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A B S T R A C T

The aim of this study was the evaluation of cross-linked gelatin microparticles (cGM) as substrates for osteogenic
cell culture to assemble 3D microtissues and their use as delivery system for siRNA to cells in these assemblies.

In a 2D transwell cultivation system, we found that cGM are capable to accumulate calcium ions from the
surrounding medium. Such a separation of cGM and SaOS-2 cells consequently led to a suppressed matrix mineral
formation in the SaOS-2 culture on the well bottom of the transwell system. Thus, we decided to use cGM as
component in 3D microtissues and get a close contact between calcium ion accumulating microparticles and cells
to improve matrix mineralization.

Gelatin microparticles were cross-linked with a N,N-diethylethylenediamine-derivatized (DEED) maleic an-
hydride (MA) containing oligo (pentaerythritol diacrylate monostearate-co-N-isopropylacrylamide-co-MA)
(oPNMA) and aggregated with SaOS-2 or human mesenchymal stem cells (hMSC) to microtissue spheroids. We
systematically varied the content of cGM in microtissues and observed cell differentiation and tissue formation.
Microtissues were characterized by gene expression, ALP activity and matrix mineralization. Mineralization was
detectable in microtissues with SaOS-2 cells after 7 days and with hMSC after 24–28 days in osteogenic culture.
When we transfected hMSC via cGM loaded with Lipofectamine complexed chordin siRNA, we found increased
ALP activity and accelerated mineral formation in microtissues in presence of BMP-2. As a model for positive
paracrine effects that indicate promising in vivo effects of these microtissues, we incubated pre-differentiated
microtissues with freshly seeded hMSC monolayers and found improved mineral formation all over the well in
the co-culture model. These findings may support the concept of microtissues from hMSC and siRNA-loaded cGM
for bone regeneration.
1. Introduction

Current strategies to support repair of critical size bone defects
include implantation of bone graft materials such as autografts, allo-
grafts, xenografts, and synthetic biomaterials, with autologous bone
being the gold standard for such therapies [1]. The risk of donor site
morbidity and pathologies as well as limited availability, however,
remain problematic issues for autografts. Allografts are an alternative but
have been associated to immune rejection and disease transmission [2].
Therefore, biomaterials for bone replacement are being progressed,
especially substances that could enhance fracture healing and bone
regeneration.
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In this study, we combined gelatin as cell-adhesive biomaterial with
an autologous-based approach for bone tissue engineering. Human
mesenchymal stem cells (hMSC) having the capacity to differentiate to
the osteogenic, chondrogenic and adipogenic lineage are widely applied
in engineering of bone or cartilage. The expansion of hMSC in a classical
two-dimensional (2D) cell culture system, however, requires a proteo-
lytic treatment, e.g. with trypsin, that leads to the destruction of
important matrix proteins and cellular interactions. The cultivation of
cells in a three-dimensional (3D) environment offers the advantage that
the cell-cell contacts are preserved, resulting in enhanced biological
functions or differentiation of cells and more efficient production of
extracellular matrix proteins than in single cells [3].
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Nevertheless, the cultivation of cell aggregates is often associated
with problems, such as necrotic core formation due to lacking supply
with oxygen and nutrients caused by consumption in the densely packed
cell layers and gradient formation to the inner cell layers [4]. The
incorporation of hydrogel materials, e.g. gelatin microparticles, into the
aggregate reduces the number of cells per volume and supports the
supply of cells in the inner part by improved diffusion exchange of nu-
trients and oxygen though the hydrogel matrix [5,6].

The combination of 3D cell culture and microparticles, here
addressed as microtissues, could form the basis of building blocks for
tissue reconstruction. Gelatin microparticles were cross-linked (cGM)
with an anhydride containing oligomer developed in our group [7–9] and
incorporated into SaOS-2 or hMSC aggregates (Fig. 1). Applying a
Fig. 1. Graphical outline of cross-linker, fabrication, and cross-linking of gelatin m
amine-derivatized (DEED) oligo (PEDAS-co-NiPAAm-co-MA) cross-linker. (b) Fabrica
with DEED-oPNMA. Cross-linked hydrogel network with incorporated DEED-oPNMA
with amide bonds. The derivatization of the MA with DEED leads to the incorporatio
Experimental procedure to obtain mineralized microtissues based on cross-linked ge
stimulated osteogenic medium and started mineralization after 7 days (SaOS-2 cells
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cross-linking strategy with gelatin is necessary to achieve and control
mechanical stabilities of the particles at physiological conditions. Uti-
lizing our specific anhydride-containing oligomeric cross-linker is
particularly interesting as the cross-linking strategy allows for a partial
and straight-forward, covalent modification with small amines to modify
physico-chemical or biological properties. In addition, our cross-linking
strategy has been shown to be biocompatible and the resulting pre-
dominantly negatively charged matrices may mimic properties of natural
extracellular matrix and support matrix mineralization via calcium ion
complexation by carboxylate groups [10–12].

A microtissue based regenerative approach also enables cells to be
treated ex vivo before microtissues are formed, or indirectly upon
microtissue formation with siRNA-carrying cGM, which could act as a
icroparticles and microtissues. (a) Chemical structure of N,N-diethylethylenedi-
tion of gelatin microparticles with emulsion technique and cross-linking reaction
. Gelatin was covalently cross-linked by non-derivatized maleic anhydrides (MA)
n of positive charges to the mainly negatively charged cross-linked network. (c)
latin microparticles (cGM) and SaOS-2 or hMSC. 24 h after seeding, cells were
) or 24 days (hMSC).
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drug delivery system and may allow a continuous stimulation to develop
functional tissue. The BMP-2 antagonist chordin was chosen as a prom-
ising target for our system. We and others have shown before that
silencing of chordin in combination with BMP-2 supplementation could
enhance osteogenic differentiation and accelerate mineralization in
osteogenic cultures of hMSC [13–16].

In this study, hMSC were transfected with chordin siRNA complexed
by Lipofectamine® RNAi/MAX directly before mixing with cGM or
indirectly by siRNA releasing cGM. Gene expression, ALP (Alkaline
phosphatase) activity and calcium content were analyzed. We demon-
strate that ALP activity and calcium content were positively influenced
by an initial transfection of cells as well as a prolonged cGM-based in-
direct transfection with chordin siRNA and simultaneous stimulation by
BMP-2. As proof-of-concept with regard to the application in bone de-
fects, we could show that differentiated microtissues are able to induce
and accelerate the mineralization of freshly seeded hMSC in co-culture.

2. Methods

2.1. Particle fabrication

Fabrication and cross-linking of gelatin microparticles with N,N-
diethylethylenediamine (DEED)-derivatized oligo (pentaerythritol dia-
crylate monostearate-co-N-isopropylacrylamide-co-maleic anhydride)
(oPNMA) was performed according to previously described protocols
[7–9]. Briefly, 5 g gelatin (from bovine skin, type B, 225 Bloom, Sigma
Aldrich, Seelze, Germany) was dispersed in 45 ml water and heated up to
60 �C to obtain a homogenous solution. Gelatin solution was added
dropwise to 200mL of Kollisolv®MCT (Caelo, Hilden, Germany) at 60 �C
and emulsified with an over-head stirrer at 800 rpm for 10 min. Conse-
quently, the W/O emulsion was cooled down with ice and stirred for 30
min. For particle hardening, 100 ml of cold acetone was added, and the
emulsion was stirred for another hour. Microparticles were washed with
acetone and dried before cross-linking with DEED-derivatized
oPNMA-7.5 (7.5 refers to the molar ratio of MA to pentaerythritol dia-
crylate monostearate during oPNMA synthesis; for more details please
refer to Ref. [9]) and a gelatin to cross-linker-ratio of 1:2 (these particles
are addressed as oPNMA 7.5–10% as this ratio correlates with an oPNMA
concentration in the acetonic solution of 10% (w/v)). The cross-linker
solution was prepared starting with the covalent derivatization of the
anhydride-containing oligomer with the heterobifunctional diamine
DEED. To this end, 116 μl DEED (Sigma Aldrich, Seelze, Germany) was
added to 2 g of oPNMA dissolved in 18 ml acetone and incubated for 2 h.
The amount of DEED was calculated to obtain theoretical derivatization
of 25% of intact anhydride groups in oPNMA. The solution of derivatized
DEED-oPNMA was added to microparticles dispersed in 2 ml acetone.
Water (10 ml) was added and stirred at 800 rpm for 4 h. Subsequently,
cross-linked gelatin microparticles (cGM) were repeatedly washed with
acetone and vacuum-dried overnight.

2.2. Particle characterization

The cross-linked particles were characterized with regard to the de-
gree of cross-linking, the particle size distribution and the phosphate
buffered saline (PBS) uptake capacity.

The degree of cross-linking was assessed by a standard colorimetric
assay (TNBS assay) which determines the amount of free amine groups
that were not consumed by the cross-linking reaction. Detailed in-
structions are provided in previously published protocols [7,17]. The
absorbance was measured spectrophotometrically at 346 nm (Genesys,
Thermo Scientifc™, Germany). The degree of cross-linking was calcu-
lated by comparing the amount of free amine groups of cross-linked and
non-cross-linked particles.

The average particle size of non-swollen particles was analyzed in
isopropyl alcohol by laser diffraction (Mastersizer 3000 with Hydro SV
dispersion unit, Malvern Panalytical GmbH, Kassel, Germany). The
3

dispersion was stirred at 2000 rpm for 5 min before the particle size
distribution was obtained from the diffraction signals using the
Fraunhofer approximation. To determine the swollen average particle
size, particles pre-swollen in PBS overnight were analyzed in PBS. The
results were expressed as the volume moment mean (D [3,4], De
Brouckere Mean Diameter).

The factor of PBS uptake is important for the post-fabricated loading
of cGM with API by swelling. To ensure that all of the API-containing
medium is taken up by the particles, the volume of the loading me-
dium was calculated using 80% of this factor. The determination was
carried out using a gravimetric method according to the literature [18].

2.3. Cell culture

SaOS-2 were cultivated in culture medium (CM) McCoys 5A (Sigma
Aldrich, Seelze, Germany), 15% (v/v) fetal bovine serum albumin (FBS,
Biochrome, Berlin, Germany) and 1% (v/v) Penicillin/Streptomycin (P/
S, Sigma Aldrich, Seelze, Germany). For osteogenic differentiation, cells
were seeded in a well plate with a density of 3�104 cells/cm2 in CM. After
24 h cells were stimulated with osteogenic medium (OM/OMþBMP�2)
based on DMEM (Sigma Aldrich, Seelze, Germany), 10% (v/v) FBS, 1%
(v/v) P/S, 100 nM Dexamethasone (Sigma Aldrich, Seelze, Germany),
285 μM Ascorbic acid (Sigma Aldrich, Seelze, Germany), 10 mM
β-Glycerophosphate disodium salt hydrate (Sigma Aldrich, Seelze, Ger-
many) and with/without 100 ng/ml bone morphogenetic protein (BMP-
2, R&D Systems, Wiesbaden, Germany). DMEMwith 10% FBS and 1% P/
S served as control. Humanmesenchymal stem cells (hMSC, Lonza, Basel,
Switzerland) were cultivated in culture medium (CM) DMEM, 10% (v/v)
FBS, 1% (v/v) MEM non-essential Amino Acid Solution (AA, Sigma
Aldrich, Seelze, Germany) and 1% (v/v) P/S. Osteogenic differentiation
was performed in DMEM, 10% (v/v) FBS, 1% (v/v) AA, 1% (v/v) P/S,
100 ng/ml Dexamethasone, 50 μg/ml Ascorbic acid, 10 mM β-Glycer-
ophosphate and with/without 100 ng/ml BMP-2.

2.4. Cell viability

Analysis of cytotoxicity was performed in a NUNC® carrier plate
transwell system (insert position: medium). Different amounts of cGM (4
mg, 10 mg, 20 mg) were swollen and suspended in 1.5 ml Mc Coys
medium with 15% FBS and 1% P/S. Particle suspension was added in the
upper chamber to 24 h pre-seeded SaOS-2 cells (6�104 cells/Well) and
gently shaken on orbital shaker (70–80 rpm) for 30 min at 37 �C and 5%
CO2. Samples were incubated under static conditions for further 48 h.
Cell viability was investigated by ROTITEST® Bio Analysis (Carl Roth,
Karlsruhe, Germany) in accordance with the manufacturer instructions.
Supernatant of incubated samples were collected and measured in a 96
well plate with a Tecan infinite m200 (Tecan, M€annedorf, Switzerland)
plate reader and normalized to non-treated control.

2.5. Calcium quantification

Analysis of calcium absorption through cGM was performed in a
NUNC® carrier plate transwell system (insert position: medium). 5 mg of
cGM were added in the upper chamber to 24 h pre-seeded SaOS-2 cells
(6�104 cells/Well) and gently shaken on orbital shaker (70–80 rpm) for
30 min at 37 �C and 5% CO2. Samples were incubated under static
conditions for further 24 h and medium was changed to OM. Superna-
tants were collected in reaction tubes. Calcium absorption was measured
by Calcium AS FS (Diasys, Holzheim, Germany) according to the manual.
Deficits of calcium in supernatants were calculated as absorption by the
cGM.

For another experiment, calcium concentration was increased up to
15% to compensate for absorbed calcium. To analyze mineralization of
cells and microtissues, medium was removed and samples were carefully
washed with warm PBS (37 �C). For cell lysis, 0.5 N HCl (Th. Geyer,
Berlin, Germany) was added, and samples were incubated at room



Table 1
The sense and antisense sequences of chordin siRNA.

siRNA SEQUENCE (50-30)
siCHORDIN Sense G.G.U.G.C.A.C.A.U.A.G.C.C.A.A.C.C.A.A.dT.dT

Antisense U.U.G.G.U.U.G.G.C.U.A.U.G.U.G.C.A.C.C.dT.dG

Table 2
TagMan™ Gene Expression assays.

Target

ALPL Alkaline phosphatase activity, liver/bone/kidney HS01029144_m1
CHRD Chordin HS00415315_m1
IBSP Integrin-binding sialo Protein HS00173720_m1
OCN Osteocalcin Hs01587814_g1
RPLP0 60S acidic ribosomal protein P0 HS99999902_m1
RUNX2 Runt-related transcription factor 2 HS00231692_m1
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temperature (RT) for 24 h during shaking. Afterwards samples were
transferred to reaction tubes, incubated in an ultrasonic bath for 2 h and
shaken for further 12 h at RT. Samples were measured as described above
and calcium content was calculated relative to DNA content per well.
2.6. pH measurement

5 mg of cGM were swollen in 40 μl of OptiMEM® for 30 min at 4 �C,
resuspended in 1.5 ml OptiMEM® and transferred to a well plate. Particle
suspension was gently shaken on orbital shaker (70 rpm) for 30 min at
37 �C and 5% CO2. Samples were incubated under static conditions for
24 h. Measurement of pH was performed in supernatant with pH elec-
trode (Thermo Scientific™, Germany).
2.7. 3D culture with cGM and cells as microtissues

To obtain 3D cell-microparticle-spheroids, SaOS-2 cells and hMSC
were cultured in CM until 90% confluency and detached with Trypsin/
EDTA. 100 μl of single cell suspension (105 cells�ml�1) were added to
100 μl of cGM suspension (0.21, 0.64 or 8.3 mg�ml�1) in OptiMEM®
supplemented with 10% FBS in one well of a low adhesion 96 well plate
(Spheroid microplate, Corning, NY, USA) and gently shaken for 1–3 s.
Based on the calculated surface area of cGM (calculated using the
determined diameter), we decided on ~ 100 (0.021 mg) and ~300
(0.064 mg) particles/104 cells in one spheroid micro well [6,19]. The
ratio of 0.83 mg cGM/104 cells was chosen because it corresponds to the
amount used in 2D transwell experiments. Samples were incubated at 37
�C and 5% CO2. For osteogenic differentiation mediumwas changed 24 h
after treatment with cGM to OM or OMþBMP�2. Medium change or
washing steps were performed partially twice by careful removing of 200
μl used medium and replacing by 200 μl fresh medium.
2.8. Transfection of hMSC in microtissues

For single transfection, 15 ng chordin siRNA (Dharmacon, Lafayette,
Colorado) was complexed with Lipofectamine® RNAiMAX (Thermo
Scientific™, Germany) for 5–10 min at RT according to the manufac-
turer's instructions (for siRNA sequence see Table 1). Complexed siRNA
was added to 104 cells in 200 μl OptiMEM®with 10% FBS. After 30 min,
100 μl of cGM suspension (6.4 μg�ml�1) in OptiMEM® supplemented
with 10% FBS was added and carefully pivoted. Next day, the medium
was changed to osteogenic medium by partially removing 200 μl trans-
fection medium and addition of 200 μl fresh medium, twice.

For cGM-based transfection, 703.13 ng Chordin siRNA and 15.78 μl
Lipofectamine® RNAiMAX were complexed in 24 μl for 5–10 min at RT,
added to 3 mg dried cGM and vortexed immediately for 5 s and incubated
at 4 �C for 30 min. Subsequently, loaded cGM were resuspended in
4687.5 μl OptiMEM® supplemented with 10% FBS. 100 μl corresponds
with a cGM mass of 0.064 mg loaded with 15 ng siRNA. Then, cell sus-
pension and cGM suspension were mixed in one well of a low adhesion
96 well plate and gently shaken for 1–3 s. Samples were incubated at 37
�C and 5% CO2. Medium was changed to OM or OMþBMP�2 after 24 h.
Medium change or washing steps were performed partially twice by
careful removing of 200 μl used medium and replacing by 200 μl fresh
medium.

In order to exclude off-target effects, All Stars Negative Control siRNA
(Qiagen, Hilden, Germany) was used as a non-coding control.
4

2.9. Co-culturing of differentiated microtissues with hMSC

Microparticles were loaded with siRNA and assembled into micro-
tissues with hMSC as described above. Microtissues were cultured for
seven days in OM or OMþBMP�2. A hMSC suspension with 6.0�104 cells/
well was seeded 24 h prior co-culture in a 24 well plate. Two micro-
tissues/well being added to adherent hMSC monolayer at the well edges.
Samples were cultivated in OM without BMP-2 and analyzed after ten
days.

2.10. Quantitative RT-PCR

Medium was removed and samples were washed with warm PBS (37
�C). Microtissues were collected in Eppendorf tubes and centrifuged at
420 rcf for 5 min in order to remove remaining PBS. Total RNA was
isolated with RNeasy®Mini Kit (Qiagen, Hilden, Germany) including on-
column DNA digestion according to the manufacturer's instructions. RNA
quantity and purity were determined using Synergy H1 (BioTek, Bad
Friedrichshall, Germany) and Take3 Micro-Volume Plate (BioTek, Bad
Friedrichshall, Germany). Synthesis of cDNA was performed using High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems™, Thermo
Scientific™, Germany) according to the manual. 500–1000 ng of total
RNA were reversely transcribed. Real time PCR was performed with
BioRad CFX Touch (BioRad, Feldkirchen, Germany) using TaqMan™
Universal Master-Mix for PCR (Applied Biosystems™, Thermo Scienti-
fic™, Germany) and TaqMan Gene Expression Assay (Applied Bio-
systems™, Thermo Scientific™, Germany) in Multiplate® PCR Plates™
(BioRad, Feldkirchen, Germany). The real-time PCR conditions were as
follows: at 50 �C for 2 min, polymerase activation at 95 �C for 10 min,
followed by 40 cycles of 95 �C for 15 s and 60 �C for 60 s 60S acidic
ribosomal protein P0 (RPLP0) is very stable during osteogenic differen-
tiation of hMSC and was used as housekeeping gene [20]. Used Taq-
Man™ probes are listed in Table 2. Gene expression levels were
calculated with reference to non-treated cells and set to 1 as control.

2.11. DNA content

Medium was removed and samples were washed with warm PBS (37
�C). The DNA quantity was measured in a Plate Reader Synergy H1
(BioTek, Bad Friedrichshall, Germany) using Quant-iT™ PicoGreen™
dsDNA (Invitrogen™, Darmstadt, Germany) following a previously
described protocol [14,21]. A standard curve of increasing DNA dilutions
(Invitrogen™, Darmstadt, Germany) in a range of 0.001–10 μg/ml was
used for quantification of unknown samples.

2.12. Alkaline phosphatase (ALP) activity

Medium was removed and samples were washed with warm PBS (37
�C). Cell lysis andmeasurement of ALP activity were performed following
a previously described protocol [14,21] in a Plate Reader Synergy H1
(BioTek, Bad Friedrichshall, Germany). ALP activity was normalized to
the DNA content per microtissue determined at the same time points.

2.13. Live-dead-staining

Medium was removed and samples were washed with warm PBS (37
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�C). Live-dead-staining was performed following a previously described
protocol [22] and analyzed with confocal microscope Leica TCS SP8 and
LAS X Software (Leica, Wetzlar, Germany).
Fig. 2. (a) Schematic illustration of transwell system used for pH measurement, cell v
in presence of varying cGM concentrations over 24 h. (c) Cytocompatibility of varyin
to non-treated control without cGM in the upper chamber. (d) Relative calcium ion c
for 7 days with and without cGM in the upper chamber of a transwell system. (e) Ca
without cGM. (f) Mineralization of SaOS-2 cells in presence or absence of cGM. Statis
without cGM and (x) between control group with and without CaCl2 supplementatio
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2.14. Osteoimage™ mineralization assay

Mineralization was analyzed by staining hydroxyapatite with Osteo-
Image (Lonza, Basel, Switzerland). Microtissues were carefully washed
iability and calcium ion binding. (b) Stability of pH value of surrounding medium
g cGM concentrations with SaOS-2 cells after 48 h. Cell viability was normalized
oncentration in the supernatant of SaOS-2 cells cultivated in osteogenic medium
lcium ion deficit in supernatants in local distance to cGM normalized to samples
tically significant differences (p < 0.05) are indicated with (*) between with and
n.
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with warm PBS (37 �C) and fixed with 10% paraformaldehyde (PFA) for
1 h at RT. Staining was performed according to manual. For visualizing
cell morphology, samples were stained with 1 μl 40,6-diamidino-2-phe-
nylindole (DAPI) and 25 μl Alexa Fluor™ 568 Phalloidine (Thermo Sci-
entific™, Germany) per 1 ml 2% BSA in PBS for 1 h at RT protected from
light. Then, cells were washed twice with 2% BSA in PBS for 5 min each.
For imaging confocal microscope Leica TCS SP8 and LAS X Software
(Leica, Wetzlar, Germany) were used.
2.15. Alizarin red staining (ARS)

Medium was removed and samples were carefully washed with warm
PBS (37 �C). Samples were fixed with 10% PFA for 1 h at RT. After fix-
ation, samples were washed twice with dH2O. Staining was performed
with filtered 40 mM alizarin red S pH 4.2 (1:100 dilution; Sigma Aldrich,
adjusted by ammonia hydroxide) for 15 min at RT and gentle shaking.
Dye was removed and samples were washed 5 times with dH2O. Quan-
tification was performed with ImageJ (National Institutes of Health,
USA) by binarization and determination of the ARS positive area. Results
Fig. 3. Live-dead staining of SaOS-2 microtissues after 96 h of cultivation. Represen
homodimer) illustrating the effects of particle amount per microtissue and medium (c

6

were normalized to non-treated control.
2.16. Statistics

Statistical testing of mean differences was performed in Microsoft
Excel and GraphPad Prism (version 9.2.0) using one-way or two-way
analysis of variance (ANOVA) and Tukey post hoc test. Statistically sig-
nificant differences between groups (p< 0.05) are indicated by (*), (x) or
(#).

3. Results

3.1. Characterization of oPNMA-7.5þDEED-cross-linked gelatin
microparticles

DEED-derivatized cGM were obtained as a free flowing, dry powder
with a degree of cross-linking of 37.2% and an average particle size of D
[3,4] ¼ 70.8 μm in the dry state (Figure S1). The factor of PBS uptake,
which is important for the post-fabricated loading of cGM by swelling,
tative confocal laser scanning microscopy images (green: Calcein, red: Ethidium
ontrol: culture medium, OM: osteogenic medium). Scale bar represents 500 μm.
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was calculated to be 12.4. The average particle size of the particles
swollen in PBS overnight is D [3,4] ¼ 130 μm.

3.2. Stability, cytocompatibility and calcium ion absorption of cGM

In a first approach, we investigated the influence of functional groups
of the cross-linker on the pH value of the cell culture medium and cell
viability. The separation of particles and cells in the transwell system
enabled a focused analysis with exclusion of mechanical stress, hypoxia
or physical interactions between cells and material (Fig. 2a). After 24 h in
OptiMEM® with 10% FBS we determined no effect on medium pH
(Fig. 2b), even in presence of large amounts of cGM. No cytotoxic effects
in SaOS-2 cell culture were detectable after incubation for 48 h in the
transwell setup with 4, 10 or 20 mg cGM per well (Fig. 2c). Surprisingly,
upon osteogenic stimulation of SaOS-2 cells, we determined an
increasing depletion of calcium ions from the supernatant medium
compared to wells without cGM (Fig. 2d/e) with the consequence of
reduced mineral formation in the cell culture (data not shown). The
supplementation of calcium ions by the addition of CaCl2 to OM influ-
enced cell mineralization in absence of cGM but not in presence of the
Fig. 4. (a) Effects of particle mass and medium type on morphology and tissue format
contrast images (black and brown shades indicate mineralization) and (b) DNA cont
Scale bar represents 500 μm.
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particles (Fig. 2f). Gelatin microparticles added to SaOS-2 or hMSC in 2D
culture remained stable over the entire cultivation time of up to 40 days.
Preliminary in vitro tests with collagenase A showed, that the particles are
completely enzymatically degradable (data not shown).

3.3. Development of microtissues with different cell types

Having in mind that cGM may accumulate calcium ions, we aimed to
establish a protocol to combine cGM and osteogenic cells in microtissues
to get a close contact. For the proof-of-concept, SaOS-2 cells were used as
model system for osteogenic cells. First, different amounts of cGM, 0.021
mg, 0.064 mg and 0.83 mg, were mixed with a cell suspension with 104

cells in a spheroid micro well and incubated with CM or OM for 96 h
(Fig. 3). Live-dead-staining was performed, and samples were analyzed
with confocal laser scanning microscopy. Microtissues incubated in OM
apparently showedmore living cells and less densely packed structures in
the inner core than in CM. Samples with no or low amounts (0.021mg) of
cGM in CM showed a typical necrotic core (red) and an outer prolifera-
tion zone (green), which is known from other pellet cultures [3]. This
effect was mitigated by an increased particle fraction per microtissue.
ion of SaOS-2 cell-based microtissues after 7 day of culture. Representative phase
ent of microtissues on day 7. control: culture medium, OM: osteogenic medium.



Fig. 5. Biocompatibility of cGM: (a) DNA content as a
measure of cell proliferation in microtissues with
SaOS-2 cells over 7 days in culture medium. (b) Live-
dead-staining of microtissues with SaOS-2 cells after 7
days in osteogenic medium (green: Calcein, red:
Ethidium homodimer). Representative confocal laser
scanning microscopy images. Statistically significant
differences (p < 0.05) are indicated with (*) between
microtissues and SaOS-2 only and with (#) between
microtissues and cGM only.
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Mineralization of microtissues was visually estimated by appearance of
brown color after 7 days (Fig. 4a). DNA content, as a measure for cell
proliferation, showed a maximum with a cGM amount of 0.064 mg/mi-
crotissue while lower DNA contents were found with either higher or
lower cGM amounts in medium with and without osteogenic supple-
ments (Fig. 4b). Based on the data from the live-dead-staining and the
mineralization studies, the optimal cell to particle ratio (104 cells/0.064
mg) was used in order to analyze biocompatibility of our material over 7
days in culture medium for SaOS-2 cells (Fig. 5). We measured a
continuous increase for DNA and detected completely overgrown mi-
croparticles in the live-dead-staining. This cell to particle ratio was then
used in the following experiments and transferred to hMSCs.

In order to analyze the quality of deposited minerals, microtissues
were stained with OsteoImage™ (green) for hydroxyapatite (Figs. 6 and
7) and analyzed with confocal laser scanning microscopy. Phalloidin
staining of cell cytoskeleton revealed a dense network of cells and cGM.
On day 7, microtissues from SaOS-2 cells, which were incubated in OM,
showed strong mineralization of the incorporated cGM and deposited HA
crystals in the matrix around the cells. Cells and particles interact in a
dense network, but with less compactness than in CM only. Microtissues
from hMSC showed a round and compact structure after 28 days.
Mineralization of stem cell-based microtissues occurred after 24–28 days
in OMþBMP�2 and was focused on the incorporated cGM as seen in SaOS-
2 microtissues.
3.4. Chordin silencing & BMP-2 stimulation in microtissues

In the next step, we elaborated the system for the release of siRNA as
an active pharmaceutical ingredient (API) (Fig. 8a). As proof-of-concept
and positive control, we transfected hMSC with chordin siRNA 30 min
before cGM addition. In a second group, hMSC were transfected
8

indirectly by loading the siRNA to cGM. Non-coding siRNA was used to
exclude off-target effects. Effective chordin silencing was shown in the
directly transfected group after 4 and 6 days, but no significant silencing
was found in the cGM-transfected samples (Fig. 8b). Samples in the OM
group (without BMP-2) were not significantly influenced by transfection
with chordin siRNA in contrast to the BMP-stimulated group. Directly
transfected cells as well as indirectly transfected cells showed a signifi-
cantly increased ALP activity (Fig. 8c). In presence of BMP-2, indirectly
transfected microtissues started mineralization already after 14 days and
showed higher calcium ion accumulation on day 18 than directly trans-
fected samples (Fig. 8d), whereas mineralization in BMP-2 stimulated
samples without siRNA transfection started after 24 days.

In addition to the protein and mineralization data, we analyzed gene
expression of osteogenic markers in cGM-transfected microtissues to
evaluate the differentiation to the osteogenic lineage (Fig. 9). ALP, IBSP
and OCN expression in chordin-silenced samples were significantly
increased in comparison to control groups when microtissues were
incubated in OM. However, we could not detect differences in micro-
tissues cultivated in OMþBMP�2 at the investigated time points except for
OCN in the early phase.
3.5. Induction of mineralization in undifferentiated hMSC

To investigate possible paracrine osteogenic effects of differentiated
microtissues on undifferentiated hMSC, we incubated freshly seeded
hMSC with differentiated microtissues in OM for further 10 days. For
microtissue formation, cGM were loaded with siRNA and incorporated
into hMSC aggregates. Microtissues were differentiated for 7 days in OM
or OMþBMP�2 before being added to an adherent hMSC monolayer.
Monolayer cells were cultivated in OM without BMP-2 and analyzed on
day 10. Microtissues, loaded with chordin siRNA and differentiated with



Fig. 6. Mineral formation in SaOS-2 microtissues after 7 days in osteogenic medium (OM). Representative confocal laser scanning microscopy images of Osteoimage®
stained hydroxyapatite in microtissues (green: hydroxyapatite, red: actin cytoskeleton). Scale bars represent 500 μm.
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BMP-2, started mineralization after 7 days in co-culture with undiffer-
entiated hMSC. After 10 days, mineralization had spread starting from
the microtissues, and cells all over the well began to form mineralized
matrix (Fig. 10).

4. Discussion

4.1. Mineralized microtissues in an osteogenic environment

The regeneration of defects in tissues by a microparticle-based cell
carrier offers several advantages compared to scaffold-based approaches.
9

These include the use of pre-differentiated cells for therapeutic applica-
tion in combination with a minimally invasive clinical procedure.
Additionally, the use of individual single units provides the basis for a
modular principle and the construction of multi-unit systems with freely
selectable and combinable biophysical (porosity, stiffness, topography,
size shape) and biochemical (e.g., antibodies, peptides, carbohydrates,
growth factors) properties [23].

Cell-cell interactions take place in all directions in the 3Dmicrotissues
and the shape, stiffness and geometry of the microparticle substrate are
critical conditions for the cell fate and functional behavior [24]. The
generation of tissue-like structures or organoids is gaining attention for



Fig. 7. Mineral formation in hMSC microtissues after 28 days in osteogenic medium (OM þ BMP�2 or control OM). Representative confocal laser scanning microscopy
images of Osteoimage® stained hydroxyapatite in microtissues (green: hydroxyapatite, red: actin cytoskeleton). Scale bars represent 500 μm.
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regenerative aspects as well as the development of 3D drug screening
model systems for a wide range of applications [25]. A common limita-
tion of cell-aggregates is associated with the lack of vascularization and
corresponding insufficient transport and diffusion of nutrients or oxygen
[4].

In this study, we could demonstrate in different culture media that
cell aggregates with cGM show improved proliferation and finally dif-
ferentiation inside the microtissues. Tajima and Tabata have published
similar effects of the incorporation of gelatin microparticles into cell
aggregates in their studies [26,27]. Microtissues were not formed when
the amount of cGM was extremely high. This could be explained by the
physical suppression of cell-cell-interactions, which is mandatory for cell
regulation processes and differentiation [28]. The homogenous
10
distribution of cGM in the microtissues may keep the oxygen level at an
acceptable level and support osteogenic differentiation. In dense cell
aggregates without or with low amounts of cGM, oxygen level become
very low, which may promote stem cell differentiation into chondrocytes
[29,30], but may also cause cell death [4]. In order to generate stable
microtissues, a balance should be maintained between the degree of cGM
incorporation to improve the nutritional properties within the aggregates
and the optimal cell density for cell-cell interactions.

Cross-linked gelatin microparticles with DEED-derivatized oPNMA
are considered to support calcium ion absorption and mineralization of
the microtissues. The existing carboxyl groups in the gelatin and the
carboxyl groups built into by the cross-linker increase the negative
charges and support calcium ion absorption. Presumably, this also



Fig. 8. (a) Experimental set up of microtissues with hMSC and chordin silencing with direct and indirect transfection in OM and OMþBMP�2. (b) Quantification (qPCR)
of Chordin expression after 4 and 6 days, (c) ALP activity after 7 days and (d) mineralization after 18 days (ctr: non-treated control, nc: non-coding siRNA, chrd:
chordin siRNA). Direct TF: cells transfected 30 min before microtissue assembly, cGM TF: transfection via siRNA-loaded cGM. Statistically significant differences are
indicated with (*) between non-coding control and chordin siRNA-treated samples (p < 0.05).
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increases the nucleation of calcium phosphates and the mineralization
ability of cGM. Upon derivatization with DEED, anhydrides were
partially aminolyzed and tertiary amine groups were implemented,
which reduced the degree of cross-linking and negative charge density
11
[31]. DEED derivatization may alleviate calcium ion binding and pro-
mote moderate calcification, which leads to the formation of hydroxy-
apatite triggered by cells and not from the material alone. A
self-mineralization in absence of cells could not be observed within the



Fig. 9. Effect of chordin silencing effects on relative gene expression of osteogenic markers proteins during early osteogenic differentiation of hMSCs in microtissues.
hMSCs were indirectly transfected via cGM. Alkaline phosphatase (ALP), integrin-binding sialo protein (IBSP), osteocalcin (OCN) and runt-related transcription factor
2 (RUNX2) in hMSC microtissues cultivated for 2, 4 and 6 days in OM and OMþBMP�2 (ctr: non-treated control, nc: non-coding siRNA, chrd: chordin siRNA). Dif-
ferences in gene expression were determined using a two-way ANOVA, followed by Tukey's multiple comparisons test. Statistically significant differences are indicated
with (*) between non-treated control and chordin siRNA-treated samples and with (#) between non-coding control and chordin siRNA-treated samples (p < 0.05).
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first 14 days in a calcium- and phosphate-rich medium for the chosen
microparticles.

We used an osteogenic medium to supply the cells with β-glycer-
ophosphate as phosphate source and ascorbic acid during osteogenic
differentiation. The type of phosphate source could influence the quality
of mineralization and act as an intracellular signaling molecule for gene
expression of several osteogenic markers [32–35]. Furthermore, we
relied on dexamethasone as a standard supplement for osteogenic dif-
ferentiation [36]. Future studies need to show if osteogenic differentia-
tion in the microtissues will also take place in absence of dexamethasone.
As other studies have already shown, the key to osteogenic differentia-
tion may only be in the interaction of the cells with the extracellular
matrix [37].

Several non-collagenous proteins can initiate mineralization and
regulate the growth of minerals [38–40]. Anionic glutamic acid-rich
bone sialoprotein, for example, has been described as important factor
for the nucleation of hydroxyapatite. Moreover, osteocalcin, could act as
a nucleator for hydroxyapatite when immobilized, but in solution it in-
hibits mineralization [41,42]. Furthermore, the local pH value plays an
important role during hydroxyapatite growth [43]. We assume that the
mineralization in our microtissues is a cross-linker and
protein-dependent mechanism that needs to be analyzed inmore detail in
further studies.
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Contrary to the claims that BMP-2 is limited to a penetration depth of
200–400 μm thickness [44], we were able to clearly detect an influence
of BMP-2 on the cells in the microtissues. This could be explained by the
loose structures of cells and particles upon spheroid formation in the first
days until compact and stable microtissues are formed. It is known from
literature, that a single stimulation with BMP-2 for 15 min induces
osteogenic differentiation in hASC [45]. A combination of the biomate-
rial, calcium ion absorption, serum proteins and osteogenic supplements
could be decisive for the osteogenic differentiation under BMP-2. The
role of cGM-BMP-2 interaction and possible presentation of protein
structures to adherent cells is still unclear and needs to be investigated.
4.2. Chordin silencing enhances osteogenic differentiation in microtissues

The cGM can act as delivery devices within the microtissue aggre-
gates, presenting soluble signaling factors or loaded drugs [26,46] be-
sides providing the structural support for cell growth [5,47,48]. Chordin,
a naturally occurring and BMP-2-dependent protein, which inhibits the
interaction between BMP-2 and BMP-2 receptor, is a promising candidate
for bone regeneration [49,50]. Several studies demonstrated an
improved osteogenic differentiation by suppression of chordin and
simultaneous stimulation with BMP-2 [13–16].



Fig. 10. Induction of mineralization in hMSC monolayer cultured in presence of pre-differentiated microtissues in OM for 10 days (ctr: control, chrd: chordin siRNA,
nc: non-coding siRNA). Microtissues formed of hMSC and siRNA-loaded cGM were pre-differentiated in OMþBMP�2 for 7 days prior addition to hMSC monolayers. (a)
Representative images of hMSC monolayer after Alizarin Red staining in the middle of one well after 10 days of co-culturing. Scale bar: 1000 μm. (b) Microscopic
images of Alizarin Red staining (ARS) of the mineralized microtissue after preconditioning with chordin siRNA and BMP-2 stimulation and (c) quantitative analyses of
ARS and normalization of samples with different pre-differentiated microtissues to hMSC monolayer alone. Boxplots displaying the measured n-fold ARS positive areas
(median and mean values, interquartile range 25–75%).
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In our study, we compared direct transfection of hMSC with indirect
transfection via siRNA-loaded cGM. In the direct transfection group, stem
cells were treated with one dose of chordin siRNA before combining cells
and cGM in the spheroid micro wells. In the indirect transfection group,
chordin siRNA was loaded to cGM to obtain a local delivery reservoir of
siRNA before incorporation in microtissues. In presence of BMP-2 we
found in both chordin silenced groups elevated ALP levels compared to
non-treated and non-coding control. Samples, initially transfected with
chordin siRNA, started mineralization after 18 days. However, samples
which were indirectly transfected by cGM-released siRNA showed
significantly higher calcium ion deposition compared to the other groups.
Despite this convincingly increased ALP and calcium ion deposition, we
could only determine a tendency to decreased chordin expression in
indirectly transfected microtissues in contrast to the directly transfected
group. An explanation for this phenomenon could be a slow but long
13
lasting uptake of siRNA by the cells, which may have initiated osteogenic
downstream effects. This implicates that siRNA complexes remain bio-
logically active and are apparently not negatively affected by the particle
loading step. We assume, that siRNA complexes interact electrostatically
with cGM surface [51] and the majority of the complexes remain in place
due to limited diffusional exchange and longer diffusion distances in the
aggregate culture. Zeta potential analysis of complexed siRNA
(Figure S2) revealed positive surface charges which support loading to
cGM and enable binding to negative charged carboxyl groups. In close
contact with the microtissue forming cells, cGM immobilized siRNA
seems to become available for the cells. Analysis of osteogenic marker
gene expression showed differences in the OM groups for ALP, IBSP and
OCN. Nonetheless, the OMþBMP�2 group showed no clear differences in
gene expression, except for OCN in the very early phase of differentia-
tion. We suspect moderate long lasting silencing effects that need to be
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investigated more closely in future studies. In summary, we could
demonstrate that chordin siRNA delivery by cGM stimulates osteogenic
differentiation in microtissues at early points when BMP-2 was supple-
mented resulting in an increased deposition of mineral at later time
points.
4.3. Proof-of-concept: induction of mineralization in 2D hMSC

It has been shown that the use of pre-differentiated MSC is more
efficient in bone regeneration than undifferentiated or fully differenti-
ated stem cells [52,53]. In addition, it has been described that mineral-
ized hydrogels are able to induce bone regeneration in vivo [12]. In order
to set up a simple model to investigate paracrine effects of microtissues,
we combined the microtissue approach with undifferentiated conven-
tionally 2D cultured hMSC in a co-culture. Microtissues were loaded with
chordin siRNA and stimulated with OMþBMP�2 for 7 days prior adding to
a non-stimulated hMSC monolayer and co-culturing in OM for further 10
days. We observed that the accelerated differentiation of the micro-
tissues, that took place only after BMP-2 stimulation and cGM-induced
chordin silencing, also affected the stem cells that were still undifferen-
tiated in the co-culture. Our data clearly show that the mineralization of
the cells in the middle of the well with a large distance from the
micro-tissue was also accelerated compared to the control. A control
experiment (data not shown) in a transwell system with separated
microtissues and hMSC monolayers indicated that the hMSC monolayer
was stimulated via paracrine signaling. This supports paracrine osteo-
genic effects [54] of the microtissues that were missing in cGM loaded
with non-coding or without siRNA. Our developed microtissues can
induce mineralization presumably directly through cell-cell-contacts and
indirectly through secreted soluble factors, which needs to be investi-
gated more closely. By this proof-of-concept experiment, we demon-
strated that the treatment with pre-differentiated microtissues may be
promising for clinical application.

5. Conclusion

Cross-linked gelatin microparticles were successfully formed assem-
bled with SaOS-2 or hMSC into microtissues. Combined with autologous
hMSC, microtissues could be an innovative alternative to autologous
transplants used directly for bone tissue engineering via mini open sur-
gery or embedded in a carrier matrix (hydrogel, calcium phosphate
cement, fiber mesh, scaffold). In addition, microtissues could provide an
interesting system to set up organoid cultures as API test system.

Transfection with siRNA against chordin in addition with continuous
BMP-2 treatment leads to an accelerated osteogenic differentiation of
hMSC in cGM-based microtissues. In a co-culture model of prediffer-
entiated hMSC microtissues involving cGM mediated chordin silencing
with undifferentiated hMSC, we found accelerated osteogenic differen-
tiation of undifferentiated hMSC. This may be considered as an indica-
tion for promising in vivo osteogenic effects of our microtissues.
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