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Abstract: Bone diseases such as osteoporosis, delayed or impaired bone healing, and osteoarthritis
still represent a social, financial, and personal burden for affected patients and society. Fully human-
ized in vitro 3D models of cancellous bone tissue are needed to develop new treatment strategies
and meet patient-specific needs. Here, we demonstrate a successful cell-sheet-based process for
optimized mesenchymal stromal cell (MSC) seeding on a β-tricalcium phosphate (TCP) scaffold to
generate 3D models of cancellous bone tissue. Therefore, we seeded MSCs onto the β-TCP scaffold,
induced osteogenic differentiation, and wrapped a single osteogenically induced MSC sheet around
the pre-seeded scaffold. Comparing the wrapped with an unwrapped scaffold, we did not detect any
differences in cell viability and structural integrity but a higher cell seeding rate with osteoid-like
granular structures, an indicator of enhanced calcification. Finally, gene expression analysis showed
a reduction in chondrogenic and adipogenic markers, but an increase in osteogenic markers in MSCs
seeded on wrapped scaffolds. We conclude from these data that additional wrapping of pre-seeded
scaffolds will provide a local niche that enhances osteogenic differentiation while repressing chon-
drogenic and adipogenic differentiation. This approach will eventually lead to optimized preclinical
in vitro 3D models of cancellous bone tissue to develop new treatment strategies.

Keywords: mesenchymal stromal cell; cell sheet; osteogenesis; β-TCP; tricalcium phosphate; tissue
engineering; in vitro 3D model

1. Introduction

Bone defects and healing disorders arise from various causes such as fractures, other
traumas, tumors, infections, dental restorations, healing disorders, and congenital malfor-
mations. They can lead to pain and significant loss of quality of life [1–3]. The prevalence
of bone diseases and healing disorders increases with life expectancy [4,5]. Both regen-
erating bone defects and treating healing disorders represent considerable challenges for
clinicians. Autologous grafts from the iliac crest remain the gold standard; even though
their availability is limited, they carry a risk of infection, and there is only little autologous
bone material available [6,7]. Over the past two decades, significant progress has been
achieved in developing tissue engineering concepts for the production of synthetic bone
substitutes that overcome these challenges by adding new possibilities to standard surgical
procedures for the treatment of these patients [2,3].

Clinically, tissue-engineered bone restoration relies on the generation of neo-tissues
from osteogenic progenitor cells alone or with the support of osteoconductive bone substi-
tutes for bone ingrowth and osteoinductive growth factors, with and without the need of
supportive metal implants [2,3,8]. Although preclinical data from animal studies are often
promising, the clinical failure of implants, bone substitutes, and osteoinductive agents
is apparent because of limited animal-to-human predictability due to differences in, for
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example, physiology, genetics, epigenetics, and molecular biology between species [9,10].
This is also a problem when dealing with bone substitutes coated with osteoinductive
growth factors that work in animal models but fail in humans.

Preclinically, tissue-engineered in vitro 3D bone models can improve our understand-
ing of bone biology’s physiological and pathophysiological mechanisms (e.g., avascular
osteonecrosis). These models may also serve as predictive models of implant success or
failure concerning osteoconductive properties of novel biomaterials for bone regeneration.
In addition, in vitro 3D bone models provide the opportunity to test, verify, and evaluate
novel osteoinductive substances or other therapeutical attempts (e.g., anti-osteoporotic
drugs) in a human-based laboratory setting or may directly be used as a clinical implant [11].
However, due to the lack of sophisticated in vitro 3D models, animal models still remain
the gold standard, even though great differences in (patho) physiology led to low transfer-
ability [12,13].

To simulate native bone in vitro, various tissue engineering approaches have been
pursued, including scaffold-based, scaffold-free, and more sophisticated microfluidic model
systems that implement a variety of cell or tissue types [14,15]. The most common in vitro
3D approach involves seeding osteogenic progenitor cells on synthetic bone graft substitutes
that mimic the mineral bone part, followed by static cultivation, perfused cultivation, or
dynamic mechanical loading during cultivation. Artificial bone graft substitutes differ in
biocompatibility, immunogenicity, biological activity, cell–biomaterial interactions, and
mechanical properties [16]. Additional limitations include low cell attachment efficiency
and heterogeneous cellular distribution [17]. Calcium phosphate-based bioceramics that
mimic the inorganic bone component have been extensively studied for their applicability.
The most common bioceramics are β-tricalcium phosphate (β-TCP), hydroxyapatite (HA),
and a mixture of the two known as biphasic calcium phosphate (BCP)-HA/β-TCP—which
are well researched and have been reported to support cell adhesion, tissue formation, and
differentiation [18–20].

Conventional approaches usually focus on the injection of isolated cell suspensions
or the use of pre-seeded biodegradable scaffolds to support tissue formation, depriving
cells of their endogenous extracellular matrix (ECM). However, it is challenging to ensure
reproducible cell-seeding efficiency [21,22]. In addition, scaffold-based and scaffold-free
models are often produced on a small scale with few scaffold particles or cell spheroids.
Thus, optimized cell seeding and up-sizing without altering manufacturing conditions
are significant challenges in the fabrication of complex in vitro models. Moreover, in the
clinical situation, the microenvironment of the bone and surrounding cells are involved
in the regeneration process [7]. These conditions are missing and need to be mimicked in
developing preclinical models, enhancing translational and clinical success [2,3].

The cell-sheet technology offers the possibility to compensate for these deficits in
conventional approaches. This technology enables the generation of viable, transplantable
cell sheets from monolayer cell cultures, e.g., using temperature-dependent plates [17,22].
These plates allow cells to be harvested while preserving cell–cell junctions and the ECM
without using proteolytic enzymes, allowing for cell-dense tissues [22–25]. Cell-sheet tech-
nology has already been successfully used for proper tissue regeneration in periosteum [26],
corneal epithelial, myocardial, and—of note—in bone tissues [24,27–29]. However, the
development of grafts for bone regeneration is still in its infancy. The difficulty is repli-
cating the high level of bone hierarchical organization while considering the anabolic and
catabolic processes.

In bone regeneration, adult mesenchymal stromal cells (MSCs)—the progenitor cells
of the anabolic bone compartment—are well suited for the cell-sheet technology approach.
MSCs are “self-renewable, multipotent, easily accessible and culturally expandable in vitro
with exceptional genomic stability and few ethical issues, marking its importance in cell ther-
apy, regenerative medicine and tissue repairment” [30]. Moreover, MSCs own the potential
to modulate and suppress immune responses and thus reduce graft rejection or graft-versus-
host reactions [31–33]. Therefore, MSC-based cell-sheets have attracted increasing attention
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as a tool to accelerate bone healing, treat chronic pain and infection, and minimize immuno-
logical reactions associated with allogeneic bone graft substitutes [24,34]. Interestingly, thin
MSC-based cell-sheets can spontaneously form vascular or pre-vascularized capillaries
with endothelial (progenitor) cells to facilitate vascularization and integration into the host
anatomy [35,36]. Finally, the envelopment of osteoclasts and osteoblasts/osteocytes and
immune cells in the MSC-based cell sheets in vitro allows mapping both catabolic and
anabolic processes and immunological processes in the bone marrow.

In a previous study, we used a scaffold-based model and seeded MSCs on the
biodegradable β-TCP scaffold to mimic cancellous bone [37]. We could demonstrate
that these MSCs showed osteogenic properties in vitro, evidenced by the high expression of
collagen type 1 (COL1A1), osteocalcin (OC), osteonectin (ON), and bone formation via µCT
analysis. However, we observed that porous scaffolds, such as β-TCP, are hardly populated
by cells. Given this background, we evaluated osteogenically induced MSC-based cell
sheets wrapped around a human in vitro 3D bone model comprising a pre-seeded β-TCP
scaffold for cell seeding and differentiation efficiency.

To evaluate our human sheet-based in vitro 3D bone model, we analyzed its response
to osteoinductive deferoxamine (DFO). Several studies have already demonstrated the
efficacy of DFO in promoting bone fracture healing in a variety of animal models (mouse,
rat, and rabbit) with different bone defects (calvaria defect or critical size defect) [38–51].
DFO treatment promotes angiogenesis/vessel formation and bone regeneration indepen-
dent of the species, model, and evaluation methods [39–57]. Using well-characterized
MSCs, we previously demonstrated that HIF-1 promotes osteogenesis and suppresses
adipogenesis by loss of function experiments and by pharmacological intervention using
DFO [58]. Therefore, we investigated the applicability and response to DFO in this human
MSC-sheet-based in vitro 3D bone model, ultimately serving as a human-based preclinical
model providing transferability and reducing the number of animal experiments.

2. Materials and Methods
2.1. Bone Marrow-Derived MSC Isolation and Cultivation

Human bone marrow was provided by the Center of Musculoskeletal Surgery, Charité-
Universitätsmedizin Berlin, and obtained from patients undergoing total hip replacement
(Table 1). Protocols and study design were performed according to the Helsinki Declaration
and approved by the Charité-Universitätsmedizin Ethics Committee (ethical approval
EA1/146/21; EA1/012/13).

Table 1. Data on age and sex of human MSCs used.

Donor Age Sex Donor Age Sex

1 56 male 6 62 female
2 69 female 7 77 male
3 71 male 8 64 female
4 81 female 9 65 male
5 75 female 10 58 male

For isolation of MSCs, bone marrow was placed in a T-175 flask (Greiner Bio-one Inter-
national GmbH, Kremsmünster, Austria). MSCs—ability to adhere to plastic—were cul-
tured in Dulbecco’s Modified eagle Minimal Essential Medium with GlutaMAXTM (DMEM,
Gibco, Waltham, MA, USA) supplemented with 10% fetal calf serum (FCS, Biowest, Nuaillé,
France), 100 U/mL penicillin (Gibco), 100 µg/mL streptomycin (Gibco, Waltham, MA,
USA), and 20% StemMACSTM MSC Expansion Media Kit XF (Miltenyi Biotech, Bergisch
Gladbach, Germany). The remaining bone marrow tissue parts were removed after 48 h.
The medium was changed weekly, and passaging was performed when reaching 85–90%
confluence. Cells were used until passage 6. MSC characterization was performed as
described previously in detail [37,59].
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2.2. Fabrication of 3D Bone Models: β-TCP Wrapped with an Osteogenically Induced MSC Sheet

To mimic the mineral part of cancellous bone most closely, we used clinical-grade,
biocompatible and resorbable β-TCP (Cerasorb®M, Curasan AG, Kleinostheim, Germany)
with a particle size range from 1000 to 2000 µm, which provides an interconnecting, open
multiporosity with micro-, meso- and macropores (5–500 µm) and total porosity of ap-
proximately 65%. Notably, particles of this size most closely mimicked the properties of
cancellous bone about bone formation trabecular numbers and thickness in a model of
bone formation, whereas the chemical composition had only a minor influence [60].

We preincubated 12 mg of β-TCP with DMEM GlutaMAXTM supplemented with 10%
FCS, 100 U/mL penicillin, and 100 µg/mL streptomycin for 24 h. Subsequently, we pre-
seeded β-TCP with a suspension of 1× 106 MSCs and cultured them in tissue culture inserts
in a 24-well plate (Sarstedt, Nümbrecht, Germany) to ensure adequate nutrient supply (in
the following abbreviated as ‘TCP’). Osteogenic differentiation was induced using DMEM
supplemented with 10% FCS, 100 U/mL penicillin, 100 µg/mL streptomycin, 0.5 mM ascor-
bic acid, 10−8 M dexamethasone, and 10 mM L-glycerophosphate (osteogenic medium).
A single osteogenically induced MSC sheet was developed by culturing 1 × 106 cells in
a 35 mm temperature-responsive dish (NuncTM, Merck, Darmstadt, Germany) with an
osteogenic medium for 7 days. On day 7, the single cell-sheet was harvested by decreasing
the temperature under 32 ◦C and then wrapped around the pre-seeded β-TCP scaffold
(cell-sheet-based β-TCP, in the following abbreviated as ‘csTCP’). In total, the TCP and
csTCP model was osteogenically differentiated for 21 days.

2.3. Live/Dead Staining

To visualize the colonization of viable cells in 3D, LIVE/DEAD® Viability/Cytotoxicity
Kit (Invitrogen AG, Carlsbad, CA, USA) was performed: After a washing step with 1 × PBS,
the staining solution consisting of 2 µM Calcein-AM and 4 µM EthD-1 was added to the 3D
models and incubated for 35 min at room temperature in the dark. Imaging was performed
using the fluorescence microscope BZ-9000 (Keyence, Neu-Isenburg, Germany).

2.4. TUNEL Assay

Detecting apoptotic cells, TUNEL staining (Sigma-Aldrich, Munich, Germany) was
performed with 5 µL TUNEL enzyme and 45 µL TUNEL label for one hour at 37 ◦C. After
washing with 1 × PBS (twice), images were acquired using a BZ-9000 fluorescence mi-
croscope (Keyence). Slices treated with deoxyribonuclease (DNase) I (0.34 Kunitz units,
Qiagen, Hilden, Germany) for 10 min were positive, while the negative control was incu-
bated without the TUNEL enzyme.

2.5. Scanning Electron Microscopy (SEM)

Using SEM, scaffolds seeded with cells with and without an additional MSC sheet
were examined for cellular colonialization, distribution, and cell morphology. After a
washing step with 1 × PBS, samples were fixed with 2.5% glutaraldehyde (Sigma-Aldrich)
for 10 min and then washed again. Afterward, samples were stepwise dewatered in an
ascending ethanol order—30%, 50%, 70%, 80%, 90%, 95%, and twice 100%—for 5 min each,
followed by hexamethyldisilazane (1 × 5 min, 2 × 10 min; Sigma-Aldrich). Finally, all
samples were dried overnight. After gold coating using the Fine Coater JFC 1200 (Jeol
GmbH, Freising, Germany), images were acquired using the scanning electron microscope
JCM-6000 Plus Neo ScopeTM (Jeol GmbH).

2.6. (Immun)Histochemistry

Kawamoto cryofilm type 2C (Sectionlab, Hiroshima, Japan) was used to prepare
7 µm cryo-sections. Slices were air-dried before each staining protocol, then fixed in 4%
paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, PA, USA), and subse-
quently washed with ddH2O. After every staining protocol, cryo-sections were covered
with DPX Mountant (Sigma-Aldrich).
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Hematoxylin and Eosin (H & E) staining was performed using Harris’s hematoxylin
(Merck, Darmstadt, Germany) for 7 min, then washed with ddH2O, followed by a differen-
tiation step with 0.25% HCl–ethanol (Merck). Eosin staining (0.2%, 2 min; Chroma Waldeck
GmbH & Co. KG, Münster, Germany) was performed after 10 min in tap water, followed
by 96% ethanol, 100% ethanol, and xylol (2 min, twice).

Collagen type I staining was performed as follows: 3% H2O2 for 30 min, washing
step with 1 × PBS for 5 min. After a blocking step with 1 × PBS/5% normal horse
serum (HS, Vector Laboratories, Burlingame, CA, USA)/2% bovine serum albumin (BSA,
Sigma-Aldrich), staining with anti-collagen type I (1:500, Abcam, Cambridge, UK) was
performed overnight at 4 ◦C. Slices were washed with 1 × PBS, followed by an incubation
step with 2% biotinylated horse anti-mouse IgG antibody (Vector Laboratories; diluted in
1 × PBS/5% HS/2% BSA) at room temperature for 30 min. After a washing step, slices were
incubated with Vecastain® Elite® ABC HRP Kit (Vector Laboratories) for 50 min, washed
with 1 × PBS, and set with DAB Peroxidase HRP Substrate Kit (Vector Laboratories).
Finally, counterstaining was performed with Mayer’s hematoxylin (2 min, Sigma-Aldrich).

2.7. Immunofluorescence Staining

For the immunofluorescence staining, slices were rehydrated with 1 × PBS for 10 min
and permeabilized with 0.1% Tween 20® (Sigma-Aldrich) in 1 × PBS for 20 min. After
a blocking step with 5% FCS in 1 × PBS for 30 min, cells were washed three times with
1 × PBS/0.1% Tween 20® and incubated with phalloidin-TRITC (Sigma-Aldrich; working
solution: 10 µg/mL in 1 × PBS/0.1% Tween 20®/5% FCS) for 45 min or the primary
osteopontin antibody (Abcam; 1:50 in 1 × PBS/5% FCS/0.1% Tween 20®) for 2 h. After
a washing step, the secondary donkey anti-goat A568 antibody (Thermo Fisher Scientific,
Waltham, MA, USA; 1:500 in 1 × PBS/5% FCS/0.1% Tween 20®) was applied for 1 h.
Finally, after washing with 1 × PBS/0.1% Tween 20®, the visualization of nuclear DNA
was performed using 1 µg/mL 4′,6-diamidino-2-phenylindo (DAPI; Life Technologies,
Carlsbad, CA, USA; diluted in 1 × PBS/0.1% Tween 20®/5% FCS) for 15 min. Cryo-
sections were covered with FluoromountTM (Sigma-Aldrich). Images were performed
using a fluorescence microscope (BZ-9000; Keyence).

2.8. Gene Expression Analysis

TCPs were transferred to 300 µL RLT-buffer (Qiagen) with 1% 2-mercaptoethanol
(Serva Electrophoresis GmbH, Heidelberg, Germany) and homogenized using the Tis-
sueRuptor II (Qiagen). According to the manufacturer’s instructions, total RNA was
isolated using the RNeasy® Fibrous Tissue Mini Kit (Qiagen). Nanodrop ND-1000 (Peqlab
Biotechnologie GmbH, Erlangen, Germany) was used to determine the RNA concentra-
tion. cDNA synthesis was performed using TaqMan® Reverse Transcription Reagents Kit
(Applied Biosystems Inc., Waltham, MA, USA). The DyNAmo ColorFlash SYBR Green
qPCR Kit (Thermo Fisher Scientific) and the Stratagene Mx3000PTM (Agilent Technologies
Inc., Santa Clara, CA, USA) were used to perform qPCR. Gene expression analysis was
performed in duplicate with a non-template control for each master mix using the follow-
ing temperature profile: initial denaturation for 7 min at 95 ◦C, denaturation for 60 cycles
of 10 s at 95 ◦C, annealing for 7 s at 60 ◦C, and elongation for 9 s at 72 ◦C. All primers
(Table 2) were purchased from TIB Molbiol and verified by sequence analysis performed
by LGC Genomics.
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Table 2. Sequences of primers used for qPCR.

Gene Sequence of Forward Primer Sequence of Reverse Primer

EF1A GTTGATATGGTTCCTGGCAAGC TTGCCAGCTCCAGCAGCCT
RUNX2 TTACTTACACCCCGCCAGTC TATGGAGTGCTGCTGGTCTG

SPP1 GCCGAGGTGATAGTGTGGTT TGAGGTGATGTCCTCGTCTG
COL1A1 CAGCCGCTTCACCTACAGC TTTTGTATTCAATCACTGTCTTGCC

ON ACCAGCACCCCATTGACG AGGTCACAGGTCTCGAAAAAGC
SOX9 CGCCTTGAAGATGGCGTTG GCTCTGGAGACTTCTGAACGA

PPARγ2 CAAACCCCTATTCCATGCTGTT AATGGCATCTCTGTGTCAACC
IL6 TACCCCCAGGAGAAGATTCC TTTTCTGCCAGTGCCTCTTT
IL8 GAATGGGTTTGCTAGAATGTGATA CAGACTAGGGTTGCCAGATTTAAC

LDHA ACCCAGTTTCCACCATGATT CCCAAAATGCAAGGAACACT
VEGFA AGCCTTGCCTTGCTGCTCTA GTGCTGGCCTTGGTGAGG
PGK1 ATGGATGAGGTGGTGAAAGC CAGTGCTCACATGGCTGACT

2.9. Statistical Analysis

Statistical analyses were performed using the software GraphPad® Prism Version 9.3.0
(La Jolla, San Diego, CA, USA). Data are shown as box plots with all data points (centerline,
median; box limits, upper and lower quartiles; whiskers, maximum and minimum). For
independent datasets, the Mann–Whitney U test was applied. Concerning the deferoxamine
study, differences between the groups were determined with the two-tailed Wilcoxon matched-
pairs signed-rank test. p-values of <0.05 were considered to be statistically significant.

3. Results
3.1. MSC-Based Cell-Sheet Wrapping Enhanced Survival Rate of MSCs Seeded on β-TCP

Since it is essential to achieve flexibility in the size of the preclinical in vitro bone
model to allow for high throughput, use in a perfused cell culture chamber, or regeneration
of different sized bone defects, we investigated the FDA-approved synthetic β-TCP-based
bone graft substitute (1–2 mm particle size). We previously determined an optimal cell
source of 0.8× 105 cells/mg and readout parameters, such as SEM, RT-qPCR, and histology
after 21 days of differentiation [37].

To enhance the handling, reproducibility, and quality of β-TCP-based cancellous bone
models, we used a technique known as cell-sheet technology. We used bone-marrow-
derived MSCs obtained from patients undergoing surgery for total hip replacement as a
cell source. MSCs were seeded at a high density onto a temperature-responsive cell culture
surface and in parallel on biodegradable β-TCP scaffolds (Figure 1A). The cell-sheet reached
confluence within 2 or 3 days and formed a thin cellular sheet at 7 days. To investigate the
survival of differentiated MSCs in 3D, LIVE/DEAD® and TUNEL staining was performed
on day 21. Results indicated a higher survival rate—relative area of living (Calcein-AM+)
cells—of osteogenically induced MSCs populated on β-TCP wrapped with a single MSC-
sheet (csTCP) to the unwrapped MSC-populated β-TCP (TCP; Figure 1B,C). Taken together,
combining cell-sheet technology with conventional β-TCP leads to improved survival
without causing apoptosis.

3.2. CsTCPs Exhibit Higher MSC Seeding Density than Unwrapped Pre-Seeded TCPs

Next, we investigated cell adhesion to the β-TCP scaffold, morphological differences,
and ECM development between the MSC-populated TCPs and csTCPs using SEM. MSCs
adhered and spread on the surface of the scaffold by forming a cell layer covering the
pores of the scaffold. SEM images qualitatively but reproducibly highlight that MSCs
entirely colonized the biodegradable β-TCP scaffold when an additional cell sheet was
used, as indicated by more significant amounts of ECM on the scaffold (Figure 2A, asterisk).
Scanning the scaffold surface at specific locations and higher magnifications revealed the
presence of a microstructure deposit exhibiting a unique spherical morphology. After
three weeks of differentiation, the morphology of these deposits was similar to the typical
calcium phosphate microstructures, demonstrating osteogenic differentiation as reported
previously [61]. The proportion of cells covered with spherical deposits showed osteogenic
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differentiation in both approaches, although osteogenesis appears to be more pronounced
in csTCPs (Figure 2A, arrow). Furthermore, fluorescence analysis of the actin filaments con-
firmed a high cell density within the β-TCP particles, which was considerably higher when
using the cell-sheet technology (Figure 2B). The histological evaluation of the in vitro bone
model was consistent with the results of the SEM examination and immunofluorescence
analysis, demonstrating a high cell density, uniform cell distribution (Figure 3A), and the
presence of more significant amounts of ECM, especially in the csTCP models (Figure 3B).
In summary, using cell-sheet technology, isolated MSCs attached and differentiated on and
in the β-TCP scaffold.
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Figure 1. MSC-based cell-sheet wrapping enhanced the survival rate of MSCs seeded on TCP.
(A) MSCs were seeded on (i) β-TCP particles (TCP) and (ii) temperature-responsive dishes. The latter
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was osteogenically differentiated for 7 days, then wrapped around TCP (csTCP), and differentiated
for 21 days. (B) Representative images of LIVE/DEAD staining were conducted at 21 days and
quantified using ImageJ. Living cells are presented in green (Calcein-AM+) and dead cells in grey
(EthD+). (C) Detection of apoptotic cells (red) using TUNEL staining at day 21 with and without
cell-sheet technology. Pos Ctrl = DNase I treatment for 10 min. Data are shown as box plots (centerline,
median; box limits, upper and lower quartiles; whiskers, maximum and minimum values; all data
points); n = 7. Scale bars show 100 µm. Statistics: Two-tailed Mann–Whitney U test.
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(A) Exemplary SEM images at three magnifications highlighting cell adhesion, ECM content, pheno-
typic features at day 21 comparing TCP and csTCP. Cells well adhered to and spread on the surfaces
of β-TCP. (B) Immunofluorescence staining for F-actin and DAPI to visualize cell density through the
β-TCP particles. Exemplary images for n = 5. Scale bars show 100 µm. Legend: asterisk = highlighting
ECM; arrow = highlighting microstructure deposition; TCP = highlighting the scaffold material.
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Figure 3. Comparing csTCPs and MSC-populated TCPs regarding uniform cell distribution and ECM
at 21 days. (A) Representative images of hematoxylin and eosin (H & E) staining. (B) Exemplary
images of histological sections stained for collagen type I and visualized using brightfield microscopy.

3.3. Sheet Technology Slightly Enhance Osteogenic Tissue Formation In Vitro

To analyze whether the combination of cell-sheet technology with β-TCP promotes
osteogenic differentiation of MSCs, we monitored the relative mRNA expression levels of
osteogenic marker genes, such as runt-related transcription factor 2 (RUNX2), osteopontin
(SPP1), COL1A1, OC, alkaline phosphatase (ALP), and ON at 21 days using quantitative
PCR. As a result, we observed a similar expression pattern of RUNX2—an early osteogenic
marker—and ALP between TCP and csTCP. The expression of SPP1, COL1A1, and ON
tended to be higher in csTCP, whereas the late-stage bone marker OC was significantly
more highly expressed, compared to TCP.
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In this line of observation, PPARG as an adipogenic marker gene and SOX9 as a chon-
drogenic marker gene tended to be expressed less and significantly less, respectively, when
TCP scaffolds were combined with sheet technology (Figure 4A). We further confirmed
the SPP1 gene expression result with immunofluorescence staining and noticed an intense
staining of osteopontin at csTCP, as shown in Figure 4B. In summary, a clear osteogenic
differentiation was achieved when using cell-sheet technology.
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shown as box plots (centerline, median; box limits, upper and lower quartiles; whiskers, maximum
and minimum values; all data points); n = 6. Statistics: Two-tailed Mann Whitney U test. p-values
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histological sections stained for osteopontin and visualized using a BZ-9000 fluorescence microscope
(n = 5). Scale bars show 100 µm.
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3.4. Deferoxamine Promotes Osteogenesis In Vitro

To confirm the responsiveness of our cell-sheet-based TCP bone model to modifying
substances (e.g., therapeutics), we used DFO, which is well known to induce cellular
hypoxia-adaptive, osteogenic, and angiogenic processes within the differentiated MSCs
of the cell-sheet-based TCP bone model. Therefore, we treated csTCPs with 250 µM
DFO for 3 days at day 21, compared them with the untreated control, and assessed the
expression of selected marker genes. We observed an upregulation of osteogenic (RUNX2,
SPP1), hypoxia-related (LDHA, PGK1, VEGFA), and pro-angiogenic (VEGFA, IL8) markers,
while IL6 was similarly expressed as compared to the untreated control (Figure 5). These
experiments demonstrate the responsiveness of our cell-sheet-based TCP bone model to
modifying substances, such as DFO.
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Figure 5. Deferoxamine (DFO) conditioned medium further promotes osteogenesis of the csTCP bone
model verified on mRNA level using RT-qPCR. csTCP was treated after 21 days with 250 µM DFO for
72 h. Relative expression of RUNX2, SPP1, LDHA, PGK1, VEGFA, IL6, and IL8 was normalized to the
housekeeper gene EF1A. Data are shown as box plots (centerline, median; box limits, upper and lower
quartiles; whiskers, maximum and minimum values; all data points); n = 6. Statistics: Two-tailed
Wilcoxon matched-pairs signed-rank test. p-values are indicated in the graphs with * p < 0.05 and
ns = not significant.

4. Discussion

In recent years, new advances have been made in bone tissue engineering to overcome
the challenges of bone defect regeneration. Cell-sheet technology has become a promising
tool, as its application to ectopic sites or bone defects promotes bone formation in vivo
without using an additional scaffold [62,63]. Transplantation of mechanically generated
osteogenic cell-sheets to the site of bone defects resulted in significantly improved new
bone formation [64–66]. Fracture healing is characterized by initial inflammation, callus
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formation, and bone remodeling, resulting in scar-free bone regeneration. In some cases,
bone-healing disorders may occur, leading to delayed or non-union. Transplantation of
osteogenic cell-sheets into a fractured rat femur showed improved bone formation at the
fracture site, providing a treatment option for bone-healing disorders [67].

However, recapitulating the complex process of continuous bone remodeling in an ade-
quate preclinical in vitro 3D model remains a significant challenge in the field of preclinical
and basic musculoskeletal research [14]. Preclinical bone models as an alternative to the cur-
rent gold standard—in vivo animal models—require the (co-)culture of bone-relevant cells
under bone-like physiological conditions. Cell-sheets alone have poor mechanical proper-
ties and limited spatial support [16]. These obstacles can be surmounted by combining cell
sheets with biodegradable scaffolds that mimic the mineral cancellous bone part.

The most common biodegradable scaffolds used as synthetic bone graft substitutes
that closely resemble the native bone matrix are β-TCP, HA, and BCP (HA: β-TCP), well-
known to be osteoconductive [68]. These materials facilitate cell adhesion, differentiation,
and homogeneous cell distribution. The model or implant must be adjusted in particle
size, pore size, porosity, and mechanical strength to the target natural bone, considering the
different requirements of, for example, cortical and trabecular bone [60,69–71]. Macropores
allow for cell proliferation due to the enhanced nutrient supply and oxygen transportation,
while in vitro osteogenesis does not seem to be affected by pore size [72]. Trabecular bone
has a porosity in the range of 50%–90% and a pore size up to 1000 µm in diameter [73].

In vitro bone models are used to mimic native cortical or trabecular bone to study
physiological processes (e.g., metabolism of bone turnover), pathophysiological processes
(e.g., cellular processes in bone healing), the effects of agents on bone homeostasis and re-
generation (e.g., glucocorticoids or BMPs), implant integration (e.g., the interaction of bone
and implant surfaces), or the suitability of the model as an implant itself (e.g., load-bearing
capacity and stability) [2]. To evaluate substances or implant materials (evaluation of
osteoconductive properties) in high-throughput format about toxicology, biocompatibility,
tolerability, and osteoinductivity, simple, easy-to-handle scaffold-free spheroid cultures
(osteospheres) with a 3D architecture but without mechanical strength are used [74–79]. In
contrast, scaffold- or hydrogel-based models own load-bearing capacity and the option for
a trabecular-like structure [80–87]. These models are more complex and bear the capability
to add bone marrow cells, including immune cells, a supplying vascular-like system [86,87].
Typically scaffold-based models closely mimicking native bone are used to study physio-
logical and pathophysiological processes and implant integration or serve as an implant
itself. However, there is still space for optimization left.

The present study demonstrated that the biodegradable pre-seeded β-TCP scaffold or
bone graft substitute wrapped with osteogenically induced MSC sheets exhibited higher
expression of osteogenic genes and proteins in vitro. csTCP also showed sufficient matrix
formation. Here, we evidenced that pre-seeded biodegradable β-TCP scaffolds wrapped
with osteogenic MSC-sheets provide superior osteogenic performance in vitro and, therefore,
may represent an elegant and physiologically relevant preclinical 3D alternative. Up-sizing
of scaffold-based bone constructs becomes feasible through sheet technology. In addition,
sheets combining different cell types can be fabricated, as demonstrated by Zhang et al.
using MSC-derived endothelial progenitor cells on MSC sheets [88] and Kawamura et al.
adding MSCs to human-induced pluripotent stem cell-derived cardiomyocyte sheets [89].
This provides the opportunity to combine osteoblast and osteoclast progenitor cells.

Artificial bone scaffold materials, such as TCP, are biodegradable and can be replaced
by autologous bone after implantation. The β-TCP scaffold is one the most used and potent
synthetic bone graft substitute known to be osteoconductive and osteoinductive [90,91]. The
3D structure with interconnected pores and an optimal porosity of 65% allows for sufficient
nutrient supply, cell proliferation, and ingrowth of cells [92]. Ueha et al. demonstrated
the promising osteogenic potential of pre-seeded TCP with osteogenic cell-sheets in a
femoral defect model in rats [93]. A similar approach was applied to treat patients with
osteoarthritis and/or osteonecrosis by using differentiated osteoblasts in combination with
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scaffolds. Importantly, seeding cells on an artificial bone scaffold leads to bone formation,
but only in their pores, resulting in single separated constructs without any bridging area.
Considering the need for sophisticated preclinical in vitro 3D models, a physiologically
similar bone with sufficient cell colonization and strong osteogenic potential should be
developed to ensure the transferability of results. By confirming the cell adherence, cell
phenotype, morphology, and cell density of differentiated MSCs on β-TCP with and
without cell sheets, we successfully demonstrated an optimized cell seeding and the
differentiation of MSCs using cell-sheet technology. Usually, the number of cells combined
with artificial bone substitutes, such as β-TCP, is limited because most suspended cells
remain in the pores and do not homogeneously and reproducibly populate the β-TCP
scaffold as demonstrated here. Adding the cell sheet resulted in a large number of loaded
cells on the β-TCP scaffold, thereby providing a microenvironment that facilitates cell
seeding and differentiation. A strategy that optimizes seeding and production, up-sizing
and osteogenic properties of small scale and small amounts of particles such as β-TCP
particles. In this line of observation, Ueha et al. showed bone formation on the surface of
sheet/TCP constructs, assuming facilitation in bridging the fracture gap and promoting
bone formation [93]. Another sophisticated optimization approach of complex bone models
in tissue engineering strategy is the functionalization of bioinspired scaffold systems.
Functionalization with growth factors promoting angiogenesis and osteogenesis has shown
great therapeutic potential in preclinical models and clinical applications [94,95]. They
promote tissue ingrowth and proliferation. Growth factors such as VEGF, fibroblast growth
factor (FGF) (involved in angiogenesis) as well as transforming growth factor-beta (TGF-β)
and bone morphogenetic proteins (BMPs) (involved in healing and new bone formation)
are commonly applied [96]. The latter is probably the most essential protein to enhance
neo-bone formation in bone defects, such as tibia fracture reconstruction and spinal fusion
surgery [97,98]. BMPs can be delivered to a surgical site by scaffold-based carrier systems,
such as fibrous glass, HA granules, and β-TCP granules. Nowadays, these systems are
chemically modified to enable the controlled, precise, sustained, and localized release
of such proteins. Taken together, functionalized scaffolds allow mimicking hierarchical
architectures and ECM components with high cell affinity and bioactivity, bringing the
model closer to natural bone. In contrast, cell seeding and ingrowth can be optimized by
enveloping them with an additional cell layer.

5. Conclusions

Our data demonstrate that the colonization of β-TCP scaffolds with MSCs and the
additional wrapping of the colonized scaffolds creates a local niche. This niche promotes
osteogenic but not chondrogenic and adipogenic differentiation and allows for the com-
bination of multiple models. In addition, we have shown that our in vitro human MSC-
sheet-based 3D bone model is responsive to modifying agents such as DFO. This finding
suggests that optimization provides all the requirements to serve as an alternative personal-
ized preclinical model of cancellous bone tissue for predicting and developing therapeutic
strategies for treating bone healing disorders.

Although preclinical data from in vitro bone models and animal studies are often
promising, the clinical failure of cell-based implants, osteoconductive bone substitutes, and
osteoinductive growth factors cannot be predicted or generally excluded. Humans are
complex systems that are more than the sum of their parts, which cannot be represented in
all aspects by animal models or preclinical in vitro 3D models. Nevertheless, while animal
models still remain models, preclinical in vitro 3D models can directly serve as bone graft
substitutes for clinical application.
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