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Application of Temporary, Cell-Containing Alginate
Microcarriers to Facilitate the Fabrication of Spatially
Defined Cell Pockets in 3D Collagen Hydrogels

Sarah Lehnert* and Pawel Sikorski

Mimicking the complexity of natural tissue is a major challenge in the field of
tissue engineering. Here, a facile 2-step fabrication method to prepare 3D
constructs with distinct regions of high cell concentrations and without the
need for elaborate equipment is proposed. The initial incorporation of cells in
a sacrificial alginate matrix allows the addition of other, cell relevant
biopolymers, such as, collagen to form a spatially confined, interpenetrating
network at the microscale. A layered structure at the macroscale can be
achieved by incorporating these cell-containing microspheres in thin collagen
layers. Cells are locally released by de-gelling the alginate matrix and their
attachment to the collagen hydrogel layers has been studied. The use of the
murine pre-osteoblast cell line MC3T3-E1 as an example cell line shows that
the cells behave differently in their cell migration pattern based on the initial
composition of the alginate microspheres.

1. Introduction

Biological tissues such as bone are heterogeneous and complex
across length scales ranging from nanometer to millimeter.[1–3]

The extracellular matrix (ECM) that surrounds the tissue-specific
cells varies in its biochemical composition and physical charac-
teristics such as stiffness and elasticity and plays an active role in
guiding, restraining, and anchoring cells.[4–6] The ECM is a con-
stantly changing, hierarchically organized network consisting of
growth factors,[7] soluble and insoluble proteins,[8,9] and biopoly-
mers which form themechanical framework. Even for one tissue,
the ECM is heterogeneously constructed, providing chemical and
physical cues for the incorporated cells.[10,11]

The aim of tissue engineering (TE) is the development of 3D
tissue in vitro for the restoration and maintenance of functions
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for injured, damaged or diseased coun-
terparts in vivo.[12] But also the applica-
tion of such constructs as 3D model sys-
tems to study the progression of diseases
or the impact of drugs in vitro is of great
interest.[13,14] However, the complexity of
tissue is difficult to mimic in vitro. In
vivo, cues in the ECM regulate cellular pro-
cesses such as migration, proliferation, and
differentiation.[15–17] Being able to mimic
these is a critical aspect needed for the
successful development of large-scale 3D
tissue constructs in vitro. Considering the
complexity of biological tissue, it is nec-
essary to develop artificial model systems
that are more complex and can recapitu-
late the ECM better in all its diversity, this
includes controlling local biochemical and

mechanical cues, as well as, the cell type and the local cell den-
sity. The general approach in TE involves the use or development
of a scaffold which exhibits certain mechanical, biochemical, or
physical cues and the subsequent seeding and studying of cells.
The first steps of evaluating artificial, in vitro constructs are to

look at the cell adhesion, their adaption to the environment and,
consequently, their migration into the surrounding material. To
study the cell migration in 3D in particular, several assays can be
found in the literature. Both, the Boyden chamber[18,19] and gel in-
vasion method,[20,21] are comprised of applying a cell suspension
on top of the construct and consequently recording themigration
of cells into the constructs due to chemotaxis or other fabricated
gradients. Furthermore, the gel invasionmethod is not only used
for soft, hydrogel-based, scaffolds but also often for rigid scaf-
folds prepared by freeze-drying[22] or cell-free 3D-printing.[23] In
contrast to these two methods, facilitates the radial assay the dis-
persion of cells in a 3D hydrogel matrix. Here, cells are attached
to the outer surface of microcarriers before being embedded in
a hydrogel material and the radial progression of the cells into
the surrounding material is captured. The use of disks[24,25] or
spherical microcarriers have been reported.[26–28] The conducted
studies withmicrocarriers differ in the initial materials of themi-
crocarriers, the origin of the surrounding hydrogels as well as the
choice of cells. However, they all have in common that the colo-
nization of the microcarriers with cells took between 4 and 14
days and no active interference has been initiated to dissolve or
remove the microcarrier substrates from the constructs once the
cells started migrating.[27,28]

Hydrogels are a well-established class of materials that are
used to mimic ECM in vitro.[29–32] They are 3D networks of
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hydrophilic polymers that are cross-linked by chemical or physi-
cal means and that have a very high-water content. They can be
made from both, synthetic and natural polymers.[33] Natural poly-
mers commonly used for applications in tissue engineering are
collagen, alginate, gelatin, hyaluronic acid, fibrin, as well as, a
combination of polymers.[29,34–36] The specific choice of polymer
system depends on the type of tissue that is in focus of the re-
search and the associated physical and biochemical characteris-
tics.
Alginate is an anionic polysaccharide at neutral pH which nat-

urally occurs in brown seaweed. It is of particular interest for
TE applications as it is biocompatible and non-toxic, enabling
the encapsulation of cells.[37–39] Alginate consists of two block
copolymers, (1,4)-linked 𝛽-mannuronate (M) and 𝛼-L-guluronate
(G) residues. Especially the latter is responsible for the gentle
gelation with multivalent cations such as calcium (Ca2+) or bar-
ium (Ba2+), following the so-called eggbox model and forming a
crosslinked hydrogel.[40,41]

Collagens describe a group of triple helical proteinswhich have
crucial roles in tissue assembly and tissue maintenance, includ-
ing cell migration, tissue morphogenesis, and repair. In vivo, at
least 28 different collagens exist and can be divided into fibril-
forming collagens, such as collagen I and II (present in con-
nective tissues) and network-forming collagens such as collagen
IV (predominantly in basement membranes).[42–44] The in vivo
synthesis and assembly of collagen is a complex process that re-
sults in tissues which vary in their mechanical characteristics.
For instance; collagen type I represents roughly 90% of the or-
ganic mass of bone tissue which is among the stiffest natural
tissues.[43,45] However, in vitro reconstituted collagen lacks the
sufficient strength compared to native tissue. The self-assembly
process depends on the pH, temperature and is also considered
to be rather slow.[46–49]

The precise positioning of cells in a multi-layered, 3D
hydrogel construct is mostly achieved by the use of 3D
bioprinting.[50–52] The term describes an additive manufacturing
technique with which the fabrication of highly complex architec-
tures can be achieved. To date, three types of bioprinting are ap-
plied in the field of tissue engineering; droplet bioprinting,[53]

laser bioprinting,[54] and the most commonly used extrusion
bioprinting.[55] All three have in common that the cells are dis-
persed in so-called bioink. This material does not only incorpo-
rate and facilitate the distribution of cells in the construct, but it
also serves as initial ECM for the cells. Hence, much considera-
tion has been put in the choice and development of the specific
bioinks.[56–58]

In this work, we present a 2-step method which allows the fab-
rication of 3D collagen constructs with distinct cell-containing
pockets. Cells are immobilized in alginate microspheres which
are consequently incorporated in a 3D collagen hydrogel. Upon
gentle de-gelling of the alginate, the cells are released and start
interacting with the surrounding collagen matrix, creating dis-
tinct cell pockets in the sample with a varying microstructure.
Two types of microspheres as temporal cell microcarriers were
used, pure alginate microspheres and alginate-collagen micro-
spheres which resulted in distinctively, spatially different cell dis-
tributions and microenvironments. The use of alginate-collagen
microspheres is hypothesized to retain the encapsulated cells af-
ter the dissolution of alginate and creating a collagen-based mi-

croenvironment. In contrast, pure alginate microspheres are ex-
pected to release the cells in the resulting void after dissolution.
For the proof-of-principle, the pre-osteoblastic murine cell line

MC3T3-E1 (subclone 4) has been selected as model cell line. The
fabricated constructs were characterized prior to alginate disso-
lution, during cell release, for ten days in culture and after the
end of the culture period. We use second harmonic imaging
microscopy (SHIM) to study structure development of collagen
fibers in the constructs and confocal laser scanning microscopy
(CLSM) to image the temporal distribution and migration of the
cells. These cell–cell and cell–collagen matrix interactions were
also investigated.

2. Results and Discussion

2.1. Construct Fabrication, Characterization of De-Gelling
Mechanism and Cell Release

The aim of this study is to fabricate cell containing colla-
gen hydrogels constructs with a locally enriched cell concentra-
tion. Employed fabrication process is illustrated schematically in
Figure 1A. We investigate cells that are delivered in 0.6 wt% al-
ginate (Alg) and in 0.6 wt% alginate-0.07 wt% collagen (AlgCol)
microspheres and compare with constructs in which cells have
been directly suspended in a collagen matrix. All constructs are
prepared in molds (diameter: 8.5 mm) filled with collagen solu-
tion containing microspheres or suspended cells. In addition, a
thin collagen layer is included at the bottom of the construct. It
is used to hinder the contact between microspheres or cells and
the bottom of the mold. In the presented cell delivery concept,
alginate is used as a temporary cell carrier.
After the cell encapsulation step, microsphere size and num-

ber of cells permicrosphere weremeasured (Figure 1B,C, respec-
tively).Microsphere diameter (± standard deviation (SD)) for Alg-
and AlgCol microspheres were in the range of 650 ± 42 μm and
640 ± 40 μm, respectively, and each microsphere type contained
180 ± 35 and 188 ± 22 cells, respectively.
Ethylenediaminetetraacetic acid (EDTA) was used to de-gel al-

ginate hydrogel and release encapsulated cells (Figure 2). EDTA
is a chelating agent with a high affinity for calcium ions.[59,60]

The cytotoxicity of EDTA depends on a multitude of factors such
as, the cell type, EDTA concentration, and the incubation time.
In general, the survival rate of cells decreases drastically for in-
cubation periods longer than 20 min.[60–62] Following literature
protocols, we have used 50 mm EDTA in pre-warmed phosphate
buffered saline (PBS) and a treatment time below 10 min.[63–66]

For both sample types, the de-gelling took ≈7 min. The progres-
sion of the de-gelling front can be followed by observing the de-
crease of opacity of the entrapped microspheres over time. Cells
released from Alg-microspheres (Figure 2A) drifted toward the
surrounding collagen hydrogel and on the periphery of the void
created by dissolution of the alginate. This is further illustrated
in Figure S1A, Supporting Information, which shows that cells
accumulated at the interface to the surrounding collagen hydro-
gel (yellow arrows). In contrast, the cells that were encapsulated
in AlgCol-microspheres are held in place by the collagen matrix
in the alginate-collagen composite and do not drift when the algi-
nate hydrogel is dissolved with EDTA (Figure 2B and Figure S1B,
Supporting Information).
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Figure 1. A) Schematic illustration of 3D construct fabrication process using cells encapsulated in alginate (Alg, blue) or alginate-collagen microspheres
(AlgCol, red). Constructs are prepared within dents defined by press-to-seal silicon molds (dark red, diameter: 8.5 mm, depth 1.7 mm). The mold is
first filled with collagen solution to form a thin collagen barrier that prevents the cells in the construct to contact the glass bottom of the wellplate. The
mold is then filled by another collagen solution containing either alginate (Alg) or alginate-collagen (AlgCol) microspheres (see panel A.1). After 1 day,
the alginate component is dissolved with EDTA (see panel A.2), allowing encapsulated cells to migrate into the 3D collagen hydrogel (panel A.3). B)
Box plots of measured diameters of prepared microspheres prior to fabrication of the constructs. Median value is highlighted by horizontal line within
each respective box and the whiskers indicate the smallest and the largest observed value. Values out of the range of the whiskers constitute calculated
outliers. C) Box plots of cell-count per microsphere for Alg and AlgCol microspheres. Median value is highlighted by horizontal line within each respective
box and the whiskers indicate the smallest and the largest observed value.

A follow-up characterization with two-photon microscopy is
shown in Figure 3. After alginate dissolution, the samples were
kept in cell media in the incubator for 20 min prior to imaging.
Similarly, to the observation in Figures 2A and 3A confirms that
initially released cells from alginate microspheres accumulated
at the interface to the surrounding collagen hydrogel. The void
that has been left by the dissolved alginate is clearly visible. In
contrast, and in good agreement with the observations from Fig-
ure 2B, cells released from alginate-collagen microspheres are
distributed uniformly throughout the former microsphere that,
after de-gelling, is composed of collagen fibers previously assem-
bled upon microsphere preparation. Although no clear void is
detectable, the position of the microsphere can be detected by
the difference in collagen fiber structure. SHIM relies on the

intrinsic properties of assembled collagen fibers.[67] Assembled
collagen type I fibers are made of ordered triple helix struc-
ture which fulfills the requirement of non-centrosymmetry.[68,69]

SHIM showed that the collagen fibers assembled within the
alginate-collagen microsphere had a morphology that was differ-
ent from the surrounding collagen fibers (see Figure 3B). The as-
sembly the collagen hydrogel used as a surrounding matrix for
the microspheres, reflects an unhindered in vitro assembly of
collagen fibrils.[70] Resulting collagen fibers show a fibrillar mor-
phology with parallel fibers (see surrounding collagen hydrogel
network in Figure 3A,B). The collagen fiber assembly within the
microspheres was influenced by the alginate gelling process.[71]

The collagen in the microspheres assembled into much shorter
fiber bundles (Figure 3B, yellow arrows). According to Lutz et al.,
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Figure 2. Time series of the alginate de-gelling process for cell-containing microspheres embedded in 3D collagen constructs. Data for A) Alg- and B)
AlgColl- microspheres is presented. De-gelling is induced with EDTA that chelates the calcium ions which have crosslinked the alginate hydrogel upon
microsphere preparation. Dissolution is visible by a change in microsphere opacity and is completed in about 7 min. Scale bar: 250 μm

a reduced collagen crosslinking results in collagen fibers with a
curly morphology and with the fibers being less aligned to each
other.[72] This description is in good agreement with our own ob-
servations, but the assembled collagen network is sufficiently sta-
ble to provide mechanical support for encapsulated cells.

2.2. Cell Migration in 3D Collagen Hydrogel Constructs

Alginate hydrogels are de-gelled with EDTA one day after prepa-
ration of collagen constructs. The de-gelling of the alginate ma-
trix is marked as “Day 0” in the following section. The type of
microsphere used for construct fabrication had a significant im-
pact on observed cell migration, cell–cell interactions, and evo-
lution of the construct morphology in culture. Cells released
from alginate microspheres sedimented and settled at the bot-
tom of the void within 2 days (Figure 4A, Figure S4, Supporting

Information, (alginate MS)). At day 4, a significant number of
cellsmigrated into the surrounding collagen hydrogel and started
to interact with cells released from neighboring alginate micro-
spheres (see Figure 4A). At day 8, the location of the void bottom
is still visible by the presence of an increased cell concentration
(Figure 4A) and there are distinct regions that facilitate cell–cell
interactions for cells that were originally encapsulated in indi-
vidual microspheres. In contrast, cells that have been encapsu-
lated in alginate-collagenmicrospheres do not migrate as quickly
into the surrounding collagen matrix (see Figure 4B, Figure S4,
Supporting Information, (alginate-collagen MS)). On day 4, cell–
cell interactions are observed for cells originating from the same
microsphere (further highlighted in Figure S3, Supporting Infor-
mation, orange arrows), and by day 8 these cells also started to
migrate into the surrounding collagen matrix (see Figure 4B).
Additional bright field images in Figure S3, Supporting Infor-
mation, also imply the fundamental differences in the construct
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Figure 3. Visualization of collagen hydrogel constructs containing dissolved A) Alg and B) AlgCol microspheres right after dissolution. Collagen fibers
have been imaged using SHIM (gray) and cells have been labeled using the Cell Tracker Blue (CTB, cyan). The edges of themicrospheres that were present
before de-gelling have been illustrated with a red dash line. The different structure of assembled collagen fibers in the microspheres is highlighted by
the yellow arrows. Clear differences of the spatial distribution of cells between the two sample types can be observed. For Alg samples, cells drifted to
the interface with the collagen hydrogel, and, for AlgCol microspheres, cells are kept in position by collagen hydrogel formed upon microsphere gelation
process. Scale bar: 100 μm.

Figure 4. Visualization of MC3T3-E1 cells released from A) Alg and B) AlgCol microspheres. Surrounding collagen matrix consisted of 0.07 wt% collagen
and all samples were immersed in regular cell media, without additional ascorbic acid or beta-glycerophosphate. Structural changes of the collagen
network have been imaged using multiphoton microscopy (SHIM signal, gray). Arrows in section (B) highlight the apparent structural differences in the
assembled collagen fibers in a microsphere setup. The ability of the cells to spread within the surrounding matrix has been imaged using two-photon
fluorescence microscopy using Cell Tracker Blue (CTB, cyan) for the first four days of culture and using confocal laser scanning microscopy and Cell
Mask Deep Red Plasma Membrane dye (DRPM, red) for the remaining days of the experiments. Scale bars: 100 μm.
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Figure 5. Structural changes of 0.07 wt% collagen hydrogel network containing evenly distributed MC3T3-E1 cells with a cell concentration of 50 000
cells mL−1 during eight days in culture. Collagen network has been imaged using SHIM (gray) and the cells contained the long-term cytosol Cell Tracker
Blue (CTB, cyan) for the first 4 days of culture and using confocal laser scanning microscopy and Cell Mask Deep Red Plasma Membrane dye (DRPM,
red) for the remaining days of the experiments as CTB faded over time. Scale bar: 100 μm.

geometries. Themicrosphere shape is well defined for the former
alginate-collagen microspheres with the cells interacting within
this region.
The increasing cell migration over time also had a direct im-

pact on the organization of the surrounding collagen fiber ma-
trix whichwas characterized SHIMmicroscopy. For the construct
containing cells released from alginate microspheres, the ori-
gin of the voids made by the dissolved and collapsed alginate
matrix remained detectable in the collagen network (Figure 4A,
SHIM signal). The SHIM micrograph for the collagen network
on day 8 shows that the collagen fibers in proximity of the cells
appear brighter and more densely packed, suggesting that the
cells locally contract their surrounding collagen matrix. In con-
trast, the collagen fibers from the alginate-collagenmicrospheres
and the fibers assembled in the surrounding collagen hydrogel
are clearly distinguishable throughout the culture period. Disso-
lution of the alginate or alginate-collagen microspheres had no
significant effect on the overall structure of the constructs. Lo-
cal voids created by alginate microspheres collapsed over time
(Figures 3A and 4A), while the structure of the construct re-
mained stable for the case of alginate-collagenmicrospheres (Fig-
ures 3B and 4B). In this case, the collagen component of the mi-
crospheres served as retaining scaffold for the encapsulated cells.
In a control study in which the alginate in the microspheres were
not dissolved, cells did not migrate into the surrounding collagen
hydrogel in the course of the experiment (Figure S2, Supporting
Information).

Next, the effect of locally released cells compared to uniformly
distributed cells in collagen hydrogels has been investigated.
Collagen hydrogels with a concentration of 0.07 wt% contain-
ing uniformly distributed MC3T3-E1 pre-osteoblastic cells were
prepared. Cells were cultured in ascorbic acid-free cell media
for eight days. Figure 5 illustrates the SHIM signals for the as-
sembled collagen fibers and the fluorescent cell stains for this
timescale. Over time, the cells connect to each other, forming
cell–cell-contacts and, by day 8, appear to start forming a net-
work. After casting the cell–collagen solution into the mold, the
collected SHIM signal shows that the collagen starts assem-
bling close to and around the cells first (Figure 5, Day 0). The
SHIM signals show that, after the initial assembly, there are
small, visible pockets in the collagen hydrogel where the cells
are located (Figure 5, Day 2). In the following 6 days, the col-
lected SHIM signal shows that the collagen fiber network be-
comes more and more densely packed. The increased density
of the collagen fibers is most likely due to the know effect of
collagen hydrogel contraction. A characteristic process that has
been previously reported for fibroblasts[73] and plays an impor-
tant role in research focused on skin wound healing.[74,75] In
combination with the observation in change of SHIM signal,
the decrease in diameter of these constructs has been evalu-
ated. The measured diameters are reported in Figure S5A, Sup-
porting Information. Similarly to reports for fibroblasts,[76] col-
lagen hydrogels containing the lowest collagen concentration
contracted the most (diameter decrease by 83% for 0.03 wt%
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Figure 6. A,C) Phase contrast and B,D) SEM micrographs of constructs after ten days in culture. Phase contrast micrographs of A) Alg and C) AlgCol
microspheres show local densification of the collagen matrix in the cell rich areas (visible as dark regions in the image, orange arrows). Red semi-circles
highlight the position of former alginate-collagen microspheres. Scale bar left image: 1 mm, Scale bar right image: 250 μm. SEM micrographs of B) Alg
and D) AlgCol microspheres. Cells are embedded in collagen fiber hydrogels in (B). For AlgCol microspheres (D), the remaining collagen fibers after
alginate dissolution display a significantly different structure (red circles) compared to the collagen fibers in the surrounding hydrogel matrix. Scale bar
30 μm.

collagen compared to 62% for 0.15 wt% collagen with respect
to initial size upon preparation). The increase in intensity of the
SHIM signals correlates well with the overall shrinkage of the
constructs.
Next, the effect of collagen contraction was compared be-

tween the samples prepared with temporal alginate microcarri-
ers. In contrast to the sample containing uniformly distributed
cells (Figure S5B, Supporting Information, 0.07 wt% collagen),
the samples containing cells released from either alginate (Fig-
ure 6A) or alginate-collagen (Figure 6C) microspheres do only
show a local contraction of the collagen matrix. In both cases,
the original locations of the microspheres were still visible. For
the sample that has been prepared with alginate microspheres,
formation of intracellular network between cells from individual
voids is observed and cells migrate into and contract the colla-
gen matrix (Figure 6A). For the sample prepared with alginate-
collagen microspheres, the spherical voids are still recognizable
after ten days in culture (Figure 6C) and less contraction is ob-
served. Upon collagen fiber contraction, the hydrogel does not
only shrink but also becomes non-transparent (Figure S5B, Sup-
porting Information). Similarly, the locally cell-enriched regions
in Figure 6A,C are significantly opaquer than the cell-free colla-
gen matrix further away.
In addition, Figure 6B,D show scanning electron microscopy

(SEM) micrographs of the collagen matrix for cell-containing,
alginate (Figure 6B) and alginate-collagen (Figure 6D) micro-
spheres encapsulated in 0.07 wt% collagen after 10 days in cul-
ture. Both micrographs depict a collagen hydrogel structure con-
sisting of long, thin fibers, however, Figure 6D also shows the
presence of shorter collagen fibers (red circles) that were origi-
nally part of the alginate-collagen composite. This in good agree-
ment with the two distinctively different types of collagen fibers
highlighted in the confocal analysis of these samples (Figures 3
and 4A,B).

3. Conclusion and Future Directions

In this work, a new method which enables the fabrication of
structurally complex hydrogel constructs with spatially defined
cell pockets and without the need of advanced techniques and
instrumentation is described. The use of soluble alginate and
alginate-collagenmicrocarriers resulted in the distinct formation
of a collagen-containing microenvironment within a larger, dif-
ferently structured macroenvironment.
The fabricated constructs do not shrink with an increased cul-

ture period, making it possible to study artificially engineered
constructs over a longer period of time. The facile encapsula-
tion of cells in alginate microspheres allows control over the
cell number, initial sphere-size, as well as, the design of the mi-
crostructure by adding components such as collagen or other
ECM-related components. In future studies, it could also be pos-
sible to add molecules such as growth factors to create biochem-
ical gradients at the macroscale. The use of the pre-osteoblast
cell line MC3T3-E1 showed that it was possible to create a lay-
ered construct with distinct cell-containing regions which mi-
grate into the construct and develop cell–cell contact points to
neighboring cells in 3D.
Owing to the simplicity of this method, it is possible to fab-

ricate much more advanced constructs in future studies. This
could be done by adding more, ECM-related, biopolymers to
the surrounding collagen matrix, introducing additional micro-
spheres containing a second cell population or even introduc-
ing gradients by applying several, intrinsically different layers on
top of each other. Furthermore, the microstructure of the micro-
spheres themselves can be modified, creating cell-specific pock-
ets which could, besides biopolymers such as, collagen, contain
biochemical molecules which consequently will also introduce a
chemical gradient in the whole system. These are only a hand-
ful of possible, future applications than can be done regarding
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developing an advanced 3D system which contains cell pockets
and could express physical, as well as, biochemical cues to facili-
tate cell migration and development.

4. Experimental Section
Chemicals: All chemicals were purchased from Sigma-Aldrich unless

stated otherwise. De-ionized milli-Q water (MQ-water, 18.2 MΩcm–1)
was used throughout the experiments. Sodium alginate (Protanal LF200S,
FMC Biopolymers, MW = 2.74 × 105 g ∙mol–1, fraction of G-monomers:
FG = 0.68) was used for the microsphere preparation. Rat tail collagen
type I used in this study was purchased from ThermoFisher Scientific
(3 mg mL−1, catalogue number: A1048301). For the preparation of the
collagen precursor solution, the manufacturers protocol was followed but
PBS was exchanged with 0.1 m MOPS, pH 7.4. Concentrations of algi-
nate and collagen solutions were adjusted using ascorbic acid-free cell
media (ThermoFisher Scientific, 𝛼-MEM no ascorbic acid, catalogue num-
ber: A1049001; supplemented with 10% fetal bovine serum, 0.5% 200 mm
l-Glutamate, 1% Gentamicin).

Cell Culture and Preparation of Alginate- and Alginate-Collagen Micro-
spheres: MC3T3-E1 (subclone 4) cells were cultured and expanded in
ascorbic acid-free cell media. Prior to the incorporation of cells in algi-
nate and alginate-collagenmicrospheres, the cells were stainedwith 35 μM
CellTracker Blue (CMF2HC, ThermoFisher Scientific) in suspension for
40 min at 37 °C in serum-free cell media. Cells were centrifuged and re-
suspended in fresh cell culture media before combining them with 0.6
weight per volume (wt)% alginate or 0.6 wt% alginate—0.07 wt% col-
lagen precursor solution in a syringe. The collagen precursor solution
was prepared according to the manufacturers protocol but with exchang-
ing the PBS with 0.1 MOPS, pH 7.4. The syringe was mounted in a mi-
crofluidic pump. The microspheres were prepared using an in-house elec-
trostatic droplet generator, with a nozzle size of 0.35 mm, operating at
7 kV, a gelling bath containing 50 mm calcium chloride (CaCl2), 50 mm
sodium chloride (NaCl), and 10 mm Tris (hydroxymethyl)-aminomethane
(TRIS) at pH 7.3 and a flow of 55 mL h−1. Upon contact of the
cell-containing alginate- and alginate-collagen solutions with the gelling
bath, the calcium ions crosslinked the alginate and, hence, encapsulat-
ing the cells in generated alginate- and alginate-collagen microspheres.
Microspheres were collected using a pluriStrainer (pluriSelect Life Sci-
ence, Germany) with a mesh size of 100 μm and transferred to culture
media.

Fabrication of Spatially Confined, Cell-Enriched Regions in Collagen Hy-
drogels: Silicon isolator sheets (Grace Bio-Labs, catalogue number:
GBL665201, Merck) were used as a mold during the preparation of the
collagen gels. Each well (8.5 mm diameter, 1.7 mm depth) was separately
cut from the template and placed in a glass-bottom 12-wellplate (0.17 mm
cover glass thickness, #1.5H, P12-1.5H-N, Cellvis) with the adhesive side
facing down. In this mold, a first, thin layer of 0.07 wt% collagen was de-
posited (50 μL). For the preparation of the collagen precursor solution, the
protocol as described in the "Chemicals" sub-section was followed. The
collagen fibers assembled for 2 h in a humidified atmosphere at 37 °C.
For the second layer, the collagen solution was prepared in a similar man-
ner as the first layer but containing additional cell-alginate or cell-alginate-
collagen microspheres. After the deposition of the second layer (120 μL)
the whole construct gelled for 3 h in a humidified atmosphere at 37 °C
before adding ascorbic acid-free cell media. Each sample contained 5 to
8 microspheres. One day after the preparation of the collagen construct,
the alginate hydrogel was dissolved using pre-warmed 50 mm ethylenedi-
aminetetraacetic acid (EDTA, pH 8.0, Invitrogen) in PBS, pH 7.4, for 10
min. The samples were afterward immersed in ascorbic acid-free cell me-
dia.

Fabrication of Cell-Containing Collagen Hydrogels: Collagen hydrogels
that contained suspended cells were prepared in a similar manner, adding
cells at a concentration of 50 000 cells mL−1. The gels were left to solidify
for 3 h at 37 °C and 5% CO2, afterward, ascorbic acid-free cell media was
added.

Evaluation of Cell Development and Their Interaction with the Collagen
Hydrogel Matrix: The interaction of the cells with the surrounding col-
lagen matrix was studied by SHIM of the assembled collagen fibers and
CLSM using a TSC SP8MP microscope (Leica Microsystems). The micro-
scope was equipped with standard photomultiplier tubes (PMT’s) and hy-
brid detectors (HyD’s). White light laser (WLL, Leica Microsystems, Imag-
ing Laser WLLPP) and a tunable, near-infrared laser Chameleon Vision-S
(Coherent) was used. All samples have been imaged using a 25x water
objective, NA = 0.95.

Prior the collagen hydrogel preparation, all cells were incubated with
Cell Tracker Blue (CTB), a long-term fluorescent stain that is retained in
the cytosol. However, after 72–96 h, the stain started to fade. Hence,
the cells were additionally stained with a Deep Red Plasma Membrane
stain (DRPM) prior imaging from day 4 onward. Briefly, the CellMask stain
(ThermoFisher Scientific, catalog number: C10046) was diluted 1:1000 in
pre-warmed PBS, pH 7.4, added to the samples and incubated for 30 min
before adding culture media. To simultaneously collect the second har-
monic generated SHIM and the 2-photon fluorescent signal from CTB, the
wavelength of the multiphoton laser was set to 765 nm. The SHIM signal
was detected using an external HyD detector in the range of 370–410 nm.
For the CTB signal, the signal was detected with an external HyD detector
in the range of 435–455 nm. The laser power was minimized to prevent
sample damage. The fluorescent signal of the DRPM stain was excited us-
ing a WLL at 649 nm and the emitted signal was collected with an internal
PMT. All images were taken with a frame size of 1024 × 1024, an imag-
ing speed of 100 Hz and a line average of 12. For illustration purposes, a
MATLAB program was used for image processing, including background
removal and brightness/contrast adjustments.

Control samples of undissolved alginate and alginate-collagen mi-
crospheres in a collagen hydrogel were stained after 10 days with
2 μM Calcein-AM and 4 μM ethidium homodimer-1 (LIVE/DEAD Viabil-
ity/Cytotoxicity Kit, Molecular Probes) in pre-warmed PBS, 40 min at 37 °C
and 5% CO2 for their live and dead cell content, respectively.

Characterization of Microspheres Prior Alginate Dissolution: After micro-
sphere preparation, the samples were imaged using an Andor Zyla SCMOS
camera attached to a Nikon Eclipse TS100microscope. Images were taken
using a 10x/0.3 Nikon Plan Fluor phase contrast objective. The diameters
weremeasured with the software ImageJ after calibration with a calibration
slide. The containing cells were countedmanually. Plots were prepared us-
ing Origin8 Pro Software.

Time-Series Documentation of Alginate Dissolution: A Nikon Eclipse
TS100 microscope with an attached Andor Zyla SCMOS camera was used
to record videos from the de-gelling of the alginate component. The sam-
ples were brought in focus using a 10x/0.3Nikon Plan Fluor phase contrast
objective. The de-gelling was induced with 100 μL of 50 mm EDTA in PBS,
pH 7.4.

Sample Preparation for Scanning Electron Microscopy: After 10 days of
culture, the samples were fixated using 4% paraformaldehyde in PBS, pH
7.4 for 6 h. The fixation solution was removed, and the samples were
washed once with PBS. A solution containing a total of 2.5 wt% agarose
in MQ-water was added and the samples were placed in an oven, set to
80 °C in a humidified environment. After 30 min, the samples were taken
out of the oven and the dissolved agarose cooled down to room temper-
ature with constant shaking using a roller mixer SRT6D (20 rpm, stuart
BioCote). The embedded samples were then cut into thin, 150 μm slices
using a vibratome (Leica VT1000S). The cut samples were dried using a
critical point dryer (Quorum K850). Prior imaging with a SEM APREO sys-
tem (ThermoFisher Scientific), the samples were coated with 12.5 nm of
platin/palladium (Pt/Pd, 80/20). The imaging was conducted at 1 kV, 6.3
pA, and an additional bias set to 50 V to prevent surface charging and
damaging.
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