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Abstract: Articular cartilage (AC) is an avascular tissue composed of scattered chondrocytes embedded
in a dense extracellular matrix, in which nourishment takes place via the synovial fluid at the
surface. AC has a limited intrinsic healing capacity, and thus mainly surgical techniques have
been used to relieve pain and improve function. Approaches to promote regeneration remain
challenging. The microfracture (MF) approach targets the bone marrow (BM) as a source of factors
and progenitor cells to heal chondral defects in situ by opening small holes in the subchondral
bone. However, the original function of AC is not obtained yet. We hypothesize that mechanical
stimulation can mobilize mesenchymal stromal cells (MSCs) from BM reservoirs upon MF of
the subchondral bone. Thus, the aim of this study was to compare the counts of mobilized
human BM-MSCs (hBM-MSCs) in alginate-laminin (alginate-Ln) or collagen-I (col-I) scaffolds upon
intermittent mechanical loading. The mechanical set up within an established bioreactor consisted of
10% strain, 0.3 Hz, breaks of 10 s every 180 cycles for 24 h. Contrary to previous findings using porcine
MSCs, no significant cell count was found for hBM-MSCs into alginate-Ln scaffolds upon mechanical
stimulation (8 ± 5 viable cells/mm3 for loaded and 4 ± 2 viable cells/mm3 for unloaded alginate-Ln
scaffolds). However, intermittent mechanical stimulation induced the mobilization of hBM-MSCs
into col-I scaffolds 10-fold compared to the unloaded col-I controls (245 ± 42 viable cells/mm3 vs.
22 ± 6 viable cells/mm3 , respectively; p-value < 0.0001). Cells that mobilized into the scaffolds by
mechanical loading did not show morphological changes. This study confirmed that hBM-MSCs can
be mobilized in vitro from a reservoir toward col-I but not alginate-Ln scaffolds upon intermittent
mechanical loading, against gravity.
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1. Introduction
1.1. Therapeutic Approaches for Chondral Defects
Articular cartilage (AC) is the hyaline tissue covering the diarthrodial joints and contributes to load
distribution during locomotion [1]. It is formed by scattered chondrocytes embedded in an extracellular
matrix (ECM). Collagens are the most abundant ECM component and they are mainly responsible of
the tissue volume and AC mechanical properties [2]. Blood supply, nerves and lymphatic vessels are
absent in this tissue [3], this is why AC has a limited intrinsic healing capacity. Chondral injuries require
early and proper treatment to avoid a major degeneration of the joints [4]. The current therapeutic
options for AC repair are invasive: for instance mosaicplasty, whereby several osteochondral plugs are
taken from a non-degraded part of the joint and grafted in the injured region [5] or matrix-induced
autologous chondrocytes implantation (MACI) that requires two surgeries, first for chondrocytes
isolation and second for implantation [6].
Microfracture (MF) is a one-step procedure preferred for the majority of small chondral defects [7,8]
that aims at bone-marrow (BM) stimulation by subchondral bone micro-perforations that release blood
clots containing growth factors that attract progenitor cells [9]. Even when successful in reducing pain
and improving function, thus contributing to repair, the MF treatment still fails to produce regeneration
and a hyaline-like tissue of similar biology and mechanical composition as the natural cartilage [10].
1.2. Matrix-Augmented Bone Marrow Stimulation
MF of the subchondral lamella is a reliable treatment of cartilage defects inducing an in situ
regeneration process [9]. It is also named “Matrix-augmented Bone Marrow Stimulation” (MABMS)
when the defect is filled with a scaffold for securing the containment of mesenchymal stem/stromal
cells (MSCs) from the blood clot to enhance AC regeneration [11]. Erggelet et al., demonstrated that the
treatment of microfractured full thickness cartilage defects with a cell-free poly-glycolic acid scaffold
promoted defect repair tissue superior to the treatment of microfracturing alone in a sheep model [12].
Furthermore, Kramer et al. showed that MSCs were “sucked” into a matrix made of collagen-I/III by
covering microfractured defects of human knees [13].
Different scaffold materials seem to differ in their performance to support chondrogenic
differentiation of MSCs. Collagen-II (col-II) have better chondrogenic potential than collagen-I
(col-I) scaffolds but simultaneously, it also shows arthritogenic potency [14]. Therefore, the use of col-I
implants is considered safer; it is widely used and clinically approved [14].
In addition, the attractiveness of the scaffold for the recruitment of MSCs could be enhanced by the
use of cytokines [15] and adhesion molecules such as laminins (Ln) [16]. In particular, Ln521 located
at stem cell niches has been used in monolayers and matrices to provide a robust substratum for stem
cells [17]. We recently reported that functionalizing alginate scaffolds by Ln521 enhanced the MSCs
mobilization into the scaffolds [18].
1.3. Biomechanics in the Knee Joint and the Bioreactor
Mechanical stimulation is a key factor to understand the AC regeneration in situ. The AC in the
knee joint is exposed to different acting forces as compression, tension, hydrostatic pressure and shear
stress [19]. For instance, strain in healthy joints oscillates between 0 to 10% for normal daily activities
with peaks in the range of 7 to 23% on the tibio-femoral contact area during walking [20]. As indicated
previously, MABMS promoted mobilization of cells into a scaffold. We hypothesize that mechanical
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stimulation plays an important role in mobilizing MSCs. Within a proof-of-concept study with a novel
bioreactor system, we in fact recently demonstrated mobilization of porcine BM-MSCs (pBM-MSCs)
into functionalized alginate-Ln scaffolds [18]. Our compression bioreactor is a technological device that
allows applying mechanical parameters such as frequency, strain, duration and loading on scaffolds,
while resembling physicochemical environment of the AC in vitro [18]. Loading is produced by
direct compression as it resembles the mechanical stress applied by the opposite joint component [21].
Such loading is produced by the strain, which is determined by the change in percentage of the tissue
or scaffold height [22]. Mechanical stimulation provided by bioreactors in a dynamic-fashion simulates
better the physiological loading pattern in the knee joints, and is shown to boost ECM synthesis and
to support transport of nutrients through the avascular AC [23,24]. Resting times with unloaded
periods naturally occur during the dynamic mechanical stimulation [25], which makes intermittent
dynamic loading regimes important for AC research [18,26–28]. As mentioned before, the right choice
of scaffolds has to be taken.
Nachtsheim et al. reported a colonization of cell-free col-I scaffolds by chondrocytes originally
provided in a layer located beneath the cell free scaffold [29]. However, our preliminary results
suggested that mechanical stimulation mobilizes MSCs only when working together with functionalized
scaffolds [18].
1.4. Migration and Cell Morphology
It is well known that cyclic changes in the cell shape occur during migration in a myriad of
biological processes from embryogenesis, wound healing to cancer spreading, and also responding
to internal and external factors as mechano-, chemo-, thermo- and electro-taxis [30]. The cells have
the ability to sense external mechanical forces as compression, tension and shear stress, transforming
them into biochemical signals that alter ECM gene and protein expression to maintain the tissue
homeostasis or leading to pathological changes in the tissues [31]. The interaction between cells and
the surrounding substrate generates changes in cell morphology [30,32,33]. By morphometric analyses,
cell shapes can be quantified based on 3D features such as sphericity, volume, convex volume and
surface area [32]. Thus, the analysis of cell morphology changes by given experimental conditions may
give some hints for active cell migration.
1.5. Focus of the Study
MF considers endogenous mobilization of stem cells to the defect site in the joint. To generate an
in vitro model, which could support this idea and help to optimize therapeutic strategies like MABMS,
we used here a compression bioreactor to provide mechanical stimulation on a scaffold and a cell
reservoir. This should allow us to study in vitro the potential factors involved in the regeneration of AC
in situ [18]. Our preliminary results suggest that mechanical stimulation could induce the mobilization
of pBM-MSCs into functionalized alginate-laminin (alginate-Ln) scaffolds [18]. Thus, this time we
asked whether the cell recruitment of human cells is dependent on the material of the scaffold. The aim
of this study was to compare the counts of mobilized human BM-MSCs (hBM-MSCs) in alginate-Ln or
col-I scaffolds upon intermittent mechanical loading.
2. Results
2.1. Cells Found in the Scaffolds after Mechanical Stimulation
Our preliminary work suggested higher counts of pBM-MSCs found in functionalized alginate-Ln
scaffolds after applying intermittent mechanical loading [18]. Surprisingly, mechanical loading failed
to induce mobilization of hBM-MSCs into alginate-Ln scaffolds, probably because the pore size of
alginate scaffolds is too small for larger cells as hBM-MSCs [34–36]. We observed that hBM-MSCs
were larger than pBM-MSCs under standard culture conditions (Supplementary Materials Figure S1).
Thus, we chose to test col-I, a biomaterial frequently used and clinically approved for orthopedic
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procedures [14]. We found higher cell counts in col-I scaffolds compared to alginate-Ln scaffolds
(Figures 1 and 2). Using confocal microscopy, most of the cells in the scaffold were found in the adjacent
side facing the cell reservoir. Figure 2 shows the distribution, cell shape, and the structure of the col-I
scaffolds at different magnifications.
Loaded col-I scaffolds showed a significantly higher numbers of cells (245 ± 42 viable cells/mm3 )
in comparison to the col-I unloaded controls (22 ± 6 viable cells/mm3 ; p-value < 0.0001, Figure 1,
Table S1); whereas a mean of 8 ± 5 viable cells/mm3 were found in the loaded and 4 ± 2 viable cells/mm3
in the unloaded alginate-Ln scaffolds (Figure 1, Table S1). Thus, mechanical loading mobilized 10-fold
more cells when using col-I scaffolds in comparison with their unloaded col-I counterpart, while no
significant change in the cell count was found for alginate-Ln scaffolds (Figure 1).
Based on our previous findings, we confirmed that intermittent mechanical stimulation maintains
high the cell viability. For col-I scaffolds, the cell viability was 93.5% upon loading and 89.4% in the
unloaded control, and 78.5% vs. 77.8% respectively for alginate-Ln scaffolds (Figure 1, Table S1);
indicating that the mechanical loading did not harm the cells.
An analysis of variance (ANOVA) comparing the mean number of cell/mm3 for all the evaluated
conditions showed that all of the experimental variables (i.e., scaffold type named as “scaffold”, loading,
viability, and donor), as well as the interactions between them (scaffold x loading, scaffold x viability,
scaffold x loading x viability, scaffold x donor, loading x donor, viability x donor, scaffold x loading x
donor, scaffold x viability x donor, and scaffold x loading x viability x donor), had a significant 4effect
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Loaded col-I scaffolds showed a significantly higher numbers of cells (245 ± 42 viable cells/mm3)
in comparison to the col-I unloaded controls (22 ± 6 viable cells/mm3; p-value < 0.0001, Figure 1, Table
S1); whereas a mean of 8 ± 5 viable cells/mm3 were found in the loaded and 4 ± 2 viable cells/mm3 in
the unloaded alginate-Ln scaffolds (Figure 1, Table S1). Thus, mechanical loading mobilized 10-fold
more cells when using col-I scaffolds in comparison with their unloaded col-I counterpart, while no
significant change in the cell count was found for alginate-Ln scaffolds (Figure 1).
Based on our previous findings, we confirmed that intermittent mechanical stimulation
maintains high the cell viability. For col-I scaffolds, the cell viability was 93.5% upon loading and
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Figure 1 reveals the higher number of mobilized viable cells into the col-I scaffolds after loading
5 of 17
compared with all other groups.
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Figure 2. Mobilized cells into col-I scaffolds after mechanical stimulation. (a) The cells in the scaffolds
Figure 2. Mobilized cells into col-I scaffolds after mechanical stimulation. (a) The cells in the scaffolds
were visualized by confocal microscopy after 24 h with or without mechanical stimulation. Viable cells
were visualized by confocal microscopy after 24 h with or without mechanical stimulation. Viable
are stained with C-AM (calcein-A, green) and non-viable with EthD-1 (Ethidium homodimer-1, red).
cells are stained with C-AM (calcein-A, green) and non-viable with EthD-1 (Ethidium homodimer-1,
(b) 3D images in 20× magnification plus 5X digital zoom of cells in loaded and unloaded col-I scaffolds.
red). (b) 3D images in 20× magnification plus 5X digital zoom of cells in loaded and unloaded col-I
Pseudo-colors are used in (b) for a better visualization of cells within the collagen network.
scaffolds. Pseudo-colors are used in (b) for a better visualization of cells within the collagen network.

To discriminate which parameter explained the differences in the number of cells in detail,
2.2. Biomechanical Stimulation Provided by the Compression Bioreactor
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2.2. Biomechanical Stimulation Provided by the Compression Bioreactor
We applied intermittent dynamic mechanical stimulation as seen in detail in Figure 3.
The mechanical parameters of piston displacements, number of periods, total time for the examinations
and
forces
Int. J. the
Mol.resulting
Sci. 2020, 21,
x FORwere
PEER analyzed
REVIEW (Table 1).
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24.13
0.08
1.08
0.13
1.08
0.13
202.20
11.10
202.20
11.10
133.27
10.73
133.27
10.73
23.64
0.86
23.64

0.86

Median
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* One of the technical replicates was excluded (see Section 4.4).

We found that the executed mechanical stimulation was similar for col-I and alginate-Ln
scaffolds. The displacements of the piston were 202.20 ± 11.10 µm for col-I scaffolds and 277.90 ± 53.01
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2.3. Morphometry
of Mobilized
Cells into Col-I Scaffolds
We hypothesized that active migration upon mechanical loading should go in line with
morphological changes of the cells. Thus, we performed morphometric analyses on the cells found in
the col-I scaffolds. We addressed diameter, volume, surface area and sphericity of the cells [37]. No
significant differences in cell morphology were found (p > 0.05, Figure 4). The sphericity of viable
cells was 0.339 ± 0.045 for unloaded scaffolds and 0.369 ± 0.026 for loaded scaffolds, indicating a nonspherical shape in all cases and no significant changes between the conditions (Figure 4).
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3. Discussion

3. Discussion
We hypothesize that mechanical loading could help to promote regeneration in situ by mobilizing
stromal cells into a scaffold placed in an AC defect. Particularly, mechanical stimulation may induce
We hypothesize that mechanical loading could help to promote regeneration in situ by
cell migration from the bone marrow reservoir to a scaffold placed in the AC defect, resembling a
mobilizing stromal cells into a scaffold placed in an AC defect. Particularly, mechanical stimulation
situation of cells moving toward the tibia plateau when the subchondral bone is opened. Within our
may induce cell migration from the bone marrow reservoir to a scaffold placed in the AC defect,
previous work, we developed a bioreactor system as a tool to study in vitro the phenomenon of cell
resembling a situation of cells moving toward the tibia plateau when the subchondral bone is opened.
mobilization under controlled biomechanical load patterns like frequency and strain [18]. In that
Within our previous work, we developed a bioreactor system as a tool to study in vitro the
preceding proof-of-concept study, we showed that pBM-MSCs can be mobilized toward functionalized
phenomenon of cell mobilization under controlled biomechanical load patterns like frequency and
scaffolds against gravity. Now, we addressed whether human cells, specifically hBM-MSCs, could be
strain [18]. In that preceding proof-of-concept study, we showed that pBM-MSCs can be mobilized
efficiently mobilized into alginate-Ln or col-I scaffolds in this set-up. Surprisingly, we did not find
toward functionalized scaffolds against gravity. Now, we addressed whether human cells,
many hBM-MSCs in loaded alginate-Ln scaffolds. We argue that it happened because hBM-MSCs are
specifically hBM-MSCs, could be efficiently mobilized into alginate-Ln or col-I scaffolds in this setmore elongated than pBM-MSCs (Figure S1) [36], pore size is critical and does not allow the larger
up. Surprisingly, we did not find many hBM-MSCs in loaded alginate-Ln scaffolds. We argue that it
happened because hBM-MSCs are more elongated than pBM-MSCs (Figure S1) [36], pore size is
critical and does not allow the larger human cells to enter the scaffold. Indeed, using col-I-scaffolds
high cell numbers were found. In fact, cell numbers were comparable between pBM-MSCs in loaded
alginate-Ln scaffolds (194 cells/mm3) [18] and hBM-MSCs in loaded col-I scaffolds (245 cells/mm3).
Nevertheless, different pore sizes in alginate beads have been obtained depending on alginate or
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human cells to enter the scaffold. Indeed, using col-I-scaffolds high cell numbers were found. In fact,
cell numbers were comparable between pBM-MSCs in loaded alginate-Ln scaffolds (194 cells/mm3 ) [18]
and hBM-MSCs in loaded col-I scaffolds (245 cells/mm3 ). Nevertheless, different pore sizes in alginate
beads have been obtained depending on alginate or crosslinker concentration, and temperature
of polymerization [38]. Such parameters could be modified (e.g., using diluted alginate solution)
when fabricating alginate scaffolds in order to produce scaffolds of bigger pore sizes and therefore,
it is likely that the human cells could mobilize in. As our previous work suggested that alginate-Ln
worked for porcine cells, we consider that alginate-Ln might still be a suitable biomaterial if scaffolds
with greater pores are produced. Thus, upon adapting the scaffold to the respective cell of interest,
the used bioreactor system is helpful in optimizing strategies to mobilize endogenous stromal cells
into scaffolds, which may contribute to understanding in situ regeneration.
3.1. Mechanical Stimulation and Mobilized Cells
Mechanical stimulation has been described as an inducing factor of non-hypertrophic chondrogenic
differentiation in studies using MSCs [10]. For instance, intermittent mechanical stimulation has shown
to promote expression of chondrogenic markers of BM-MSCs in alginate composites [39].
In our bioreactor, the mechanical stimulation was induced by displacements of the piston that were
set at the beginning of the experiments and then monitored by an independently working sensor [18].
We observed that the set values of piston displacements (i.e., 200 µm, corresponding to 10% strain
of the 2 mm of scaffold height) slightly varied from the actual executed displacements, ranging from
10.1% (col-I scaffold) to 13% (alginate-Ln scaffolds) in the present study. However, these values were in
the range of diurnal to post-activity physiological strain measurements according to Sanchez-Adams
et al. [20].
In line with our results of mechanical stimulation helping to recruit cells, Nachtsheim et al.,
found colonization of chondrocytes in an upper located col-I scaffold when using unconfined
compression [29]. Nevertheless, in our system the scaffolds were stressed in a confined situation as we
placed a circular compressible ring around the scaffold [18]. In our opinion, the confined compression
better resembles the clinical situation of MF and MABMS than the unconfined compression. Specifically,
before drilling the bone, a stable cartilage rim (i.e., the cartilage wall around the AC defect) is required
to protect the blood clot or to hold the scaffold, respectively, against shear stress and destruction [11,40].
Thus, the cartilage surrounding the defect was simulated by an elastic ring made of silicone that
recreated a laterally confined environment for the scaffold in our in vitro system [18]. Nachtsheim et al.
detected fewer chondrocytes (approximately 150 viable cells/mm3 , 90% cell viability) in the scaffolds
after 20 days of stimulation [29] than we did after 24 h for col-I scaffolds (245 cells/mm3 , 93.5% viability),
probably because long runs may imply a higher risk of losing cells by apoptosis and necrosis. In the
present study, the viability of the moved cells was slightly higher under dynamic stimulation than
the viability of the controls without mechanical stimulation, which is comparable with the results of
Nachtsheim et al. [29]. The higher percentage of cell viability found in loaded scaffolds may relate to
an improved distribution of nutrients and better gas exchange, as the cell culture medium located on
top might be more accessible for the cells upon intermittent loading.
In contrast to our results, Ode et al. reported that the mobilization of MSCs was impeded by
loading in another bioreactor system [41,42]. The pneumatic load transmission used by them may
exert a different load transmission pattern than our bioreactor system, which works with a step motor,
moving a stiff piston that pushes directly on the scaffold and the surrounding silicone ring [18,41,42].
In addition, the mechanical stimulation patterns of Ode et al. differed from ours in terms of frequency,
strain, duration and intermittent load application (i.e., they used 1 Hz and 20% strain for 72 h,
whereas we applied 0.3 Hz and 10% strain for 24 h) [18].
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3.2. Migration of Cells
The interaction between cells and the surrounding substrate generates changes in cell morphology.
Stiffer substrates allow lamellipodial or mesenchymal migration, i.e., adherence-dependent migration,
by the formation of focal adhesions, cell elongation and increased cell membrane area; whereas softer
substrates facilitate non-adherence migration and the cells appear more rounded [30,32,33]. We argued
that a change in cell morphology would allow us to discriminate active from passive mobilization of the
cells into the scaffolds. Unfortunately, we were not able to calculate any significant change or trends of
morphological changes indicative of cytoskeleton rearrangement after 24 h (Figure 4). Hence, it remains
a matter for future studies to unravel how the cells got from the cell reservoir upward the col-I scaffold
after mechanical stimulation. In an in vivo study with a sheep model, acellular implants were found
to harbor functional cells after MF [12], but the mechanism of cell enrichment in the scaffolds still
remains unclear. Our previous results suggested that mechanical stimulation enhanced the fluid to
move upward to the scaffold [18], indicating that the cells might be passively sucked rather than
actively migrated. Although if the cells were mobilized only by mechanical actions from the bioreactor,
a similar ratio between viable and non-viable cells between loaded and unloaded observations should
be expected, but more viable cells were found in the loaded scaffolds. Furthermore, if microfluidics
given by the mechanical stimulation was the only cause of moving the cells upward, we would have
expected to see a homogenous distribution of cells along the scaffold. However, the cells were mainly
found in the neighboring side of the cell reservoir, probably because we had col-I scaffolds with
heterogeneous pores (Figure 2), which in 3D might act as steric obstacles when the cells are passively
moved upward. On the other hand, we observed a less compactness of the collagen meshwork of
loaded scaffolds (Figure 2), possibly because mechanical loading had an impact on the porosity of
the col-I material, encouraging the cells to mobilize. Thus, we could speculate regarding a combined
system, probably moving the cells into in the scaffolds, but also promoting the cells to migrate.
Evidence supporting our findings regarding mobilized cells against gravity are cancer cells that
polymerize actin to form protrusions [43] and activate their migration pathways as MMP-2, MMP-9,
under microgravity environments [44]. Given the fact that pBM-MSCs required Ln functionalization [18],
we argue that the cells actively displace mainly by lamellipodial migration interacting with the substrate
via focal adhesions and integrins [45]. Collagen fibers may serve as lanes for integrin anchoring for
migration of hBM-MSCs [46]. Thus, we consider that lamellipodial migration could be assessed in
future studies by knockdown assays or inhibitors of molecules of the RhoA-ROCK-Myosin-II pathway
to elucidate whether actomyosin contractility is modified when mechanical loading is applied.
3.3. Col-I Scaffolds
Collagens are prominent in the ECM, with col-II being the main component in AC [47].
Nevertheless, implants made of col-II do not have clinical approval yet [14], whereas col-I scaffolds
or composites thereof of different shapes and sizes have been produced in the past for several
applications [48–50], showing promising outcomes for regenerative therapies for AC defects [14,51–53].
The network architecture of the collagen determines its mechanical properties [54], and thus a
successful polymerization is of high relevance. BDDGE as chemical compound has been used in
the past at low concentrations for crosslinking hyaluronic acid, concentrated collagen solutions or
collagen composites [49,50,55]. We were successful in polymerizing the col-I scaffolds with BDDGE
(as described in the methods section) that were suitable for living cells and able to withstand the
applied mechanical loading (Figure 2 and Figure S2).
3.4. Relevance and Drawbacks of Our Study
In summary, in this study we showed that: (1) the compression bioreactor was able to provide
mechanical stimulation on different types of scaffolds, (2) intermittent loading induced the mobilization
of hBM-MSCs from a cell reservoir toward a scaffold located above, (3) more hBM-MSCs were found
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upon loading when using col-I scaffolds, and (4) the cells found in the scaffolds remained viable
after mechanical stimulation. Still, this study raised several questions to be addressed in further
studies. Higher col-I solution concentration, possibly resulting in stiffer scaffolds could allow for even
better migration [56], and longer stimulation times could potentially influence the viability of the cells
or further increase the count of cells in the scaffolds. Supplementing the scaffolds with cytokines
or growth factors may increase mobilized cell numbers [57], and higher cell numbers within the
scaffold are needed to evaluate the stemness state of the cells after loading and to induce chondrogenic
differentiation markers like SOX-9, Col-II, aggrecans and glucosaminoglycans.
We uphold the idea that a holistic perspective should be addressed to understand the healing of a
complex tissue as the AC. This in vitro study showed enriched acellular col-I scaffolds with hBM-MSCs
against gravity by biomechanical means. We consider that the presented bioreactor is a useful tool to
examine variables in vitro possibly acting on diarthrodial joints. Thus, we hope that this study may
contribute to the common efforts of improving and understanding AC regeneration in situ.
4. Materials and Methods
4.1. Cells
hBM-MSCs (experimentation approval No. 2015-520N-M, Institute of Transfusion Medicine and
Immunology, Medical Faculty Mannheim of the University of Heidelberg) were isolated, expanded and
characterized as described previously [58]. The cells were cultured with low glucose Dulbecco’s
Modified Eagle’s Medium (DMEM, D5546, Sigma, Schnelldorf, Germany), supplemented with
Fetal Bovine Serum (FBS, Cat. No. F9665, Sigma), 200 mM L-Glutamine (Cat. No. BE17-605E,
Lonza, 1X Penicillin-Streptomycin (A8943, 0100, AppliChem, Darmstadt, Germany). 1× phosphate
buffered saline (PBS, Cat. No. BE17-516F, Lonza, Cologne, Germany) and 0.25% Trypsin-EDTA 1×
(Cat. No. 25200-056, Gibco) were used for washes and passaging. 1 × 103 cells/cm2 were seeded in
flasks for subcultivation. Passages 2–4 were used for the experiments. For the mechanical evaluation
in the bioreactor, 1 × 105 cells were plated in the cell reservoir.
4.2. Fabrication of the Scaffolds
Lyophilized sodium alginate (Keltone LVCR, ISP, USA) was mixed with 0.9% NaCl under constant
stirring until dissolve to obtain 1.5% alginate solution. The obtained viscous solution was carefully
sifted in a 0.22 µm filter and human Ln521 (Cat. No. LN521, Biolamina; Stockholm, Sweden) was added
to a final concentration of 15 µM. The solution was then laden in holes of a custom-made sterile mold
and the alginate polymerization was induced by 0.1 M CaCl2 for 7 min. Scaffolds with the dimensions
of 10 mm diameter and 2 mm height were unmold and washed in 1X PBS.
Col-I scaffolds were made from bovine collagen solution (3 mg/mL, Cat. No. C4243, Sigma-Aldrich,
Schnelldorf, Germany) and cross-linked by 1,4-Butanediol diglycidyl ether (BDDGE, Cat. No. 220892,
Sigma), used at 10% according to Shankar et al. [59]. The polymerization of the gel was obtained at
room temperature (RT) with pH 5.0 for 48 h.
4.3. Biomechanical Stimulation
The bioreactor system used in this study has previously been described in detail [18].
Briefly, it consists on a mechanical device for simultaneous loading application and cell cultivation,
and a computational station for launching the setup and recording the mechanical data. The loads are
exerted directly on a scaffold by a piston located on top that compresses it when displaces. A separate
sensor is used for an independent measuring of the displacements. A cell reservoir is located below
the scaffold; thus, the load is transmitted through the scaffold. A force sensor that measures the loads
is located beneath the cell reservoir, hence, the force results of the piston displacements on the scaffold.
The bioreactor is an integral system that allowed applying a mechanical setup with a robust recording
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data 50 Hz, i.e., the mechanical parameters as piston displacement with the resulting force and time
were recorded at a rate of 50 data per second, while executing during the whole run.
To evaluate whether mechanical stimulation could induce the mobilization of the cells from
the cell reservoir compartment toward the scaffold, two identical units of cell cultivation (named as
“cartridge”; details previously published in [18]) were prepared, each containing 1 × 105 hBM-MSCs
located at the cell reservoir and the respective scaffold was placed on top. To prevent sedimentation of
cells at the bottom of the cell reservoir, the cells were seeded in a solution of supplemented-DMEM
and non-polymerized 0.5% col-I. Then, 2 mL of supplemented-DMEM were added onto the scaffold.
For every examination, one of the cartridges was placed in the bioreactor for mechanical stimulation,
while the other cartridge was kept under the same experimental conditions, but no loading was
applied, serving as the unloaded control. We analyzed the mechanical data of the runs executed in
the bioreactor and the number of mobilized cells within the alginate-Ln or col-I scaffolds along their
cell viability. The mechanical stimulation setup was applied as previously established [18]. In short,
it consisted of runs of 24 h applied in a dynamic fashion; the scaffolds were loaded at 0.3 Hz frequency,
i.e., the piston displaced about 200 µm to compress the scaffold with 10% strain with respect to their
initial height (2 mm) and then decompress it, repetitively for 0.3 s per cycle. This dynamic loading
regime was applied intermittently, i.e., the dynamic loading took place until an unload phase of 10 s
was reached, every 180 cycles; it is called here “lift” maneuver because the piston completely released
the scaffold surface. Above the scaffold, cell culture medium was placed to replenish the cells with
nutrients and also to avoid gas-liquid microturbulences during the lift maneuvers.
We used a confined system, in which the scaffold was held in place laterally by the elastic ring
made of silicone that surrounded it [18]. During the lift maneuvers, the piston completely released the
scaffold surface; thus, a permeable membrane with a mesh pore size of 160 µm was anchored above
the scaffold to avoid being displaced. Preventing any disturbance between the gas atmosphere and
the liquid during the lift maneuver, the piston was submerged in culture medium during the whole
examination [18].
Cells from four different donors evaluated in triplicates were used for the examinations. The donors
of the examinations for alginate-Ln and col-I scaffolds were the same. As controls for mechanical
stimulation, cells and scaffolds were prepared in parallel and treated under the same conditions within
identical cartridges as the testing samples, but no loading was applied.
4.4. Mechanical Data Analysis
Biomechanical data such as piston displacement, force produced by the applied periodical
displacement, frequency, cycles and real duration of every examination were recorded at 50 Hz for
the whole duration of every examination. The recorded data were processed and analyzed using
the Origin software. Only values corresponding to dynamic mechanical stimulation were taken into
account for the descriptive statistics analysis of force and piston displacement, i.e., for values such as
lift maneuvers ±2 cycles, the first and the last cycles were removed for every examination. For the
statistical analysis of number of cycles and total time of the tests, the complete data of the examination
were considered.
Cells from four different donors were used for the examinations; the examination of every donor
was tested in triplicates. For one of the replicates in col-I scaffolds was not possible to read out the
mechanical data. Thus, that replicate was excluded from the statistical evaluation.
4.5. Confocal Microscopy
Confocal laser scanning microscopy (TSP8, Leica Microsystems, Wetzlar, Germany) was used
to visualize the scaffolds and to assess the number and viability of the mobilized cells. The viability
of cells within the scaffolds was assessed using calcein-AM (C-AM) to stain viable cells an ethidium
homodimer-1 (EthD-1) to stain dead cells [60], using the Live/Dead kit (Cat. No. L3224, ThermoFisher,
Waltham, MA, USA). After 24 h of intermittent dynamic load (or unload for controls), the cells were
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stained by immersing the scaffolds in a solution of 0.9% NaCl with 7 µM C-AM (Ex 494 nm/Em 517 nm)
and 5 µM EthD-1 (Ex 528 nm/Em 617 nm).
The quantification of the cells inside the scaffolds was done using Leica Application Suite X (LAS X)
from Leica Microsystems. For this, the 10× magnification immersion objective and green (Alexa 488 for
C-AM) and red channels (Texas red for Eth-D1) were used to visualize the viable and non-viable cells,
respectively. DMEM without red phenol (Cat. No. 11570406, Thermo Fisher Sci. GmbH, Dreieich,
Germany) was used as immersion media when using 10× immersion objective and type F immersion
oil (Cat. No. 1513859, Leica Microsystems, Wetzlar, Germany) when 20× objective. Image acquisition
was done with a resolution of 2048 × 2048 pixels in all cases at 600 Hz and bidirectional scanning [18].
Col-I scaffold structure was stained using 1:200 col-I antibody (COL1A, Cat. No. sc59772, Santa
Cruz Biotechnology Inc., Heidelberg, Germany) overnight at 4 ◦ C and 1:400 IgG Alexa Fluor 488
(Cat. No. A28175, Thermo Fischer Scientific, Waltham, MA, USA) for 1 h at room temperature. Col-I
was visualized and imaged by confocal microscopy using a 63× objective with type F immersion oil as
immersion medium.
4.6. Cell Quantification in 3D and Cell Morphometric Evaluation
Detection and quantification of the cell number in the scaffolds was done by image analysis using
LAS X software using a validated pipeline [18,37]. Briefly, the software GUI allowed the creation
of a custom pipeline for image analysis based on algorithms. The background noise reduction was
obtained by 3D median filtering and the discrimination between cells and background was obtained
using the adjust threshold option. Binary data were then processed using morphological filters such as
3D whole filling and opening filter with radius sphere of 2–3 voxels. Based on the shape and intensity,
morphometric features as volume, sphericity, surface area and diameter were calculated by LAS X.
The objects with sphericity equal to 1 were considered completely spherical [61]. A range of 8–25 µm
was selected for analysis, assuming that cells were within that range as previously reported [62,63].
As previously mentioned, C-AM and EthD-1 allowed us to discriminate between the viable
and non-viable cells within the scaffolds, respectively. Thus, the counts of cells were normalized in
the volume of the imaged region of interest (i.e., 1.1 mm width × 1.1 mm length × 2.0 mm height).
The mean of the viable and non-viable cells per mm3 of the four donors was used to determine the
percentage of cell viability for every condition.
4.7. Statistical Analyses
Descriptive statistical analyses were performed using Origin version 9.0G for Windows (OriginLab
Corporation, Northampton, MA, USA). The box plots were made in R Core Team 2019 (Foundation for
Statistical Computing, Vienna, Austria) using the data obtained from Origin and SAS software.
Analysis of variance (ANOVA) was performed using SAS 9.4 (Business Analytics und Business
Intelligence Software, Cary, NC, USA). The General Linear Model (GLM) procedure was used to
fit general linear model, obtaining a p-value for the whole model as an indicator of a significant
effect for at least one of the variables. The tested model was composed of the variables mechanical
stimulation (loading or no loading), cell viability, type of scaffold and donor. To discriminate within
the variables causing a significant change in the model, a pairwise least square means comparison was
performed comparing between the counts of cells per mm3 among the factors and their levels all the
experimental conditions. p-values were calculated in a paired fashion. The model was adjusted for
multiple comparisons using the method of Sidak [64].
For all cases, p-values lower than 0.05 were taken as statistically significant.
5. Conclusions
Our results show that intermittent mechanical stimulation induces the mobilization of hBM-MSCs
toward col-I scaffolds counter gravity, but not toward alginate-Ln scaffolds as used in the present study.
We found that the cell count in col-I was statistically significant compared to the unloaded control and
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the alginate-Ln scaffold. In addition, the majority of the mobilized cells are viable, which is of high
relevance for the future research aiming chondrogenic differentiation. With this study, we can confirm
that hBM-MSCs can be mobilized into a scaffold when using intermittent mechanical stimulation along
with an appropriated scaffold biomaterial as col-I. The results in vitro shown here may contribute to
the better understanding of human AC regeneration in situ.
6. Patents
An application for a Model Utility Protection for the bioreactor (No. 2019 103 387.8) has been filed
on 17 June 2019.
Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/21/
8249/s1.
Author Contributions: Conceptualization, K.B., B.S.-W., M.H., N.G. and M.L.S.; methodology, C.G., K.B.,
B.S.-W., and M.L.S.; software, C.G., A.S.; validation, C.G., K.B., N.G. and M.L.S.; formal analysis, C.G., A.S.,
S.B.; investigation, C.G., B.S.-W. and M.L.S.; resources, K.B., N.G. and M.L.S.; data curation, C.G., A.S., S.B.;
writing—original draft preparation, C.G.; writing—review and editing, C.G., K.B., B.S.-W., A.S., S.B., M.H., N.G.
and M.S; visualization, C.G., A.S. and M.L.S.; supervision, M.L.S.; project administration, K.B., B.S.-W., N.G.,
M.L.S.; funding acquisition, M.H., N.G. and M.L.S. All authors have read and agreed to the published version of
the manuscript.
Funding: This research was funded by the Ministry of Science, Research and the Arts of the State of
Baden-Württemberg (MWK-BW) Germany, and the Medicine Faculty Mannheim of the Heidelberg University.
Acknowledgments: The authors gratefully acknowledge Michael Mack (Section for Experimental Orthopaedics
and Trauma Surgery, Medical Faculty Mannheim of the University of Heidelberg) for his technical support with the
bioreactor, Adriana Torres Crigna (Institute of Transfusion Medicine and Immunology, Medical Faculty Mannheim
of the Heidelberg University) for providing the hBM-MSCs, and the data storage service SDS@hd for the confocal
microscopy imaging data storage on the cloud.
Conflicts of Interest: Heidelberg University with the coauthors M.S., K.B., B.S.-W. and C.G. applied for a German
Utility Model Protection of the bioreactor (DE202019103387U1) on 17 June 2019 and published on 29 July 2019.
A.S., S.B., M.H. and N.G. declare no conflict of interest. The funders had no role in the design of the study; in the
collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish
the results.

Abbreviations
AC
Alginate-Ln
BM
BDDGE
C-AM
Col-I
Col-II
ECM
EthD-1
GLM
hBM-MSCs
LAS X
Ln
pBM-MSCs
MABMS
MACI
MF
MSCs

Articular cartilage
Alginate-Laminin
Bone marrow
1,4-Butanediol diglycidyl ether
Calcein-AM
Collagen type-I
Collagen type-II
Extracellular matrix
Ethidium homodimer-1
General linear model
Human bone marrow derived mesenchymal stromal
cells
Leica Application Suite X
Laminin
Porcine bone marrow derived mesenchymal stromal
cells
Matrix-augmented bone marrow stimulation
Matrix-augmented chondrocytes implantation
Microfracture
Mesenchymal stem/stromal cells

Int. J. Mol. Sci. 2020, 21, 8249

14 of 17

References
1.
2.
3.
4.
5.
6.
7.

8.
9.
10.
11.

12.

13.
14.
15.

16.

17.

18.

19.
20.
21.

Akkiraju, H.; Nohe, A. Role of Chondrocytes in Cartilage Formation, Progression of Osteoarthritis and
Cartilage Regeneration. J. Dev. Biol. 2015, 3, 177–192. [CrossRef] [PubMed]
Grässel, S. Collagens in Hyaline Cartilage. In Cartilage Volume 1: Physiology and Development; Grässel, S.,
Aszódi, A., Eds.; Springer: Cham, Switzerland, 2016; Volume 1, p. 267.
Madeira, C.; Santhagunam, A.; Salgueiro, J.B.; Cabral, J.M. Advanced cell therapies for articular cartilage
regeneration. Trends Biotechnol. 2015, 33, 35–42. [CrossRef]
Makris, E.A.; Gomoll, A.H.; Malizos, K.N.; Hu, J.C.; Athanasiou, K.A. Repair and tissue engineering
techniques for articular cartilage. Nat. Rev. Rheumatol. 2015, 11, 21–34. [CrossRef]
Caldwell, K.L.; Wang, J. Cell-based articular cartilage repair: The link between development and regeneration.
Osteoarthr. Cartil. 2015, 23, 351–362. [CrossRef]
Jacobi, M.; Villa, V.; Magnussen, R.A.; Neyret, P. MACI—A new era? Sports Med. Arthrosc. Rehabil.
Ther. Technol. 2011, 3, 10. [CrossRef]
Iseki, T.; Rothrauff, B.B.; Kihara, S.; Sasaki, H.; Yoshiya, S.; Fu, F.H.; Tuan, R.S.; Gottardi, R. Dynamic
Compressive Loading Improves Cartilage Repair in an In Vitro Model of Microfracture: Comparison of 2
Mechanical Loading Regimens on Simulated Microfracture Based on Fibrin Gel Scaffolds Encapsulating
Connective Tissue Progenitor Cells. Am. J. Sports Med. 2019, 47, 2188–2199. [CrossRef]
Sommerfeldt, M.F.; Magnussen, R.A.; Hewett, T.E.; Kaeding, C.C.; Flanigan, D.C. Microfracture of Articular
Cartilage. JBJS Rev. 2016, 4. [CrossRef]
Richter, W. Mesenchymal stem cells and cartilage in situ regeneration. J. Intern. Med. 2009, 266, 390–405. [CrossRef]
Choi, J.R.; Yong, K.W.; Choi, J.Y. Effects of mechanical loading on human mesenchymal stem cells for cartilage
tissue engineering. J. Cell. Physiol. 2018, 233, 1913–1928. [CrossRef]
Niemeyer, P.; Becher, C.; Brucker, P.; Buhs, M.; Fickert, S.; Gelse, K.; Günther, D.; Kaelin, R.; Kreuz, P.;
Lützner, J.; et al. Significance of Matrix-augmented Bone Marrow Stimulation for Treatment of Cartilage
Defects of the Knee: A Consensus Statement of the DGOU Working Group on Tissue Regeneration. Z.
Orthop. Unfall. 2018, 156, 513–532. [CrossRef]
Erggelet, C.; Endres, M.; Neumann, K.; Morawietz, L.; Ringe, J.; Haberstroh, K.; Sittinger, M.; Kaps, C.
Formation of cartilage repair tissue in articular cartilage defects pretreated with microfracture and covered
with cell-free polymer-based implants. J. Orthop. Res. 2009, 27, 1353–1360. [CrossRef]
Kramer, J.; Bohrnsen, F.; Lindner, U.; Behrens, P.; Schlenke, P.; Rohwedel, J. In vivo matrix-guided human
mesenchymal stem cells. Cell. Mol. Life Sci. 2006, 63, 616–626. [CrossRef]
Irawan, V.; Sung, T.C.; Higuchi, A.; Ikoma, T. Collagen Scaffolds in Cartilage Tissue Engineering and Relevant
Approaches for Future Development. Tissue Eng. Regen. Med. 2018, 15, 673–697. [CrossRef]
Park, M.S.; Kim, Y.H.; Jung, Y.; Kim, S.H.; Park, J.C.; Yoon, D.S.; Kim, S.-H.; Lee, J.W. In Situ Recruitment
of Human Bone Marrow-Derived Mesenchymal Stem Cells Using Chemokines for Articular Cartilage
Regeneration. Cell Transplant. 2015, 24, 1067–1083. [CrossRef] [PubMed]
Rodin, S.; Antonsson, L.; Hovatta, O.; Tryggvason, K. Monolayer culturing and cloning of human pluripotent
stem cells on laminin-521-based matrices under xeno-free and chemically defined conditions. Nat. Protoc.
2014, 9, 2354–2368. [CrossRef]
Rodin, S.; Antonsson, L.; Niaudet, C.; Simonson, O.E.; Salmela, E.; Hansson, E.M.; Domogatskaya, A.;
Xiao, Z.; Damdimopoulou, P.; Sheikhi, M.; et al. Clonal culturing of human embryonic stem cells on
laminin-521/E-cadherin matrix in defined and xeno-free environment. Nat. Commun. 2014, 5, 3195. [CrossRef]
Gamez, C.; Schneider-Wald, B.; Schuette, A.; Mack, M.; Hauk, L.; Khan, A.U.M.; Gretz, N.; Stoffel, M.;
Bieback, K.; Schwarz, M.J. Bioreactor for mobilization of mesenchymal stem/stromal cells into scaffolds
under mechanical stimulation: Preliminary results. PLoS ONE 2020, 15, e0227553. [CrossRef]
Fahy, N.; Alini, M.; Stoddart, M.J. Mechanical stimulation of mesenchymal stem cells: Implications for
cartilage tissue engineering. J. Orthop. Res. 2018, 36, 52–63. [CrossRef]
Sanchez-Adams, J.; Leddy, H.A.; McNulty, A.L.; O’Conor, C.J.; Guilak, F. The mechanobiology of articular
cartilage: Bearing the burden of osteoarthritis. Curr. Rheumatol. Rep. 2014, 16, 451. [CrossRef]
Anderson, D.E.; Johnstone, B. Dynamic Mechanical Compression of Chondrocytes for Tissue Engineering:
A Critical Review. Front. Bioeng. Biotechnol. 2017, 5, 76. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 8249

22.

23.
24.
25.
26.

27.
28.

29.
30.
31.
32.
33.
34.

35.
36.

37.

38.
39.

40.

41.

42.

15 of 17

Coleman, J.L.; Widmyer, M.R.; Leddy, H.A.; Utturkar, G.M.; Spritzer, C.E.; Moorman, C.T.; Guilak, F.;
DeFrate, L.E. Diurnal variations in articular cartilage thickness and strain in the human knee. J. Biomech.
2013, 46, 541–547. [CrossRef] [PubMed]
Fitzgerald, J.B.; Jin, M.; Grodzinsky, A.J. Shear and compression differentially regulate clusters of functionally
related temporal transcription patterns in cartilage tissue. J. Biol. Chem. 2006, 281, 24095–24103. [CrossRef]
Grodzinsky, A.J.; Levenston, M.E.; Jin, M.; Frank, E.H. Cartilage tissue remodeling in response to mechanical
forces. Annu. Rev. Biomed. 2000, 2, 691–713. [CrossRef]
Sauerland, K.; Raiss, R.X.; Steinmeyer, J. Proteoglycan metabolism and viability of articular cartilage explants
as modulated by the frequency of intermittent loading. Osteoarthr. Cartil. 2003, 11, 343–350. [CrossRef]
Bonzani, I.C.; Campbell, J.; Knight, M.M.; Williams, A.; Lee, D.A.; Bader, D.; Stevens, M.M. Dynamic
compressive strain influences chondrogenic gene expression in human periosteal cells: A case study. J. Mech.
Behav. Biomed. Mater. 2012, 11, 72–81. [CrossRef]
Sauerland, K.; Steinmeyer, J. Intermittent mechanical loading of articular cartilage explants modulates
chondroitin sulfate fine structure. Osteoarthr. Cartil. 2007, 15, 1403–1409. [CrossRef] [PubMed]
Steinmeyer, J.; Knue, S.; Raiss, R.H.; Pelzer, I. Effects of intermittently applied cyclic loading on
proteoglycan metabolism and swelling behaviour of articular cartilage explants. Ostheoarthr. Cartil.
1999, 7, 155–164. [CrossRef]
Nachtsheim, J.; Dursun, G.; Markert, B.; Stoffel, M. Chondrocyte colonisation of a tissue-engineered cartilage
substitute under a mechanical stimulus. Med. Eng. Phys. 2019, 74, 58–64. [CrossRef]
Mousavi, S.J.; Doweidar, M.H. Three-dimensional numerical model of cell morphology during migration in
multi-signaling substrates. PLoS ONE 2015, 10, e0122094. [CrossRef]
Wang, J.H. Cell Traction Forces (CTFs) and CTF Microscopy Applications in Musculoskeletal Research.
Oper. Tech. Orthop. 2010, 20, 106–109. [CrossRef]
Bodor, D.L.; Ponisch, W.; Endres, R.G.; Paluch, E.K. Of Cell Shapes and Motion: The Physical Basis of Animal
Cell Migration. Dev. Cell 2020, 52, 550–562. [CrossRef]
Mousavi, S.J.; Doweidar, M.H. A novel mechanotactic 3D modeling of cell morphology. Phys. Biol. 2014,
11, 046005. [CrossRef]
Simpliciano, C.; Clark, L.; Asi, B.; Chu, N.; Mercado, M.; Diaz, S.; Goedert, M.; Mobed-Miremadi, M.
Cross-Linked Alginate Film Pore Size Determination Using Atomic Force Microscopy and Validation Using
Diffusivity Determinations. J. Surf. Eng. Mater. Adv. Technol. 2013, 3, 1–12. [CrossRef]
Wang, N.; Adams, G.; Buttery, L.; Falcone, F.H.; Stolnik, S. Alginate encapsulation technology supports
embryonic stem cells differentiation into insulin-producing cells. J. Biotechnol. 2009, 144, 304–312. [CrossRef]
Noort, W.A.; Oerlemans, M.I.F.J.; Rozemuller, H.; Feyen, D.; Jaksani, S.; Stecher, D.; Naaijkens, B.;
Martens, A.C.; Bühring, H.J.; Doevendans, P.A.; et al. Human versus porcine mesenchymal stromal cells:
Phenotype, differentiation potential, immunomodulation and cardiac improvement after transplantation.
J. Cell. Mol. Med. 2012, 16, 1827–1839. [CrossRef]
Gamez, C.; Khan, A.M.; Torelli, A.; Schneider-Wald, B.; Gretz, N.; Wolf, I.; Bieback, K.; Schwarz, M.L. Image
processing workflow to visualize and quantify MSCs in 3D. In Proceedings of the German Congress of
Orthopedic and Trauma Surgery (DKOU 2018), Berlin, Germany, 19–23 October 2018.
Wang, Z.C.; Sun, H.J.; Li, K.H.; Fu, C.; Liu, M.Z. Icariin promotes directed chondrogenic differentiation of bone
marrow mesenchymal stem cells but not hypertrophy in vitro. Exp. Ther. Med. 2014, 8, 1528–1534. [CrossRef]
Schiavi, J.; Reppel, L.; Charif, N.; De Isla, N.; Mainard, D.; Benkirane-Jessel, N.; Stoltz, J.; Rahouadj, R.;
Huselstein, C. Mechanical stimulations on human bone marrow mesenchymal stem cells enhance cells
differentiation in a three-dimensional layered scaffold. J. Tissue Eng. Regen. Med. 2018, 12, 360–369. [CrossRef]
Wang, K.C.; Frank, R.M.; Cotter, E.J.; Christian, D.R.; Cole, B.J. Arthroscopic Management of Isolated
Tibial Plateau Defect With Microfracture and Micronized Allogeneic Cartilage-Platelet-Rich Plasma Adjunct.
Arthrosc. Tech. 2017, 6, e1613–e1618. [CrossRef] [PubMed]
Matziolis, G.; Tuischer, J.; Kasper, G.; Thompson, M.; Bartmeyer, B.; Krocker, D.; Perka, C.; Duda, G.
Simulation of Cell Differentiation in Fracture Healing: Mechanically Loaded Composite Scaffolds in a Novel
Bioreactor System. Tissue Eng. 2006, 12, 201–208. [CrossRef]
Ode, A.; Kopf, J.; Kurtz, A.; Schmidt-Bleek, K.; Schrade, P.; Kolar, P.; Buttgerei, F.; Lehmann, K.;
Hutmacher, D.W.; Duda, G.; et al. CD73 and CD29 concurrently mediate the mechanically induced
decrease of migratory capacity of mesenchymal stromal cells. Eur. Cells Mater. 2011, 22, 26–42. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 8249

43.

44.
45.
46.
47.
48.

49.

50.

51.
52.

53.

54.
55.

56.
57.
58.
59.

60.

61.
62.

16 of 17

Wiedemann, M.K.; Kohn, F.P.M.; Wolfgang, H.R.; Hanke, R.L. Effects of Altered Gravity on the Actin and
Microtubule Cytoskeleton, Cell Migration and Neurite Outgrowth. In Self-Organization and Pattern-Formation
in Neuronal Systems Under Conditions of Variable Gravity; Springer: Berlin/Heidelberg, Germany, 2011;
pp. 167–186.
Ahn, C.B.; Lee, J.-H.; Han, D.G.; Kang, H.-W.; Lee, S.-H.; Son, K.H.; Lee, J.W. Simulated microgravity with
floating environment promotes migration of non-small cell lung cancers. Sci. Rep. 2019, 9, 14553. [CrossRef]
Yamada, K.M.; Sixt, M. Mechanisms of 3D cell migration. Nat. Rev. Mol. Cell Biol. 2019,
20, 738–752. [CrossRef]
Charras, G.; Sahai, E. Physical influences of the extracellular environment on cell migration. Nat. Rev. Mol
Cell Biol. 2014, 15, 813–824. [CrossRef] [PubMed]
Chen, J.L.; Duan, L.; Zhu, W.; Xiong, J.; Wang, D. Extracellular matrix production in vitro in cartilage tissue
engineering. J. Transl. Med. 2014, 12. [CrossRef]
Chen, Q.; Shou, P.; Zheng, C.; Jiang, M.; Cao, G.; Yang, Q.; Cao, J.; Xie, N.; Velletri, T.; Zhang, X.;
et al. Fate decision of mesenchymal stem cells: Adipocytes or osteoblasts? Cell Death Differ. 2016,
23, 1128–1139. [CrossRef]
Krishnakumar, G.S.; Gostynska, N.; Dapporto, M.; Campodoni, E.; Montesi, M.; Panseri, S.; Tampieri, A.;
Kon, E.; Marcacci, M.; Sprio, S.; et al. Evaluation of different crosslinking agents on hybrid
biomimetic collagen-hydroxyapatite composites for regenerative medicine. Int. J. Biol. Macromol. 2018,
106, 739–748. [CrossRef]
De Boulle, K.; Glogau, R.; Kono, T.; Nathan, M.; Tezel, A.; Roca-Martinez, J.-X.; Paliwal, S.; Stroumpoulis, D.
A review of the metabolism of 1,4-butanediol diglycidyl ether-crosslinked hyaluronic acid dermal fillers.
Dermatol. Surg. 2013, 39, 1758–1766. [CrossRef]
Breil-Wirth, A.; Engelhardt, L.V.; Lobner, S.; Jerosch, J. Retrospektive Untersuchung einer zellfreien Matrix
zur Knorpeltherapie. OUP 2016, 9, 515–520.
Roessler, P.P.; Pfister, B.; Gesslein, M.; Figiel, J.; Heyse, T.J.; Colcuc, C.; Lorbach, O.; Efe, T.; Schüttler, K.F.
Short-term follow up after implantation of a cell-free collagen type I matrix for the treatment of large cartilage
defects of the knee. Int. Orthop. 2015, 39, 2473–2479. [CrossRef]
Schneider, U. Controlled, randomized multicenter study to compare compatibility and safety of ChondroFiller
liquid (cell free 2-component collagen gel) with microfracturing of patients with focal cartilage defects of the
knee joint. Video J. Orthop. Surg. 2016, 1, 1–8. [CrossRef]
Jansen, K.A.; Licup, A.J.; Sharma, A.; Rens, R.; MacKintosh, F.C.; Koenderink, G.H. The Role of Network
Architecture in Collagen Mechanics. Biophys. J. 2018, 114, 2665–2678. [CrossRef]
Zeeman, R.; Dijkstra, P.J.; Van Wachem, P.B.; Van Luyn, M.J.A.; Hendriks, M.; Cahalan, P.T.; Feijen, J.
The kinetics of 1,4-butanediol diglycidyl ether crosslinking of dermal sheep collagen. J. Biomed. Mater. Res.
2000. [CrossRef]
Hadjipanayi, E.; Mudera, V.; Brown, R.A. Guiding cell migration in 3D: A collagen matrix with graded
directional stiffness. Cell Motil. Cytoskelet. 2009, 66, 121–128. [CrossRef] [PubMed]
Im, G.I. Endogenous Cartilage Repair by Recruitment of Stem Cells. Tissue Eng. Part B Rev. 2016,
22, 160–171. [CrossRef]
Kern, S.; Eichler, H.; Stoeve, J.; Kluter, H.; Bieback, K. Comparative analysis of mesenchymal stem cells from
bone marrow, umbilical cord blood, or adipose tissue. Stem Cells 2006, 24, 1294–1301. [CrossRef]
Shankar, K.G.; Gostynska, N.; Montesi, M.; Panseri, S.; Sprio, S.; Kon, E.; Marcacci, M.; Tampieri, A.; Sandri, M.
Investigation of different cross-linking approaches on 3D gelatin scaffolds for tissue engineering application:
A comparative analysis. Int. J. Biol. Macromol. 2017, 95, 1199–1209. [CrossRef]
Decherchi, P.; Cochard, P.; Gauthier, P. Dual staining assessment of Schwann cell viability within
wholeperipheral nerves using calcein-AM and ethidium homodimer. J. Neurosci. Methods 1997,
71, 205–213. [CrossRef]
Leica Mycrosistems. Leica LAS X.; Leica Mycrosistems: Mannheim, Germany, 2017.
Dorland, Y.L.; Cornelissen, A.S.; Kuijk, C.; Tol, S.; Hoogenboezem, M.; Van Buul, J.D.; Nolte, M.A.;
Voermans, C.; Huveneers, S. Nuclear shape, protrusive behaviour and in vivo retention of human
bone marrow mesenchymal stromal cells is controlled by Lamin-A/C expression. Sci. Rep. 2019,
9, 14401. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 8249

63.

64.

17 of 17

Yin, L.; Wu, Y.; Yang, Z.; Tee, C.A.; Denslin, V.; Lai, Z.; Lim, C.T.; Lee, E.H.; Ouyang, W. Microfluidic label-free
selection of mesenchymal stem cell subpopulation during culture expansion extends the chondrogenic
potential in vitro. Lab Chip 2018, 18, 878–889. [CrossRef]
Šidák, Z. Rectangular Confidence Regions for the Means of Multivariate Normal Distributions. J. Am.
Stat. Assoc. 1967, 62, 626–633. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

Copyright of International Journal of Molecular Sciences is the property of MDPI Publishing
and its content may not be copied or emailed to multiple sites or posted to a listserv without
the copyright holder's express written permission. However, users may print, download, or
email articles for individual use.

