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Statement of significance:
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porous scaffolds, and dynamic maturation in bioreactor) enabled unprecedented successful

chondrogenesis within scaffolds.

Abstract

Tissue engineering strategies, such as cellularized scaffolds approaches, have been explored
for cartilage replacement. The challenge, however, remains to produce a cartilaginous tissue
incorporating functional chondrocytes and being large and thick enough to be compatible with
the replacement of articular defects. Here, we achieved unprecedented cartilage tissue
production into a porous polysaccharide scaffold by combining of efficient magnetic
condensation of mesenchymal stem cells, and dynamic maturation in a bioreactor. In optimal
conditions, all the hallmarks of chondrogenesis were enhanced with a 50-fold increase in
collagen Il expression compared to negative control, an overexpression of aggrecan and
collagen XI, and a very low expression of collagen I and RUNX2. Histological staining
showed a large number of cellular aggregates, as well as an increased proteoglycan synthesis
by chondrocytes. Interestingly, electron microscopy showed larger chondrocytes and a more

abundant extracellular matrix. In addition, the periodicity of the neosynthesized collagen



fibers matched that of collagen I1. These results represent a major step forward in replacement

tissue for cartilage defects.

Keywords: Magnetic mesenchymal stem cells; Chondrogenesis; Cartilage defect; Bioreactor;

Tissue engineering.

1. Introduction

Osteoarthritis is a chronic progressive musculoskeletal disorder characterized by a gradual
loss of hyaline cartilage. It affects a large number of middle-aged people [1], markedly
undermining their mobility, quality of life and productivity, and resulting in significant
healthcare spending [2-5]. Because of the low turnover of extracellular matrix components in
the avascular environment [6], joint cartilage cannot repair itself. Attempts to repair hyaline
cartilage have included microfracture, mosaicplasty and autologous chondrocyte implantation
(ACI) [7-9], but the long-term efficacy of these approaches is uncertain [10, 11]. Research in
this setting has also focused on the capacity of mesenchymal stem cells (MSC) to differentiate
into chondrocytes [12, 13], and to secrete growth factors, cytokines and chemokines [14].
Most techniques currently used to trigger in vitro chondrogenesis of MSC share a cell
condensation step, currently achieved through centrifugation or micromass culture, as a
prerequisite for commitment to the chondrogenic lineage [15]. We recently produced
compact, functional cartilaginous tissues of millimeter dimensions by controlling MSC
condensation and fusion with magnets [16]. Besides, aggregates of differentiated MSC
incorporated into an in vitro model of cartilage defects showed the same mechanical
properties (shear stress) as physiological cartilage [17]. MSC sheet engineering has also been
explored as a scaffold-free method of cartilage regeneration [18, 19]. Recently, it was shown
that MSC can differentiate into three-dimensional pellets in the presence of hyaluronan (HA)
microspheres loaded with TGF-3; HA lubricates the joint and provides mechanical support
[20]. A scaffold support thus seems necessary to retain therapeutic cells at the target site and
to avoid disruption of the replacement cartilage by frictional shear stress [21]. Porous
scaffolds can be manufactured from synthetic materials or natural biodegradable polymers
[22, 23], and can also act as a drug delivery vehicle [24]. Natural polymers have the added
advantages of being biocompatible, facilitating cell adhesion, and differentiation [25].
Scaffolds can be designed with a specific 3D shape and stiffness suitable for use in

regenerative medicine. Multiphase osteochondral scaffolds based on collagen-
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glycosaminoglycan and calcium phosphate constructs have already been used to mimic native
joint cartilage [26]. However, it has so far proved difficult to induce stem cells to differentiate
into chondrocytes and osteocytes when embedded in such scaffolds [27]. One critical
parameter is pore size, which must permit both cell condensation and chondrogenic
differentiation. The main challenge in seeding a scaffold with cells is to reach a sufficient cell
density to achieve a tissue-like cell confinement and organization. To improve cell
incorporation, one must use external forces acting on cells at a distance. Magnetic forces are
then the most appealing candidates, combining long range action and remote application.
Magnetic seeding within scaffold was recently achieved as a valuable strategy to enhance
seeding efficacies and to promote cell condensation [28, 29].

In this study, we hypothesized that a magnetic seeding and condensation process, that has
already been shown to drive chondrogenesis in absence of a scaffold [16], could be used on
seeded scaffolds. We selected hydrophilic, non-immunogenic and biodegradable pullulan and
dextran polysaccharides [30]. They are both FDA approved for a wide variety of applications
in food and pharmaceutical industries. Several groups previously reported pullulan/dextran
hydrogels for in vitro culture and differentiation of stem cells [31-33]. Their interconnected
porous architecture allows for homogeneous cell distribution and provides a 3D
microenvironment with enhanced diffusion of nutrients and oxygen [34]. Here, we
demonstrate that pullulan/dextran scaffolds, previously shown to confine stem cells [35], not
only retain MSC but also allow them to differentiate into chondrocytes. Using magnetic
forces to attract and retain the cells within the scaffold, we enhanced MSC seeding density
and condensation. When we combined this magnetic condensation technology with dynamic
differentiation in a bioreactor, MSC differentiation into chondrocytes within the scaffold

constructs was markedly improved.

2. Materials and methods

2.1. Anionic maghemite nanoparticles

Magnetic nanoparticles were synthesized with the Massart procedure, by alkaline
coprecipitation of iron chloride salts [36]. The resulting particles have a maghemite core (y-
Fe203) 8 nm in diameter and are stabilized in aqueous suspension by adsorption of negatively

charged citrate ligands.

2.2. Cell culture, cell labeling and iron quantification
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Two different batches of human mesenchymal stem cells (MSC, Lonza, Basel, Switzerland)
were cultured in MSCGM medium (Lonza) at 37°C with 5% CO». Magnetic labeling was
achieved using iron oxide (maghemite) nanoparticles synthetized by coprecipitation of iron
salts, and chelated with citric acid. The stability of the colloidal suspension is thus ensured by
electrostatic repulsion thanks to the negative charges brought by the citrate carboxylate
groups (COO-). The nanoparticles exhibit typical superparamagnetic behavior, with no
magnetic hysteresis. Their size distribution can be deduced from the fit of their magnetization
curve, well described by a log-normal distribution, with mean value of 8.1 nm, and
polydispersity of 35%. Size was also measured by TEM, with an average size of 9.4+2 nm,
slightly superior than the magnetic size. Prior to incubation with cells, nanoparticles were
diluted at a final concentration of [Fe]=0.2 mM in serum-free RPMI culture medium
supplemented with 5 mM free citrate (to avoid precipitation in the culture medium). Cells
were then incubated with this solution for 30 min at 37°C, then rinsed thoroughly in serum-
free RPMI medium and incubated overnight with complete MSCGM medium before further
processing.

The iron load per cells was quantified by single cell magnetophoresis. Briefly, detached cells
were resuspended at a density of 0.2 million per ml, introduced in a 1mm thick chamber, and
submitted to a magnetic force created by a permanent magnet (magnetic field 150 mT,
magnetic field gradient 17mT/mm). The magnetic cell migration towards the magnet is then
video-monitored, and the balance of the magnetic force and the viscous drag (provided by the
measure of each cell velocity and diameter) leads to the value of each cell magnetic moment,

or equivalently mass or iron. More details can be found in [37].

2.3. Porous scaffold preparation and magnetic cell seeding

Polysaccharide scaffolds were prepared from a 75:25 mixture of pullulan/dextran plus the
cross-linking agent sodium trimetaphosphate (STMP) at 11% (w/v) in alkaline conditions (10
M NaOH) [38]. Pores were created with a gas-foaming technique using sodium carbonate in
20% acetic acid. Scaffolds were freeze-dried for 48 h to remove water. Rehydration yielded
transparent scaffolds with a regular internal lamellar pore structure and a pore size of 185-205
um.

Scaffolds 7 mm thick with a surface area of 1.8 cm? were seeded with 2x10° magnetic MSC,
using either passive diffusion or magnetic condensation. Three to four scaffolds were seeded
for each condition and two to four independent experiments were performed. 1) For magnetic

condensation, we used a device composed of 9 small magnets (3 mm in diameter, 6 mm long;
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total surface area 1.8 cm?) placed over a permanent neodymium magnet (Fig. 2A). Each
magnet created a 150 mT magnetic field and a field gradient of 30 mT/mm in the vicinity of
the scaffold. The scaffold was placed in a glass-bottomed cell culture dish (35 mm), and the
dish was placed on the magnetic device. Magnetically labeled cells were then gently dropped
onto the scaffold. 2) For passive seeding experiments, magnetically labeled cells were gently
distributed over the entire surface of the scaffold.

All the scaffolds were held at 37°C for 5 min before incubation in differentiation medium.
Four negative control scaffolds were seeded for each experiment, two with magnet and two

without magnet.

2.4. Conditions of differentiation

The seeded scaffolds were first maintained in chondrogenic medium for 4 days in cell culture
dishes at 37°C to permit cell migration, condensation and adhesion to the scaffold. In case of
scaffolds seeded under the magnetic actuation protocol, the magnetic array was left under the
scaffold during this 4 days period. The magnets were then removed, and the cellularized
scaffolds were left for 21 days either in cell culture dishes (static condition) or in a bioreactor
(dynamic condition). The chondrogenic differentiation medium was changed once a week in
both conditions.

For dynamic condition, the scaffolds were placed in cages to maintain their integrity, and the
assembly was placed in a TisXell bioreactor (QuinXell, Singapore) (Fig. 1), which improves
nutrient and gas exchanges by biaxial rotation. This also allowed continuous soft irrigation by
laminar flow and mechanical stimulation by transduction. The speeds of arm and chamber
rotation can be controlled independently (1 to 12 rpm and 1 to 35 rpm respectively). Here, a
flow rate of 5 rpm was applied on both the arm and the chamber. This flow rate was
recommended by the constructor for soft 3D tissue regeneration. A peristaltic pump was used

at 10 rpm to provide a continuous supply of chondrogenic differentiation medium.

2.5. Chondrogenesis and cell staining

The chondrogenic differentiation medium was freshly prepared with high-glucose DMEM
(Life Technologies, Saint-Aubin, Fance) containing 100 U/ml penicillin and 100 pg/ml
streptomycin, 50 uM L-ascorbic acid 2-phosphate, 0.1 uM dexamethasone, 1 mM sodium
pyruvate, 0.35 mM L-proline (Sigma-Aldrich, Saint-Quentin Fallavier, France), 1% ITS-
Premix (Corning, Erembodegem, Belgium) and 10 ng/ml TGF-B3 (Interchim, Montlugon,

France) [39]. Negative control scaffolds were seeded and matured in culture dishes in the
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same medium lacking TGF-B3. After 25 days, half of each scaffold was fixed in 10%
formalin, cryosectioned and stained with toluidine blue (0.5%) for 2 min at room temperature

(Sigma-Aldrich, Saint-Quentin Fallavier, France) to detect glycosaminoglycans.

2.6. RNA isolation, cDNA synthesis and quantitative RT-PCR

Prior extracting total RNA, three to four halves of scaffolds for each experiment were slowly
degraded with a mixture of pullulanase/dextranase (40 1U/ml: 60 mg/ml) for 15-30 min at
37°C (Sigma-Aldrich, Saint-Quentin Fallavier, France). Total RNA was then prepared with a
kit from Machery-Nagel (Duren, Germany), including a DNase treatment step to avoid
contamination with genomic DNA. Complementary DNA (cDNA) was synthesized with
SuperScript Il Reverse Transcriptase (Life Technologies, Saint-Aubin, France) from 1 ug of
total RNA in a final volume of 100 pl. Quantitative PCR analysis of the chondrogenic genes
ACAN, Col2A1, Coll1A, Col11A1, Col9A1, COMP, RUNX2 and Col10A1 was carried out with
the StepOnePlus™ System and SYBR Green (Life Technologies, Saint-Aubin, Fance)
according to the manufacturer’s protocol. Levels of chondrogenic gene mRNA were
normalized to RPLPO mRNA. The fluorescence cycle threshold (Ct) was used to quantify
relative gene expression. Briefly, mRNA levels of the chondrogenic genes were expressed
relative to levels of RPLPO mMRNA (ACt=Ct-CtreLpo), as 222", where AACt = [ACt of
differentiated scaffolds]-[mean ACt of negative controls].

Table 1 shows the primer sequences used for quantitative PCR.

2.7. Statistical analysis

All measurements are presented as mean values + standard error of the mean (SEM).
Numbers of independent measurements were systematically superior to 3 (n>3). To determine
significance, one-way ANOVA nonparametric test was performed. A minimum of 99%

confidence level was considered significant: * indicates p<0.05.

2.8. Transmission electron microscopy (TEM)

For each condition, two halves of scaffolds were rinsed and fixed with 5% glutaraldehyde in
0.1 mol/L sodium cacodylate buffer, and post-fixed with 1% osmium tetroxide solution
containing 1.5% potassium cyanoferrate. The cells were then gradually dehydrated in
ascending concentrations of ethanol and embedded in Epon resin. Thin sections (70 nm) were
examined with a Zeiss EM 902 transmission electron microscope at 80 kV (MIMAZ2 platform,

INRA, Jouy-en-Josas, France).



Overlaps of collagen Il were measured using the Image J software by extracting the grey

values along the fiber axis, and plotting them as a function of distance.

2.9. Confocal microscopy

Magnetically-labeled MSC were fluorescently labeled with pkh26 Red Fluorescent Cell
Linker following manufacturer’s instructions, and cell nuclei were stained with Hoechst stain
solution at 1:1000 (Sigma-Aldrich, Saint-Quentin Fallavier, France). Scaffolds 7 mm thick
were subsequently seeded with 2x108 magnetic red/blue MSC using magnetic condensation.
Stained cell-scaffold constructs were then observed by confocal microscopy using an Andor

Technology spinning disk (Andor Technology, Belfast, Northern Ireland).

3. Results

3.1. Cell seeding in scaffolds

Mesenchymal stem cells (MSC) were incubated with a magnetic nanoparticle suspension at
[Fe] = 0.2 mM. Mean nanoparticle uptake, determined by single-cell magnetophoresis, was
equivalent to 5+0.4 pg iron/cell. We have previously shown that this amount of incorporated
nanoparticles does not affect MSC behavior, including osteogenic, adipogenic and
chondrogenic differentiation [37].

7 mm thick scaffolds with a surface area of 1.8 cm? were seeded with 2x10® magnetically
labeled cells. This scaffold thickness was chosen to simulate the thickness of the articular
cartilage in the patella, in its central portion, which can be up to 5 or 6mm [40]. Besides, after
maturation, and implantation, the scaffold thickness is expected to narrow, possibly reaching
the normal human knee cartilage thickness, which is 2-3mm on the femoral condyles.
Scaffold seeding was performed by passive diffusion or by magnetic condensation with the
device composed of 9 small magnets (Fig. 2A), placed under the scaffold. The seeded
scaffolds were then incubated for 4 days in chondrogenic medium to promote cell migration,
condensation and adhesion to the scaffold. On day 4, the cells condensed with magnets were
more tightly aggregated (Fig. 2B), and their distribution reflected the pattern of the 9 magnets.
Observations of the magnetic-labeled cells stained in red (Fig. 2J, 2M), with nuclei detected in
blue (Fig. 21, 2L), were performed using confocal microscopy to evidence their local
organization within the scaffold. Overlaps of 40 images, taken in the thickness of the scaffold,
demonstrated that the cells distribution depends strongly on the magnet location. Close to the

magnet, cells appear very confined (Fig. 2M, 2L), within pores of the scaffold (Fig. 2K),
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while further from the magnet, only individual cells could be observed (Fig. 2H, 21, 2J). In
contrast, the cells were uniformly distributed after passive seeding (Fig. 2C). On day 25, the
cells remained inside the scaffolds in both static conditions (Fig. 2D, E) and dynamic
conditions (Fig. 2F, G). The cell aggregates obtained with magnetic confinement were still
visible after 25 days of culture (Fig. 2D, F).

3.2. Efficiency of chondrogenesis within the scaffold

3.2.1. Chondrogenic gene expression

Expression of the chondrogenic genes ACAN (aggrecan), Col2Al (collagen 1I), Col11Al
(collagen XI), Col9A1 (collagen IX), and COMP (cartilage oligomeric matrix protein), as well
as Col1A (collagen 1), Col10A1 (collagen X) and RUNX2 (runt-related transcription factor 2),
was measured by quantitative PCR after 25 days of chondrogenesis. The negative control
consisted of scaffolds seeded with the same number of cells and cultured in dishes without
TGF-B3. Gene expression was performed on negative control scaffolds for each experiment,
and no difference was detected between those seeded magnetically or passively. So, the
obtained values in both conditions (~1 £ SEM), have been pooled to enhance the number of
negative controls for each experiment. Cells were retrieved by enzymatic degradation of the
scaffolds before extraction of total RNA. Quantitative PCR showed an increase in ACAN, Col
I and Col XI expressions, significant for both Col Il and Col XI, after magnetic seeding and
compared to the values without magnetic seeding (Fig. 3A). The increase was also
significantly higher after dynamic maturation than after static maturation for Col Il and XI,
and for the three genes, the highest expression was obtained when magnetic seeding was
combined with dynamic condition (Fig. 3A). It must be noted that these three gene
expressions were all significantly much higher than the expressions of the negative controls
(1.1£0.15; 1.08+0.12 and 1.01+0.06 for AGC, Col Il and XI respectively). COMP and Col IX
expression did not differ according to the seeding or differentiation conditions, except for
significant lower Col 1X expression after static condition (Fig. 3A). However, these two genes
were far more weakly expressed than ACAN, Col Il and Col XI (respectively 12 and 28-30-
fold the negative control value). Col I and Col X expressions were calculated as a percentage
of mean Col Il expression. Both these genes were far more weakly expressed than Col I,
especially when magnetic seeding was combined with dynamic maturation (Fig. 3B). Col |
expression remained very low (0.32% of Col Il expression), even in the least favorable

chondrogenic conditions (passive seeding and static condition), and significantly different

8



compared to 0.016% in optimal conditions (magnetic seeding with dynamic condition). By
contrast, Col X expression reached 5.4% of Col Il expression in these optimal conditions and
444% in the least favorable conditions. RUNX2 expression did not differ from the negative
control value (1.07+0.11) after static maturation (1.25+0.17 and 1.27+0.16 without and with
magnet respectively), and only reached respectively 2.7-fold+0.9 and 4.2-fold+2.3 after
passive and magnetic seeding with bioreactor maturation (data not shown).

3.2.2. Histological analysis

Cryosections 12 um thick were prepared through the entire thickness of scaffolds, and
sections from the center and edges were stained with toluidine blue. For these histological
analyses, only magnetically seeded scaffolds were used to compare static and dynamic
maturation. The polysaccharide composition of the scaffold was observed with the blue
staining of its porous structure. By contrast, GAG deposition was evidenced throughout the
thickness of the scaffold due to the metachromatic blue-purple color. GAG content was
significantly higher when the scaffolds were matured dynamically (Fig. 4B) rather than
statically (Fig. 4A). Moreover, differentiated cellular aggregates were more compact and had
a less abundant extracellular matrix in the static conditions. Higher magnifications of
scaffolds produced after magnetic seeding and bioreactor maturation revealed the synthesis of
a GAG-rich extracellular matrix (Fig. 5). Fibers were also observed within the extracellular

matrix, possibly corresponding to a collagen Il network.

3.2.3. Transmission electron microscopy

In order to better identify the structure of the synthesized matrix, scaffolds were processed for
electron microscopy. We first examined large views of semi-thin scaffold sections (500 nm to
1 um). When differentiation took place in the bioreactor, the extracellular matrix was more
developed and abundant (Fig. 6A) than after static condition (Fig. 6B). In addition, the
differentiated cells were larger and the extracellular matrix was less compact after dynamic
condition. Observation of thin sections (70 nm) showed that the differentiated cells had
synthesized a large amount of long collagen fibers after bioreactor maturation (Fig.7A). The
characteristic periodicity of collagen Il, was also visible (Fig. 7B). Collagen fibers were
smaller and less abundant in static conditions (Fig. 7C), and undetectable in negative controls
(Fig. 7D). In addition, we observed signs of an intense protein synthesis, with an abundant
granular endoplasmic reticulum as well as intracellular neosynthesized collagen fibers (Fig.
8).



4. Discussion

Despite intensive efforts, it has so far proved impossible to obtain a homogeneous and durable
replacement cartilage. Several issues arise when using autologous chondrocytes, including
difficulties in maintaining the chondrocyte phenotype and inefficient extracellular matrix
turnover [11].

One way of overcoming the loss of the chondrocyte phenotype is to start with mesenchymal
stem cells (MSC) and induce them to differentiate into chondrocytes. A critical step for
chondrocyte differentiation of MSC is cell compaction, which may be achieved by
centrifugation or alternatively by magnetic condensation. However, poor nutrient diffusion
and subsequent necrosis at the center of aggregates may limit the size of the obtained tissue.
The use of scaffolds represents a valuable alternative to provide suitable environments for
MSC seeding and facilitate implantation in patients. Nevertheless, despite the development of
several different types of 3D structure, it has proved difficult or impossible to differentiate
MSC into functional chondrocytes within a scaffold. This may be due to several factors,
mainly the lack of cell condensation into scaffold impeding the chondrogenic process and the
large number of cells needed to populate structures larger than a millimeter. In addition, the
scaffold should be completely bioresorbable and biocompatible; the pores must be large
enough for the cells to diffuse; and the cells must be able to remain into the scaffold,

especially when dynamic condition is used.

Here we report the first successful MSC chondrogenesis within the core of a scaffold. The key
factors in this success were the combination of i) magnetic condensation of MSC within the
scaffold, ii) dynamic condition in a bioreactor and, above all, iii) the use of a flexible porous
polysaccharide matrix enabling cell penetration throughout the structure. We were thus able to
seed a large number of cells compatible with the surface area and thickness of the scaffold.
Finally, to avoid necrosis and provide mechanical stimulation, we used dynamic culture

conditions to ensure continuous nutrient and gas diffusion.

The precise architecture of the scaffold is crucial for cells to diffuse and adhere, and also to
induce and maintain chondrogenic differentiation. The matrix mesh influences intracellular
signaling pathways, thereby modifying gene expression and cellular fate. Here, we promoted
magnetic cell condensation within the naturally derived pullulan/dextran scaffold. Pullulan
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has been previously used to enhance MSC adhesion and persistence at the articular cartilage
surface [41]. Importantly, the pore size must be compatible with cell condensation and further
chondrogenic differentiation [42]. Pore sizes of 200-400um [43] and 500 um [44] have been
reported to enhance osteogenic differentiation. We used a pore size of 185-205 pm. The
compliance of the pullulan/dextran scaffold, combined with a pore size suitable for nutrient
and gas exchanges as well as mechanic stimulation (by transduction), enhanced
chondrogenesis. Another important issue is the appropriate number of cells. High seeding
densities in polymer matrices have been reported to promote the formation of a cartilaginous
matrix [45]. We found that a lower number of cells (1.5x10° instead of 2x10° cells) gave
poorer results in terms of chondrogenesis, despite magnetic condensation (data not shown).
Finally, pullulan based scaffolds with an appropriate structure and elasticity constitute a 3D
micro-environment that have been shown to be bioresorbable in several animal models [46,
47].

Iron oxide nanoparticle labeling is a precondition for magnetic condensation. We have
previously shown that MSC labeling with iron oxide nanoparticles has no negative impact on
chondrogenic differentiation at concentrations lower than 10 pgre/cell [37]. Here, a value of
5+0.4 pgre/cell was measured by magnetophoresis. It is noteworthy that iron oxide
nanoparticles are already used in clinics as contrast agents for magnetic resonance imaging
(MRI) and are being envisaged as labels to track the fate of cell grafts in vivo. Importantly,
magnetic labeling of MSC should allow replacement cartilage to be monitored by MRI for
several weeks after grafting [48]. Finally, magnetic seeding has already been used to enhance
cell incorporation by scaffolds [28, 51], and magnetically labeled cells have also been
constrained into three-dimensional constructs by the application of an external magnetic force
to improve chondrogenesis [16]. Here, magnetic forces were used both to enhance cell
seeding in scaffold and to induce cell condensation favorable to chondrogenic differentiation.
The main components of native cartilage are aggrecan and collagen type Il. It has been
suggested that excessively rapid initial GAG synthesis impedes collagen Il synthesis [11].
Here, both aggrecan and collagen Il were abundantly synthesized, especially collagen II.
These results are consistent with the higher mRNA expression of Col 1l than of ACAN in
normal human cartilage [52]. Aggrecans are vast assemblies of proteoglycans that are
connected to the collagenous network via non covalent bonds. GAG chains are highly
hydrophilic and polyanionic, generating high osmotic pressure that gives cartilage its softness
[53]. Collagen Il represents more than 90% of total collagen in cartilage. Other collagens, the

exact functions of which are not well established, appear to structure the extracellular matrix:
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type XI associates closely with type Il to form a 3D fibrous network, while type IX is
covalently linked to the surface of type Il. Here, both two types of collagen were synthesized
by chondrocytes, and collagen type XI synthesis increased simultaneously with collagen type
Il synthesis. By contrast, collagen type IX synthesis did not seem to depend on the conditions
of chondrogenesis.

Col 11 provides tensile strength to cartilage thanks to its characteristic structure, in which each
of the three polypeptide chains forms a repeated motif with a pitch of 18 amino acids. The
three chains are supercoiled with a gap of one residue, leading to a periodicity of 0.8
Angstroms [54, 55]. Here, overlaps of neo-synthesized collagen Il was clearly seen on TEM
images (between 10 and 20nm). Thus, not only is collagen 1l synthesized in large amounts,
but collagen fibrils are supercoiled around a central axis with characteristic periodicity.
Cartilage oligomeric matrix protein (COMP) appears to be involved in collagen fibril
assembly [56]. This protein is a biological marker of cartilage degradation in serum and
synovial fluid [57], and its level decreases during effective treatment of arthritis [58]. Here,
we found that chondrocytes expressed COMP regardless of the differentiation conditions.
RUNX2 is a key transcription factor involved in bone formation and in the early stages of
chondrocyte condensation. It is degraded when chondrogenesis is initiated, and blocks
chondrogenesis during osteogenic differentiation [59]. We found that RUNX2 gene expression
was negligible at the end of the chondrogenetic process. Collagen type I is not typically found
in articular cartilage. However, MSC express this collagen and could generate fibrous
cartilage as well [11]. Here, collagen type | expression was negligible, representing only
0.016% of Col Il expression in optimal conditions of chondrogenesis. Collagen X is
associated with arthrosis and has been proposed as a marker of late-stage chondrocyte
hypertrophy [60]. Here, collagen X expression remained high (5.4% of Col Il), even in
optimal conditions. To prevent this, the maturing process could be carried out in hypoxia.
Still, it must be noted that hypoxia was found inconclusive in a study using chondrocytes
[61]. Besides, it is not known whether the oxygen tension remains at 21% (normoxia) at the
center of a scaffold 7 mm thick. However, a positive impact of hypoxia has also been
reported, leading to down-regulation of Col X, and up-regulation of Col Il and aggrecan
expression, for MSC pellets [62, 63], or with 2mm-thickness hyaluronic acid porous scaffold
seeded with bovine MSC [64]. In another study, preconditioning for one week in normoxic
conditions before initiating chondrogenesis in hypoxic conditions has given the best results
[65]. Differentiation under an oxygen tension of 2% has been reported to reduce the

expression of Col X and RUNX2 concomitantly, leading to reduced endochondral ossification
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during the first two weeks [66]. Rampersad et al. [67] showed that Col X expression at the
cell surface could be suppressed by using a nitrogen-rich plasma-polymerized thin film. In
addition to oxygen, the role of the maturation period needs to be established, along with
transient delivery of exogenous TGF-f3 [68].

Finally, it is well established that a suitable mechanical environment is essential for successful
chondrogenesis. It has previously been shown that the rate and extent of Col Il and aggrecan
expression by differentiating chondrocytes is significantly enhanced by compressive forces
[69], and also with chondrocytes on agarose disks [70]. The composition and mechanical
properties of engineered cartilage with a polyglycolic acid scaffold can be modulated by flow
conditions during bovine chondrocyte culture [71]. Other studies have highlighted the role of
a mechanical stimulation in initiating stem cells chondrogenic differentiation in various
bioreactor systems applying different stimuli (transduction, compression, combined
compression/shear) [72-76]. Thus, a bioreactor seems essential for engineering cellularized
scaffolds, as it offers a dynamic mechanical environment that generates appropriate
physiological stimuli and enhances chondrogenesis [77]. Moreover, a bioreactor ensures
nutrient diffusion and waste elimination [78]. Here, we used the TisXell bioreactor, which
generates fluid shear stress to promote mechanical stimulation by transduction and slight
shear stress. An external peristaltic pump continuously injected the scaffold with
differentiation medium. The combined use of magnetic condensation and bioreactor
incubation strongly enhanced chondrogenesis in 3D scaffolds.

In conclusion, we successfully prepared neo-cartilage by using stem cells magnetically
condensed into a porous scaffold. The scaffolds thus obtained are of a size (1.8 cm?, 7 mm
thick) suitable for replacing damaged cartilage. To date, in spite of significant recent
advances, cartilage tissue engineering still misses the production of an engineered cartilage
matching closely the properties of the native one. The 3D cell-scaffold construct proposed
here, derived from magnetic stem cells seeding combined with a dynamic environment, thus

seems to be a promising strategy for regenerative medicine applications.
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A

Fig. 1. The TisXell cellular bioreactor (A) applies biaxial rotation, providing continuous
irrigation of the 3D scaffold and improving gas exchanges. The arm and chamber rotational
speeds can be controlled independently (1 to 12 rpm and 1 to 35 rpm respectively). A flow
rate of 5 rpm was applied to both the arm and the chamber, as recommended by the
constructor for soft 3D tissue regeneration. A peristaltic pump provides a continuous supply
of culture medium at 10 rpm. The scaffolds were placed within cages to prevent disruption,

and the assemblies were placed in the 500 ml chamber (B) containing differentiation medium.
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Magnetic device

Without magnet With magnet

C

Day4

E

Day 25
In Petri dishes

G

Day 25
In bioreactor

Fig. 2. Magnetic MSC in 7-mm-thick scaffolds, with or without magnetic condensation using
a device composed of 9 small magnets (A). Magnetic cells were clearly visible in the form of
aggregates on day 4 after seeding of 2x10° cells with (B) or without (C) magnetic forces. At
day 4, confocal observation of the magnetic-labeled MSC compaction by magnetic attraction
into scaffold was performed, after cell membrane staining with the red fluorescent pkh26 (J,
M), and cell nuclei staining with the Hoechst stain solution (I, L): cells were more confined
into scaffold when closer to the magnet reported to the inset 2 (K, L, M), compared to those
further from the magnet reported to the inset 1 (H, I, J) (magnification 10x). The confocal
pictures showed the overlap of 40 images, and red and blue staining were superposed in inset
1@, 1)and 2 (M, L). Images H and K represented a slide of scaffold. The scaffolds were then
matured for 21 days in static conditions (Petri dishes) (D, E) or dynamic conditions (TisXell
bioreactor) (F, G). On day 25 of chondrogenesis, the cells remained inside the scaffolds in
both static (D, E) and dynamic conditions (F, G). The aggregates formed by the magnetic
device during the first 4 days were still visible on day 25 (D, F).
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Fig. 3. Gene expression on day 25 of static or dynamic condition, with or without magnetic

seeding, as measured by quantitative PCR. Aggrecan, Col Il, XI and 1X and COMP expression

(A) was normalized to RPLPO mRNA and expressed in arbitrary units relative to controls (~ 1

+SEM) seeded and matured without TGF-B3. Col I and X expression (B) was evaluated in the

same conditions and expressed as a percentage of Col Il expression. Results are presented as

means+SEM of two to four independent experiments. Expression of the specific cartilage

matrix genes aggrecan, Col Il and XI was clearly increased by combining magnetic seeding

with dynamic condition. * denotes a statistical difference using the One-way ANOVA

nonparametric test (p-value<0.05).
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In static conditions

Fig. 4. Sections 12 um thick prepared from the center of the scaffold were stained with
toluidine blue after 25 days of chondrogenesis in static (A) or dynamic conditions (B), both
with magnetic seeding. Glycosaminoglycan (GAG) deposits are evidenced by blue-pruple
coloration. GAG content was clearly higher after dynamic condition. Red arrows indicate

aggregates of differentiated cells.

Scaffold

Collagen il
network

Extracellular
matrix

Chondrocyte
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Figure 5. Higher magnification on neosynthesized chondrocytes. After magnetic seeding and
dynamic maturation, toluidine blue staining of scaffold sections showed that chondrocytes
had synthesized a rich extracellular matrix.

A Indynamic conditions B In static conditions

Chondrocyte

Fig. 6. Semi-thin scaffold sections (500 nm to 1 um) after 25 days of chondrogenesis in
dynamic (A) or static (B) conditions both with magnetic seeding. The extracellular matrix
was more abundant after dynamic condition than after static condition.

Amnm dynamic conditions

Characteristic periodicity of collagen I
Candracyte Collagen fibers

D Negative control
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Fig. 7. Transmission electron microscopy of thin scaffold sections (70 nm). Neosynthesized
chondrocytes (red arrow) synthesized large amounts of collagen fibers when chondrogenesis
took place in dynamic conditions (A) (scale bar = 1 um). These long collagen fibers presented
the characteristic periodicity of collagen Il (black arrows, B) (scale bar = 100 nm). Fewer,
smaller collagen fibers were observed when chondrogenesis took place in static conditions
(C) (scale bar = 1 um), and no collagen fibers were observed in negative controls, which was
matured in static conditions without TGF-B3 (D) (scale bar = 1 um). (A, C) x3000, (B) x30
000, (D) x2500.

Collagen fibers

TN "ﬁ o

Chondrocyte Collagen fibers

Fig. 8. The abundant granular endoplasmic reticulum (small black arrows) inside a
neosynthesized chondrocyte in dynamic conditions (red arrow), and secretion of
neosynthesized collagen fibers (large black arrows) indicated an intense protein synthesis.
x6000 (scale bar = 0.5 pm).
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Table 1

Primer sequences used for quantitative PCR

Name Sequence Gene bank
Aggrecan 5’-TCTACCGCTGCGAGGTGAT-3’ NM_001135.3
(ACAN) 3’-TGTAATGGAACACGATGCCTTT-5’

Collagen | 5’-TGCCCACAGGCATAAAAGG-3’ NM_000089.3
(COL1AY) 3-TTTATGGTGTAGGGAATGAAGAACTG-3’

Collagen Il 5’-ACTGGATTGACCCCAACCAA-3’ NM_001844.4
(COL2A1) 3’-TCCATGTTGCAGAAAACCTTCA-5’

Collagen XI 5’-GAAGTGGCATCGGGTAGCA-3’ NM_080629-2
(COL11AY1) 3’-CTATCAAGTGGTTTCGTGGTTTTCT-5’

COMP 5’-GCCTGGCTGTGGGTTACACT-3’ NM_000095-2
(COMP) 3’-CGTGACCGTGTTCACATGGA-5’

RUNX2 5’-CGAATGGCAGCACGCTATTA-3’ NM_001024630.3
(RUNX2) 3’-TGGCTTCCATCAGCGTCAA-5’

Collagen X 5’-TGCCCACAGGCATAAAAGG-3’ NM_000493.3
(Col10A1) 3-TTTATGGTGTAGGGAATGAAGAACTG-3’
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