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Abstract

The development of biologically and mechanically competent hydrogels is a prerequisite in cartilage
engineering. We recently demonstrated that a marine exopolysaccharide, GY785, stimulates the
in vitro chondrogenesis of adipose stromal cells. In the present study, we thus hypothesized that
enriching our silated hydroxypropyl methylcellulose hydrogel (Si-HPMC) with GY785 might offer
new prospects in the development of scaffolds for cartilage regeneration. The interaction properties
of GY785 with growth factors was tested by surface plasmon resonance (SPR). The biocompatibility
of Si-HPMC/GY785 towards rabbit articular chondrocytes (RACs) and its ability to maintain and
recover a chondrocytic phenotype were then evaluated in vitro by MTS assay, cell counting and
gRT-PCR. Finally, we evaluated the potential of Si-HPMC/GY785 associated with RACs to form carti-
laginous tissue in vivo by transplantation into the subcutis of nude mice for 3 weeks. Our SPR data
indicated that GY785 was able to physically interact with BMP-2 and TGEp. Our analyses also showed
that three-dimensionally (3D)-cultured RACs into Si-HPMC/GY785 strongly expressed type II colla-
gen (COL2) and aggrecan transcripts when compared to Si-HPMC alone. In addition, RACs also pro-
duced large amounts of extracellular matrix (ECM) containing glycosaminoglycans (GAG) and COL2.
When dedifferentiated RACs were replaced in 3D in Si-HPMC/GY785, the expressions of COL2 and
aggrecan transcripts were recovered and that of type I collagen decreased. Inmunohistological anal-
yses of Si-HPMC/GY785 constructs transplanted into nude mice revealed the production of a
cartilage-like extracellular matrix (ECM) containing high amounts of GAG and COL2. These results in-
dicate that GY785-enriched Si-HPMC appears to be a promising hydrogel for cartilage tissue engineer-
ing. Copyright © 2015 John Wiley & Sons, Ltd.
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matrix (ECM) (Steinert et al., 2007), mainly composed of
type II collagen and aggrecan (Demoor et al., 2014). Un-
fortunately, AC has a poor capacity for self-repair and
injuries to AC are thus irreversible and may lead to long-
term joint degeneration (Gomoll and Minas, 2014).
Tissue-engineering strategies involving the combination
of cells, scaffolds and bioactive agents have emerged to
build functional new tissue in order to replace damaged
cartilage (van Osch et al., 2009; Vinatier et al., 2009a).
The ideal scaffold material for cartilage tissue engineering
should be one that closely mimics the natural cartilage en-
vironment in a structural, mechanical and biofunctional
way (Bonzani et al., 2006; Griffith and Naughton,
2002). Several studies have demonstrated that chondro-
cyte functions differ in two-dimensional (2D) and three-
dimensional (3D) systems (Brodkin et al., 2004; Mukaida
et al., 2005), with a progressive dedifferentiation of
chondrocytes in 2D monolayer culture, whereas this phe-
nomenon is prevented by 3D culture (Dehne et al., 2010;
Mukaida et al., 2005). Given that articular cartilage is a
tissue subject to considerable stress, to mimic the environ-
ments of cartilage tissue in structural terms, the funda-
mental structure of a scaffold must therefore be a 3D
system. In this context, an injectable, self-setting silated
hydroxypropyl methylcellulose (Si-HPMC)-based hydro-
gel has been developed previously (Bourges et al.,
2002a, 2002b). This Si-HPMC is steam sterilizable, inject-
able and self-sets at physiological pH by a crosslinking re-
action involving the condensation of silanol groups
(Fatimi et al., 2008). This crosslinking process without
an exogenous reticulating agent is usually associated with
excellent biocompatibility. This cellulose-based hydrogel,
once reticulated, is composed of only 2% dry polymer
and 98% water, a composition that mimics the high hy-
dration of articular cartilage ECM. Although the mechan-
ical properties of Si-HPMC (compressive modulus around
2.9 kPa) are distinct from those of articular cartilage
(compressive modulus around 30 kPa (Discher et al.,
2009)), it offers a 3D environment in which the cells can
grow and produce cartilage ECM tissue. Cellulose-based
hydrogels such as Si-HPMC are very stable in vivo (Laib
et al., 2009), giving 3D support for the growth of newly
formed tissue over a long period. Finally, Si-HPMC hydro-
gel derived from plant cellulose is likely to be safer than
animal-derived hydrogels, which can exhibit risks of un-
conventional pathogen transmission. In a previous study,
this Si-HPMC hydrogel was demonstrated to be a suitable
matrix for the 3D culture of chondrocytes in vitro
(Vinatier et al., 2005) and the production of cartilage
in vivo (Vinatier et al., 2007).

Biological sulphated polysaccharides, such as sulphated
glycosaminoglycans (GAGs), are major components of ar-
ticular cartilage ECM. GAGs are implied in many biologi-
cal processes, such as cytokinesis, cell proliferation,
differentiation, migration, tissue morphogenesis, organo-
genesis and wound repair (Yamada and Sugahara,
2008). GAGs can bind many different classes of proteins,
ranging from growth factors, e.g. FGFs, VEGFs, PDGF,
glial cell-derived neurotrophic factor (GDNF) and HGF,
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cytokines such as interleukins, interferon, PF4 and
RANTES, to metabolic enzymes such as lipoprotein lipase
and structural proteins such as laminin and fibronectin,
among many others (Casu and Lindahl, 2001). GAGs
would control the diffusion of the growth factors to estab-
lish protein gradients or act as a repository of growth fac-
tors that could be sequestered from cells and released at
an appropriate time (Zcharia et al., 2005). The actions
of biologically active polysaccharides are largely depen-
dent on their molecular structure, in particular their mo-
lecular size and varying size of repeating unit features,
osidic residues, linkage and degree of sulphation.

Natural polysaccharides derived from marine prokary-
otes offer a significant structural chimiodiversity, with novel
and striking biological properties (Guezennec, 2002). In
addition, natural GAG-mimetics can be chemically custom-
ized and produced in large amounts with relatively simple
and reproducible processes, making them potentially suit-
able as bioactive agents for medical applications. Among
the large number of prokaryotic species capable of
producing GAGs (Guezennec, 2002), Alteromonas infernus
has been shown to produce a branched high-molecular
weight polysaccharide, GY785 (~10° g/m). This
exopolysaccharide (EPS) is unique, with no known ana-
logue. Low-molecular weight (GY785 DR) and low-
molecular weight oversulphated (GY785 DRS) derivatives
of GY785 are described as "heparin-like’ compounds. These
GY785 derivatives have been shown to exhibit some antico-
agulant properties (Matou et al., 2005). Interestingly, they
have also been recently been described to positively influ-
ence the chondrogenic differentiation of adipose-derived
stromal cells (Merceron et al., 2012). In order to develop a
biologically and biomechanically competent hydrogel for
cartilage tissue engineering, we proposed to associate the
branched high-molecular weight polysaccharide GY785
(0.67% w/v) with Si-HPMC scaffold.

The aim of the present study was thus to investigate
whether enrichment in GY785 EPS improves the potential
of Si-HPMC hydrogel for engineering cartilage. In this
attempt, we first assessed the growth factor-interacting
properties of GY785, then the cytocompatibility of
Si-HPMC/GY785 was assessed with regard to articular
chondrocytes. Second, the potential of Si-HPMC/GY785
to support the maintenance of a chondrocytic phenotype
in vitro and to produce cartilaginous matrix in subcutane-
ous pockets of nude mice were investigated.

2. Materials and methods
2.1. Materials

Hydroxypropyl methylcellulose (HPMC) E4M® was
purchased from Colorcon-Down Chemical (Bougival,
France). GY785 EPS was produced by Seadev-
FermenSys SAS (Plouzané, France) and sterilized using
ethylene oxide by IONISOS (Gien, France). Hyaluroni-
dase, actinomycin-D, trypsin—-EDTA, type II collagenase
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(290 U/mg), HEPES [4-(2-hydroxyethyl)-1-piperazine
ethanesulphonic] and isopropanol were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Hanks’ balanced
sodium salt (HBSS), Dulbecco’s modified Eagle’s
medium (DMEM; 4.5 g/l glucose), penicillin—
streptomycin, L-glutamine, bone morphogenetic protein-2
(BMP-2), Trizol®, DNase I, Taq DNA polymerase and re-
verse transcriptase superscript II were obtained from
Invitrogen (Paisley, UK). Methyl tetrazolium salt (MTS)
was purchased from Promega (USA). A live/dead
viability/cytotoxicity kit assay was obtained from Invitrogen.
Fetal calf serum (FCS) was obtained from Dominique
Dutscher (Brumath, France). Cell-culture plastics were pur-
chased from Corning (VWR, France). New Zealand rabbits
were obtained from Grimaud Freres (Roussay, France).
Monoclonal antibody against type II collagen was purchased
from Oncogene (San Diego, CA, USA). Monoclonal antibody
against type I collagen was purchased from MP Biomedicals
(Illkirch, France) and monoclonal antibody against
aggrecan was obtained from Thermo Scientific Pierce
Protein Biology Products (Rockford, IL, USA). TGEA1 was
obtained from PeproTech (London, UK). DIG RNA labelling
kit was acquired from Roche Diagnostics (Mannheim,
Germany). All other chemicals were from standard labora-
tory suppliers and were of the highest purity available.

2.2. Surface plasmon resonance

Experiments were carried out on a Biacore 3000 instru-
ment (Biacore, Uppsala, Sweden). TGFf1 and BMP-2
were covalently immobilized to the dextran matrix of a
CMS5 sensor chip (Biacore), as recommended by the
manufacturer, at a flow rate of 5 ul/min. Binding
assays of GY785 (0.03125, 0.0625, 0.125, 0.25, 0.50 and
1 pg/ml) were performed in 10 mm HEPES buffer, pH
7.4, containing 0.15 M NaCl and 0.005% P20 surfactant
(HBS-P buffer, Biacore) and dissociation was monitored
for 15 min. Regeneration was achieved with NaOH (4.5
mMm) after each cycle. The resulting sensorgrams were
fitted using BiaEval 4.1 software (Biacore) and, for disso-
ciation constant (Kg) calculations, a GY785 molecular
weight of 1 400 000 g/M was used.

2.3. Synthesis of Si-HPMC/GY785 hydrogel

The Si-HPMC was synthesized by grafting 0.5% of silicium
(by weight) onto HPMC (E4M®) in heterogeneous me-
dium, as previously described (Bourges et al., 2002a,
2002b). Si-HPMC powder (3% w/v) was solubilized in
0.2 M NaOH under constant stirring for 48 h. The solution
was then sterilized by steam (121°C, 30 min). For the pro-
duction of Si-HPMC/GY785, sterile GY785 polysaccharide
was mixed with the sterile Si-HPMC (3% w/v) basic solu-
tion at the concentration of 10 mg/ml (1% w/v) in Si-
HPMC. The resulting Si-HPMC/GY785 (3/1% w/v)
mixture was left under mild rotatory stirring for 12 h to
dissolve the GY785. To allow the formation of a
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reticulated hydrogel, one volume of Si-HPMC (3% w/v)
or Si-HPMC/GY785 (3%/1% w/v) solution was mixed
with 0.5 volume of 0.26 M HEPES buffer, as previously
described (Rederstorff et al., 2011; Vinatier et al., 2005).
The final products consisted of hydrogels (pH 7.4) con-
taining Si-HPMC (2% w/v), with or without GY785
(0.67% w/v), respectively named Si-HPMC and Si-
HPMC/GY785. In the same manner, a hydrogel was pro-
duced with HPMC in order to obtain a Si-HPMC/HPMC
(2/0.67) hydrogel, used as a control of macromolecular
incorporation of GY785 for the rheological experiments.

2.4. Animals and surgical procedures

All animal handling and surgical procedures were con-
ducted according to European Community guidelines for
the care and use of laboratory animals (DE 86/609/
CEE) and with the agreement of the Pays de la Loire
Ethical Committee. Experiments were performed accord-
ing to good laboratory practice (GLP) at the Experimental
Therapeutics Unit of the University of Nantes.

2.5. Isolation of rabbit articular chondrocytes
(RACs)

Rabbit articular cartilage was harvested from euthanized
5 week-old New Zealand White rabbits and RACs were
isolated by enzymatic digestion, as described previously
(Ghayor et al., 2000). The suspended RACs were plated
(PO) at a density of 5 x 10* cells/cm? in a 75 cm? culture
flask with culture medium (DMEM 4.5 g/1 glucose, 10%
FCS, 100 Ul/ml penicillin and 100 pg/ml streptomycin).
The cells were maintained at 37°C in a humidified atmo-
sphere of 5% CO, and the culture medium was changed
every 2-3 days. Cultured RACs were passaged up to four
times. RACs from passages 1, 3 and 4 were frozen in
Trizol® for subsequent real-time PCR analysis.

2.6. Cytocompatibility of Si-HPMC/GY78s5
hydrogel

Briefly, RACs were allowed to attach in 24-well plates at a
final density of 1 x 10 cells/cm?®. After 24 h, the culture
medium was removed and 500 pl Si-HPMC/GY785 was
added to each well. The samples were incubated at 37°C
for 1 h before adding 1 ml culture medium. As a control,
RACs were also cultured without Si-HPMC/GY785 and
Si-HPMC (CT) or in the presence of actinomycin-D (5
pg/ml), an inhibitor of RNA polymerase (Vinatier et al.,
2007), which was used as a potent inducer of cell death.
After 1, 2 and 3 days, the hydrogels and culture media
were removed and cell viability was measured, using an
MTS assay as described elsewhere (Vinatier et al.,
2005). The results were expressed as relative MTS activity
compared to control conditions (cells cultured without
Si-HPMC/GY785 and Si/HPMC).
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Cell proliferation was evaluated by Trypan blue exclu-
sion dye experiments under the conditions described
above. After each indicated time, the hydrogel and culture
medium were removed and the cells were detached by
adding trypsin/EDTA for 2 min. The suspended cells were
transferred into fresh culture medium and counted after
Trypan blue staining. The results were expressed as total
number of living cells/well.

2.7. 3D culture of rabbit articular chondrocytes
(RACs)

RACs, freshly isolated or dedifferentiated (P2), were
gently mixed with Si-HPMC/GY785 or Si-HPMC hydrogel,
prepared as described previously, at a density of 1 x 10°
cells/ml. Hybrid constructs were then seeded in 12-well
plates (1.5 ml/well) and incubated at 37°C in 5% CO,.
After 1 h of incubation, 2 ml culture medium (DMEM
4.5 g/1 glucose, 10% FCS, 100 Ul/ml penicillin and
100 pg/ml streptomycin) was added to each well, and
this medium was changed every 2-3 days. Cell viability
was evaluated after 3 weeks. RAC phenotypes and the
production of sulphated glycosaminoglycans (GAG) and
type II collagen were assessed after 3 weeks.

Cell viability in the three-dimensional (3D) cultures
was visualized using a live/dead cytotoxic assay, as previ-
ously described (Rederstorff et al., 2011). RACs imaging
was performed using a confocal laser-scanning micro-
scope (Nikon D-Eclipse C1).

Hybrid constructs associating RACs and hydrogels at 3
weeks were fixed in formol over 1 h and embedded into
2% agarose solution before embedding in paraffin. Serial
sections of each paraffin block (5 um thickness) were
made, processed for histological staining with alcian blue
and immunostained for type II collagen (anti-rabbit type
II collagen 1:100), as described elsewhere (Merceron
et al., 2011). Immunopositive cells showed brown staining
with type II collagen antibody.

For real-time PCR analysis, total RNA was extracted
using Trizol reagent, in accordance with the manufac-
turer’s instructions. After DNase I digestion, RNA was
quantified using a UV-spectrophotometer (Nanodrop
NND-1000, Labtech, France); 1 pug RNA/sample was
reverse-transcribed using a Superscript III Kit in a total
volume of 20 pl. Complementary DNA (cDNA) was am-
plified in a total volume of 25 ul PCR reaction mix con-
taining 12.5 pl Brillant® SYBR® Green Master Mix
(1x) and 30 nm SYBR Green reference dye. The se-
quence and concentration of each primer set are shown
in Table 1. Real-time PCR was carried out in a
MX3000P® real-time PCR system (Stratagene) under
the following conditions: 10 min at 95°C, followed by
40 cycles of 30 s at 60°C and 30 s at 72°C, as previously
described (Merceron et al., 2010). The efficiency and
specificity of each primer set was confirmed with stan-
dard curves of cycle threshold (Ct) values vs serial dilu-
tion of total RNA and melting profile evaluation. Cycle
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thresholds were normalized to GAPDH to control for
cDNA differences. The results are reported as fold
change in gene expression relative to control conditions.

2.8. In vivo tissue formation
2.8.1. Implantation

To investigate whether constructs associating RACs
with Si-HPMC/GY785 or Si-HPMC allow the in vivo
formation of cartilaginous tissue, constructs were im-
planted into subcutaneous pockets of 4 week-old nude
mice (Swiss Nude Mice, Janvier, France). 5 x 10°
freshly isolated RACs were gently mixed with 250 pl
Si-HPMC/GY785 or Si-HPMC hydrogel prior to
crosslinking and implanted subcutaneously into nude
mice as previously described (Vinatier et al., 2007).
Si-HPMC/GY785 and Si-HPMC without cells were also
implanted and used as negative controls. Each condi-
tion was tested in quadruplicate and 12 animals were
implanted (two implants/animal). After 3 weeks, the
mice were sacrificed and the implants were recovered
and processed histologically, as described earlier. In
addition, serial sections of each paraffin block (5 um
thickness) were immunostained for type I collagen
(anti-rabbit type I collagen, 1:100)(Merceron et al.,
2011) and aggrecan (anti-rabbit aggrecan, 1:100).
Immunopositive cells showed brown staining with
type I collagen antibody. Rabbit growing bone was
used as a positive control for type I collagen
immunostaining.

2.8.2. Type | collagen riboprobe preparation

Total RNAs from MC3T3-E1 cells were extracted with
Trizol. Total RNA (1 ug) was reverse-transcribed for 60
min at 42°C, using 200 U Superscript II. An equivalent of
100 ng total reverse-transcribed RNA was used for PCR,
using the following primers containing the T3 or T7
promoter sequences: Collal-T3 forward primer, 5'-
GAGAATTAACCCTCACTAAAGGGGAGCGGAGAGTACTG
GATCG-3’; and Collal-T7 reverse primer, 5'-GAG-
TAATACGACTCACTATAGGGGGTGGAGGGAGTTTACAC
GA-3/, localized on exons 48 and 50, respectively. The T3-
and T7-tailed 598 bp-long ?PCR fragment was purified
and used as template to synthesize sense and antisense
digoxigenin-11-UTP-labelled RNA probes that were pre-
pared using a DIG RNA labelling kit, according to the man-
ufacturer’s instructions.

2.8.3. In situ hybridization

Tissues were fixed in neutral buffered formalin, embed-
ded in paraffin and sectioned at 4 pm. Non-radioactive
in situ hybridization was adapted from Moorman et al.
(2001). Briefly, sections were deparaffinized, treated with
10 pg/ml proteinase K for 15 min at 37°C, followed by
three washes with PBS-Tween 0.1% (PBST). The sections
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Table 1. Sequences of primer pairs, gene bank accession numbers used for real time RT-PCR analysis and size of PCR products

Gene GeneBank No. Forward primer Reverse primer Amplicon size (bp)
Glyceraldehyde 3-phosphate NM_001882253  5'-agaacgggaagctggtcat-3’ 5'-ttgatgttggcgggatct-3' 70
dehydrogenase (GAPDH)

Aggrecan (ACAN) L38480 5'-gaggatggcttccaccagt-3’ 5'-tggggtacctgacagtctga-3’ 61

Type | collagen chain a1 (CollaT) D49399 5'-agcgatggtcctccaggt-3’ 5'-gccagggtaaccacgttct-3' 63

Type Il collagen chain a1 (Col2a1) D83228 5'-acagcaggttcacctataccg-3'  5'-cccacttaccggtgtgtttc-3’ 60

were then refixed for 20 min in 4% paraformaldehyde dis-
solved in PBS and washed three times in PBST for 5 min
before being acetylated (0.1 M triethanolamine with
0.25% acetic anhydride) for 10 min. The sections were
prehybridized for 1 h at 60°C and then hybridized
overnight at 60°C. After hybridization, the sections were
rinsed in 2X SSC, pH 4.5, washed three times for 30 min
at 60°C in 50% formamide/2x SSC, pH 4.5, followed by
three 5 min washes in PBST. Probe bound to the section
was immunologically detected using a sheep anti-
digoxigenin Fab fragment covalently coupled to alkaline
phosphatase and NBT/BCIP as chromogenic substrate,
essentially according to the manufacturer’s protocol
(Roche).

2.9. Rheological characteristics

Si-HPMC, Si-HPMC/GY785 or Si-HPMC/HPMC (used as a
control of macromolecular incorporation), 1 ml, was
allowed to reticulate in 12-well plates. The samples were
incubated at 37°C for 1 h before adding 2 ml culture
medium (DMEM supplemented with 10% FCS, 1%
penicillin-streptomycin and 1% L-glutamine). The plates
were maintained at 37°C in a humidified atmosphere
and with a change of medium every 2 days. After 3 weeks,
oscillatory measurements were performed at 25°C on
Si-HPMC, Si-HPMC/GY785 or Si-HPMC/HPMC, using
the Haake MARS rheometer (ThermoHaake®, Germany)
with titanium plate geometry [20 mm diameter (PP20 Ti)
plate with 3 mm gap] with a home-made device for direct
measurement inside the 12-well plates. We applied a 0.2
N normal force on the hydrogels before the measure-
ments. The complex viscosity (") was determined as a
function of stress under conditions of linear viscoelastic
response in the range 0.1-5 Pa, at a constant oscillation
frequency (w) of 1 Hz. The storage (G’) and loss (G”)
moduli were measured within the linear viscoelastic
region.

2.10. Statistical analysis

Results are expressed as mean =+ standard error (SE) of
the mean of triplicate determinations. Comparative stud-
ies of means were performed using one-way ANOVA
followed by a post hoc test, with statistical significance
set at p < 0.001.

Copyright © 2015 John Wiley & Sons, Ltd.

3. Results

3.1. Interactions between GY785 and growth
factors

GAGs of the extracellular matrix are well known to mod-
ulate the activity of a large panel of biological factors.
Whether an exogenous GAG, such as GY785, may interact
with chondrogenic factors has, however, not yet been de-
termined. To address this issue, we embarked on a set of
surface plasmon resonance experiments with two
chondrogenic factors, TGFA1 and BMP-2. To investigate
whether these growth factors can specifically interact
with GY785, quantitative measurements of their potential
physical interactions were performed by surface plasmon
resonance analysis. Growth factors were immobilized on
the chip and increasing concentrations of GY785 polysac-
charide were injected over the chip surface. The results,
expressed in response units, were recorded for each ana-
lyte concentration and K4 was calculated. Our biacore
data indicate that GY785 polysaccharide was able to
strongly bind immobilized TGFA1 and BMP-2. The bind-
ing affinity of GY785 for BMP-2 was about 10-fold higher
than for TGFS1, with respective Kq of 2.27 x 107 and
5.08 x 1077 M. These results indicate that GY785 can spe-
cifically bind BMP-2 and TGFp1.

3.2. Cytocompatibilty of Si-HPMC/GY785
hydrogels

To determine whether or not the addition of GY785 to Si-
HPMC hydrogel was cytotoxic, the viability and prolifera-
tion of primary rabbit articular chondrocytes (RACs)
cultured in contact with Si-HPMC/GY785 were examined
through measurement of MTS activity and cell counting af-
ter 24, 48 and 72 h of culture. Si-HPMC hydrogel was used
as a positive control. The results (Figure 1A) show that Si-
HPMC and Si-HPMC/GY785 did not affect the MTS activ-
ity of RACs at 24 h. After 48 h of culture, the presence of
Si-HPMC and Si-HPMC/GY785 slightly reduced the MTS
activity of RACs by 20% and 30%, respectively. However,
after 72 h there was no significant difference between
the MTS activity of RACs cultured in the presence or in
the absence of the two different hydrogels. On the con-
trary, actinomycin-D treatment reduced the MTS activity
of RACs by nearly 70% after just 24 h of treatment.
Cell-counting experiments (Figure 1B) produced simi-
lar results. After 72 h, no significant difference in cell
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Figure 1. Cytocompatibility of Si-HPMC/GY785 with RACs in 2D and 3D culture. Rabbit articular chondrocytes (RACs) were cultured
in 2D on culture plates over 72 h without hydrogel (positive control, CT) or with actinomycin-D (5 pg/ml; negative control) or with Si-
HPMC (2/0) or Si-HPMC/GY785 (2/0.67). (A) Viability was assessed by MTS activity, as indicated in Materials and methods; the re-
sults are expressed as relative MTS activity compared with the respective controls; *p < 0.001 compared to control conditions. (B)
Proliferation was assessed by scoring the cells after trypan blue staining; the results are expressed as the total number of cells/well;
*p < 0.001 compared with the respective controls. (C) RACs were cultured in 3D for 3 weeks in Si-HPMC/GY785 (2/0.67) or Si-HPMC
(2/0) prior to staining with calcein AM and EthD-1. Viability was visualized using confocal microscopy, as indicated in Materials and
methods; scale bar = 50 pm. [Colour figure can be viewed at wileyonlinelibrary.com]

number was observed between cells cultured in contact
with Si-HPMC/GY785 and cells cultured in control condi-
tions or in contact with Si-HPMC alone.

Taken together, these results indicate that GY785 incor-
porated to Si-HPMC has neither stimulatory nor adverse
effects on RACs viability and proliferation compared to
Si-HPMC hydrogel.

To investigate whether the presence of GY785 within Si-
HPMC influences its 3D cytocompatibility, the viability of
RACs in 3D culture in an Si-HPMC/GY785 hydrogel was
visualized using confocal microscopy after 3 weeks of cul-
ture (Figure 1C). Cells were stained with calcein AM and
EthD-1, which respectively label living cells green and
dead cells red. As shown in Figure 1C, RACs 3D-cultured
in Si-HPMC/GY785 were green and organized in nodular

Copyright © 2015 John Wiley & Sons, Ltd.

structures, as observed with RACs cultured in Si-HPMC
alone. The absence of red fluorescence indicates the ab-
sence of dead cells in the Si-HPMC/GY785. These results
show that RACs retained their viability and organized into
nodular structures when 3D-cultured in Si-HPMC/GY785
hydrogel, indicating that GY785 incorporation did not
modify the 3D cytocompatibility of Si-HPMC.

3.3. Maintenance of chondrocyte phenotype in
3D cultures

To assess whether GY785 enrichment could act on the
ability of Si-HPMC hydrogel to maintain a chondrocytic
phenotype in 3D culture, RACs were cultured for 3 weeks,
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either in 2D without hydrogels or in 3D in Si-HPMC/
GY785 hydrogel, or in Si-HPMC alone as a control. The
expression of transcripts coding for type I collagen (dedif-
ferentiation marker), type II collagen and aggrecan were
evaluated using real-time PCR (Figure 2A). 2D-cultured
RACs showed an expression of type II collagen and
aggrecan 10- and 14.3-fold lower, respectively, than for
primary RACs (PO). RACs cultured in 3D in Si-HPMC/
GY785 expressed levels of type II collagen and aggrecan
transcripts that were significantly higher, of approxi-
mately five- and 19-fold, respectively, when compared to
2D RACs and 2.7- and three-fold, respectively, as com-
pared to Si-HPMC 3D-cultured RACs. Likewise, RACs
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PO PO 3 weeks

Aggrecan
Relative expression level
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Si-HPMC/GY785

Si-HPMC
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cultured in 3D in Si-HPMC alone exhibited an expression
of type II collagen and aggrecan two- and seven-fold
higher than primary RACs. Whereas the expression of
type I collagen in 2D RACs (Figure 2A) was more than
three times higher than that of RACs (P0), 3D-cultured
RACs in Si-HPMC/GY785 exhibited a barely detectable in-
crease in type I collagen expression. RACs cultured in 3D
in Si-HPMC did not show any increase in the expression
of type I collagen as compared to primary RACs (P0).
These results show that GY785 enrichment of
Si-HPMC hydrogel seems to increase its ability to main-
tain a high level of type II collagen and aggrecan mRNA
synthesis. These results, taken as a whole, also
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Figure 2. The effects of a 3D culture on the RACs phenotype. (A) Maintenance of chondrocyte phenotype in 3D culture. Total RNA was
purified from freshly isolated RACs (P0), from RACs cultured in 2D and RACs cultured in 3D in Si-HPMC/GY785 or Si-HPMC for 3
weeks (PO 3 weeks). Expression of the chondrocytic markers (type II collagen and aggrecan), as well as the dedifferentiation marker
(type I collagen), were investigated using real-time PCR, as indicated in Materials and methods; the results are expressed as relative
expression levels compared to the control conditions (P0). (B) Cartilaginous matrix production by RACs in 3D culture. Rabbit artic-
ular chondrocytes were cultured for 3 weeks in 3D in Si-HPMC/GY785 (2/0.67) and Si-HPMC (2/0). Alcian blue staining for glycos-
aminoglycans (GAGs) and immunohistochemical type II collagen stainings were carried out, as detailed in Materials and methods;
the samples were observed with a light microscope; scale bar = 50 pm. [Colour figure can be viewed at wileyonlinelibrary.com]
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demonstrate the capability of Si-HPMC/GY785 hyd-
rogels to maintain a differentiated chondrocyte-like phe-
notype in RACs.

To further investigate the ability of Si-HPMC/GY785 to
maintain a differentiated chondrocytic phenotype, the ef-
fect of 3D culture in Si-HPMC/GY785 on sulphated GAGs
and immunostaining for type II collagen were performed
on RAGCs cultured in 3D in Si-HPMC/GY785 or Si-HPMC
for 3 weeks. Under these conditions (Figure 2B), and de-
spite Alcian blue-positive staining of cell-free GY785 con-
taining Si-HPMC (data not shown), both hydrogels
exhibited positive Alcian blue staining and type II colla-
gen immunostaining. These results show an accumula-
tion of sulphated GAG and type II collagen in the ECM
surrounding the RACs nodules formed in 3D culture in
Si-HPMC/GY785 hydrogels, as observed with Si-HPMC
alone. However, Si-HPMC/GY785 hydrogel allows the
formation of the broadest Alcian blue and type II
collagen-positive RACs nodules compared to Si-HPMC
hydrogel.

Taken together, these results indicate that Si-HPMC/
GY785 hydrogel supported the 3D culture of functionally
competent RACs able to produce type II collagen and
sulphated GAG.

3.4. Dedifferentiation of RACs in 2D cultures and
redifferentiation in 3D cultures

It is well known that dedifferentiated articular chond-
rocytes are able to retrieve a chondrocytic phenotype
when replaced in a suitable 3D environment (Chen et al.,
2003; Miot et al., 2005; Vinatier et al., 2007). We there-
fore sought to evaluate whether this phenomenon also
occurs with RACs initially cultured in 2D and thereafter
placed in 3D in Si-HPMC/GY785 hydrogels. For this
experiment, freshly isolated RACs were first ded-
ifferentiated by culturing them into monolayer for four
passages. Expressions of transcripts coding for type I
and II collagen and aggrecan were evaluated using
real-time PCR (Figure 3A). When the RACs were pas-
saged, they showed an approximately four-fold decrease
in type II collagen expression at passage 2 (P2) and
were 16-fold decreased at P4 as compared to the pri-
mary RACs (P0). Likewise, aggrecan expression exhib-
ited a three-fold and 4.5-fold decrease after passages 2
and 4, respectively (Figure 3A; P2, P4). In contrast,
the expression of the type I collagen transcript increased
dramatically about seven- and 10-fold after 2 and 4 pas-
sages, respectively, in monolayer culture (Figure 3A).
These results show that the RACs underwent a dediffer-
entiation process as early as passage 2 (P2).

Therefore, to investigate whether Si-HPMC/GY785
allows the recovery of a chondrocytic phenotype, ded-
ifferentiated RACs P2 were placed for 3 additional
weeks in either 3D culture in Si-HPMC/GY785 or Si-
HPMC or in 2D culture. Real-time PCR analysis revealed
that, after 3 weeks, the RACs cultured in 3D in Si-
HPMC/GY785 exhibited a 28-fold increase in type II

Copyright © 2015 John Wiley & Sons, Ltd.
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collagen expression and a 75-fold increase in aggrecan
expression, as compared to the RACs P2 (Figure 3B).
On the contrary, the RACs cultured in 2D for the same
additional duration failed to exhibit any significant in-
crease in type II collagen and aggrecan transcripts. In-
terestingly, expression of the dedifferentiation marker
type I collagen after 3 weeks in 3D culture in Si-
HPMC/GY785 was 3.4-fold less than that measured in
the RACs P2 (Figure 3B). 2D RACs exhibited a two-fold
increase in type I collagen expression as compared to
RACs P2. When compared to the control hydrogel (Si-
HPMC), the RACs cultured in Si-HPMC/GY785 exhibited
a two-fold increase in expression of the transcripts cod-
ing for type II collagen and aggrecan. These results sug-
gest that the recovery of the chondrocytic phenotype is
improved in Si-HPMC/GY785 hydrogel compared to Si-
HPMC hydrogel alone.

3.5. In vivo tissue formation

To investigate whether the addition of GY785 within Si-
HPMC hydrogel makes possible the formation of cartilag-
inous tissue in vivo, constructs associating freshly isolated
RACs with Si-HPMC/GY785 or Si-HPMC hydrogels were
implanted subcutaneously into nude mice. After 3 weeks,
histological examination (Figure 4A) showed the
formation of chondroid nodules with RACs associated
with Si-HPMC/GY785 as well as with the control hydrogel
(Si-HPMC). Nodules formed by RACs were positively
stained with Alcian blue (Figure 4A), suggesting the pro-
duction of an ECM containing GAGs. In addition, these
nodules were positively stained for aggrecan and type II
collagen (Figure 4A). In contrast, type I collagen immuno-
staining remained barely detectable in both conditions
(Figure 4B, left and middle panels). As a control, rabbit
growing bone exhibited an intense type I collagen immu-
nostaining (Figure 4B, right panel)

As an additional control, Si-HPMC and Si-HPMC/
GY785 alone showed neither the formation of nodular
structures nor the presence of an ECM, despite a positive
Alcian blue staining in cell-free Si-HPMC/GY785 hydrogel
(data not shown).

To confirm the absence of type I collagen immunostain-
ing, in situ hybridization for type I collagen transcripts
were then performed. The mouse Collal riboprobe was
used and was demonstrated to hybridize specifically with
the rabbit Collal transcripts (Figure 4C). In situ hybridi-
zation indicated that mRNA coding for type I collagen re-
mains at a barely detectable level in GY785-reinforced
Si-HPMC and Si-HPMC hydrogels (Figure 4C, left and
middle panels). As a control, in situ hybridization for type
I collagen in rabbit growing bone was found to be in-
tensely positive (Figure 4C, right panel).

These results indicate that Si-HPMC enriched with
GY785 makes possible the formation of cartilaginous tis-
sue containing type II collagen and aggrecan in vivo with
freshly isolated RACs.
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Figure 3. Recovery of a chondrocytic phenotype in dedifferentiated RACs by 3D culture. (A) Dedifferentiation of RACs in monolayer
culture. Total RNA was purified from freshly isolated RACs (P0), from RACs cultured in 2D for 2 (P2) and 4 (P4) passages. Real-time
PCR analysis for type II collagen and aggrecan, as well as type I collagen transcripts, were performed using the primers and
conditions detailed in Materials and methods; the results are expressed as relative expression levels compared to the control
conditions PO; *p < 0.001 compared to RACs (P0). (B) Redifferentiation of RACs in 3D culture. Total RNA was purified from
dedifferentiated RACs at passage 2 (P2) and from dedifferentiated RACs cultured for an additional 3 weeks (P2 3w) in 3D
in Si-HPMC/GY785 (2/0.67) and Si-HPMC (2/0). Real-time PCR analysis for type II and I collagen transcripts, as well as
aggrecan, were carried out using the primers and conditions detailed in Materials and methods; the results are expressed as

relative expression levels compared to the control conditions (P2); *p < 0.001 compared to P2

3.6. Rheological characteristics

To evaluate whether GY785 incorporation modified the
viscoelastic properties of Si-HPMC, an oscillatory
measurement was performed to evaluate the elastic
modulus (G") and viscous modulus (G"') (Figure 5).
Si-HPMC/GY785 showed a G’ of ca. 723 = 171 Pa
and a G of ca. 96 = 37 Pa. Si-HPMC and Si-HPMC/
HPMC exhibited the same G’, with values of ca. 398
+ 65 and 324 + 52 Pa, and a G of ca. 28 + 6 and
22 =+ 5 Pa, respectively.

These results indicate that Si-HPMC/GY785 hydrogel
has higher stiffness than Si-HPMC and Si-HPMC/HPMC,
whereas Si-HPMC and Si-HPMC/HPMC have similar
stiffness.

Copyright © 2015 John Wiley & Sons, Ltd.

4. Discussion

Today, regenerative medicine is moving towards the de-
velopment of less and less invasive surgical techniques,
with the aim of reducing morbidity and hospitalization
time. From this point of view, injectable hydrogels appear
to be promising (Cushing and Anseth 2007). The main
challenge in developing new hydrogels for cartilage tissue
engineering is to allow the viability and differentiation of
cells within the hydrogel.

Marine-based polysaccharides (Colliec-Jouault et al.,
2004) that exhibit structural analogies with glycosamino-
glycans (GAGs) are well acknowledged as molecules
influencing cell proliferation, differentiation and adhesion
(Chiu et al., 2011). GAGs have long been known to be able
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Figure 4. Histochemical analysis of tissue-engineered cartilage; RACs associated with Si-HPMC/GY785 (2/0.67) or Si-HPMC (2/0)
were implanted subcutaneously into nude mice and analysed 3 weeks later. (A) Histological sections were stained, as described in Ma-
terials and methods, for the presence of GAGs (Alcian blue), aggrecan (ACAN) and type II collagen (immunostaining); samples were
observed with a light microscope; scale bar = 100 pm. (B) Histological sections were stained, as described in Materials and methods,
for the presence of type I collagen (immunostaining). The samples were observed with a light microscope; scale bar = 100 pm. A pos-
itive control (right panel) was performed with rabbit growing bone; scale bar = 400 pm. (C) Histological sections were processed for
in situ hybridization and hybridized with col1A1 riboprobe, as described in Materials and methods; scale bar = 100 pm. A positive
control (right panel) was performed with rabbit growing bone; scale bar = 400 pm. [Colour figure can be viewed at
wileyonlinelibrary.com]

to bind and regulate the biological activity of a large num-
ber of growth factors through the modulation of their
storage, stabilization and degradation in the matrix
(Jackson et al., 1991; Vlodavsky et al., 2006). To deter-
mine whether TGFA1 or BMP-2, two major chondrogenic
growth factors, can physically interact with the marine
polysaccharide GY785, surface plasmon resonance exper-
iments were performed. Interestingly, our Biacore data

Copyright © 2015 John Wiley & Sons, Ltd.

demonstrate the existence of a high affinity between
GY785 and the chondrogenic TGFS1 and BMP-2. These
data therefore establish a strong rationale for testing our
hypothesis that GY785 could be used to enrich scaffolding
biomaterials, and improves their potential for engineering
cartilage. In this attempt, and to propose a 3D scaffolding
hydrogel capable of supporting regeneration of functional
cartilage, a self-setting cellulosic hydrogel (Si-HPMC),
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Figure 5. Oscillatory measurements. Oscillatory measurements
of the different hydrogels [Si-HPMC, Si-HPMC/HPMC (2/0.67)
and Si-HPMC/GY785 (2/0.67)] after 3 weeks of storage at 37°C
in a humid environment. Measurements (n = 3) were made di-
rectly in 12 multi-well culture plates, using a ThermoHaake®
(Germany, Mars ", Titanium plate PP20Ti) instrument with the
following parameters: gap ~ 3 mm; normal force 0.2 N; 1 Hz;
0.1-5 Pa; at 25°C. The conservative modulus G’ and loss modulus
G’ are shown in Pa; *p < 0.001 compared with the respective
controls, Si-HPMC and Si-HPMC/HPMC

widely used for cartilage tissue engineering, was chosen
(Portron et al., 2013; Vinatier et al., 2009b). A prerequi-
site to the use of hydrogels for in vivo experiments is to
evaluate their non-cytotoxicity. We were therefore first in-
terested in examining the in vitro cytotoxicity of Si-
HPMC/GY785 with rabbit primary articular chondrocytes
(RACs). We thus focused on a cytotoxicity test with direct
contact with RACs (ISO 10993-5: Biological evaluation of
medical devices, Part 5: test for in vitro cytotoxicity). Our
data indicate that the Si-HPMC/GY785 hydrogel is
cytocompatible with respect to RACs, as evidenced by es-
timation of mitochondrial dehydrogenase activity (MTS
assay) and cell counting (Figure 1). In addition, dual-
fluorescence staining, using calcein AM and EthD-1 re-
agents, revealed that RACs 3D-cultured in Si-HPMC/
GY785 hydrogel retained their viability and formed nod-
ules (Figure 1). These results indicated that the Si-
HPMC/GY785 hydrogel makes possible the 3D culture of
RACs without altering their viability and proliferation.
Another characteristic of Si-HPMC hydrogel, shared
with many other biomaterials used for cartilage tissue en-
gineering, is its ability to maintain the chondrocytic phe-
notype in 3D culture (Vinatier et al., 2005). Indeed, it is
well known that maintaining or recovering a chondrocytic
phenotype in a scaffolding hydrogel is a key point for car-
tilage tissue-engineering strategies. Dedifferentiation of
chondrocytes, evidenced by a concomitant decrease in
type 1I collagen and aggrecan expression and an increase
in type I collagen expression, effectively occurs during
in vitro 2D monolayer expansion (Brodkin et al., 2004;
Schnabel et al., 2002). In our hands, and according to this
dedifferentiation process, type II collagen and aggrecan
expressions were downregulated, along with passages in

Copyright © 2015 John Wiley & Sons, Ltd.
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RACs, whereas that of type I collagen expression in-
creased. However, culturing chondrocytes in 3D scaffolds
has been shown to not only prevent, but even to reverse,
this phenomenon, allowing dedifferentiated chondrocytes
to recover their phenotype (Vinatier et al., 2005). Accord-
ingly, the expressions of type II collagen and aggrecan are
maintained in 3D cultures in Si-HPMC, with and without
GY785, highlighting their ability to maintain a
chondrocyte-like phenotype in vitro. Moreover, the
GY785 enrichment of Si-HPMC increases ca. two- to
three-fold the expression level of type II collagen and
aggrecan when compared to Si-HPMC alone. These re-
sults were further confirmed by the production of GAG
and collagen type II by 3D-cultured RACs in the Si-
HPMC/GY785 hydrogel, which appears higher than in
Si-HPMC.

In addition, and of particular interest for cell-based car-
tilage tissue engineering, Si-HPMC hydrogel also induces
the recovery of a chondrocytic phenotype of previously
dedifferentiated RACs (P2), as evidenced by the increased
expression of type II collagen and aggrecan, while expres-
sion of type I collagen is decreased. Further, GY785 en-
richment of Si-HPMC hydrogel improves this recovery of
chondrocytic phenotype, as evidenced by the two-fold in-
crease in type II collagen and aggrecan expression as com-
pared to Si-HPMC alone. It therefore seems reasonable to
speculate that Si-HPMC/GY785 not only makes possible
the 3D culture of phenotypically stable chondrocytes but
also allows the recovery of such a chondrocytic phenotype
in a more efficient manner than Si-HPMC alone. This re-
sult strongly suggests that GY785 positively alters the bio-
logical activity of Si-HPMC hydrogel.

To address the in vivo potential of Si-HPCM/GY785 as a
new hydrogel for cartilage engineering, we secondly
embarked on a preliminary animal experiment in a well-
documented model of tissue engineering, the subcutis of
nude mice. Hybrid systems associating chondrocytes
(RACs) with Si-HPMC/GY785 were implanted into subcu-
taneous sites in the back of nude mice. Si-HPMC associ-
ated with RACs was used as a control. Three weeks after
implantation, constructs associating RACs with Si-
HPMC/GY785 showed the formation of nodules with an
ECM containing sulphated GAGs, aggrecan and type II
collagen. Interestingly, type I collagen expression at both
the mRNA and protein levels remained barely detectable,
suggesting that the cells probably do not undergo any de-
differentiation process.

Given that GY785 polysaccharide is a high-molecular
weight macromolecule, incorporating GY785 into Si-
HPMC hydrogel certainly modified its mechanical
properties. To address this issue, the rheological properties
of Si-HPMC/GY785, Si-HPMC and Si-HPMC/HPMC
hydrogels were determined, and indicated that G’ was
higher than G" (Figure 5) for the three hydrogels, thereby
confirming that these hydrogels are solid after 3 weeks.
The G’ of Si-HPMC/GY785 is approximately two-fold
higher than those of Si-HPMC or Si-HPMC/HPMC, show-
ing that enrichment of Si-HPMC with GY785 increased
its stiffness (Rederstorff et al., 2011). The storage modulus
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G’ was also linked to the network density in polysaccharide
hydrogels (Moe et al., 1992). In our study, the G’ value re-
vealed a higher network density with the adjunction of
GY785 polysaccharides (Figure 5). The increased stiffness
and network density in GY785-enriched Si-HPMC may ex-
plain the enhancement of the chondrocyte phenotype in
this hydrogel compared to Si-HPMC alone. Indeed, these
mechanical parameters have previously been shown to in-
fluence chondrocyte phenotype (Brodkin et al., 2004,
Sanz-Ramos et al., 2013) as well as direct mesenchymal
stem cell differentiation (Discher et al., 2005; Engler
et al., 2006).

5. Conclusions

In conclusion, our results show that GY785 physically in-
teracts with some chondrogenic factors. Si-HPMC doped
with GY785 is cytocompatible and competent for the 3D
culture of chondrocytes, capable of producing cartilage
ECM proteins in vitro. GY785-enriched Si-HPMC interest-
ingly supports the recovery of a chondrocytic phenotype
in dedifferentiated articular chondrocytes. In vivo, this
doped hydrogel allows the synthesis of a cartilage-like
ECM by chondrocytes in the subcutis of nude mice. This
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site is, however, rather far from an articular cartilage situ-
ation, due to the lack of resident endogenous growth fac-
tors. Regarding the growth factors-interacting properties
of GY785, the preclinical relevance of GY785-doped hy-
drogel will be given further attention in adapted animal
models of articular cartilage defects, where growth fac-
tors, notably TGFf, are found in large amount (Goldring
et al., 2006).
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