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ABSTRACT
Small interfering RNAs (siRNAs) have drawn particular attention for their ability to transiently and sequence-specifically silence
target genes, not only for systemic but also for localized application. For bone regeneration, targeting inhibitory regulators by
siRNAs offers opportunities to improve osteogenic–angiogenic coupling.
Conventional experimental models often oversimplify this interaction as they fail to capture these multicellular tissue dynamics.
To address this, we established a human three-dimensional co-culture model composed of osteogenic and vascular microtissues
embedded in fibrin hydrogels to investigate siRNA effects on microtissue interaction.
Local siRNA delivery to microtissues was achieved by oligomer-stabilized calcium phosphate nanoparticles (CaP-NP) loaded onto
cross-linked gelatin microparticles (cGM). siRNA/CaP-NP-loaded cGM were assembled with human mesenchymal stem cells
(hMSCs) tomicrotissues. This approachwas demonstrated by silencing two antagonists with distinct expression profiles: Chordin,
a low-abundance BMP inhibitor, andWWP-1, a highly expressed E3 ligase. Only Chordin siRNA improved the osteogenic-vascular
cross-talk, whereas WWP-1 siRNA effects were limited to osteogenic effects. Next-generation sequencing (NGS) supported these
results.

Abbreviations: α-SMA, alpha smooth muscle actin; ALP, alkaline phosphatase; ANGPT2, angiopoietin-2; Asc, ascorbic acid; β-Gly, β-glycerophosphate; BGLAP, bone gamma-carboxyglutamate
protein; BMP-2, bone morphogenetic protein 2; BMP-4, bone morphogenetic protein 4; BMPR1B, bone morphogenetic protein receptor type 1B; CaP-NP, oligomer-stabilized calcium phosphate
nanoparticles; CD31, cluster of differentiation 31; cGM, cross-linked gelatin microparticles; COL10A1, collagen type X alpha 1 chain; Ct, threshold cycle; CTNNB1, β-catenin; CXCL5, C-X-C motif
chemokine ligand 5; CXCL6, C-X-C motif chemokine ligand 6; DEED, N,N-diethyl ethylenediamine; DEGs, differentially expressed genes; DMP1, dentin matrix acidic phosphoprotein 1; DNA,
deoxyribonucleic acid; EDN1, endothelin-1; GLI3, GLI family zinc finger 3; GSK3B, glycogen synthase kinase 3 beta; HIF1A, hypoxia inducible factor 1 subunit alpha; hMSCs, human mesenchymal stem
cells; HUVECs, human umbilical vein endothelial cells; IBSP, integrin binding sialoprotein; IGF1, insulin-like growth factor 1; JunB, proto-oncogene, AP-1 transcription factor subunit; LRP5,
low-density lipoprotein receptor-related protein 5; MAPK, mitogen-activated protein kinase; MAP2K2, mitogen-activated protein kinase kinase 2; mRNA, messenger RNA; NGS, next-generation
sequencing; NRP2, neuropilin 2; oMT, osteogenic microtissues; oMTChrd, osteogenic microtissues transfected with Chordin siRNA; oMTctrl , osteogenic microtissues transfected with control siRNA;
oPNMA, oligo(pentaerythritol diacrylate-co-N-isopropylacrylamide-co-maleic anhydride); PECAM-1, platelet and endothelial cell adhesion molecule 1; pNP, para-nitrophenol; PTCH1, patched-1;
RANKL, receptor activator of NF-κB ligand; Runx2, runt-related transcription factor 2; SD, standard deviation; SERPIN1, serpin family E member 1; siRNA, small interfering RNA; SMAD1, mothers
against decapentaplegic homolog 1; SMAD2, mothers against decapentaplegic homolog 2; SMAD9, mothers against decapentaplegic homolog 9; SMURF1, SMAD specific E3 ubiquitin protein ligase 1;
TGF-β, transforming growth factor β; TNFSF11, tumor necrosis factor superfamily member 11; VEGF, vascular endothelial growth factor; vMT, vascular microtissues; WNT5B, Wnt family member 5B;
WNT10B, Wnt family member 10B; WNT11, Wnt family member 11; WWP-1, WW domain containing E3 ubiquitin protein ligase 1.
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1 Introduction

Nucleic-acid-based therapies represent a rapidly advancing field
within regenerative medicine, offering the ability to modulate
gene expression to direct cellular processes toward therapeutic
outcomes [1, 2]. Small interfering RNAs (siRNAs) have gained
particular attention due to their sequence-specific gene silencing
capacity [3, 4]. For regenerative applications, local siRNAdelivery
appears particularly advantageous as it enables transient and tar-
geted gene silencing, promising to modify directly and indirectly
the cellular milieu while minimizing systemic exposure [5, 6]
(Figure 1).

Among the many areas of application, regeneration of large bone
defects stands out as a field where siRNA-based strategies could
address one of the most persistent barriers to clinical success: the
necessary vascularization of the regenerating bone tissue [7–9].

In previous work, we demonstrated that local siRNA can effec-
tively stimulate osteogenic differentiation and formation of bone-
likemicrotissues [10, 11]. To address large, clinicallymore relevant

bone defects, however, vascularization must be considered, as
endothelial cells form networks that supply regenerating tissue
[12, 13]. Beyond nutrient supply, there is a cross-talk between
osteogenesis and angiogenesis that includes different kinds of
interactions, such as the secretion of growth factors and cytokines
by bone-forming cells as well as angiogenic factors by endothe-
lial cells, crucial for proper bone tissue regeneration [14, 15].
Additionally, cross-talk also relies on other factors, including
extracellular vesicles signaling as well as direct interaction,
e.g. via gap junctions [15–18]. Targeting inhibitory factors of
cross-talk via siRNA thus offers attractive ways to refine these
interaction, thereby promoting a more coordinated and effective
interplay between the two processes [19, 20]. Consequently,
evaluating siRNA effects in bone regeneration requires in vitro
co-culture systems that enable analysis of osteogenic-endothelial
communication.

Angiogenic effects are still predominantly assessed through sim-
ple standard in vitro assays, highlighting endothelial cell behavior
but neglecting capturing multicellular tissue interactions [14, 21–
25]. Such assays typically include endothelial cell proliferation,
2 of 24
investigation of siRNA-mediated modulation of osteogenic–
selecting therapeutic siRNA targets to advance vascularized

9, 2026, 13, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202504773 by U
niversitats- U

nd L
andesbibliothek D

üsseldorf, W
iley O

nline L
ib
We demonstrate that this co-culture platform permits systematic
endothelial interactions, offering a relevant human model for pre
bone tissue regeneration.

FIGURE 1 siRNA delivery in 3D cell cultures using cross-linked gelatin microparticles (cGM) and the associated co-culture platform for analyzing
siRNA-mediated crosstalk. a) Lyophilized cGM are combined with a solution containing siRNA-loaded, oligomer-stabilized calcium phosphate
nanoparticles to generate siRNA-loaded cGM. These siRNA-loaded microparticles are then assembled with cells into 3D cell cultures, where cells
interact with the microparticle platform that releases siRNA locally within the construct. b) A modular co-culture system of osteogenic and vascular
microtissues was designed to explore intercellular communication under siRNA-mediated modulation. Created in BioRender. Mitrach, F. (2025) CaP-
NP: oligomer-stabilized calcium phosphate nanoparticles; cGM: cross-linked gelatin microparticles; hMSCs: human mesenchymal stem cells;HUVECs:
human umbilical vein endothelial cells; siRNA: small interfering RNA.
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migration, and tube formation assays, with the latter often
employing human umbilical vein endothelial cells cultured on
matrices like Matrigel to mimic capillary-like structures [14, 21–
25]. Although these assays are rapid, quantitative, and useful
for initial screening, they do not capture the complexity of
cellular interactions and the long-term remodeling processes
essential for vascularized bone tissue regeneration [14, 21–25].
They also commonly lack supporting cell types such as pericytes,
which are vital for vessel stabilization, maturation, and sustained
functionality [14, 21–25]. Consequently, there is a need for more
advanced in vitro models that better replicate these cellular
interactions and preserve structural and functional integrity over
extended culture periods.

Addressing this demand, 3Dmicrotissue platforms have emerged
as a more physiologically relevant alternative, offering the ability
to recapitulate native tissue organization, extracellular matrix
composition, and cell-cell signaling [26, 27]. Building on this
advantage, efforts have focused on co-culture systems that seek
to combine both osteogenic and vascular development within
a single platform [28–35]. Most approaches rely on relatively
complex platforms employing a “hybrid” culture environment
that consists of a mixture of osteogenic and vasculogenic media
[29–31, 36]. However, such mixed conditions compromise tissue
maturation, as osteogenic media hinder vessel formation while
vasculogenic media impair osteogenic differentiation [29–31]. To
address this, an alternative strategy has emerged: microtissues
are separately precultured to induce appropriate lineage commit-
ment before being combined into multimodular constructs [32].
This modular approach allows for optimized differentiation of
each cell type prior to assembly, thereby reducing the conflicting
effects often encountered in conventional co-culture systems and
facilitating the investigation of osteogenic-angiogenic interac-
tions [32].

Although multimodular approaches represent a significant
advancement in co-culture design, delivering siRNA effectively
within 3D constructs remains challenging. siRNA–nanoparticle
complexes often exhibit limited tissue penetration beyond the
outer layers due to biological and physical barriers—including
extracellular matrix density, tight cell–cell junctions, and 3D
cellular layering [37–41]. Additionally, necrotic core formation
within central regions of spheroids/microtissues further impairs
tissue viability and siRNA delivery efficiency [42–44]. Thus, how
can we optimize siRNA delivery strategies in 3D tissue constructs
to enhance silencing efficiencywhile tackling the issues of limited
cell viability? Addressing this challenge requires delivery systems
that not only sustain cell viability but also enable efficient siRNA
transfection within 3D environments.

Cell-adhesive cross-linked gelatin microparticles (cGM) provide
such a platform by supporting tissue viability and simultane-
ously serving as localized siRNA carriers to achieve uniform
transfection within 3D constructs [10, 11].

During microtissue formation, cells attach to multiple siRNA-
loaded cGM, forming close cell–cell and cell–material interac-
tions. This architecture minimizes diffusion distances, enabling
efficient and homogeneous siRNA transfection. Unlike bulk
hydrogels, cGM create discrete, extracellular matrix-like niches
that enhance cell interactions, distribution, and matrix bridging

[45–47]. Structural heterogeneity in microtissues, consisting of
cGM and attached cells, supports localized diffusion and con-
centration gradients of siRNA and signaling molecules, better
mimicking the dynamic bone microenvironment than homo-
geneous bulk hydrogels. Consequently, cGM improves local
bioavailability of siRNA and cell-material interactions crucial for
establishing the bone-vascular interface [45–47].

In previous work, cGM loaded with siRNA/Lipofectamine
RNAiMax complexes achieved a gradual silencing of the BMP-2
antagonist Chordin in osteogenic microtissues, thereby promot-
ing osteogenic differentiation and reducing necrosis in human
mesenchymal stem cell-derived microtissues [10, 11]. Building
on our previous siRNA-cGM single-culture systems that enabled
lineage-specific osteogenic control, this study expands the focus
to the cross-talk with endothelial microtissues. We established a
3D human co-culture model that captures the dynamic interplay
between osteogenic and endothelial cells during siRNA-mediated
modulation within a microenvironment. This model overcomes
the limitations of 2D, Matrigel-based, and single-lineage sys-
tems by enabling mechanistic analysis of bidirectional signaling
underlying bone-vascular coupling.

A second task this study focused on is how to overcome the inher-
ently limited loading capacity of cGM. Lipid-based transfection
reagents such as Lipofectamine are limited by the maximal con-
centrations, preventing aggregation as well as potential toxicity of
high Lipofectamine concentrations. The resulting limited loading
of cGM with siRNA complexes can restrict dosing precision and
transfection efficiency. Therefore, employing delivery systems
with higher siRNA loading capacity would be advantageous to
achieve more effective and sustained gene silencing in com-
plex multicellular models. Among the multitude of transfection
systems, exosome-based systems serve as essential mediators
of cell–cell communication, especially for bone regeneration,
and hold great potential as endogenous siRNA carriers [48–
50]. Nevertheless, their large-scale production, heterogeneous
composition, and limited siRNA loading efficiency remain major
challenges for reproducible therapeutic applications [48–50]. In
a previous study, however, we found that oligomer-stabilized
calcium phosphate nanoparticles (CaP-NP) can serve as highly
efficient, biocompatible siRNA carriers for reliable gene silencing
[51]. A significant improvement of CaP-NP is their production
via a simple precipitation step in the presence of a stabilizing
oligomer and their ability to be up-concentrated via ultrafiltration
to achieve the necessary high siRNA concentration for cGM
loading without compromising transfection efficiency. Employ-
ing CaP-NPwas revealed as a scalable and reliable siRNAdelivery
platform and a prerequisite for silencing higher expressed targets
in this study.

The modular cGM design further permits independent pre-
differentiation of osteogenic and endothelial microtissues before
co-culturing, preventing lineage interference. The co-culturing
in a spatially defined fibrin hydrogel enabled mimicking the
spatiotemporal coordination of vascularized bone formation.
Together, these conceptual, technological, and structural inno-
vations establish a mechanistically advanced, human-relevant
platform for investigating therapeutic siRNA effects in bone
regeneration. In our study, we included two antagonists with dis-
tinct expression levels and functions: Chordin, a lower expressed
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TABLE 1 Final amounts of cGM and siRNA per 100 µL.

Loading amounts Cell culture medium for
resuspension

Final amount/100 µL

cGM
Concentrated

CaP-NP siRNA cGM CaP-NP

3.2 mg 50 µL 5000 µL 0.5 µg 0.064 mg 2 µL
100 µL 1 µg 4 µL

3.2 mg 50 µL 2500 µL 0.5 µg 0.128 mg 2 µL
100 µL 1 µg 4 µL

BMP antagonist that blocks activation of the BMP-2/Smad
pathway, and WWP-1, a higher expressed E3 ubiquitin ligase
that promotes proteasomal degradation of key osteogenic tran-
scription factors such as Runx2 and JunB, thereby suppressing
downstream differentiation. In order to determine downstream
effects of silencing Chordin or WWP-1, we investigated transcrip-
tomic changes indicating modified osteogenic and angiogenic
signaling by next-generation sequencing.

Finally, we hypothesize that integrating osteogenic and vascular
microtissues within a hydrogel matrix will establish a self-
sustaining microenvironment in which both osteogenic and
endothelial functions are preserved, and vascular networks
remain stable beyond the transient nature of conventional angio-
genesis assays. This platform will allow systematic screening of
siRNAs modulating osteogenic–vascular cross-talk and, in the
long term, may enable the generation of autologous microtissues
pre-stimulated via siRNA-loaded cGM. The siRNA targets can
be tailored to address individual patient needs, paving the way
for personalized microtissues that may serve as modular building
blocks for bone regeneration therapies.

2 Materials andMethods

2.1 Fabrication of Cross-Linked Gelatin
Microparticles

Gelatin microparticles cross-linked with N,N-diethyl
ethylenediamine (DEED)-derivatized oligo (pentaerythritol
diacrylate monostearate-co-N-isopropylacrylamide-co-maleic
anhydride) (oPNMA) (cGM) were fabricated according to the
previously described protocol [11]. In brief, 5 g gelatin (from
bovine skin, type B, 225 Bloom, Sigma Aldrich, Seelze, Germany)
was dissolved in 45 mL water at 60 ◦C. Then, gelatin solution
was added dropwise to 200 mL Kollisolv MCT 70 (Caesar &
Loretz GmbH, Hilden, Germany) at 60 ◦C, and the resulting
mixture was emulsified at 800 rpm for 10 min. The W/O
emulsion was cooled on ice and stirred for 30 min, followed
by the addition of 100 mL cold acetone and stirring for an
additional 1 h. The resulting pristine gelatin microparticles
(GM) were washed several times with fresh acetone and dried.
Subsequently, GM were cross-linked with DEED-derivatized
oligomers, including oPNMA-5, oPNMA-7.5 and oPNMA-10 at
a GM-to-cross-linker ratio of 1:2 (corresponding equivalent to
10% w/v oPNMA-x) to achieve varying crosslinking densities.
Prior to cross-linking, oligomer derivatization was achieved by
reacting a required amount of DEED (corresponding to 25%

theoretical derivatization of anhydride units, mol/mol) with 2 g
oPNMA-x in 18 mL acetone for 2 h. For the cross-linking step,
this solution was then added to the GM that were dispersed in
2 mL acetone. Subsequently, 1 mL of triethylamine (TEA) and
10 mL of demineralized water were introduced, and the reaction
mixture was stirred at 800 rpm for 4 h. cGM were washed with
acetone and dried under the fume hood overnight. Afterwards,
cGM were vacuum-dried for one day.

2.2 Formation and Cultivation of Osteogenic
Microtissues

2.2.1 Cell Culture

Human mesenchymal stem cells (hMSCs, Lonza, Basel, Switzer-
land) were cultivated in DMEM low glucose (Sigma-Aldrich,
Seelze, Germany) with 10% (v/v) fetal bovine serum (Sigma-
Aldrich, Seelze, Germany), 1% (v/v) MEM non-essential amino
acid Solution (Sigma-Aldrich, Seelze, Germany), and 1% (v/v)
penicillin/streptomycin (Sigma-Aldrich, Seelze, Germany) with
a density of 5.000 cells cm−2. Cells were cultivated at 37 ◦C in
a humidified cell culture incubator (Binder GmbH, Tuttlingen,
Germany) with 5% carbon dioxide. Medium was changed three
times a week. Subcultivation was done until 90% confluency was
achieved using trypsin/EDTA. Cell passages 3–5 were used for
experiments.

2.2.2 Preparation of siRNA-Loaded Cross-Linked
Gelatin Microparticles

Cross-linked gelatin microparticles were loaded with siRNA
via oligomer-stabilized calcium phosphate nanoparticles. These
were prepared with a total volume of 1,875 µL via the co-
precipitationmethod according to a previously described protocol
based using the stabilizing oligomer o14PEGMA(1:1:2.5)_NH3
[51]. In brief, 625 µL of a phosphate solution containing
140 mmol L−1 NaCl (AppliChem GmbH, Darmstadt, Germany),
3.75 mmol/L Na2HPO4 (AppliChem GmbH, Darmstadt, Ger-
many), and 50 mmol L−1 HEPES (AppliChem GmbH, Darm-
stadt, Germany) pH 7.0 was first mixed with 625 µL 40 µmol
L−1 o14PEGMA(1:1:2.5)_NH3 in 50 mmol L−1 HEPES pH 7.0
(AppliChem GmbH, Darmstadt, Germany). This mixture was
added to 625 µL calcium solution containing 25 µg siRNA
(Dharmacon, Lafayette, CO,USA) (2.5mol L−1 CaCl2 (AppliChem
GmbH, Darmstadt, Germany): 62.5 µL; 20 µmol L−1 siRNA:
93.75 µL; 10mmol L−1 Tris pH 7.0 (AppliChemGmbH,Darmstadt,
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TABLE 2 Sense and antisense sequences of Chordin and WWP-1
siRNA.

siRNA Sequence (5′-3′)

siChordin Sense G.G.U.G.C.A.C.A.U.A.G.C.C.A.A.C.C.A.A
Antisense

U.U.G.G.U.U.G.G.C.U.A.U.G.U.G.C.A.C.C.
siWWP-1 Sense

G.G.A.G.G.C.G.C.U.U.A.U.A.U.G.U.A.A.U.U.U
Antisense

A.U.U.A.C.A.U.A.U.A.A.G.C.G.C.C.U.C.C.U.U

Germany): 468.75 µL). Both solutions were gently mixed and
incubated for a minimum of 30 min at room temperature
to produce the final siRNA-loaded CaP-NP. Afterwards, CaP-
NP were transferred to Amicon Ultra-4 100K centrifugal filter
units (Merck Millipore, Tullagreen, Ireland) and centrifuged
(Centrifuge 5430 R, Eppendorf, Hamburg, Germany) at 2000 rcf
for 6 min to concentrate the nanoparticles to a volume of 50 µL.
For loading of cGM, concentrated nanoparticles were added to
lyophilized cGM and vortexed (ROTILABO Mini Vortex, Carl
Roth GmbH & Co. KG, Karlsruhe, Germany) until cGM was
uniformly covered and appeared transparent. Before further use,
loaded cGM were incubated at room temperature for 45 min.
Subsequently, loaded cGMwere resuspendedDMEM low glucose
(Sigma-Aldrich, Seelze, Germany) supplemented with 10% (v/v)
fetal bovine serum (Sigma-Aldrich, Seelze, Germany) and 1%
(v/v) MEM non-essential amino acids (Sigma-Aldrich, Seelze,
Germany) without antibiotics. Table 1 gives an overview of the
loading amount and final concentrations of siRNA and cGM per
100 µL cell culture medium.

As controls, cGM were loaded with DMEM low glucose (Sigma-
Aldrich, Seelze, Germany) only or AllStars Negative Control
siRNA (control siRNA, Qiagen, Hilden, Germany) to exclude
off-target effects (Table 2).

2.2.3 Assembly of cGM and hMSCs to Osteogenic
Microtissues

For assembly with the cGM, hMSCs were detached with
trypsin/EDTA (Sigma-Aldrich, Seelze, Germany) and cell num-
bers were determined via trypan blue (Sigma-Aldrich, Seelze,
Germany). 100 µL of single cell suspension (105 cells mL−1)
were added to 100 µL cGM suspension in DMEM low glucose
(Sigma-Aldrich, Seelze, Germany) supplemented with 10% (v/v)
fetal bovine serum (Sigma-Aldrich, Seelze, Germany), 1% (v/v)
MEM non-essential amino acid solution (Sigma-Aldrich, Seelze,
Germany) without antibiotics in one well of a BIOFLOAT 96-
well U-bottom spheroid plate (Sarstedt, Nümbrecht, Germany).
To ensure a fast and uniform seeding of hMSCs and cGM,
an E3 multipette (Eppendorf, Hamburg, Germany) was used.
After seeding, plates were gently shaken on an orbital shaker
(Heidolph Unimax 1010, Heidolph Instruments GmbH & Co.
KG, Schwabach, Germany) for 1 min at 110 rpm. Cells were
cultivated at 37 ◦C in a humidified cell culture incubator
(Binder GmbH, Tuttlingen, Germany) with 5% carbon dioxide.
After 24 h, the medium was changed to 100 µL osteogenic

medium based on DMEM low glucose (Sigma-Aldrich, Seelze,
Germany) supplemented with 10% (v/v) fetal bovine serum
(Sigma-Aldrich, Seelze, Germany), 1% (v/v) MEM non-essential
amino acid solution (Sigma-Aldrich, Seelze, Germany), 1%
(v/v) penicillin/streptomycin (Sigma-Aldrich, Seelze, Germany),
100 ng mL−1 dexamethasone (Sigma-Aldrich, Seelze, Germany),
50 µg mL−1 ascorbic acid (Sigma-Aldrich, Seelze, Germany) and
10 mmol L−1 β-glycerophosphate disodium salt hydrate (Sigma-
Aldrich, Seelze, Germany). Since Chordin is a bone morpho-
genetic protein 2 (BMP-2) antagonist, 100 ng mL−1 recombinant
human BMP-2 (R&D Systems,Wiesbaden, Germany) were added
to osteogenic medium for Chordin siRNA experiments. Medium
was changed three times a week by complete removal of culture
medium and replaced by 100 µL freshly prepared osteogenic
medium.

2.3 Formation and Cultivation of Vascular
Microtissues

2.3.1 Cell Culture

Human umbilical vein endothelial cells from pooled donors
(HUVECs, PromoCell, Heidelberg, Germany) were cultivated
in endothelial cell growth medium (PromoCell, Heidelberg,
Germany) with a density of 10 000 cells cm−2 according to
the manufacturer’s protocol. Cells were cultivated at 37 ◦C in
a humidified cell culture incubator (Binder GmbH, Tuttlingen,
Germany) with 5% carbon dioxide. Cell culture medium was
changed three times a week. Subcultivation was done until> 70%
confluency using DetachKit (PromoCell, Heidelberg, Germany)
according to themanufacturer’s protocol. Cell passages 3 – 6 were
used for experiments.

Human mesenchymal stem cells (hMSCs, Lonza, Basel, Switzer-
land) were cultivated in DMEM low glucose (Sigma-Aldrich,
Seelze, Germany) with 10% (v/v) fetal bovine serum (Sigma-
Aldrich, Seelze, Germany), 1% (v/v) MEM non-essential amino
acid Solution (Sigma-Aldrich, Seelze, Germany), and 1% (v/v)
penicillin/streptomycin (Sigma-Aldrich, Seelze, Germany) with
a density of 5000 cells cm−2. Cells were cultivated at 37 ◦C in
a humidified cell culture incubator (Binder GmbH, Tuttlingen,
Germany) with 5% carbon dioxide. Medium was changed three
times a week. Subcultivation was done until 90% confluency was
achieved using trypsin/EDTA. Cell passages 3–5 were used for
experiments.

2.3.2 Assembly of cGM and hMSCs to Vascular
Microtissues

To fabricate vascular microtissues, cGM were suspended in
endothelial cell growth medium (PromoCell, Heidelberg, Ger-
many) with a density of 1.28 mg mL−1 and 100 µL of this cGM
suspension was added per well of a BIOFLOAT 96-well U-
bottom spheroid plate (Sarstedt, Nümbrecht, Germany) to obtain
a cGM amount of 0.128 mg per well. hMSCs (Lonza, Basel,
Switzerland) and HUVECs (PromoCell, Heidelberg, Germany)
were detached using trypsin/EDTA, and the respective cell
numbers were determined using trypan blue (Sigma-Aldrich
Seelze, Germany). With a cell density of 105 cells mL−1 hMSC
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TABLE 3 Gene expression assays used in this study.

Assay Symbol Gene Name Assay ID

TaqManTM gene
expression assay

α-SMA alpha smooth muscle actin Hs00426835_g1
CHRD Chordin Hs00415315_m1
GAPDH glyceraldehyde-3-phosphate

dehydrogenase
hs02786624_g1

IBSP integrin-binding sialoprotein Hs00173720_m1
RPLP0 60S acidic ribosomal protein P0 Hs99999902_m1
VEGFA vascular endothelial growth factor Hs00900055_m1

PrimePCR SYBR
green assay

WWP-1 ubiquitin E3 ligase qHsaCED0043974
RPLP0 60S acidic ribosomal protein P0 qHsaCED0038653

and HUVECs were mixed in different ratios in endothelial cell
growth medium (PromoCell, Heidelberg, Germany) and 100 µL
of mixed cell suspension (10 000 cells) was added per well to
the cGM. To ensure a fast and uniform seeding of hMSCs and
cGM, E3 multipette (Eppendorf, Hamburg, Germany) was used.
After seeding, plates were gently shaken on an orbital shaker
(Heidolph Unimax 1010, Heidolph Instruments GmbH&Co. KG,
Schwabach, Germany) for 1 min at 110 rpm. Cells were cultivated
at 37 ◦C in a humidified cell culture incubator (Binder GmbH,
Tuttlingen, Germany) with 5% carbon dioxide. After 24 h, the
medium was removed and exchanged with 100 µL endothelial
cell growth medium 2 (PromoCell, Heidelberg, Germany) to
induce vascular differentiation.Mediumwas changed three times
a week by complete removal of culture medium and replacing by
100 µL endothelial cell growthmedium2 (PromoCell, Heidelberg,
Germany).

2.4 Gene Expression Analysis

Total RNA from single microtissues was isolated with
RNAqueous-micro total RNA isolation kit (Invitrogen,
Darmstadt, Germany) including DNA digestion according
to the manufacturer’s instructions. Quantities and purities of
RNA samples were determined using the Synergy H1 plate
reader (BioTek, Bad Friedrichshall, Germany) and Take3
microvolume plate (BioTek, Bad Friedrichshall, Germany).
About 2 µL RNA were measured per sample and 2 µL of elution
solution served as reagent blank. Until analysis, RNA was
stored at – 20 ◦C. Gene expression levels were determined by
using 1-Step quantitative real-time PCR using TaqMan gene
expression assay (Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA, USA) or PrimePCR SYBR green assay (Bio-Rad
Laboratories Inc., Feldkirchen, Germany). For TaqMan gene
expression assay, 45 ng total RNA (total volume: 35 µL) was
mixed with 2.5 µL TaqMan gene expression assays (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) and
12.5 µL TaqMan Fast Virus 1-Step master mix for qPCR (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, USA)
with a total volume of 50 µL in Multiplate PCR plates (Bio-Rad
Laboratories Inc., Feldkirchen Germany). Used TaqMan gene
expression assays are summarized in Table 3. For PrimePCR
SYBR green assay, iTaq Universal SYBR green 1-Step kit (Bio-Rad
Laboratories Inc., Feldkirchen, Germany) was used according
to the manufacturer’s instructions. Briefly, 45 ng total RNA

(total volume: 8.75 µL) was mixed with 11.25 µL Reaction mix
(10 µL 20x iTaq Universal SYBR green 1-Step Kit, 0.25 µL iScript
reverse transcriptase, 1 µL 20x PrimePCR SYBR green assay)
in a total volume of 20 µL Multiplate PCR plates (Bio-Rad
Laboratories Inc., Feldkirchen Germany). The used Prime PCR
SYBR green assays are summarized in Table 3. Quantitative
real-time PCR was performed with CFX96 Touch real-time
PCR detection system (Bio-Rad Laboratories Inc., Feldkirchen,
Germany). 60s acidic ribosomal protein P0 (RPLP0) was used
as a housekeeping gene since it is very stable during osteogenic
differentiation of human mesenchymal stem cells. For gene
expression analysis of vascular microtissues, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as housekeeping
gene. A no-template control (NTC, negative control well that
contains water instead of a sample) was included to exclude
genomic DNA contamination of reagents. Gene expression levels
were calculated using the ΔΔCt method. The efficiency of the
respective TaqMan gene expression assay was analyzed using a
4-fold serial dilution and was included in calculations.

The quantitative real-time PCR conditions are summarized in
Table 4.

2.5 Cell Viability

2.5.1 DNA Content

Cell culture medium was removed, and samples were washed
withwarmPBS (37 ◦C).Afterwards,microtissueswere transferred
to a 0.5 mL reaction tube (Sarstedt, Nümbrecht, Germany)
containing 100 µL lysis buffer consisting of Tris-EDTA buffer
with 50 µg mL−1 proteinase K and 0.02% sodium dodecyl sulfate
(SDS). Samples were incubated for 5 h at 56 ◦C using Eppendorf
ThermoMixer C (Eppendorf, Hamburg, Germany). DNA con-
tent of lysed samples was quantified using Quant-iT PicoGreen
dsDNA assay (Invitrogen, Darmstadt, Germany) according to the
manufacturer’s protocol. Briefly, 20 µL of sample and 80 µL of
Tris-EDTA buffer were mixed in a black 96-well plate (Corning,
NY, USA). 100 µL of the aqueous working solution of Quant-iT
PicoGreen dsDNA reagent (1:200 dilution in Tris-EDTA buffer)
was added to the samples and incubated in the dark for 5 min at
room temperature on an orbital shaker (Heidolph Unimax 1010,
Heidolph Instruments GmbH & Co. KG, Schwabach, Germany).
As reagent blank, 100 µL Tris-EDTA buffer without sample was
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TABLE 4 Quantitative real-time PCR conditions.

Assay Step Temperature Time Cycles

TaqManTM gene
expression assay

reverse transcription 50 ◦C 5 min 1
reverse transcription

inactivation/initial denaturation
95 ◦C 20 s 1

denature 95 ◦C 15 s 40
annealing 60 ◦C 60 s 40

PrimePCR SYBR
Green Assay

reverse transcription 50 ◦C 10 min 1
reverse transcription

inactivation/initial denaturation
95 ◦C 1 min 1

denature 95 ◦C 10 s 40
annealing 60 ◦C 30 s 40

melt-curve analysis 65–95 ◦C
0.5 ◦C increment

5 s/step

incubated with 100 µL of the aqueous working solution of Quant-
iT PicoGreen dsDNA reagent. Fluorescence intensities of samples
were measured using Synergy H1 plate reader (BioTek, Bad
Friedrichshall, Germany) at 480/520 nm. Fluorescence value of
reagent blank was subtracted from that of each sample and DNA
amounts of the samples were calculated using a DNA standard
curve (Invitrogen, Darmstadt, Germany) in a range of 0.001 –
10 µg mL−1.

2.5.2 WST-8 Assay

Cell viability was determined using Rotitest Vital (Carl Roth,
Karlsruhe, Germany) according to the manufacturer’s protocol.
Briefly, 10 µL of undiluted Rotitest Vital reagent was added per
100 µL cell culturemedium, and cellswere incubatedwith reagent
for 4 h at 37 ◦C and 5% CO2. Afterwards, supernatants were
collected and transferred to a black 96-well plate (Corning, NY,
USA). Formazan absorbance was measured at 450 nm using
Synergy H1 plate reader (BioTek, Bad Friedrichshall, Germany).
As reagent blank, 100 µL cell culture media without cells were
incubated with 10 µL undiluted Rotitest Vital reagent. The
viability (%) was calculated by using formula:

Cell viability (%) =
(Absorbance of sample − Absorbance of reagent blank)

(Absorbance of control group − Absorbance of reagent blank)
× 100% (1)

2.6 Alkaline Phosphatase Activity
Quantification

Alkaline phosphatase activity as an early marker of osteogenic
differentiation was quantified using p-nitrophenyl phosphate
assay which relies on the dephosphorylation of colorless p-
nitrophenyl phosphate to yellow p-nitrophenyl. Cell culture
medium was removed, and samples were washed with 100 µL
warm PBS (37 ◦C). For cell lysis, microtissues were transferred
to a 0.5 mL reaction tube (Sarstedt, Nümbrecht, Germany) con-

taining 100 µL 0.1% triton X-100 (AppliChem GmbH, Darmstadt,
Germany) and incubated for 45 min on ice. For measurements,
samples were diluted in a ratio of 1:2 with 0.1% triton X-100
(AppliChemGmbH, Darmstadt, Germany) and kept on ice. 10 µL
of the respective diluted sample was transferred to a transparent
96-well plate (Corning, NY, USA). Immediately after, 100 µL
alkaline phosphatase yellow (pNPP) liquid substrate system for
ELISA (Sigma-Aldrich, Seelze, Germany) was added to 10 µL
sample. To avoid evaporation of samples during measurement,
the plate was covered with a transparent plate sealer (Corning,
NY, USA). Alkaline phosphatase activity was determined by
quantification of p-nitrophenyl absorbance every 5 min over a
period of 2 h at 37 ◦C and 405 nm using Synergy H1 plate reader
(BioTek, Bad Friedrichshall, Germany). As a reagent blank, 10 µL
0.1% Triton X-100 (AppliChemGmbH,Darmstadt, Germany) was
incubated with 100 µL alkaline phosphatase yellow (pNPP) liquid
substrate system for ELISA (Sigma-Aldrich, Seelze, Germany).
Before the calculation of enzyme activity, absorbance values of
reagent blank were subtracted from those of each sample, and
enzyme activity was calculated using a p-nitrophenyl (Honeywell
International Inc., NC, USA) standard curve in a range of 6.25 –
400 µmol L−1. The alkaline phosphatase activity was normalized
to the DNA content.

2.7 Calcium Quantification

Mineralization of microtissues as a later marker of osteogenic
differentiation was determined via calcium quantification using
the Arsenazo III method, which forms blue complexes with
calcium ions. For this, cell culture medium was removed and
the microtissues were washed with 100 µL warm PBS (37 ◦C).
For cell lysis, microtissues were transferred to a 0.5 mL reaction
tube (Sarstedt, Nümbrecht, Germany) containing 0.5mol L−1 HCl
(AppliChemGmbH, Darmstadt, Germany). Formechanical lysis,
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microtissues were incubated at 1000 rpm for 8 h at room temper-
ature using Eppendorf ThermoMixer C (Eppendorf, Hamburg,
Germany) following an overnight incubation at 250 rpm on an
orbital shaker (Heidolph Unimax 1010, Heidolph Instruments
GmbH & Co. KG, Schwabach, Germany) at room temperature.
The next day, sampleswere incubated for 2 h in an ultrasonication
bath (Transonic 460 H, Elma Schmidbauer GmbH, Singen,
Germany) followed by a further 8 h incubation at 2000 rpm and
room temperature using Eppendorf ThermoMixer C (Eppendorf,
Hamburg, Germany) and an overnight shaking at 250 rpm using
orbital shaker (Heidolph Unimax 1010, Heidolph Instruments
GmbH & Co. KG, Schwabach, Germany). The next day, samples
were finally measured. For this, a 10 µL sample was mixed with
990 µL Calcium AS FS ready-to-use reagent (DiaSys Diagnostic
Systems GmbH, Holzheim, Germany) in a 1.5 mL reaction tube
(Sarstedt, Nümbrecht, Germany), vortexed for 2 s, and incubated
for 5 min at room temperature. Afterwards, samples were trans-
ferred to semi-microcuvettes (Sarstedt, Nümbrecht, Germany)
and the absorbance of calcium-arsenazo III complexes was
measured using Genesys 6 UV/Vis spectrophotometer (Thermo
Electron Corp., MA, USA) at 650 nm. As reagent blank, 10 µL
0.5 mol L−1 HCl (AppliChem GmbH, Darmstadt, Germany) was
incubatedwith 990 µL calciumASFS ready to use reagent (DiaSys
Diagnostic SystemsGmbH,Holzheim, Germany) and absorbance
value was subtracted from sample values. To calculate calcium
concentrations, a calcium standard curve (DiaSys Diagnostic
Systems GmbH, Holzheim, Germany) in a range of 6.25 – 100 µg
mL−1 was prepared.

2.8 VEGF Secretion

To analyze secretion of VEGF by osteogenic microtissues, cell
culture supernatants were collected on days 3, 5, 7, 9, 12, 14, 16, 19,
21, 23, 26, and 28 of osteogenic differentiation and stored at −20
◦C. The amount of VEGF secreted was quantified by using a solid
phase sandwich ELISA Kit (Human VEGF DuoSet ELISA, R&D
Systems, Wiesbaden, Germany) according to the manufacturer’s
protocol. Cell culture medium without cells served as blank.
Absorbance values were detected at 450 nm using Synergy H1
plate reader (BioTek, Bad Friedrichshall, Germany). To correct
optical imperfections in the plate, samples were measured at
570 nm and the values were subtracted from the 450 nm values.
Secreted VEGF amounts/day were calculated using a standard
curve in a range from 2000 – 31.3 pg mL−1 recombinant human
VEGF standard (R&D Systems, Wiesbaden, Germany).

2.9 Illumina Next-Generation Sequencing

Total RNA from single microtissues was isolated with
RNAqueous-micro total RNA isolation kit (Invitrogen,
Darmstadt, Germany), including DNA digestion according
to the manufacturer’s instruction. Illumina Next-Generation
Sequencing was performed by the Core Unit DNA technologies
of Leipzig University. In order to find differentially expressed
mRNA genes (DEGs) the reads were mapped on the genome
of homo sapiens (ENSEMBL, GRCh38.p14), and feature counts
were performed on the assigned gtf. We then performed
differential expression analysis for each RNA type for every
tissue individually by first normalizing and then comparing

mutant vs. wildtype counts using DESeq2 [52]. Genes were
considered “differentially expressed” if the adjusted p-value
was lower than 0.05. Clustering of genes and the following
visualization was done using the ComplexHeatmap package in
R [53] using filtered sets of genes for osteogenic and angiogenic.
Principal Component Analysis was used for dimensionality
reduction on mRNAs, either with all samples or individually for
each condition, using scikit-learn in Python [54]. Visualization
was done using the Python package plotnine [55].

2.10 Co-Culture of Osteogenic and Vascular
Microtissues

2.10.1 Combination of Microtissues in Fibrin Hydrogel

To analyze interactions, osteogenic and vascular microtissues
were prepared and pre-differentiated as described above for 14
days. On day 15, both microtissues were combined using a fibrin
hydrogel. Fibrin hydrogels were prepared by combining equal
amounts of 2,21% (w/v) NaCl (AppliChem GmbH, Darmstadt,
Germany) in 1x PBS, 20 mmol L−1 CaCl2 (AppliChem GmbH,
Darmstadt, Germany) in dH2O, 250 KIU mL−1 aprotinin (Sigma-
Aldrich, Seelze, Germany) in 1x PBS, 40mgmL−1 fibrinogen from
human plasma with ≥80% of clottable protein (Sigma-Aldrich,
Seelze, Germany) in 1x PBS and 2.5UmL−1 thrombin fromhuman
plasma (Sigma-Aldrich, Seelze, Germany) in 1x PBS on ice to
avoid early gelation of gel. Hydrogel solution was then vortexed
(Rotilabomini vortex, Carl RothGmbH+Co.KG,Karlsruhe, Ger-
many), and 50 µL of solution were added per well of a BIOFLOAT
96-wellU-bottom spheroid plate (Sarstedt,Nümbrecht, Germany)
using E3 multipette (Eppendorf, Hamburg, Germany). To allow
gelation, plates were incubated for 30 min humidified cell
culture incubator (Binder GmbH, Tuttlingen, Germany) at 37 ◦C
and 5% carbon dioxide. Subsequently, osteogenic and vascular
microtissues were added on the gelled fibrin hydrogels and
further 50 µL of hydrogel solution were added via E3 multipette
(Eppendorf, Hamburg, Germany) to embed microtissues. To
allow gelation, plates were incubated for 15 min humidified
cell culture incubator (Binder GmbH, Tuttlingen, Germany) at
37 ◦C and 5% carbon dioxide. Finally, 150 µL endothelial cell
growthmedium 2 (PromoCell, Heidelberg, Germany) were added
per hydrogel, and co-cultures were incubated until analysis in
a humidified cell culture incubator (Binder GmbH, Tuttlingen,
Germany) at 37 ◦C and 5% carbon dioxide. Medium was changed
three times a week by complete removal of culture medium
and replacing it with 150 µL endothelial cell growth medium 2
(PromoCell, Heidelberg, Germany).

2.10.2 Analysis of Vascular Outgrowth and
Mineralization

Cell culture medium was removed, and fibrin hydrogels were
transferred to a 2.0 mL reaction tube (Sarstedt, Nümbrecht,
Germany). After washing with warm 1x PBS (37 ◦C), fibrin
hydrogels were then fixed with 10% paraformaldehyde (Thermo
Fisher Scientific, Darmstadt, Germany) for 1 h at room tem-
perature. To visualize hydroxyapatite formation, the Osteoimage
mineralization assay (Lonza, Basel, Switzerland) was performed
according to the manufacturer’s instructions. To visualize cell
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morphology and outgrowth of cells frommicrotissues to hydrogel,
sampleswere stained afterwards overnightwith 2.5 µL 400xAlexa
Fluor 568 Phalloidin (Thermo Fisher Scientific, Waltham, MA,
USA) per 1 mL 2% bovine serum albumin (Sigma-Aldrich, Seelze,
Germany) in 1x PBS (Sigma-Aldrich, Seelze, Germany) in the
dark. Before imaging, samples were washed twice with 1x PBS
(Sigma-Aldrich, Seelze, Germany) for 5 min each. For imaging
confocal microscope Leica TCS SP8 and LAS X software (Leica,
Wetzlar, Germany) were used.

2.10.2.1 Image Analysis. Images were analyzed using
ImageJ software, version 1.54 (National Institutes of Health,
Bethesda, MD, USA) using the Angiogenesis Analyzer and
Analyze Skeleton plugins. Fluorescence intensities ofOsteoimage
staining and the radial outgrowth of vascular structures from
microtissues were quantified in ImageJ too. Vascular outgrowth
was defined as the distance from the microtissue boundary to the
most distal point of the extending vascular structures within the
hydrogel.

2.10.3 Immunohistochemistry

2.10.3.1 Cryosectioning. Samples were washed twice with
PBS (37 ◦C) and fixed with 10% paraformaldehyde (Thermo
Fisher Scientific, Darmstadt, Germany) for 16 h at 4 C. After
removal of paraformaldehyde, samples were washed twice with
PBS and dehydrated by using an increasing sucrose gradient
consisting of 10%, 20%, 30% and 40% sucrose for 30 min each
at room temperature. Afterwards, samples were embedded in
tissue freezing medium (Leica, Wetzlar, Germany) for 1 h at -80
◦C. Until cryosectioning, frozen samples were stored at -20 ◦C.
Cryosections of 30 – 50 µm thickness were prepared by using a
Leica cryostat CM 1950 (Leica, Wetzlar, Germany). Cryosections
were collected on Superfrost Plus gold adhesion microscope
slides (Epredia Netherlands B.V., Breda, Netherlands). Before
staining, the slides were air-dried overnight and stored at room
temperature in the dark.

2.10.3.2 Staining Procedure. For immunohistochemical
staining of the endothelial marker CD31/PECAM-1, a blood
vessel staining kit based on Peroxidase System (Merck Millipore,
Tullagreen, Ireland) was used according to the manufacturer’s
instructions. First, tissues were rehydrated by dipping of slides
into the specified staining dishes according the following proce-
dure: 1) 100% ethanol (Carl Roth GmbH + Co. KG, Karlsruhe,
Germany) - 2 x 2 min; 2) 95% ethanol - 2 x 2 min; 3) 70% Ethanol
– 1 x 2 min; 4) 50% ethanol – 1 x 2 min; 6) 1x IHC select TBS rinse
buffer (Part No. 90218). To recover tissue antigenicity, epitope
retrieval was done by incubation of slides in sodium citrate buffer
pH 6.0 containing 10 mmol/L sodium citrate (Carl Roth GmbH +
Co. KG, Karlsruhe, Germany) and 0.05% Tween 20 (AppliChem
GmbH, Darmstadt, Germany) for 25 min at 95 ◦C. Slides were
removed and cooled down for 15 min at room temperature. Then,
the area around the tissue was encircled by using a PAP pen
(DakoCytomation Denmark A/S, Glostrup, Denmark) to create a
water-repellent barrier around the tissues to ensure that aqueous
staining reagents remain on the tissue. Afterwards, 100 µL of
3% (v/v) hydrogen peroxide (AppliChem GmbH, Darmstadt,
Germany) was added to the sample to block endogenous perox-
idase activity. Sections were incubated for 20 min in a hydrated

incubation enclosure and rinsed 2 x for 5 min in 1x IHC select
TBS rinse buffer (Part No. 90218). Afterward, 3 drops of the ready-
to-use blocking reagent (Part No. 90219) was added per sample
and incubated for 30 min in a hydrated incubation enclosure at
room temperature. To remove the Blocking Reagent, slides were
gently rinsed for 15 s with 1x IHC select TBS rinse buffer (Part
No. 90218) while holding the slides at 45◦ angle. Immediately after
that, 50 µL of mouse anti-CD31/PECAM-1 monoclonal antibody
(1:200; Part No. 90214) was applied per sample and incubated
for 2 h in a hydrated incubation enclosure at room temperature.
Slides were rinsed 3x for 5 min in 1x IHC select TBS rinse buffer
(Part. No. 90218), and samples were covered with 3 drops of the
ready-to-use goat anti-mouse secondary antibody solution (Part
No. 21538). Slides were incubated for 15 min at room temperature
in a hydrated incubation enclosure. Unbound secondary antibody
was removed by rinsing of slides 3x for 5 min in 1x IHC select
TBS rinse buffer (Part No. 90218). Then, 3 drops of the ready-
to-use streptavidin-HRP solution (Part No. 72002) were added
per sample, and slides were incubated for 15 min in a hydrated
incubation enclosure at room temperature. The streptavidin-
HRP solution was removed, rinsing of slides 3x for 5 min in 1x
IHC select TBS rinse buffer (Part No. 90218). Afterward, DAB
chromogen A (Part No. 20778) and DAB chromogen B (Part No.
20779) were mixed in a 1:25 ratio, and 100 µL of this freshly
prepared chromogen reagent was added per sample, followed by
an incubation of 10 min in a hydrated incubation enclosure at
room temperature. Chromogen reagent was removed by rinsing
of the section under tap water for 5 min. To coverslip the slides, 1
drop of aqueous mounting medium for IHC (Abcam, Cambridge,
United Kingdom) was added to tissue and coverslips (Labsolute,
Th. Geyer, Renningen, Germany) were applied. Nikon Eclipse
TE2000S-invertedmicroscope (NikonCorporation, Tokyo, Japan)
was used for imaging.

2.11 Statistics

Experimental data were analyzed using OriginPro 2019 (ver-
sion 9.6.0.172, OriginLab Corporation, Northampton, MA, USA).
Unless otherwise specified, all experiments were conducted with
a minimum of four independent replicates (n ≥ 4). Results are
presented as mean ± standard deviation). Statistical differences
between groups were evaluated using one-way or two-way anal-
ysis of variance followed by Tukey’s post hoc test for multiple
comparisons. Analysis was done using a significance level of p
< 0.05 which was set as a minimal level of statistical significance.
Statistically significant differences between groups are indicated
by a single asterisk (*) in figures and tables. Each figure legend
includes details on sample size (n), statistical test used, data
presentation, and the meaning of significance symbols.

3 Results

3.1 Optimization of siRNA Delivery via
Cross-Linked Gelatin Microparticles (cGM) Using
Oligomer-stabilized Calcium Phosphate
Nanoparticles (CaP-NP)

In the first phase of our study, we focused on optimizing the
system by identifying the ideal conditions for loading cGM with
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siRNA via CaP-NP. To achieve this, we systematically investigated
the influence of key parameters—including the cross-linking
degree of cGM, the amount of cGM used, and the loading volume
of CaP-NP. By carefully varying these factors, we were able to
define a set of conditions that enable efficient siRNA delivery
within osteogenic microtissues.

However, we first needed to consider the practical challenge of
efficiently loading the cGM with sufficient amounts of CaP-NP,
aiming for a total siRNA dose of 1 µg/microtissue, as this dose
had previously been proven effective in monolayer transfection
[51]. Achieving such a high local siRNA concentration within
microtissues required a strategy to increase nanoparticle concen-
tration without affecting their siRNA loading capacity. We finally
resolved this issue by applying ultrafiltration, which allowed us
to concentrate the siRNA-loaded CaP-NP without compromising
their siRNA loading.

3.1.1 Influence of Cross-Linking Degree and CaP-NP
Loading Amount

In order to assess the impact of the cross-linking degree,
Chordin siRNA-loaded CaP-NP were incorporated into three
cGM formulations with high (10% oPNMA-12.5+DEED), medium
(10% oPNMA-7.5+DEED), and low (10% oPNMA-5+DEED) cross-
linking degrees. Microscopical analysis showed the formation of
crystal-like structures upon loading of CaP-NP to cGM with high
cross-linking degree, indicating that the CaP-NP became unstable
within the highly cross-linked matrix (Figure S1). In contrast, no
such crystal formation was observed in cGM formulation with
lowandmediumcross-linking degrees (Figure S1). Based on these
findings, cGMwith ahigh cross-linking degreewas excluded from
further investigations.

In the initial experiments, 0.064 mg of cGM per microtissue—
an amount previously shown to be effective—was loaded with
concentrated CaP-NP formulations to achieve the final concen-
trations. Each microtissue received either 2 µL (0.5 µg siRNA)
or 4 µL (1 µg siRNA) of concentrated CaP-NP suspension. The
detailed loading procedure and corresponding final concentra-
tions per microtissue are provided in greater detail in Table 1
of the Materials and Methods section. Interestingly, no Chordin
silencing was observed with the medium cross-linking degree,
regardless of the nanoparticle loading volume (Figure S2). In
contrast, successful downregulation was achieved using cGM
with a low cross-linking degree, and this effect was highly depen-
dent on the CaP-NP loading amount. These dose-dependent
effects were confirmed by gene expression analysis of the BMP-
2 antagonist Chordin, demonstrating a clear correlation between
the CaP-NP loading on cGM and silencing efficiency. Loading
with 2 µL of siRNA-carrying CaP-NP resulted in approximately
50% silencing, with no significant difference between the cGM
formulations. However, higher standard deviations indicated that
this lower dose did not achieve uniform or efficient siRNA
delivery across microtissues. In contrast, loading with 4 µL
of siRNA-loaded CaP-NP led to a complete downregulation of
Chordin compared to controls, highlighting the importance of
adequate nanoparticle distribution for effective gene silencing
(Figure 2b).

3.1.2 Influence of cGM Amount

Having successfully achieved Chordin silencing in osteogenic
microtissues using cGM with a low cross-linking degree, we next
sought to determine whether the silencing efficiency depends on
the amount of cGM applied per microtissue. Since the higher
cGM dose of 0.128 mg per microtissue had not been tested before,
we first evaluated its impact on key parameters such as cell
proliferation and osteogenic differentiation markers. Previous
assessments revealed that increasing the cGM amount promotes
enhanced osteogenic differentiation, and no adverse effects on
DNA content were observed (Figure 2c, Figure S3). Based on
these findings, we included the 0.128 mg cGM dose in the
silencing study to investigate whether it could further improve
Chordin knockdown efficacy and osteogenic differentiation. For
comparison, we maintained the same CaP-NP loading volumes
of 2 µL and 4 µL as used with 0.064 mg cGM per microtissue.
Remarkably, similar to the lower cGM dose, complete downreg-
ulation of Chordin expression was observed when loading 4 µL
of concentrated CaP-NP onto 0.128 mg cGM (Figure 2b). This
indicates that, while higher cGM amounts sustain potent gene
silencing, they also provide an improved microenvironment that
supports osteogenic activity.

Based on this systematic investigation, the optimized conditions
were defined as 0.128 mg of cGM with a low cross-linking
degree (10% oPNMA-5+DEED) loaded with 4 µL of concentrated
CaP-NP per microtissue. These parameters were applied for all
subsequent analyses.

3.2 Effects of siRNA-Mediated Silencing of
Chordin andWWP-1 on Osteogenic Differentiation
of Microtissues

Building on the optimized conditions for siRNAdelivery via cGM,
we investigated in the next step the biological impact of Chordin
siRNA-mediated mRNA knockdown on osteogenic differentia-
tion of the microtissues. To further evaluate the versatility of our
system, we extended our investigation by selecting the ubiquitin
E3 ligase WWP-1 as a novel target that promotes the degradation
of key osteogenic transcription factors.

3.2.1 Chordin siRNA-Mediated Effects on Osteogenic
Differentiation

Silencing efficiency of BMP-2 antagonist Chordin was ana-
lyzed via gene expression analysis and resulted in a complete
downregulation of Chordin in comparison to control groups
(Figure 3b). This high silencing efficiency was maintained over a
period of 10 days, leading to a significantly enhanced osteogenic
differentiation. On day 7,we found significantly increased activity
of the early marker of osteogenic differentiation, alkaline phos-
phatase, whereas no significant difference was measured on day
4. Quantification of calcium as a measure for mineralization on
day 18 showed a strong increase as a consequence of siRNA-
mediated Chordin silencing (Figure 3c,d). We further found
that Chordin siRNA led to a significantly increased secretion of
VEGF which is an important pro-angiogenic factor influencing
osteogenesis-angiogenesis interaction (Figure 3e).
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FIGURE 2 Analysis of siRNA-mediated Chordin silencing efficiency in osteogenic microtissues upon loading of cGM with a low cross-linking
degree (5%–10%) with siRNA-carrying CaP-NP. a) Experimental set up: 1875 µL of siRNA-loaded CaP-NP were prepared and concentrated via
ultrafiltration to a volume of 50 µL. Afterwards, 1.6 mg cGM (0.064 mg cGM/microtissue) or 3.2 mg cGM (0.128 mg cGM/microtissue) were loaded
with 50 (2 µL CaP-NP/microtissue) or 2 x 50 µL (4 µL CaP-NP/microtissue) of concentrated CaP-NP. About 10 000 hMSCs were then aggregated with
0.064 or 0.128 mg cGM, and osteogenic differentiation was induced by addition of osteogenic supplements. Created in BioRender. Mitrach, F. (2025) b)
Chordin silencing efficiency was quantified via gene expression levels using one-step quantitative real-time PCR at day 4 of osteogenic differentiation
and showed a dose-dependent effect of CaP-NP loading. Highest Chordin silencing was obtained for loading of cGMwith 4 µL concentrated CaP-NP and
was used together with a cGM amount of 0.128 mg/microtissue for further experiments. c) DNA content of microtissues as ameasure of cell proliferation
was investigated at day 7. Results showed no adverse effects of CaP-NP loading on cell proliferation. Data are presented asmean± SD (n= 4). Statistically
significant differences are indicated with (∗) between the different groups (p < 0.05), two-way ANOVA with Tukey’s post hoc test. Asc: ascorbic acid;
BMP-2: bone morphogenetic protein 2; β-Gly: beta-glycerophosphate; CaP-NP: oligomer-stabilized calcium phosphate nanoparticles; cGM: cross-linked
gelatine microparticles; Dex: dexamethasone; DNA: deoxyribonucleic acid; hMSCs: human mesenchymal stem cells;mRNA: messenger RNA; n.d.: not
detectable; siRNA: small interfering RNA.

In comparison to Lipofectamine RNAiMax, which was used in
previous studies of our group for siRNA loading of cGM [10, 11],
CaP-NP showed a higher siRNA loading capacity resulting in
stronger silencing efficiency, supporting oligomer-stabilized CaP-
NP as an advantageous transfection reagent for siRNA in our cGM
based microtissue system.

3.2.2 WWP-1 siRNA-Mediated Effects on Osteogenic
Differentiation

Analysis of the silencing efficiency of WWP-1 siRNA showed a
successful decrease in WWP-1 expression in osteogenic micro-
tissues. Osteogenic microtissues treated with WWP-1 siRNA
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FIGURE 3 Analysis of siRNA silencing efficiency in osteogenic microtissues upon loading of cGM with siRNA-carrying CaP-NP and analysis
of effects on osteogenic differentiation. a) Experimental setup: 1875 µL of siRNA-loaded CaP-NP were prepared and concentrated via ultrafiltration
to a volume of 50 µL. Afterwards, 3.2 mg cGM (0.128 mg cGM/microtissue) were loaded with 100 µL of concentrated CaP-NP. 10 000 hMSCs were
then aggregated with 0.128 mg cGM, and osteogenic differentiation was induced by the addition of osteogenic supplements. Created in BioRender.
Mitrach, F. (2025) b) siRNA-mediated silencing efficiency of Chordin and WWP-1 was quantified via gene expression levels over a period of 14 days
of osteogenic differentiation and showed successful downregulation of both antagonists in osteogenic microtissues. c) Downstream effects of siRNA-
mediated antagonist silencing inmicrotissueswere quantified via alkaline phosphatase activity on days 4 and 7, aswell as d) calciumcontent as ameasure
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showed a 40% lowerWWP-1mRNA expression in comparison to
microtissues treated with control siRNA (Figure 3b).

In comparison to Chordin siRNA treatment, we found thatWWP-
1 silencing caused an earlier upregulation of ALP. On day 4,
microtissues treated withWWP-1 siRNA indicated a significantly
increased ALP activity in comparison to control group, whereas
significant differences in the transiently upregulated enzyme
were not observed on day 7 anymore (Figure 3c). Calcium
quantification on day 18 further showed significantly increased
mineralization of microtissues in response to WWP-1 siRNA
treatment (Figure 3d). Contrary to Chordin siRNA treatment,
siRNA-mediated WWP-1 silencing led to no further increased
VEGF secretion by microtissues; notably, WWP-1 experiments
were performed without BMP-2, as WWP-1, in contrast to
Chordin, is not a BMP-2 antagonist.

3.3 Effects of siRNA-Mediated Silencing of
Chordin andWWP-1 on Downstream Signaling
Events

Next-generation sequencing of osteogenic microtissues was per-
formed to analyze a broad range of transcriptional changes. Sam-
ples were analyzed at day 7 to characterize the immediate, direct
impact of siRNA treatment of Chordin or WWP-1 knockdown
in downstream signaling events. In contrast, transcriptional
changes at day 14 were assessed to determine whether the siRNA-
mediated knockdown of both negative regulators translated
into a persistent enhancement of osteogenic differentiation and
angiogenic stimulators after the silencing was diminished.

3.3.1 Effect of Chordin siRNA

siRNA-mediated silencing of Chordin led to a broad transcrip-
tional upregulation of osteogenic markers at day 14, including for
example SMURF1, SMAD1, SMAD9, LRP5, RUNX2,CTNNB1, and
DMP1, pointing to a concerted activation of BMP, canonical and
non-canonical Wnt, and p38 MAPK signaling. WNT5B, WNT11,
BMP4, MAP2K2, and GLI3 were already increased at day 7 and
remained elevated at day 14 over osteogenic microtissues treated
with control siRNA, suggesting early induction of non-canonical
WNT, BMP, p38 MAPK, and Hedgehog signaling in response to
siRNA-mediated Chordin silencing, which may lead to an ele-
vated RUNX2-mediated osteogenic differentiation. Interestingly,
TNFSF11, also known as RANKL, was reduced at day 14, whereas
the osteocyte marker DMP1 was increased, indicating a potential
shift toward bone formation (Figure 4a).

Chordin knockdown in osteogenic microtissues also increased
several pro-angiogenicmarkers, includingCXCL5,CXCL6,NRP2,
EDN1, HIF1A, ANGPT2, VEGFB, and VEGFC at day 7 and/or

day 14, pro-angiogenic markers associated with an influence on
chemotactic recruitment and support of angiogenesis of endothe-
lial and lymphatic cells.Meanwhile, SERPIN1, an anti-angiogenic
factor, was reduced at both time points, thereby alleviating
endogenous suppression of these processes (Figure 4a).

3.3.2 Effect of WWP-1 siRNA

In contrast, WWP-1 silencing resulted in a mixed osteogenic
profile, with reduced expression of SMAD1, SMAD2, SMAD9,
MAP2K2, PTCH1, IGF1, IBSP, BMP2, and LRP5, indicating
attenuation of BMP, TGF-β, Hedgehog, p38 MAPK, IGF1, and
canonical Wnt signaling components. At the same time, WWP-
1 knockdown increased RUNX2, SMAD5, WNT11, WNT5B,
WNT10B, GSK3B, TNFSF11, BMPR1B, BGLAP, and COL10A1 at
day 7 and/or day 14, suggesting a compensatory shift toward
RUNX2-driven differentiation, non-canonical and canonical
Wnt activity, osteoclast-regulating signals, and markers associ-
ated with matrix mineralization and endochondral ossification
(Figure 4b).

For angiogenic markers, WWP-1 silencing increased ANGPT2,
HIF1A, EDN1, and CXCL5, indicating preserved or enhanced
support for vascular maturation, hypoxia-responsive VEGF
induction, and endothelial recruitment despite the changes in
osteogenic pathways. In contrast, VEGFC and VEGFD were
consistently decreased at both time points (Figure 4b).

3.4 Development of Vascular Microtissues With
cGM as Cell-Adhesive Material

Following the demonstration that siRNA-mediated Chordin and
WWP-1 silencing in osteogenic microtissues enhanced differen-
tiation, our next focus was to engineer vascular microtissues
enabling us to investigate interactions between osteogenic and
vascular cells in response to siRNA treatment, creating a more
physiologically relevant bone tissue model.

To this end, we established co-cultures from hMSCs and
HUVECs. HUVECs serve as a reproducible endothelial model
closely resembling clinically relevant outgrowth endothelial cells,
while hMSCs are expected to function as pericyte-like cells,
supporting and stabilizing vascular structures.

We first optimized this system by assessing the impact of cGM
as an adhesive scaffold and by evaluating various hMSC:HUVEC
ratios reported in the literature to ensure stable and viable
vascular microtissue formation [32, 35, 56]. Through microscopic
and gene expression analyses, we identified conditions that favor
uniformvascular network development and effective endothelial-
pericyte interactions.

of mineralization on day 18. e) Secretion of the important pro-angiogenic factor VEGF by microtissues was quantified in cell culture supernatants
using ELISA over 28 days of osteogenic differentiation. Data are presented as mean ± SD (n = 4). Statistically significant differences are indicated
with (∗) between the different groups (p < 0.05), one-way ANOVA with Tukey post hoc test. ALP: alkaline phosphatase; CaP-NP: oligomer-stabilized
calcium phosphate nanoparticles; cGM: cross-linked gelatin microparticles; DNA: deoxyribonucleic acid; hMSCs: human mesenchymal stem cells;
mRNA: messenger RNA; n.d.: not detectable; pNP: para-nitrophenyl; siRNA: small interfering RNA; VEGF: vascular endothelial growth factor.
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FIGURE 4 Heat maps illustrating the expression profiles of osteogenic and angiogenic marker genes identified by next-generation sequencing
in osteogenic microtissues at days 7 and 14 in response to a) siRNA-mediated Chordin silencing and b) siRNA-mediated WWP-1 silencing. Differential
expression patterns highlight temporal regulation of genes associated with osteogenic differentiation and vascularization processes.
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FIGURE 5 Effect of cGM as a cell adhesive material for the assembly of vascular microtissues to study effects of siRNA on osteogenesis-
angiogenesis interaction. a) Experimental set-up: A co-culture of hMSCs and HUVECs with a total of 10 000 cells/microtissues in varying cell ratios was
aggregated with 0.128 mg crosslinked gelatin microparticles, and differentiation was induced by cultivation with vascular supplements. The hMSCs are
supposed to serve as pericyte-like cells to stabilize the formed vascular structures by HUVECs. Created in BioRender. Mitrach, F. (2025) b) Microscopical
analysis showed the formation of uniform and stable microtissues independent of cell ratio but some detached cells from microtissues for 1:4 cell ratio
(white arrows). c) Cell viability of vascular microtissues on day 10measured viaWST-8 assay indicated higher cell viability of a hMSCs:HUVEC cell ratio
of 1:1 than hMSC only or the 4:1 ratio. High standard deviations for the 1:4 ratio may result from detached cells. d) Gene expression levels of endothelial
cell marker VEGF and pericyte marker α-SMAwere analyzed on days 5 and 10 of vascular differentiation via quantitative real-time PCR. Results showed
no significant influence of the cell ratio on expression of endothelial marker VEGF, but for pericyte marker α-SMA highest expression was observed
for a cell ratio 1:1 at both analysis days. Data are presented as mean ± SD (n = 4), two-way ANOVA with Tukey’s post hoc test. Statistically significant
differences are indicated with (∗) between the different groups (p < 0.05). α-SMA: alpha smooth muscle actin; cGM: cross-linked gelatin microparticles;
hMSC: humanmesenchymal stem cells;HUVECs: human umbilical vein endothelial cells;mRNA: messenger RNA; VEGF: vascular endothelial growth
factor.

Independent of the cell ratio, microscopical analysis showed the
formation of uniform and stable vascular microtissues within
10 days, confirming the suitability of the gelatin-based material
as cell-adhesive material for vascular cells in line with previous
studies [56, 57]. However, for the cell ratio 1:4 (hMSC:HUVEC), a
relevant number of cells was detected on the bottom of the well
not associated with the microtissues (Figure 5b). Analysis of cell
viability using WST-8 assay showed highest cell viabilities for 1:1

and 1:4 ratios, whereas high standard deviations were observed
for 1:4 ratio, obviously caused by incomplete adherence of cells to
cGM/microtissues (Figure 5c). Gene expression analysis on days 5
and 10 revealed no significant influence of cell ratio on expression
of endothelial marker VEGF, but significant differences were
observed for pericyte marker α-smooth muscle actin (α-SMA),
also indicating vessel maturation. Highest gene expression levels
were observed for a cell ratio of 1:1 with a strong increase
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from day 5 to day 10. Lowest gene expression levels of α-SMA
were measured for microtissues without HUVECs (cell ratio 1:0),
indicating successful interaction of hMSCs and HUVECs within
microtissues with cGM as cell adhesive material suitable for
formation of vascular microtissues (Figure 5d). Due to partial
cell detachment observed for cell ratio 1:4, we decided to use
a cell ratio of 1:1 for further experiments. This suggests that
balanced hMSC–HUVEC ratios not only stabilize microtissues
but also promote more mature vascular phenotypes, consistent
with enhanced angiogenic signaling reported for 1:1 co-cultures
[32, 35, 56]

3.5 Interaction Between Osteogenic and
Vascular Microtissues in Response to
siRNA-mediated Silencing of Chordin andWWP-1

Having established stable and viable vascular microtissues
through optimized co-cultures of hMSCs and HUVECs with
cGM as a cell-adhesive scaffold, we next aimed to investigate
the functional interaction between these vascular microtissues
and the optimized osteogenic microtissues subjected to siRNA-
mediated silencing of Chordin andWWP-1. For this purpose, pre-
differentiated osteogenic and vascular microtissues were com-
bined within a fibrin hydrogel matrix, enabling direct interaction
and allowing us to assess if and how siRNA-mediated silencing
influences vascular outgrowth and osteogenic mineralization.

3.5.1 Microtissue Interaction in Response to Chordin
siRNA Treatment

Microscopical examination showed that vascular microtissues
alone or combined with osteogenic microtissuesctrl only showed
weak outgrowth of vascular structures. In contrast, the co-
culture of vascular microtissues with osteogenic microtissuesChrd
supported the outgrowth of vascular structures (Figure 6c). Based
on this microscopic examination, we used ImageJ to measure the
distance of cell outgrowth from the edge of vascular microtissues
into the surrounding fibrin matrix. Cultivation of vascular micro-
tissues with osteogenic microtissuesChrd resulted in a 2.5-fold
increase in length of outgrowth vascular structures in comparison
to vascular microtissues alone or vascular microtissues com-
bined with osteogenic microtissuesctrl (Figure 6e). Combining
vascular microtissues with osteogenic microtissuesChrd further
revealed a stronger expression of CD31/PECAM-1 in comparison
to vascular microtissues alone or vascular microtissues combined
with osteogenic microtissuesctrl. We found a clear ingrowth
of vessel structures from vascular microtissues into osteogenic
microtissuesChrd. In contrast, for vascularmicrotissues alone, only
a weak CD31/PECAM-1 staining without clearly distinguished
structures was observed (Figure 6b).

Fluorescence intensity of Osteoimage mineralization assay as a
measure for hydroxyapatite formation within hydrogel was also
performed using ImageJ. The highest fluorescence intensities
were found for osteogenic microtissuesChrd combined with vas-
cular microtissues. In contrast, osteogenic microtissuesChrd and
osteogenic microtissuesctrl cultivated without vascular microtis-
sues showed no significant differences for both analysis days
(Figure 6e).

Vessel diameter remained unchanged upon Chordin silencing.
Microtissues treated with Chordin siRNA displayed mean vessel
diameters comparable to those observed under treatment with
control siRNA (approximately 70-75 µm; Figure 6f), with only
minimal variation between groups. Consistent with this, statis-
tical analysis did not detect any significant differences, indicating
that siRNA-mediated Chordin knockdown does not measurably
affect vessel diameter under the applied culture conditions. In
contrast to the unaffected vessel diameter, Chordin silencing
in osteogenic microtissues had a pronounced impact on the
extent of vascular outgrowth from vascular microtissues, which
was assessed by quantifying vascular density as the ratio of
outgrowing vascular structures to the total microtissue area.
Quantitative image analysis revealed that Chordin silencing in
osteogenic microtissues resulted in a nearly eight-fold higher
vessel area (approximately 40%; Figure 6f) compared to control
siRNA conditions (approximately 4%; Figure 6f). This increase
was statistically significant, indicating that Chordin silencing
strongly promotes the outgrowth of vascular structures from
vascular microtissues. We further found that increased inter-
action in response to siRNA-mediated Chordin knockdown
in microtissues significantly increased the complexity of the
outgrown vascular network. Quantitative image analysis demon-
strated a marked increase in morphometric parameters relative
to control co-cultures. Specifically, the number of quadruple
points (junctions where four segments connecting) and junction
voxels (points where two or more segments are interconnected)
were strongly enhanced. In addition, end-point voxels—defined
as the terminal points at the ends of vessel segments—were
more abundant, indicating increased numbers of newly initiating
sprouts. Finally, the number of branches (linear vessel segments
between network nodes) was increased, indicating expanded
vascular outgrowth. Taken together, the results indicate that
Chordin silencing enhances the formation of a denser, highly
branched endothelial network within the co-cultures. Further-
more, these findings demonstrate that siRNA-mediated Chordin
silencing in osteogenic microtissues strengthens the interaction
between osteogenic and angiogenic compartments, highlighting
the potential of local siRNA delivery to bridge the gap between
osteogenesis and angiogenesis in the engineering of vascularized
bone tissue constructs.

3.5.2 NoMicrotissue Interaction in Response to
WWP-1 siRNA Treatment

Contrary to the results for Chordin siRNA, silencing of WWP-1
had no considerable impact on the outgrowth of vascular struc-
tures. We observed no structures that grew out from the edge of
the vascularmicrotissues into the surrounding hydrogelmatrix in
the presence or absence ofWWP-1 siRNA treatment (Figure 6c,e).
Immunohistochemistry showed only a weak CD31/PECAM-1
staining for all groups (Figure 6b).

Fluorescence intensity of Osteoimage mineralization assay as
a measure for hydroxyapatite formation was quantified on day
32 after combination of osteogenic and vascular microtissues
using ImageJ. Osteogenic microtissues cultivated with vascular
microtissues showed a significant higher Osteoimage mineral-
ization assay fluorescence intensity in comparison to osteogenic
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FIGURE 6 Analysis of interaction between osteogenic and vascular microtissues upon Chordin or WWP-1 siRNA treatment of osteogenic
microtissues. a) Experimental set-up: Osteogenic and vascular microtissues were predifferentiated for 14 days in their respective differentiation
environment to induce the appropriate lineage commitment. Afterwards, both microtissues were combined in a fibrin hydrogel and cultivated for up
to 32 days. Created in BioRender. Mitrach, F. (2025) b) Immunohistochemical staining of cryosections for endothelial marker CD31/PECAM-1. Positive
cells appear as brown and are indicated by a white arrow. Scale: 100 µm. c) Representative confocal laser scanningmicroscopy of osteogenic and vascular
microtissues embedded in a fibrin hydrogel. To visualize hydroxyapatite formation, Osteoimagemineralization assaywas performed in combinationwith
AlexaFluor 568 Phalloidin staining to visualize cell morphology and outgrowth of vascular structures into surrounding fibrin matrix. d) Quantification
of fluorescence intensity of Osteoimage mineralization assay as a measure for hydroxyapatite formation was performed by using ImageJ on days 21
and 32 after combination of osteogenic and vascular microtissues. e) Measurement of distance of cell outgrowth from the edge of vascular microtissues
into the surrounding fibrin matrix was done via ImageJ on day 32. f) Vascular network quantification for vMT co-cultivated with oMT treated with
Chordin siRNA or control siRNA at day 32 of co-culture. Data were extracted from 3D fluorescence image stacks and analyzed with the Angiogenesis
Analyzer andAnalyze Skeleton plugins in ImageJ software (version 1.54, NIH, Bethesda,MD,USA). Data are presented asmean± SD (n= 4). Statistically
significant differences are indicated with (∗) between the different groups (p < 0.05), one-way ANOVA with Tukey’s post hoc test. cGM: cross-linked
gelatinmicroparticles; hMSCs: humanmesenchymal stem cells;HUVECs: human umbilical vein endothelial cells; oMT: osteogenicmicrotissues; siRNA:
small interfering RNA; vMT: vascular microtissues.
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microtissues cultivated without vascular microtissues, indicating
a proosteogenic cross-talk between osteogenic and angiogenic
microtissues. However, we found no significant influence of
WWP-1 silencing on hydroxyapatite formation (Figure 6e). Taken
together, these results indicate that WWP-1 siRNA treatment
can lead to an earlier induction of osteogenic differentiation but
shows no significant impact on interaction between osteogenic
and angiogenic microtissues.

4 Discussion

siRNA-mediated knockdownof negative regulators governing the
osteogenesis–angiogenesis cross-talk offers a promising strategy
to stimulate vascularized bone formation. In earlier work, our
group provided proof-of-concept evidence indicating that siRNA-
loading of cell-adhesive cross-linked gelatinmicroparticles (cGM)
assembled with hMSCs tomicrotissues can effectively downregu-
late theBMP-2 antagonist Chordin, thereby enhancing osteogenic
differentiation [10, 11]. While this previous investigation uti-
lized the commercial siRNA transfection reagent Lipofectamine
RNAiMax, its constraints in terms of limited siRNA loading
capacity and compatibility prompted us to explore alternative
delivery systems. For this purpose,we applied oligomer-stabilized
calcium phosphate nanoparticles (CaP-NP) [51] to achieve higher
siRNA loading of cGM, aiming to increase transfection efficiency
within microtissues.

Systematic analysis of the cGM loading with CaP-NP for-
mulation revealed that siRNA silencing efficiency critically
depends on cGM cross-linking degree and nanoparticle loading
(Figure 2, Figures S1 and S2). While cross-linking ensures particle
stability for long-term culture, excessive cross-linking with the
maleic anhydride oligomer induced crystal-like CaP precipi-
tates, likely due to local pH reduction, impairing nanoparticle
integrity and transfection (Figure S1). A lower cross-linking
degree preservedCaP-NP stability andmarkedly enhanced silenc-
ing (Figure 2). Increasing the CaP-NP load further improved
efficiency, achieving complete Chordin suppression (Figure 2).
We believe that the strong silencing effect arises from sus-
tained contact between CaP-NP-loaded cGM and adherent cells,
enabling efficient uptake and avoiding NP sedimentation issues,
which typically occur in 2D cultures. Supporting this, monolayer
transfections showed markedly lower Chordin knockdown and
osteogenic activity (Figure S4). Together, these findings under-
score the superior performance of cGM-based siRNA delivery in
3D microtissues as an advanced platform for gene modulation
studies. Notably, loading of cGM with siRNA/CaP-NP com-
plexes outperformed siRNA/Lipofectamine complexes, which
only achieved partial Chordin downregulation under otherwise
identical experimental conditions [10, 11].

To investigate functional consequences of siRNA-mediated
silencing to orchestrate osteogenic-vascular cross-talk, we tar-
geted two distinct antagonists: Chordin, an extracellular antag-
onist of BMP-2 that blocks BMP-2 signaling; and WWP-1, an
E3 ubiquitin ligase that mediates proteasomal degradation of
osteogenic transcription factors.

In order to analyze the differentiation state and functionality
of the Chordin and WWP-1 silenced microtissues on a broad

scale, we performed next-generation sequencing of osteogenic
microtissues. For Chordin-silenced microtissues, we observed
a pronounced activation of both BMP and WNT signaling
pathways. Within the BMP pathway, the key osteogenic tran-
scription factor RUNX2, along with BMP2, BMP4, and the
downstream mediators SMAD1 and SMAD9, were markedly
upregulated at day 14, highlighting a strong pro-osteogenic
response. Interestingly, inhibitory regulators of BMP signaling,
including SMURF1 – which ubiquitinates BMP downstream
components – and SMAD7, were also upregulated, suggesting
the presence of feedback mechanisms for the fine-tuning of
osteogenic activity. Canonical and noncanonical WNT signaling
pathways were likewise enhanced, as indicated by elevated
expression of WNT5B, WNT10B, and WNT11, together with
CTNNB1 (encoding β-catenin) and the co-receptor LRP5. In
addition,DMP1 (dentinmatrix acidic phosphoprotein 1), amarker
associated with late-stage osteoblast differentiation and bone
matrix formation, was upregulated, whereas TNFSF11 (encoding
RANKL), a key inducer of osteoclastogenesis, was downregu-
lated. Together, these transcriptomic findings indicate a sustained
osteogenic program that persisted beyond the period of Chordin
silencing, underscoring a stable shift toward bone-forming
activity.

For the angiogenic mRNAs, we found upregulation of HIF1A
(Hypoxia-Inducible Factor 1-Alpha), CXCL5 and CXCL6, VEGFB
(stimulates formation of newblood vessels) andVEGFC (supports
lymphangiogenesis of lymphatic endothelial cells), NRP2 (a co-
receptor for VEGF), EDN1 (Endothelin), ANGPT2 (Angiopoietin
2), SERPINF1 –(coding for Pigment Epithelium-Derived Factor,
a neurotrophic factor and inhibitor of angiogenesis), all with the
exception of SERPINF1 indicating angiogenic stimulation.

In WWP-1-silenced microtissues, both canonical and noncanon-
ical WNT signaling pathways were upregulated, similar to the
response observed in Chordin-silenced microtissues. This was
reflected by increased expression of WNT5B, WNT10B, WNT11,
and the osteogenic transcription factor RUNX2. In contrast to the
Chordin-silenced group, however, components of the BMP sig-
naling pathway – specifically SMAD5,BMPR1B,BGLAP (osteocal-
cin), and COL10A1 – were upregulated, indicating an additional
activation of downstream osteogenic processes. Notably, negative
regulators of bone formation such as GSK3B, which promotes
β-catenin degradation, and TNFSF11 (encoding RANKL) also
showed increased expression, suggesting a dynamic balance
between bone formation and resorption.

The angiogenic gene expression profile showed parallels to
the Chordin-silenced condition, with transient upregulation of
HIF1A, CXCL5, EDN1, ANGPT2, and VEGFB. However, unlike
the Chordin-silenced group where angiogenic signaling persisted
to day 14, these factors were primarily upregulated at day 7
and declined thereafter. Moreover, VEGFC and VEGFD were
consistently downregulated compared to non-silenced controls
across both time points.

Overall, WWP-1 silencing triggered an early but transient angio-
genic response and a complex osteogenic signaling pattern,
characterized by both promotive and inhibitory influences on
bone formation, distinct from the sustained osteogenic and
angiogenic stimulation observed after Chordin silencing.
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Functional relevance, however, can only be assessed by evalu-
ating downstream biological responses. In order to investigate
the effects of silencing osteogenic inhibitors on the tightly
coupled osteogenesis and angiogenesis processes in bone regen-
eration, we set up a co-culture of osteogenic and vascular
microtissues, surpassing prior studies that have largely relied
on simplified 2D monocultures or isolated assays serving to
test conditioned media [58–61]. To this end, we combined
osteogenic and vascular microtissues within a fibrin hydrogel
matrix, allowing us to assess whether siRNA-mediated modula-
tion of osteogenic microtissues influences their interaction with
vascular microtissues. In agreement with the upregulation of
angiogenic genes found in NGS, Chordin silencing markedly
enhanced the angiogenic response, as reflected by increased
outgrowth and ingrowth of structures from vascular microtissues
but also clearly higher number of branches and junctions in
the prevascularizing structures than in the control siRNA group
(Figure 5b,d,e). Obviously, siRNA-mediated silencing of Chordin
enhanced osteogenesis-angiogenesis crosstalk by alleviating its
antagonism of BMP-2. Consequently, BMP-2 activity increased,
which promoted osteogenic differentiation of mesenchymal cells
and simultaneously upregulated angiogenic genes and VEGF
secretion [62–64]. The secreted VEGF facilitated endothelial
cell migration and tubule formation, while endothelial-derived
VEGF reciprocally enhanced osteogenic maturation through
the BMP-2/SMAD pathway [62–64]. This bidirectional signaling
created a synergistic feedback loop coordinating matrix miner-
alization with vascular network integration in the microtissue
[62–64]. To our knowledge, this is the first demonstration that
Chordin silencing in osteogenic microtissues directly promotes
their interaction with vascular microtissues within a co-culture
model.

In contrast, WWP-1 downregulation did not elicit similar func-
tional effects. Despite moderate silencing, osteogenic microtis-
sues showed upregulation of angiogenic genes, but this effect did
not remain until day 14. In agreement with the transcriptomic
data, WWP-1-silenced microtissues did not secrete VEGF, nor
did we observe vascular outgrowth or ingrowth (Figure 3e
and 5b,d,e).WWP-1, an E3 ubiquitin ligase targeting transcription
factors like RUNX2 for degradation, was reported to mainly
affect intracellular protein stability and signaling turnover rather
than induction of signaling pathways [65, 66]. However, in our
studywe observed improved osteogenic differentiation,mainly by
induction of the WNT-signaling pathways, while the angiogenic
stimulation may not have been consistent enough to induce
vascular outgrowth. This mechanistic difference likely explains
the lack of angiogenic response upon WWP-1 silencing [65,
66]. Comparing these two antagonists, it is evident that not
all osteogenic regulators equally influence osteogenic-vascular
paracrine crosstalk. While Chordin suppression stimulated the
BMPandWNT signaling pathways, robustly reinforcing theBMP-
2/VEGF axis, and coupling osteogenesis and angiogenesis effec-
tively, WWP-1 silencing acts on intracellular signaling dynamics
without amplifying vascular interactions. These insights under-
line the importance of careful target selection in siRNA-based
regenerative strategies to enhance vascularized bone tissue
formation.

These findings make clear that a regulator’s function in osteoge-
nesis alone is not a reliable predictor of its impact on angiogenic

interaction. In this regard, our results also emphasize the neces-
sity of establishing the presented co-culture model as a powerful
platform to screen different siRNAs for their capacity tomodulate
osteogenesis–angiogenesis cross-talk. Effective modulation of
bone regeneration requires assessing molecular targets within
the full complexity of a multicellular environment. Therefore,
the development of dedicated screening platforms is crucial to
systematically uncover regulators that not only drive osteogenesis
but also actively enhance angiogenesis, thereby addressing both
pillars of coordinated tissue regeneration. Having established the
utility of our co-culture model for evaluating specific antagonists,
an important next step will be to broaden its application to a
wider range of molecular targets and signaling pathways [15, 67].
Nevertheless, it must be emphasized that the current system is
particularly suited for the study of negative regulators that act
during the early phases of osteogenic differentiation. This restric-
tion arises from two key factors: first, the assembly of cells with
the siRNA-loaded cGM prevents subsequent transfection steps
during later osteogenic differentiation, and second, siRNA exerts
a temporary silencing effect because its intracellular presence and
activity diminish over time. Together, these factors confine the
applicability of our approach to early-acting antagonists, while
regulators expressed only at later stages cannot be effectively
addressed.

Another important consideration in siRNA-based approaches is
the varying expression levels of individual inhibitory regulators,
which significantly influences RNA interference efficiency [68,
69]. When comparing the knockdown efficiency of Chordin
and WWP-1, clear differences emerged between the two tar-
gets. While siRNA treatment of osteogenic microtissues against
Chordin led to efficient target suppression, WWP-1 silencing
was less pronounced, achieving only about 40% reduction in
mRNA expression compared to control groups (Figure 3b).
These discrepancies can be better understood by considering
their endogenous expression profiles. Threshold cycle analysis
revealed that WWP-1 is transcribed at markedly higher levels
(Ct: 23) than Chordin (Ct: 33). When a target mRNA is highly
abundant, it can overwhelm the RNA-induced silencing complex
(RISC), thereby limiting the maximum achievable gene knock-
down [69–71]. This explains whyWWP-1 exhibited comparatively
lower silencing with our siRNA delivery platform. Increasing
siRNA concentration raises the probability of RISC loading, thus
improving silencing efficiency [69–71]. Additionally, chemical
modifications such as 2′-O-methyl and 2′-fluoro substitutions
would strengthen siRNA stability, binding affinity, and promote
efficient incorporation into RISC [3, 72, 73]. These modifications
could also reduce degradation and off-target effects, extending
siRNA functional lifespan in biological environments [3, 72, 73].
Moreover, chemically stabilized siRNA may also address target
mRNAs that are expressed later during osteogenic differentiation,
which is not possible with our current approach. With the idea
to later employ microtissues as building blocks for regenerative
applications, we intended, however, a limited presence of siRNA
in microtissues that would not be available anymore beyond day
10. This strategy prevents issues of unwanted siRNA effects via
siRNA escape from microtissues after implantation.

Nevertheless, the siRNA delivery approach implemented in this
study offers a high degree of versatility, since only the siRNA
sequence needs to be adjusted to silence alternative antagonists.
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The adaptability of our 3D co-culture microtissue platform is
especially valuable in the complex context of bone regenera-
tion, where multiple inhibitory pathways may act simultane-
ously or in a stage-dependent manner. This platform offers
a flexible experimental environment for systematic screening
by allowing comparative evaluation of different transfection
reagents, siRNA sequences, and chemical modifications. It
also supports the use of primary cells from diverse donor
sources, enabling capture of inter-donor variability in regener-
ative responses. Since the efficacy of siRNA modulation can
vary significantly with donor factors such as gender, age, and
health status, our system, although standardized on healthy
young donor cells for consistency, can be extended to include
patient-derived cells (e.g., from individuals with osteoporosis
or diabetes) and gender-specific sources. This capability allows
a systematic investigation of how disease states and donor-
related variables influence siRNA regulation and bone regener-
ation outcomes. Such flexibility facilitates personalized regen-
erative medicine by enabling targeted screening of therapeutic
siRNA candidates in biologically relevant and disease-specific
contexts.

In this way, our platform is not limited to testing a single
antagonist but can be expanded to investigate a broad range of
different antagonists of osteogenic-angiogenic cross-talk.

Additionally, we were able to show that our co-cultures of
osteogenic microtissuesChrd and vascular microtissues with cGM
as cell-adhesive substrate were able to preserve stable vascu-
lar structures for at least 32 days. This longevity substantially
exceeds what is typically reported for comparable in vitro co-
culture systems, where vascular structures often regress or lose
integrity within shorter time frames of ∼14 days [32, 57, 74–76].
Such sustained stability indicates that the increased osteogenic
microenvironment not only supports vascular maintenance but
also may provide conditions that protect vessel integrity over
extended periods. These findings emphasize the robustness of
our advanced co-culture platform and open opportunities to
investigate long-term osteogenesis-angiogenesis cross-talk under
controlled conditions that more closely reflect the temporal
dimension of bone healing.

Despite these advances over conventional angiogenesis assays,
some limitations persist and need to be addressed. While
the platform maintains sustained microtissue viability and
function for 32 days – demonstrating exceptional long-term
culture stability uncommon in most in vitro models – chal-
lenges in scalability and translational relevance persist [32,
57, 74–76]. Manual procedures for microparticle loading and
microtissue formation limit throughput and introduce batch-to-
batch variability, hindering reproducibility for high-throughput
or large-scale applications [26, 77, 78]. Emerging automated
biofabrication and bioprinting technologies address these lim-
itations by enabling precise, reproducible assembly with high
cell viability and spatial control [26, 77, 78]. Specifically, liquid-
handling robots can automate siRNA-nanoparticle loading onto
cross-linked gelatin microparticles (cGMs), followed by ster-
ile mixing with cell suspensions [79–81]. Subsequent 3D bio-
printing facilitates layer-by-layer microtissue association, while
modular robotic systems ensure accurate positioning into com-
plex constructs [79–81]. This automation may reduce manual

variability, streamline workflows, and support standardized
quality control for scalable production of vascularized bone
models [79–81].

The widespread use of HUVECs in angiogenic research ensures
standardization and comparability across studies, however, it is
important to recognize that theymaynot adequately represent the
functional heterogeneity of primary endothelial cells in vivo [34,
82, 83]. Similarly, while fibrin hydrogels offer biocompatibility
and natural cell adhesion motifs, their rapid degradation and
limited mechanical robustness constrain long-term applications
[84–86]. Hydrogels based on collagen or gelatin have gained par-
ticular interest as they not only supply native extracellular matrix
components but also enable tailored biomechanical modifica-
tions to better support cellular functions [87, 88]. Notably, current
in vitromicrotissuemodels, including this platform, face intrinsic
limitations in fully recapitulating chronic disease conditions.
The complexity and gradual progression of pathophysiological
processes such as osteoporosis,which evolve overmonths or years
and involve multiple interacting cell types including osteoblasts,
osteoclasts, and neuronal cells, pose significant challenges for
in vitro modelling and may thus limit the predictive accu-
racy for chronic disease states. Despite these challenges, this
platform holds considerable potential for advancing regenera-
tive therapies aimed at restoring vascularized bone and tissue
function in chronic diseases such as diabetes and osteoporosis.
By leveraging donor-derived cells and incorporating disease-
relevant biochemical stimuli, the platform offers a versatile and
powerful approach to identify promising biomaterials or siRNA
candidates, facilitating the development of autologous, person-
alized therapies to enhance tissue repair during disease-related
conditions.

5 Conclusion

To conclude, this study establishes a modular human co-
culture platform as a physiologically relevant model to evaluate
siRNA impact on osteogenic–vascular cross-talk. Employing a
box-in a box-system with highly concentrated siRNA loaded
CaP-NP in cell-adhesive cGMs as local siRNA carriers and
delivery system, we were able to generate predifferentiated
microtissues after assembling cGMs with hMSCs. NGS analysis
confirmed that siRNA-mediated silencing of negative regula-
tors, such as Chordin or WWP-1, successfully induced BMP
and WNT signaling pathways as well as angiogenic stimula-
tors in the case of Chordin silencing. These microtissues were
combined with vascular microtissues consisting of HUVECs,
hMSC and cGMs in order to set up a functional test sys-
tem for siRNA effects on the osteogenic-vascular cross-talk.
This system overcomes key limitations of both, conventional
angiogenesis assays and inhomogeneous siRNA transfection
in 3D cell cultures. Targeted silencing of negative regulators
within this platform enables precise modulation of multicellu-
lar signaling pathways, providing critical insight into siRNA-
regulated mechanisms of vascularized bone formation. In future
studies, siRNA targets could be tailored to address individ-
ual patient needs, paving the way for personalized microtis-
sues as modular building blocks for bone regeneration thera-
pies.
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