10,12]
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Figure 4. Images and analysis of vaterite-containingmicrogels. a) Schematic representation of themicrofluidic device used for this experiment, including
four sections (framed in blue, red, green, and yellow, respectively) displaying the droplets at different second-scale dwell times in the channel system.
Vaterite particles in the droplets agglomerate increasingly to clusters after encountering the aqueous building block solution in the first cross-section, as
is depicted in the sequence of the four sections. b) The resulting vaterite-containing microgels are analyzed by 3D confocal laser scanning microscopy
and selective staining with sulforhodamine B and calcium-selective tetracycline, as well as c) by the transmission path of the confocal laser scanning
microscope. d) Bright-field image of vaterite particles located in amicrogel, whereby a small section of themicrogel is depicted. e) Confocal Raman image
from the black squared area of the bright-field image. The red area shows the vaterite agglomerates, and the blue area shows the microgel fragment,
stored in water. f) Raman spectrum from the vaterite agglomerates (red) and the combined spectrum of the microgel fragment and water (blue). The
spectra are obtained by hyperspectral analysis of the confocal Raman image.

2.2.2. Encapsulation of Vaterite Particles

Vaterite particles are encapsulated into microgels using the mi-
crofluidic device depicted in Figure 4a. The four sections are
passed by the droplets at different dwell times in the channel sys-
tem. The section framed in blue shows the two rectangular cross-
sections of themicrofluidic device that are overlaid by schematics
of the injected linear PEG-acrylate precursors (blue), star-shaped
4-arm PEG-thiols (red), and vaterite particles (gray). The sections
framed in red, green, and yellow show the droplets a few seconds
after their formation.
Microgel formation occurs after injection of aqueous 4-

arm PEG-thiol 10 000 g mol−1 (10K) and linear PEG-acrylate
5000 g mol−1 (5K) precursor polymer solutions (dissolved in
phosphate buffer) with a mean mass concentration of 300 g L−1

each at the first junction of the microfluidic device, along with
vaterite particles resuspended in ethylene glycol (5% w/v) by ul-
trasonic mixing. Droplets of the mixture of these components
are formed at the second junction by flow-focusing with a non-
miscible fluorinated oil. In these droplets, the precursor poly-
mers react in a radical-free, biocompatible Michael addition,
while vaterite particles agglomerate to clusters within a few sec-

onds after encountering the aqueous building block solution in
the first cross-section. An increasing agglomeration of the va-
terite particles in the droplets is demonstrated in Figure 4a pro-
gressing from the red section to the green and finally the yel-
low section. After gelation of the droplets occurs, the result-
ing vaterite-containing microgels are transferred into phosphate
buffer or water.
Vaterite agglomerates in themicrogels are characterized by 3D

confocal laser scanning microscopy. By incubation in a dye solu-
tion of sulforhodamine B and calcium-selective tetracycline, the
vaterite particles and themicrogels are distinguishable due to the
special affinity of sulforhodamine B to the polymer scaffold and
tetracycline to the vaterite particles. In Figure 4b, vaterite clus-
ters stained in blue and microgels stained in red and an over-
lay of the two images is shown. By confocal laser scanning mi-
croscopy (transmission path), vaterite particles are also recogniz-
able as dark spots in the microgels (Figure 4c).
Metastable vaterite may transform to the thermodynamically

more stable calcite or aragonite during the microfluidics stud-
ies. To determine if this is the case, the stability of vaterite in the
microgels is confirmed by confocal Raman spectroscopy, since
vaterite and the other calcium carbonate modifications as calcite
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and aragonite are Raman active compounds. The successful veri-
fication of the vaterite modification is depicted in Figure 4, where
in Figure 4d, a bright-field image of amicrogel section containing
vaterite agglomerates stored in water is shown. The image shown
is made 48 h after gelation of the microgel. In Figure 4e, the con-
focal Raman image from the black squared area of the bright-
field image is shown. The red area shows the vaterite agglomer-
ates, and the blue area shows the microgel fragment, stored in
water. The Raman spectrum obtained after hyperspectral analy-
sis of the measured microgel section including vaterite agglom-
erates is shown in Figure 4f. The blue spectrum corresponds to
the combined signals of the microgel PEG backbone and water.
Due to the high impact of water in the microgels, a separation
into two single spectra is not possible. The red spectrum presents
the characteristic bands of vaterite, which corresponds to the
symmetric stretching mode �1 at 1090 and 1075 cm−1, the in-
plane bending motion �4 at around 744 cm−1, and the lattice
modes at 305 and 120 cm−1.[10,12] This spectrum is obtained after
subtracting the combined spectrum of PEG and water from the
mean spectra of the red area and shows the meta-stable vaterite
modification, successfully encapsulated in the microgels (for de-
tails see Figure S4, Supporting Information).

2.2.3. Transformation of Vaterite to HCA

For the assessment of the in vitro bone-like HCA forming
ability of vaterite embedded in the polymer matrix, vaterite-
containing gels are immersed in Dulbecco’s phosphate-buffered
saline (DPBS) and analyzed by FT-IR spectroscopy. The same
measurements are also performed with the polymer matrix and
with pure vaterite particles as a control. Respective IR-spectra are
depicted in Figure 5, wheremeasurements before the immersion
in phosphate buffer and after 48 h of immersion are shown. The
IR-spectra of the polymer matrix (Figure 5a) show no changes
after 48 h of incubation in DPBS, while the spectra of vaterite
particles (Figure 5b) record an increase of PO4

3− band intensity
(non-degenerate symmetric P–O stretching mode at 963 cm−1

and the triply degenerate antisymmetric P–O stretching mode at
1024 cm−1).[12,19] Additionally, the typical vibrational frequencies
of the CO3

2− bands at 1487–1411, 1090, 877, and at 744 cm−1, are
shown in both spectra. These results indicate the transformation
of vaterite to HCA and agree to previous findings of Schröder
et al.[12,19]

The IR-spectra of vaterite-containing gels (25 wt%) are shown
in Figure 5c, whereby the spectra of the sample before immer-
sion in DPBSmainly display the frequencies of the polymer scaf-
fold, but also two characteristic bands of vaterite at 877 and at
744 cm−1. After 48 h of incubation in DPBS, the spectra change.
The intensity of the polymer frequencies is mainly decreased,
which is caused by hydrolysis-sensitive ester groups in the poly-
mer network. Due to the vaterite-caused increased basicity of
DPBS, the polymer degradation is accelerated and makes a view
of the mineral spectra possible, which is comparable to that of
pure vaterite after 48 h of incubation in DPBS. This analysis in-
dicates a vaterite transformation in the polymer matrix to HCA
and makes the vaterite/PEG composite material a suitable candi-
date for further investigations on the mineral level.

Figure 5. Transformation of vaterite particles embedded within the poly-
mermatrix to HCA at physiological conditions. FT-IR-spectra of a) the PEG
polymer matrix, b) pure vaterite particles (normalized to �2), and c) va-
terite particles embedded in the polymer matrix, each before and after 48 h
incubation in DPBS.

2.3. Gel Composition versus Cellular Viability

2.3.1. Endotoxin and Toxicity Testing of Gels

To determine the cell- and biocompatibility of the gels, endotoxin
and toxicity tests are done. For the endotoxin assay, gels and ex-
tracts from gels ([4-arm PEG-thiol 10 000 g mol−1 (10K)/linear
PEG-acrylate 5000 g mol−1 (5K)] composition with a mean mass
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Figure 6. Endotoxin and toxicity testing of gels of type [4-arm PEG-thiol
10 000 g mol−1 (10K)/linear PEG-acrylate 5000 g mol−1 (5K)]. a) Evidence
of endotoxin by E-selectin staining of HUVEC cells cultured on plastic (1,
2) and exposed to gels (3) or supernatant extract from the gels (4). A pos-
itive control is shown in (1), where HUVEC cells are exposed to 1 µg mL−1

endotoxin (LPS) after 24 h incubation on plastic. The intense green flu-
orescence indicates the presence of E-selectin (using E-selectin as a first
antibody and anti-mouse Alexa Fluor 488 as a second antibody), whereby
the dye Hoechst 33342 is used to stain the cell nuclei (blue). The control,
(2), as well as cells exposed to the gel or extracts from the gel (3 and 4, re-
spectively) show no green staining and indicate endotoxin-free materials.
Similar results are observed with two different donors of HUVECs. b) Rel-
ative metabolic activity of cells growing on gels compared to cells growing
on cell culture plastic (control), by examining the conversion of resazurin
to resorufin. The cells growing on two gels exhibited nearly an identical
metabolic activity for the reduction of resazurin after 24 h compared to
the control cells growing on cell culture plastic set to 100%. Two different
donors for HUVEC are used (mean ± SD; n = 8).

concentration of 160 g L−1) are added to HUVEC cells in cul-
ture, whereby no induction of E-selectin is observed. Based on
previous studies showing that the induction of the cell-adhesion
molecule E-selectin by endotoxin is a highly sensitive method
for the detection of endotoxin in biomaterials, it is clear that the
precursor polymer synthesis methods used for the formation are
sufficient for the production of endotoxin-free gels.[20,21] In Fig-
ure 6a, respective images of HUVEC cells cultured on plastic are
shown, and the dye Hoechst 33 342 is used to stain the cell nu-
clei (blue). In (1), cells are exposed to 1 µg mL−1 endotoxin (LPS),
which results in an intensely green stain that indicates the pres-

ence of E-selectin; (2) is an untreated control of HUVEC cells,
while (3) and (4) are cells exposed to the gel or extracts from the
gel. The absence of green staining in (3) and (4) indicates no in-
duction of E-selectin and therefore the absence of endotoxin in
the test sample.
The viability of cells growing on two gels ([4-arm PEG-thiol

10 000 g mol−1 (10K)/linear PEG-acrylate 5000 g mol−1 (5K)]
composition with a mean mass concentration of 300 g L−1) is
compared to the same amount of cells growing on plastic (con-
trol experiment). GFP-marked osteoblast cells (MG-63 GFP) are
used since osteoblasts are responsible for the production of ex-
tracellular matrix (e.g., collagen) in metabolic bone regeneration
processes and has been extensively used as a model cell line for
osteoblast studies on biomaterials.[12] The metabolic activity of
the cells is assayed after 24 h by examining the conversion of re-
sazurin to resorufin. Only viable, metabolically active cells can
carry out this conversion. As can be seen in Figure 6b, cells on
the gels exhibit nearly the same amount of metabolic activity af-
ter 24 h as the cells on plastic, and therefore, the gels exhibit no
toxic effect on the cells.

2.3.2. Gel Elasticity

In most cases, endogenous cells will grow into implanted bioma-
terials, but the preclinical development requires an optimization
of the materials that is usually accomplished with ex vivo and in
vivo experiments. Since in vivo experiments are complex, time
consuming, and expensive, the in vivo studies can be mimicked
ex vivo by examining cells. This requires that the gel elasticity be
optimized to maximize the viability of the cells.
To achieve a general understanding of the cell behavior in dif-

ferent polymer-network mesh-sized scaffolds, MG-63 GFP are
encapsulated by microfluidics in three different polymer net-
works that differ from each other in terms of the polymer-
network mesh size and consequently in the gel stiffness or soft-
ness. A focus is placed on the influence of the gel mechanical
strength and gelation time on the cell viability.
To examine the influence of the variation of the polymer-

network mesh size, the molar mass of the 4-arm PEG-thiol pre-
cursor polymer is kept constant at 10 000 g mol−1 (10K), whereas
the molar masses and thereby the length of the linear PEG-
acrylate precursor polymers are varied from 2000 g mol−1 (2K)
over 5000 g mol−1 (5K) to 7500 g mol−1 (7.5K) (Table 1). The mo-
lar concentration of the precursor polymers in diverse solvents
(and thus the molar concentration of their reactive end groups)
is kept constant at a ratio of 1:2 (4-arm PEG-thiol to linear PEG-
acrylate), whereas their respective mass concentrations increase
within the three systems.
The network stiffness and gelation times of the three sys-

tems are analyzed by time-dependent rheology measurements of
macrogels. The resulting curves are shown in Figure 7, where
the storage modulus, G′, and the loss modulus G″, are plotted
against time. The crossing points serve as an indication of the
gelation time (tg), and the terminal storagemodules (Gg′) denotes
the polymer gel stiffness, whereby the plateau storage modulus
G′ is generally connected to the number density of elastically ef-
fective chains in the gel, �eff,1, by the phantom network model
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Table 1. Polymer network compositions and rheological measured data.

M [kDa] cPrec [mol L−1] cPrec [g L
−1] tbuffer [min] G′buffer [kPa] �buffer [nm] tmixture [min] G′mixture [kPa] �mixture [nm]

4-arm PEG-thiol 10 0.03 300
29 15.7 ± 0.8 6.4 11 20.9 ± 3.6 5.8

Linear PEG-acrylate 2 0.06 120

4-arm PEG-thiol 10 0.03 300
15 29.9 ± 3.1 5.2 4 26.6 ± 3.9 5.4

Linear PEG-acrylate 5 0.06 300

4-arm PEG-thiol 10 0.03 300
11 28.7 ± 1.4 5.2 4 30.3 ± 3.9 5.2

Linear PEG-acrylate 7.5 0.06 450

The network compositions are based on the molar masses of the precursor polymers (M), and the molar, and mass concentrations (cPrec) in diverse solvents.

Storage and loss modulus crossing points in buffer (tbuffer) and in a mixture of phosphate buffer/DMEM (1% Gl, 10% FBS, 1% P/S) at a ratio of 6:1 (tmixture) as well as

the final network storage moduli after 5 h of reaction time (G′buffer and G″mixture) are obtained by rheology. Respective polymer-network mesh sizes (�buffer and �mixture) are

calculated by the phantom network model.

Figure 7. Dependency of cell-viability on the scaffolding gel elasticity: Time-dependent storage and loss moduli over time for selected 4-arm PEG-
thiol/linear PEG-acrylate network compositions in phosphate buffer (a–c, at the top) and in a phosphate buffer/DMEM mixture at a ratio of 6:1 (d–f, at
the bottom). Black symbols: 10K/2K composition (G′ (□), G″ ( ) and G′ ( ), G″ ( )); blue symbols: 10K/5K composition (G′ ( ), G″ ( ) and G′ ( ),
G″ ( )); purple symbols: 10K/7.5K composition (G′ ( ), G″ ( ) and G′ ( ), G″ ( )).

(A·�eff,1 = G′/(RT)). In this formula, R is the gas constant, T the
temperature, and A = 1 − (2/f) is a structure factor, with f the
functionality of the cross-links (here, f = 4).[22]

Measurements are performed in a phosphate buffered solu-
tion as a standard, as well as in amixture of phosphate buffer and
DMEM (1% Gl, 10% FBS, 1% P/S) at a ratio of 6:1. Since disul-
fide formation as a side reaction to the Michael addition is more
dominant in the DMEM culture medium than in the phosphate
buffer, experiments are performed in a mixture of phosphate
buffer and DMEM (1% Gl, 10% FBS, 1% P/S). The respective
values are listed in Table 1, where buffer and mixture repre-
sent the measurements in phosphate buffer or in the mixture
medium.

Discussion of the Gelation Time: In phosphate buffer, the 4-
arm PEG-thiol/linear PEG-acrylate 10K/2K (Figure 7a) (G′ (□),
G″ ( )) composition gels after 29 min. In contrast, the 10K/5K
(Figure 7b) (G′ ( ), G″ ( )) composition gels within 15 min and
is thus twice as fast as the 10K/2K composition. Furthermore,
the 10K/7.5K (Figure 7c) (G′ ( ),G″ ( )) composition gels within
just 11 min. Therefore, the gelation time decreases with increas-
ing molar mass of the linear PEG-acrylate (2K, 5K up to 7.5K).
This is because the hydrodynamic radius increases in the same
row, making the reactive ends of the precursor polymers more
likely to find and react with the reactive groups of the PEG-
thiol components at increasing size of the linear PEG-acrylate.[22]

Also, a greater hydrodynamic radius comes along with a lower
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probability of loop-type reaction of both ends of the same lin-
ear precursor with two extremities of the same star precursor,
which consumes these precursors without contributing to ac-
tual network formation and this delays the formation of a per-
colated network. Almost the same sequence is observed in the
phosphate buffer/DMEMmixtures, although at a faster rate. The
4-arm PEG-thiol/linear PEG-acrylate 10K/2K (Figure 7d) (G″ ( ),
G′ ( )) composition gels after 11 min, whereas the 10K/5K (Fig-
ure 7e) (G′ ( ),G″ ( )) composition and the 10K/7.5K (Figure 7f)
(G′ ( ), G″ ( )) composition gels within just 4 min. Here, the
more alkaline pH value of the phosphate buffer/DMEMmixture
in comparison to the pH of the pure phosphate buffer is most
likely responsible for the overall accelerated reaction rate. It is
also possible that there is an overall larger radius of gyration of
the linear building block in the phosphate buffer/DMEMmixture
than in phosphate buffer, due to the additional salts and amino
acids in DMEM, thereby leading to the faster gelation.
Discussion of the Gel Stiffness: Comparison of the terminal

storagemoduliG′ indicates differences between the networks. In
phosphate buffer, the 10K/2K (Figure 7a) (G′ (□),G″ ( )) compo-
sition shows the lowest storage modulus ((15.7 ± 0.8) kPa) and is
therefore the softest network compared to the others. The 10K/5K
(Figure 7b) (G′ ( ), G″ ( )) and the 10K/7.5K (Figure 7c) (G′

( ), G″ ( )) compositions show storage moduli of (29.9 ± 3.1)
and (28.7 ± 1.4) kPa. The increase in the network strength be-
tween these three systems from (15.7 ± 0.8) to (29.9 ± 3.1) and
(28.7 ± 1.4) kPa is due to the different size of the PEG-acrylate
building blocks. The smaller the radius of gyration, the more
likely is the occurrence of looping defects in the network, and
hence, these networks are softer. This agrees with the longer
time it takes for these precursors to actually form a gel, as just
discussed above. Similar results are obtained with the phos-
phate buffer/DMEMmixture (10K/2K: (20.9 ± 3.6) kPa, 10K/5K:
(26.6 ± 3.9) kPa, 10K/7.5K: (30.3 ± 3.9) kPa) (Figure 7d–f) and
demonstrates that the culture medium has little effect on the fi-
nal gel stiffness.
The nanoscopicmesh sizes, �, of the polymer networks are cal-

culated using the number density of elastically effective chains
from the phantom network model A·�eff,1 = G′/(RT) from the
moduli. The product of the structure factor A and the number
density of elastically effective chains on the left side, A · �eff,1,
equals the number density of elastically effective cross-links �eff,2
[mol L−1]. Multiplication of �eff,2 with the Avogadro constant NA

yields the absolute number of effective cross-links per liter, and
the mean distance of these cross-links, that is, the mesh size �,
is obtained from the cube-root of the inverse of that value: � =

(1/(�eff,2·NA))
1/3

= (RT/(G′·NA))
1/3. In this calculation, R is the

gas constant, T the temperature at which G′ was measured, NA

the Avogadro constant, and G′ the measured storage modulus of
each network, here at a measurement frequency of 6.28 rad s−1

(Table 1). Altogether, the mesh sizes calculated in this manner
do not differ from each other: both in the phosphate buffer and
in the phosphate buffer/DMEM mixture, the mesh sizes of the
10K/5K and 10K/7.5K systems are estimated to be approximately
5.2 or 5.4 nm, whereas the mesh sizes of the 10K/2K system are
slightly larger in the phosphate buffer (6.4 nm) and in the phos-
phate buffer/DMEMmixture (5.8 nm). This is a reflection of the
same trends in the moduli, from which the mesh sizes are actu-
ally calculated.

In summary, the three polymer systems show storage moduli
of similar magnitude, corresponding to similar network mesh
sizes, but with differences in the cross-linking time of the pre-
cursor polymers.

2.3.3. Gel Permeability

To independently probe the polymer-network meshes, fluores-
cence correlation spectroscopy (FCS) is used to measure the
permeability of small and mesoscopic probes through the gels.
This study also mimics the diffusive permeation of nutrients and
metabolites in the gels in cases where cells are encapsulated in
order to determine how efficient the transport of species of this
size and molar mass occurs to and from cells. To determine this,
gel samples of type 10K/2K, 10K/5K, and 10K/7.5K are prepared
and incubated in a dye solution for several hours. The FCS mea-
surements are performed onmacrogels rather than onmicrogels.
Since the reaction conditions in the production of the micro- and
macrogels are similar, it is predicted that very similar network
structures will be generated in either form. Therefore, the diffu-
sion coefficients measured in themacrogels can be applied to the
microgels as well.
Sulforhodamine B is chosen as a surrogate for low-molar-mass

components of the culture medium (e.g., salts and amino acids).
Rhodamine has a diffusion coefficient D of 440 µm2 s−1 in aque-
ous solutions,[23] and this is used to calculate the hydrodynamic
radius RH of 0.5 nm using the Stokes–Einstein equation (RH =

kBT/6��D), with kB the Boltzmann constant, T the room tem-
perature, and � the viscosity of the medium (essentially, identi-
cal to water). In contrast, bovine serum albumin (BSA) labeled
with tetramethyl rhodamine is chosen as a surrogate for larger
molecules in the culture medium (e.g., proteins), as BSA is a ma-
jor protein in cell culture medium with a measured diffusion co-
efficient D of 204 µm2 s−1 in aqueous solutions and a calculated
hydrodynamic radius of 1.1 nm. In the three specific networks,
FCSmeasurements show diffusion coefficients of similarmagni-
tude for both sulforhodamine B and dye-labeled BSA. Compared
to free sulforhodamine B in phosphate buffer (440 µm2 s−1),[23]

the diffusion coefficients in the networks are four to five times
slower (D10K/2K = (105 ± 15) µm2 s−1, D10K/5K = (93 ± 8) µm2 s−1,
D10K/7.5K = (88 ± 10) µm2 s−1), whereas compared to free dye-
labelled BSA (204 µm2 s−1), the diffusion coefficients are two
times slower in the networks (D10K/2K = (120 ± 27) µm2 s−1,
D10K/5K = (118 ± 19) µm2 s−1,D10K/7.5K = (76 ± 6) µm2 s−1). These
lowered diffusion coefficients indicate an inhibited diffusion of
the substrate due to the network cross-linkings and chains. Nev-
ertheless, a sufficient nutrient exchange between the gels and the
surrounding medium up to a substrate hydrodynamic radius of
1.1 nm is possible.

2.3.4. Encapsulation of Cells

The influence of the gel properties on the viability of MG-63 GFP
is analyzed by encapsulation into microgels. For this purpose,
the microfluidic device shown in Figure 1 (on the left and on
the right side) is used. Microgel production occurs after injection
of aqueous 4-arm PEG-thiol and linear PEG-acrylate precursor
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polymer solutions (dissolved in phosphate buffer) each at the first
junction of themicrofluidic device, along with cells suspended in
DMEM (1% Gl, 10% FBS, 1% P/S) and 15% OptiPrep acting as a
density-increasing compound to avoid deposition of the cells in
the microfluidic experiment. After gelation and purification, cell-
containingmicrogels of the 10K/5K type are incubated in DMEM
(1% Gl, 10% FBS, 1% P/S) at physiological conditions (37 °C, 5%
CO2, and humidity) over a period of 2 weeks (Figure 8a). Dur-
ing the first 7 days, cells are centered in the microgels and form
clusters, while the polymer-gel specimen swells due to the hy-
drolysis of ester groups in the polymer network. The increase of
the degree of network swelling is illustrated by white dashed lines
around the microgels. After complete degradation of the micro-
gels (after about 7–8 days), cloud-like cell clusters are observed
in the culture medium. These clusters eventually settle at ran-
dom points on the culture dish surface, adhere, and proliferate,
seen as cells growing out of the clusters (day 9). With time, cells
continue to increase in numbers until at least day 14. This obser-
vation demonstrates a high viability of cells that are encapsulated
for at least 7 days within the 10K/5K polymer network, and these
cells are able to attach and proliferate after gel degradation, as
evidenced by their growth on the cell culture dish surface.
In parallel to the microfluidic experiment, the viability of the

cells is monitored in control experiments. For this purpose, the
cells are seeded on plastic, and their growth is followed over a pe-
riod of 7 days. The visualization of the cell growth is performed
by 2D confocal microscopy, whereby an increasing intensity of
green fluorescence indicates increasing cell growth. Figure 8b
shows one experiment at days 1, 3, and 7.
Cells are also encapsulated in the 10K/2K and 10K/7.5K net-

works. Cells in the 10K/2K microgels behave similar to cells en-
capsulated in the 10K/5K system (Figure 8c). These cells form
cellular clusters that adhere to the cell culture dish after gel degra-
dation. In contrast, the encapsulated cells in the 10K/7.5K net-
work (Figure 8d) do not survive. In this experiment, cellular clus-
ters are not observed after degradation of themicrogels; however,
some isolated, rounded-up single cells are observed that do not
adhere to the cell culture dish. The viability of the cells is also
monitored in control experiments (Figure 8e,f)
Differences in the cellular viability between both polymer

systems 10K/2K and 10K/7.5K are probably based on differ-
ences in the ability of the cells to form cell–cell contacts. Since
PEG is an antifouling material and resistant against protein
adsorption from the environment, cells are not able to adhere to
that material.[24] Instead, they form a round sphere-likemorphol-
ogy and aggregate to cell clusters through specialized protein
complexes, like E-cadherin, integrin, or ECM proteins.[25] This
can be observed in the 10K/2K and 10K/5K networks, where the
cells interact spatially and form clusters, whereas the cells in the
10K/7.5K system remain isolated over the entire encapsulation
period. As cell–cell interaction is an important parameter of cel-
lular viability,[26] this might be the cause for survival differences
in the networks.
The inhibition of cell–cell contacts in the 10K/7.5K microgels

may be based on differences in the gelling time, the elasticity of
the polymer network, and the viscosity of the precursor polymer
solution. The 10K/5K system and the 10K/7.5K system both
require approximately 4 min to gel in the hybrid mixture of
phosphate buffer and DMEM, respectively, and the elasticity

Figure 8. Cell-containing microgels. a) Monitoring of the cell viability in
10K/5K microgels is performed by light microscopy imaging over a period
of 2 weeks. b) Control test of the experiment with 10K/5K microgels mon-
itored by 2D confocal microscopy. Increasing green fluorescence of GFP
expressing cells indicates cell proliferation. c) Light microscopy imaging
of type 10K/2K and d) 10K/7.5K microgels containing cells. e) Control test
of the experiment with 10K/2K microgels and f) 10K/7.5K microgels. g)
3D confocal microscopy of MG-63 GFP cells (green fluorescence) in mi-
crogels of type 10K/2K, incubated in a sulforhodamine B/phosphate buffer
solution (red fluorescence). Scale bars: 100 µm.
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of both polymer gel systems has been found to differ only
marginally ((26.6 ± 3.9) and (30.3 ± 3.9) kPa). Despite this
similarity, however, the cell viability in these two systems differ
substantially. The reasonmay be due to the different viscosities of
the precursor polymer solutions. In the 10K/5K system, the cells
are embedded in a 300 g L−1 precursor solution with a linear-
precursor polymer molar mass of 5000 g mol−1, whereas in the
10K/7.5K system, they are embedded in a 375 g L−1 solution with
a linear-precursor polymer molar mass of 7500 g mol−1. Both the
higher concentration and polymer molar mass in the 10K/7.5K
system as compared to the 10K/5K entails a higher solution vis-
cosity, which impairs cellularmotion. If the gelation is then faster
than the time that it takes for cells to come into physical contact
with one another in that viscous surrounding, they are fixed at
isolated positions in the polymer network, as it is the case in the
10K/7.5K system, thereby preventing them from forming cell
clusters.
Next to the precursor polymer viscosity, the gelling time is

more influential in the 10K/2K system compared to the 10K/5K
and the 10K/7.5K systems. In the 10K/2K system, the low precur-
sor polymer concentration of only 210 g L−1, along with the lower
linear-polymer molar mass of 2000 g mol−1 entails a low viscos-
ity and therefore promotes cell migration in the precursor–gel
droplets. In addition, the 11-min gelling time in the phosphate
buffer/DMEM mixture is two and a half times longer than the
gelling times of the 10K/5K and the 10K/7.5K systems, which
also allows formore distant cell migration in the pre-gel stage. As
a result, the cells have more time and can migrate with a higher
mobility in the pre-gel droplets to form clusters by the expression
of junction proteins before gelation occurs.
Figure 8g shows the encapsulated cells in a microgel network

of the 10K/2K type, visualized by 3D confocal imaging. For this
purpose, the cell containing microgels are incubated in a solu-
tion of red-fluorescent sulforhodamine B. The red dye molecules
adhere to the polymer network allowing visualization of the mi-
crogels and the green fluorescence stems from the GFP express-
ing cells. As can be seen, the cells are located in the center of
the microgels. This is achieved by shaking of the cell containing
droplets during the microfluidic steps, thereby preventing sedi-
mentation of the cells in the templates.

2.4. Cell- and Vaterite-Containing Microgels

As a next step toward material development for ex vivo tests, co-
encapsulation of both cells and vaterite particles is performed,
using the modified microfluidic device shown in Figure 1 (mid-
dle scheme). Besides the injection of the two polymeric build-
ing blocks (4-arm PEG-thiol and linear PEG-acrylate, solved in
phosphate buffer), the independent encapsulation of both, va-
terite particles suspended in ethylene glycol (3.4% w/v), as well
as the cell suspension of osteoblasts (MG-63 GFP) and DMEM
in droplets, is made possible. While the two polymeric build-
ing blocks react in a thiol–ene Michael addition and form 3D
polymer networks, the injected cells form cell clusters and va-
terite particles agglomerate to larger granules distributed in these
networks. Respective cell- and vaterite-containing microgels are
observed with 2D confocal microscopy over a period of several
days as shown in Figure 9a (above). Since the (4-arm PEG-thiol

Figure 9. Viability of cells in vaterite-containing and vaterite-free micro-
gels. a) MG-63 GFP cells encapsulated in vaterite-containing microgels
of the 10K/2K type and b) in microgels of the 10K/2K type without fur-
ther vaterite particle encapsulation. Cell viability is monitored in both ex-
periments by 2D confocal microscopy over a period of 8 days. Depicted
are days 1 and 5, where a superposition of transmission and fluorescence
paths is shown, while day 8 is only shown in the fluorescence path. A con-
trol experiment is also performed by 2D confocal microscopy over a period
of 3 days. Scale bars: 100 µm.

10 000 gmol−1 [10K]/linear PEG-acrylate 2000 gmol−1 [2K]) poly-
mer composition is chosen, a high cell viability is ensured, which
is investigated by microgel incubation in DMEM (1% Gl, 10%
FBS, 1% P/S) at physiological conditions (37 °C, 5% CO2, and
humidity). The images of day 1 and day 5, respectively, show mi-
crogels with vaterite agglomerates visible as dark spots (transmis-
sion path), superimposed with the green fluorescence of cells
expressing GFP (fluorescence path). Since the degree of micro-
gel swelling increases with time due to hydrolysis-sensitive ester
groups in the polymer network, the microgel diameter increases
from day 1 to day 5, until complete gel degradation after about 7
days. Additionally, cells in themicrogels form clusters by cell–cell
interactions and settle after degradation of microgels at random
points on the culture dish surface and adhere and proliferate.
This is shown in the image of day 8, where the green fluores-
cence indicates high viable layer of adherent cells.
In comparison, the same number of cells as in the experiment

above are encapsulated in the (4-arm PEG-thiol 10 000 g mol−1

[10K]/linear PEG-acrylate 2000 g mol−1 [2K]) polymer system,
using the microfluidic device shown in Figure 1 (left and right
side of the scheme) without further vaterite encapsulation. The
respective microgels are also observed with 2D confocal mi-
croscopy, while incubating in DMEM (1% Gl, 10% FBS, 1% P/S)
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at physiological conditions (37 °C, 5% CO2, and humidity) over a
period of several days, as shown in Figure 9b (above). While the
microgel diameters increase during the incubation period (day 1
to day 8) comparable to these of vaterite- and cell-containing mi-
crogels, cell clusters are formed by cell–cell interactions as well.
Microgels degrade after approximately 7 days, and the released
cell clusters adhere to the plastic and proliferate, which indicates
a high cell viability (day 8).
In parallel to bothmicrofluidic experiments, the general viabil-

ity of the cells is monitored in triple control experiments over a
period of 3 days. In Figure 9a,b (below), one experiment is shown
each after 24, 48, and 72 h of incubation. Visualization of the cell
growth is achieved by 2D confocalmicroscopy, and the increasing
intensity of green fluorescence indicates increasing cell growth.
In summary, cells encapsulated in both microgels with and

without vaterite particles survive the microfluidic experiments
and remain in the gels over a period of 7 days. This indicates
that the polymer model system described in this study is highly
suitable for further studies of bone tissue regeneration. Differ-
ences of cell growth are marginal, most likely due to differences
in the gelation time of precursor polymers in droplets. In vaterite-
free microgels, encapsulated cells are present as agglomerates in
the microgels from day 1 and grow into large clusters during the
8-day incubation period in culture medium. These agglomer-
ates consist of many cells. In vaterite- and cell-containing micro-
gels, encapsulated cells are mostly present as smaller agglom-
erates up to single cells beginning at day 1. When vaterite par-
ticles are encapsulated, a slight increase of pH is observed in
the reaction solution in the droplets, which decreases the reac-
tion time of polymer-network formation. Cells in the droplets
are therefore impaired to form contacts and such remain as
small agglomerates or single cells. Nevertheless, with increasing
incubation time in culture medium, the cells grow into larger
clusters. This is probably enabled by the small modulus of the
(10K/2K) system ((20.9 ± 3.6) kPa), which also decreases with in-
creasing incubation time due to hydrolysis sensitive ester groups
in the network. The resulting lower constriction to the encapsu-
lated cells enables them to grow more easily. An additional fa-
vorable influence will probably have vaterite particles in the gels,
since they are highly compatible for osteoblasts and promote cell
growth as proven in previous studies.[12]

2.5. Microgel Degradation

An additional feature of the polymer networks used in this study
are the hydrolysis-sensitive ester groups that promote polymer
degradation in aqueous environments. After cleavage of these es-
ter groups, there is a loss of network points in the polymer net-
work and thereby an increase in the degree of swelling over time
until complete degradation of the microgels occurs.
Investigation of the pH dependence of the polymer degrada-

tion is performed with microgels of the 10K/5K type by incuba-
tion in phosphate buffer at pH 5.0, 7.2, and 9.0 at room tempera-
ture. At acidic and neutral pH, no swelling is observed for 40 days
( , ). By contrast, microgels in alkaline buffer solution (pH 9.0)
show a marked ongoing swelling (□) and decompose com-
pletely after approximately 1 month. The increase of the degree
of swelling of the gels in alkaline buffer solution is also illustrated

Figure 10. Degradation of microgels. a) Stability of gels of type 10K/5K
in phosphate buffer at pH 9.0 and room temperature, as observed over a
period of 32 days. The increase of the degree of swelling of the gels is illus-
trated by the white dashed outlines. b) Time-dependent microgel swelling
in phosphate buffers at various pH values of 10K/5K microgels (all mea-
surements are performed at room temperature; pH 9.0 (□), pH 7.2 ( ),
pH 5.0 ( )). c) Time-dependent microgel swelling in culture medium
(DMEM with 1% Gl, 10% FBS, and 1% P/S) at physiological conditions
(5% CO2 and 37 °C) with microgels of the (10K/2K) ( ), (10K/5K) ( ),
and (10K/7.5K) ( ) type. Gels show degradation in nearly 1 week. The
measured data are linked by lines to guide the eye. Scale bars in panel
(a): 300 µm.

by the white dashed outlines in Figure 10a (at days 0, 18, and 32).
The respective swelling curves are depicted in Figure 10b. Since
the goal is to use the gel capsules for biomedical applications,
swelling measurements are also carried out in culture medium
(DMEMwith 1% Gl, 10% FBS, and 1% P/S) at physiological con-
ditions (5%CO2 and 37 °C). Therefore, microgels of type 10K/2K,
10K/5K, and 10K/7.5K are incubated in the cell culture medium
for several days. The respective swelling curves are depicted in
Figure 10c. Compared to microgels stored in alkaline phosphate
buffer at room temperature, microgels stored in cell culture
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medium at physiological conditions decompose at a higher rate
(within 1 week). Reasons for the faster decomposition of the
microgels in the culture medium at physiological conditions
compared to phosphate buffer at room temperature are most
likely due to the elevated temperature (37 °C instead of room
temperature) and additional substances such as amino acids and
proteins in the cell culture medium. The accelerated degradation
kinetics of microgels in the cell culture medium is considered
to be an advantage, as it enables a rapid in situ vaterite particle
release in pharmacological experiments. All three polymer sys-
tems (10K/2K, 10K/5K, and 10K/7.5K) show similar degradation
kinetics ( , , ), as their number of network points and thus
the number of hydrolysis-sensitive ester groups are equal.

3. Conclusion

We have developed a system that allows the combination of
individual components under various conditions that can be
used as a model for the formation of bone-regenerative and
cell-containing materials. This model system can be used as an
in vitro platform for the study of cellular metabolic processes
in bone formation and may provide an in vitro foundation for
novel tissue-regenerative therapies. The system uses hydrolysis-
sensitive PEG-based model matrixes, formulated to monodis-
perse microgels to which additional components such as va-
terite particles and cells are added using droplet-based microflu-
idics. The successful encapsulation of vaterite particles in these
microgels as calcium precursors is confirmed by confocal Ra-
man spectroscopy, and the transformation of vaterite to HCA is
demonstrated using FT-IR spectroscopy measurements. Based
on these results, we provide a powerful biopolymer-supported
starting point for bone mineral growth and hence a basis for fur-
ther investigation using this model system for tissue regenera-
tion. Furthermore, osteoblast cells (MG-63 GFP) are successfully
encapsulated into the microgels. This is demonstrated by confo-
cal microscopy and cell studies show that these cells remain vi-
able. Cells are present in microgels as agglomerates and show a
greater viability than single cells under similar conditions. Rhe-
ological experiments demonstrate that the polymer system can
be adjusted to form different network mesh sizes and to exhibit
different gelation times and viscoelasticity, and that this can all
result in differences in cell agglomeration and subsequent cell
viability in the microgels. Initial studies with this model system
have demonstrated that vaterite and cells can be co-encapsulated
into the microgels and that a similar cell viability and high cell-
compatibility is observed under these conditions compared tomi-
crogel containing only cells but no vaterite. Thus, this model sys-
tem will be useful for examining and optimizing conditions for
mineralization by osteoblasts in amicrogel when a bone-forming
substrate is available and for delivering bone-forming substrates
to a target for tissue regeneration in vivo. The entire vaterite- and
cell-containingmicrogel package becomes amodel system for fu-
ture in vitro and in vivo studies targeting bone tissue-regenerative
applications.

4. Experimental Section

Materials: The precursor polymers 4-arm PEG-thiol 10K and linear
PEG-acrylate 2K, 5K, and 7.5K were purchased from JenKEM Technology,

USA. The Novec HFE-7500 fluid as well as HFE-7100 are purchased
from 3M. Krytox 157-FSH was obtained from DuPont, GIPCO Glu-
taMAX Supplement and BSA-labelled tetramethylrhodamine from
Thermo Fisher Scientific, Optiprep from StemCell Technologies, ethy-
lene glycol from ChemPur, 1H,1H,2H,2H-perfluoro-1-octanol, as well
as 1H,1H,2H,2H-perfluoroctylsilan 97% from Alfa Aesar, and sodium
bicarbonate from Roth. The MG-63 GFP osteoblast cell line was obtained
from the laboratory of one of the co-authors (RU). All other compo-
nents such as DPBS-D8537, thionyl chloride, �, �, �-trifluortoluene,
tris(hydroxymethylamino-methane), trypsin EDTA solution, DMEM high
glucose-D5796, fetal bovine serum-F7524, Penicillin–Streptomycin-P4333,
calcium chloride dihydrate, and sulforhodamine B were purchased from
Sigma-Aldrich.

Synthesis of PFPE–Tris Surfactant: PFPE–Tris was synthesized in a two-
step process using a method of Chiu et al.[27] In brief, Krytox 157-FSH
(5 g, 0.69 mmol), dissolved in HFE-7100, was treated with thionyl chloride
(0.81 g, 6.9 mmol) and stirred in an inert gas atmosphere at 50 °C for 24 h.
The resultingmixture was concentrated using cold distillation and then re-
solved in HFE-7100 (10 mL) and �, �, �-trifluortoluene (6 mL), followed
by addition of tris(hydroxymethylaminomethane) (0.084 g, 0.69mmol) un-
der inert gas atmosphere. A refluxing reaction was conducted at 60 °C for
24 h, and solvents were removed by cold distillation. The crude product
was purified by dissolution in HFE-7100 and extraction against water. Af-
ter cold distillation and vacuum drying, a waxy white product in a yield of
70% was obtained. The PFPE–Tris surfactant was analyzed by FT-IR spec-
troscopy with an FT/IR-470 instrument (JASCO Analytical Instruments).
The results showed a mode at 1683 cm−1 that was assigned to the car-
boxylic acid amide, whereas the carboxylic acid tie of Krytox 157-FSH at
1683 cm−1 was no longer observed. This indicated complete conversion
of the Krytox 157-FSH. The intensity of both signals was weak due to the
large perfluorinated residues.

Fabrication of PDMS Devices: Microfluidic devices were produced us-
ing photo- and soft lithography. In a first step, silicium wafers (Micro-
Chemicals) were spin-coated (WS-650MZ-23NPP13 from Laurell) with a
SU-8 2075 photoresist (MicroChem) and irradiated with UV-light (UV-
Kub 2 from Kloé) to get negative reliefs of the microfluidic channels
that were imprinted on to-scale photomasks. In a second step, PDMS
was mixed with a crosslinker (Sylgard 184 elastomer kid from Dow
Corning) at a ratio of 10:1 using a Thinky ARE-250 mixing setup, and
the mixture was applied to the patterned silicon wafer. After solidify-
ing for 2 h at 65 °C, devices were fabricated by peeling off the re-
sulting reliefed PDMS replica slabs and oxygen plasma bonding (elec-
tronic diener Plasma-Surface-Technology) of these onto glass slides. To
increase fluorophilicity, the channels were coated with a solution of 2%
1H,1H,2H,2H-perfluorooctylsilane in HFE-7100 for a fewminutes and this
was then removed by air-drying. The resulting channels had a uniform
height of 180 µm and a width of 150 µm at the droplet forming cross-
junction.

Synthesis of Vaterite Particles: Vaterite particles were synthesized using
a method previously described.[12,19] Calcium chloride dihydrate (10 mm)
was dissolved in ethylene glycol (100 mL) by sonication at 40 °C (Bandelin
Sonorex Digitec). Sodium bicarbonate (20 mm) was dispersed in ethy-
lene glycol (100 mL) by mechanical stirring and was added to the calcium
chloride solution. The resulting dispersion was sonicated for 25 min at
40 °C. The precursor vaterite solution was analyzed by dynamic light scat-
tering measurements (for details see Figure S3, Supporting Information)
to quantify the particle size, which denoted a polydisperse particle size dis-
tribution in the range of 200–600 nm. Subsequently, water (100 mL) was
added to the vaterite precursor solution and the mixture was sonicated
for another 5 min. Precipitated particles were separated from the turbid
sol product by centrifugation (9000 rpm; 10 min), washed several times
with water and ethanol, and dried under high vacuum. The yield (60%)
was determined gravimetrically.

Vaterite-Containing Microgels: Droplet templating was carried out with
the PDMS device shown in Figure 1 (on the left and right side of the
scheme) by connecting the device to four syringe pumps (neMESYS Plu-
gin) via polyethylene tubing (Intramedic Clay Adams Brand PE20) and
plastic syringes. The precursor polymers 4-arm PEG-thiol 10 000 g mol−1
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(300 g L−1) and linear PEG-acrylate 5000 g mol−1 (300 g L−1) were
dissolved in phosphate buffer (DPBS) and then equally injected with
a flow rate of 75 µL h−1, while 5% w/v of vaterite particles in ethy-
lene glycol were injected in the middle channel with a flow rate of
25 µL h−1. The vaterite suspension was prepared with a sonotrode (Ban-
delin Sonopuls), whereby the mixture was homogenized for 10 min
at an energy consumption of 19.3 kJ (ice cooling). These three fluids
formed a laminar co-flowing stream at the first cross-junction of the
microchannel, which was broken to form monodisperse pre-microgel
droplets with diameters of approximately 160 µm in the second cross-
junction by flow focusing with immiscible HFE 7500, which was injected
at a flow rate of 2000 µL h−1. To stabilize the resulting droplets, 2 wt%
of PFPE–Tris surfactant was also added to the fluorinated oil. Droplets
were purified with a 50% solution of 1H,1H,2H,2H-perfluoro-1-octanol
in HFE7500 in several trituration steps after 30–60 min. After this, the
vaterite-containing microgels were transferred into phosphate buffer or
water.

Verification of Vaterite Stability in Microgels: Confocal Raman mi-
croscopy was performed using a Witec 300 alpha R setup. Illumination
of the sample was performed using a 532 nm excitation line from a single-
mode frequency doubled Nd:YAG laser via a 100-µm single-mode glass
fiber. A Zeiss LD EC Epiplan-Neofluar 50x/0.55 objective was used and the
laser power at the sample behind the objective was 12 mW. An edge filter
was used to separate the Raman signal from the excitation line. Confocal-
ity of the Raman signal was achieved via a 50-µm multi-mode fiber glass
between microscope and the Raman spectrometer, where the fiber served
as a pin-hole. The Raman spectrometer was equipped with a holographic
grating of 600 lines per mm. As detector, a Newton Andor EMCCD camera
with 1600 × 200 pixels was used. With this configuration, a spectral res-
olution of about 2 cm−1 was obtained. All data sets were analyzed using
cluster analysis and non-negative matrix factorization.

Vaterite Transformation to HCA: The transformation of vaterite parti-
cles to HCA was analyzed using FT-IR spectroscopy. The first measure-
ment was performed without further vaterite incubation in DPBS (t =
0 h). The second measurement was performed after 48 h of vaterite in-
cubation in DPBS (2 g L−1) at 37 °C and shaking (150 rpm). Before
analysis, the sample was washed three times with water and dried at
high vacuum. The analysis of vaterite particles embedded in the poly-
mer gel was carried out as follows: Two gels were prepared mixing 4-
arm PEG-thiol precursor polymers 10K and linear PEG-acrylate precursor
polymers 5K, solved in phosphate buffer (each with a mass concentra-
tion of 300 g L−1). 25 wt% vaterite particles (based on the dry precursor
polymer total mass) were added and mixed using a sonotrode. After 1 h
of gelation time, the first gel was washed three times with water, freeze
dried, and analyzed with FT-IR spectroscopy. The second gel was incu-
bated 48 h in DPBS (2 g L−1 vaterite in DPBS), then washed three times
with water, freeze dried, and analyzed with FT-IR spectroscopy. The anal-
ysis of the pure gel ensured analogue to the measurements of gels with
vaterite.

Cell-Containing Microgels: Droplet templating is carried out with the
PDMS device shown in Figure 1 (on the left and right side of the scheme)
by connecting the device to four syringe pumps (neMESYS Plugin) via
polyethylene tubing (Intramedic Clay Adams Brand PE20) and plastic sy-
ringes. HFE 7500 and PFPE–Tris surfactant (2 wt%) were mixed and in-
jected with a flow rate of 2000 µL h−1. The precursor polymers 4-arm PEG-
thiol 10 000 g mol−1 (300 g L−1) and linear PEG-acrylate 2000, 5000, or
7500 g mol−1 (120, 300, or 450 g L−1) were dissolved in phosphate buffer
(DPBS) and then equally injected with a flow rate of 75 µL h−1. Osteoblast
cells (MG-63 GFP) were also injected in the middle channel with a flow
rate of 75 µL h−1. The cells were cultivated in petri dishes with an area of
11.9 cm2 and were detached from the dishes for microfluidic experiments.
For that purpose, cells were rinsed with phosphate buffer (DPBS), incu-
bated with trypsin EDTA solution to release the cells, and then centrifuged
for 5 min at 1000 rpm. The resulting cell pellet was resuspended in DMEM
(1% Gl, 10% FBS, 1% P/S) and 15% OptiPrep (0.333 mL). In each exper-
iment, four petri dishes were used with a cell population density of ap-
proximately 80%, which corresponded to 3.13 × 107 cells per microfluidic
experiment. Cell counting was performedwith aNeubauer counting cham-

ber. The cell suspension was injected in the microfluidic devices, whereby
the cell containing droplets were collected at 37 °C. Depending on the poly-
mer system,microgels were then purified after 30–60min with a 50% solu-
tion of 1H,1H,2H,2H-perfluoro-1-octanol inHFE7500 in several trituration
steps and then transferred into DMEM (1% Gl, 10% FBS, 1% P/S). Cell-
containing microgels are incubated over several weeks at 5% CO2 and 37
°C and are analyzed by optical microscopy (Zeiss Axio) and 2D, as well as
3D confocal microscopy.

Cell- and Vaterite-Containing Microgels: Droplet templating was car-
ried out with the PDMS device shown in Figure 1 (in the middle of the
scheme) by connecting the device to five syringe pumps (neMESYS Plu-
gin and Harvard pump) via polyethylene tubing (Intramedic Clay Adams
Brand PE20) and plastic syringes. HFE 7500 and PFPE–Tris surfactant (2
wt%) were mixed and injected with a flow rate of 3000 µL h−1. The pre-
cursor polymers 4-arm PEG-thiol 10 000 g mol−1 (300 g L−1) and lin-
ear PEG-acrylate 2000 g mol−1 (120 g L−1) were dissolved in phosphate
buffer (DPBS) and then equally injected with a flow rate of 75 µL h−1.
Additionally, 3.4% w/v of vaterite particles in ethylene glycol were in-
jected with a flow rate of 50 µL h−1 to obtain a total vaterite concen-
tration of 1.0% w/v in microgels, while osteoblast cells (MG-63 GFP)
in DMEM were injected with a flow rate of 75 µL h−1. The cells were
cultivated in petri dishes with an area of 11.9 cm2 and were detached
from the dishes for microfluidic experiments. For that purpose, cells were
rinsed with phosphate buffer (DPBS), incubated with trypsin EDTA so-
lution to release the cells, and then centrifuged for 5 min at 1000 rpm.
The resulting cell pellet was resuspended in DMEM (1% Gl, 10% FBS,
1% P/S) and 15% OptiPrep. In each experiment, four petri dishes were
used with a cell population density of approximately 80%, which corre-
sponded to 3.13 × 107 cells per microfluidic experiment. Cell counting
was performed with a Neubauer counting chamber. After injection, the
vaterite- and cell-containing droplets were collected at 37 °C and then pu-
rified after 30–60 min with a 50% solution of 1H,1H,2H,2H-perfluoro-1-
octanol in HFE7500 in several trituration steps and then transferred into
DMEM (1% Gl, 10% FBS, 1% P/S). Vaterite and cell-containing microgels
were incubated over several weeks at 5% CO2 and 37 °C and were ana-
lyzed by optical microscopy (Zeiss Axio) and 2D, as well as 3D confocal
microscopy.

Testing of Gels for the Presence of Endotoxin: The rapid induction of E-
selectin on endothelial cells in culture after exposure to endotoxin (LPS)
was shown to be a very sensitive method to detect the presence of en-
dotoxin in solutions at femtogram levels.[20,21] This method was used to
examine gels made from the individual precursor molecules to show that
they were free of endotoxin. Vaterite synthesis described in this publica-
tion was previously shown to be free of endotoxin.[10] Briefly, the individual
precursors (4-arm PEG-thiol 10 000 g mol−1 [160 g L−1] and linear PEG-
acrylate 5000 g mol−1 [160 g L−1] in phosphate buffer) were combined to
form a gel in a microcentrifuge tube. After polymerization, 1 mL of DPBS
was added to the tube and incubated for 24 h at 37 °C. After 24 h, the su-
pernatant was removed from the gels and an aliquot (20 µL) was added to
HUVEC cells growing in one well of an eight-well chamber slide. The gel
remaining in the tube was removed via pipetting and placed onto HUVEC
cells in a second well in the chamber slide with freshmedia. Cells were also
exposed to 1 µg mL−1 of endotoxoin (LPS, Sigma) or left untreated (neg-
ative control) in additional wells. After 4 h, cells were washed 2× with PBS
and fixed with paraformaldehyde and then stained with antibody against E-
selectin (1:100 E-selectin, Monosan [M6010], Netherlands). After 1 h, cells
were washed 4× with PBS and then the secondary antibody was added
(1:1000, anti-mouse Alexa Fluor 488, Molecular Probes) and incubated at
room temperature. After 1 h, cells were washed and Hoechst Dye 33342
(1:10000 in PBS, Molecular Probes) was added to stain the nuclei. After
5 min, cells were washed 2× with PBS, mounting medium was added (Flu-
oroshield, ImmunoBioScience Corp.), and cells were examined by fluores-
cence microscopy.

Toxicity of Gels: The viability of cells was measured by the addition of
resazurin to cells in culture in the presence and absence of gels (4-arm
PEG-thiol 10 000 gmol−1 [300 g L−1] and linear PEG-acrylate 5000 gmol−1

[300 g L−1] in phosphate buffer). Resazurin was used to measure the
metabolic activity of living cells, which is converted by a redox reaction
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to the fluorescent compound resorufin and this can be measured in a
fluorescent ELISA reader. Gels were added to wells in a 96-well plate.
After polymerization, 20 000 cells/96 well (MG-63) were added to the
wells and incubated for 24 h and then 20 µL of resazurin stock solution
(12 mg resazurin in 100 mL Hanks’ Balanced Salt Solution with Ca2+

and Mg2+, Sigma-Aldrich) was added and incubated for a further 2 h at
37 °C. After this, 100 µL was removed from each well and placed into
a new 96-well plate and examined in an ELISA reader (TECAN Spark
10M, 530–570 nm excitation and 580–100 nm emission). The amount of
resorufin produced by cells exposed to gels was compared to unexposed
cells set at 100%.

RheologyMeasurements: To compare the gelation time and stiffness of
the several polymer systems investigated in this study (10K/2K, 10K/5K,
and 10K/7.5K), time-dependent rheology measurements were carried out
using an Anton Paar modular compact rheometer of type MCR 302 (An-
ton Paar, Graz, Austria) equipped with a plate–plate measuring system
PP08, with a radius of 8 mm and a plate–plate gap distance of 0.4 mm at
21 °C. For all measurements, a solvent trap was used to suppress evapo-
ration of the solvent. The samples were prepared by mixing the precur-
sor polymers (4arm PEG-thiol 10K [300 g L−1] and linear PEG-acrylate
2K [120 g L−1], 5K [300 g L−1], or 7.5K [450 g L−1]), dissolved in phos-
phate buffer, DMEM, or a mixture of both (ratio 6:1) prior to beginning
the measurements. For this purpose, 18 µL of sample was applied. Experi-
ments were carried out at a constant shear amplitude of 1% and a shearing
frequency of 6.28 rad s−1. Measurements in the linear-viscoelastic (LVE)
regime were confirmed by amplitude sweeps, whereby the frequency re-
mained constant at 6.28 rad s−1 and the amplitude varied between 0.01%
and 100% deformation. Also, frequency sweeps were done in a frequency
range of 100–0.1 rad s−1, at a fixed amplitude of 1% within the LVE regime
of the sample.

FCS: Experiments were done with a Leica TCS-SP8 AOBS SMD mi-
croscope and a SymPhoTime 64 analysis software from PicoQuant. Mea-
surements are performed with a HCPLAPO CS2 63x/1.20 water objective,
an argon laser with 20% intensity, and an HyD SMD 1 detector. For sam-
ple preparation, gels (4-arm PEG-thiol 10 000 g mol−1 [300 g L−1] and
linear PEG-acrylate 2000 g mol−1 [120 g L−1], 5000 g mol−1 [300 g L−1],
and 7500 g mol−1 [450 g L−1] in phosphate buffer) were prepared in an
eight-well plate (Ibidi). After gelation, gels were incubated in a dye solu-
tion at room temperature overnight. A 6 nm solution of sulforhodamine
B was used, as well as a 6 nm solution of BSA-labeled with tetramethyl
rhodamine (both prepared in DPBS). All measurements were carried out
in the gel volume, whereby five points for each gel are selected. For fit-
ting with SymPhoTime 64 analysis software, the 3DGaussian tripletmodel
was selected. Calibration was performed with a sulforhodamine B solution
(6 nm) in phosphate buffer, with a diffusion coefficient of 440 µm2 s−1

(22 °C).[23]

Swelling Measurements: Droplet templating was carried out with the
PDMS device shown in Figure 1 (on the left and right side of the
scheme) by connecting the device to four syringe pumps (neMESYS Plu-
gin) via polyethylene tubing (Intramedic Clay Adams Brand PE20) and
plastic syringes. The precursor polymers 4-arm PEG-thiol 10 000 g mol−1

(300 g L−1) and linear PEG-acrylate 2000, 5000, or 7500 g mol−1 (120,
300, or 450 g L−1) were dissolved in phosphate buffer and then equally
injected with a flow rate of 75 µL h−1, while pure DPBS was injected in
the middle channel with a flow rate of 25 µL h−1. The microgels were then
purified after 1 h with a 50% solution of 1H,1H,2H,2H-perfluoro-1-octanol
in HFE7500 in several trituration steps and then transferred into DPBS or
DMEM (1% Gl, 10% FBS, 1% P/S). Microgels were incubated in diverse
DPBS solutions, which differed from each other in the pH value. Phos-
phate buffer (pH 5) was prepared by acidifying DPBS (pH 7.2) with HCl,
while phosphate buffer of pH 9 was prepared by adding aqueous NaOH
solution. The swelling behavior of microgels was then observed by opti-
cal microscopy (Zeiss Axio) and ImageJ was used to determine the size
of the microgels. All measurements were done at room temperature. In
addition, measurements were performed at physiological conditions. For
this purpose, microgels were transferred into DMEM (1% Gl, 10% FBS,
1% P/S) and then incubated for several days at 5% CO2 and 37 °C. The
swelling behavior of the microgels was evaluated as described above.

Statistical Analysis: Quantitative data and sample size of cell viability
results are given as mean ± standard deviation (SD) and numbers (n), re-
spectively. Excel from Microsoft and Origin from OriginLab were the soft-
wares used for statistical analysis.
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