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Abstract

Because of poor self-healing ability, joint cartilage can
undergo irreversible degradation in the course of various
diseases or after injury. A promising approach for cartilage
engineering consists of using of mesenchymal stem cells
(MSC) and a differentiation factor combined with an
injectable carrier biomaterial. We describe here a novel
synthesis route for native collagen microspheres that does
not involve the use of potentially toxic crosslinking agents.
An emulsion was formed between a type I collagen solution
and perfluorinated oil, stabilised by a biocompatible
triblock perfluorinated copolymer surfactant. Spherical
microparticles of fibrillar collagen were formed through
a sol-gel transition induced by ammonia vapours.
Electron microscopy observations showed that these
self-cross-linked microspheres were constituted by a
gel of striated collagen fibrils. Microspheres that were
loaded with transforming growth factor beta (TGF-3)3
progressively released this differentiation factor over
a four weeks period. Human MSC rapidly adhered to
TGF-B3-loaded microspheres and, after 21 d of culture,
exhibited typical chondrocyte morphology and produced
an uncalcified matrix made of the predominant cartilage
components, aggrecan and type II collagen, but devoid of
the hypertrophic marker type X collagen. Subcutaneous
co-injection of MSC and TGF-B3-loaded microspheres in
mice consistently led to the formation of a cartilage-like
tissue, which was however hypertrophic, calcified and
vascularised. In conclusion, we developed cross-linker
free collagen microspheres that allowed chondrogenic
differentiation of MSC in vitro and in vivo.
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Introduction

In joints, articular cartilage functions as a bearing surface
between bones. It also allows for smooth motion with
low friction and shear stresses between bones, thereby
preventing wear. Articular cartilage is frequently injured
following trauma or during the course of various diseases,
such as osteoarthritis or rheumatoid arthritis. However,
due to its poor capacity of regeneration, lesions do not
spontaneously heal. There is therefore a high demand
for an effective tissue-engineering approach for cartilage
repair. Current surgical procedures still encounter limited
success, while chondrocyte-based therapies have not
yet proven to be superior for the treatment of articular
cartilage lesions (Nakamura et al., 2009). Moreover, the
clinical use of autologous chondrocytes has been hampered
by a number of limitations. In particular, a challenging
issue is to expand the cells into very large numbers while
maintaining their chondrocytic phenotype, i.e. their ability
to produce hyaline cartilage and not fibrous tissue. In these
respects, the use of multipotent mesenchymal stromal
cells or mesenchymal stem cells (MSC) represents an
appealing alternative for cartilage repair. MSC are found
in large amounts in the bone marrow or adipose tissue,
are isolated using easy and reproducible procedures
and they proliferate in vitro (Caplan, 2007). During the
past ten years, they have attracted great interest because
of their unique characteristics and, in particular, their
differentiation potential towards cells belonging to the
musculoskeletal lineages, such as osteoblasts, adipocytes
and chondrocytes (Caplan, 2007). In addition, MSC
secrete a variety of bioactive factors that confer them
with immunosuppressive, anti-fibrotic or anti-apoptotic
properties that may be of interest for the treatment of
rheumatologic disorders (Maumus et al., 2011). Since
the first demonstration that MSC can differentiate in vitro
into chondrocytes (Johnstone et al., 1998; Mackay et al.,
1998), a number of chondrogenic conditions and numerous
natural or synthetic scaffolds have been tested (for review,
see Vinatier et al., 2009). The favoured strategy consists of
developing a material that carries the cells and delivers a
soluble factor belonging to the transforming growth factor
beta (TGF-f) family. Various members of this family have
been shown to be potent inducers of chondrogenesis in
vitro and to regulate progression towards hypertrophic
chondrocytes, which needs to be avoided for stable
cartilage engineering (reviewed in Studer et al., 2012). A
progressive release of the differentiation factor from the
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scaffold over the whole differentiation time period seems
preferable in order to achieve an optimal chondrogenic
effect (Mackay et al., 1998) and avoid osteophyte
formation due to high intra-articular concentration of
TGF-B (van Beuningen ef al., 1994).

Here, we have developed a type I collagen-based
scaffold because natural polymers have interesting
properties in the context of damaged tissue repair, especially
cartilage regeneration (Balakrishnan and Banerjee, 2011).
Indeed, macromolecules from the extracellular matrix such
as collagens are not only biocompatible and biodegradable,
but they also provide a biomimetic environment favourable
to eliciting a specific cell response (Lutolf et al., 2009)
thanks to appropriate mechanical (Engler et al., 2004;
Engler et al., 2006; Park et al., 2011) and biochemical cues
(Hui et al.,2008; Ode et al., 2010). The major drawback of
natural polymers is the possibility of disease transmission.
For type I collagen, this safety issue has been addressed
by carefully selecting the donor source. As a result, type
I collagen-based materials are currently in clinical use for
various purposes, including cartilage repair (Crawford et
al., 2012), with no major secondary effects reported so
far. Moreover, an ultra-rapid isolation procedure for type
I collagen has been developed that would enable the use
of autologous type I collagen in humans and thus increase
overall safety for treated patients (Pacak et al., 2011).
Alternatively, recombinant type I collagen (Shoseyov et
al., 2013) could be a solution to infection issues, but to
date its production remains too expensive for biomedical
applications.

For a clinical application in the field of orthopaedic
surgery, it is crucial that the biomaterial be injectable since
this enables a much less invasive implantation procedure.
Many systems developed in recent years for this purpose
are based on the in situ gelification of polymers through
physical or chemical crosslinking. The main limitations
of this approach are: i) the relatively poor mechanical
properties of the resulting scaffold; and ii) the difficulty
of incorporating an active factor with an extended release
profile. In the particular case of encapsulation in loose 3D
collagen scaffolds, the immobilised cells have a tendency
to first contract the matrix around them for as long as two
weeks (Bell et al., 1979; Li et al., 2011), before engaging
into a specific differentiation process. To circumvent these
drawbacks of existing implantable hydrogels, porous
microparticles acting both as local reservoirs of active
factors and as cell carriers have been developed. However,
most collagen- or gelatin-based microspheres reported
so far have been treated with chemical cross linkers to
strengthen and stabilise their structure (Han ef al., 2010;
Rossler et al., 1995; Solorio et al., 2012). We believe that
it is preferable to avoid chemical cross linkers, since these
have various unwanted effects. Conventional cross-linking
techniques have clearly been shown to alter recognition
of gelatin or collagen by integrins and reduce cell
adhesiveness (Grover ef al., 2012). Importantly, binding
through integrins promotes not only cell adhesion (Durr
et al., 1993), but also chondrogenic differentiation (Segat
et al., 2002). Secondly, residual cross linker could affect
the biological activity of growth factors incorporated into
the microspheres as well as cell growth and adhesiveness
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(Speer et al., 1980; Wiebe et al., 1988). In addition, in the
long term, cytotoxicity due to release of cross linker from
the implant cannot be ruled out. Collagen microspheres
devoid of chemical cross linker have been previously
described, but these were unstable over time and were
obtained by a very tedious technique, i.e. manually
pipetting micro-volumes to produce the beads individually,
that would be difficult to scale up (Hui ef al., 2008; Li et
al.,2011).

With these issues in mind, we report here a novel method
for the preparation of cross-linker-free type I collagen
microspheres. An emulsion was prepared with an acidic
collagen solution, and stabilised by a custom-synthesised
biocompatible perfluorinated triblock copolymer for which
we propose a simplified straightforward one-step synthesis
protocol. We found that this emulsion composition was
the only one able to withstand the diffusion of ammonia
vapour used to neutralise the collagen solution and stabilise
the microspheres without chemical cross linking. We then
used these collagen-based microspheres as an efficient
reservoir for TGF-f3 and as a carrier for MSC to promote
their differentiation into chondrocytes in vitro. Finally, we
investigated how such active micro-carriers associated with
MSC could elicit the formation of cartilage at ectopic sites
in vivo.

Materials and Methods

Triblock co-polymer surfactant synthesis

The synthesis of the surfactant was adapted from previous
works (Hamdoune et al., 2000; Holtze et al., 2008;
Zhu et al., 2005) and simplified. It consists in coupling
perfluorinated polyether tails (Krytox 157 FSH, 7500 g/
mol, DuPont, Wilmington, DE, USA) at both ends of a
polyethylene glycol diamine moiety (PEG 1500 g/mol)
by the formation of amide bonds with the carboxylic end-
group of Krytox. The molecular weight of both blocks
was chosen based on the work by Holtze et al. (Holtze et
al., 2008) and the commercial availability of the products.
The biocompatibility of non-ionic surfactants formed
by such coupling has been reported in the literature
(Clausell-Tormos et al., 2008; Holtze et al., 2008). All
chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA), unless otherwise noted. All solvents were
reagent grade and used without further purification. To
avoid the presence of water, all solvents were distilled
and anhydrous, and reactions performed under argon.
Krytox (7.20 x 10 mole) was first mixed with 35 mL
of distilled perfluorinated oil (3M Novec HFE 7500,
3M, St. Paul, MN, USA), before PEG (3.33 x 10* mole,
dissolved in 15 mL of anhydrous tetrahydrofurane, THF)
and 4-methylmorpholine (1.33 x 10~ mole) were added.
The mixture was stirred at low temperature (-10 °C) in a
NaCl/ice mixture (33 g/100 g). The reaction was initiated
by the drop-wise addition of isoprenyl chloroformate
(1.33 x 10°* mole). The mixture was kept cold overnight,
then allowed to warm back to room temperature, and
heated to 40 °C for 15 min. The last step resulted in a
macroscopic liquid/solid phase separation. The surfactant
mostly present in the liquid phase was collected with a
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syringe and purified by removing acetone formed as a by-
product and THF, by evaporation under vacuum at 55 °C.
Remaining HFE 7500 can be evaporated at 80 °C to obtain
the concentrated liquid surfactant. The reaction between
the amine end-groups of polyethylene glycol diamine and
the carboxylic groups of Krytox was followed by Fourier
Transform Infrared Spectroscopy (FTIR) by the apparition
of a strong absorption band at 1688 cm™' characteristic of
amide bond formation, along with the disappearance of
the band at 1774 cm™ attributed to the carboxylic group
of Krytox. Although it may contain a mixture of di- and
tri-block copolymers, the synthesised surfactant proved
efficient to form stable emulsions and to obtain collagen
microspheres, and was used without further purification.

Collagen microspheres preparation and
characterisation

Collagen microspheres were obtained from an acidic
type I collagen solution by a water-in-oil emulsion
process. Type I collagen was purified from rat tail tendons
following a procedure described elsewhere (Gobeaux et
al., 2008). Briefly, frozen rat tails were thawed in ethanol
and dissected in a sterile hood. The tendons were pulled
out and rinsed with phosphate buffered saline (PBS),
then treated with 4 M NacCl, rinsed again with PBS and
finally dissolved in 500 mM acetic acid. Proteins other
than type I collagen were removed by cycles of selective
precipitation and centrifugation. The resulting collagen
solutions were thoroughly dialysed against 500 mM acetic
acid and clarified at 41,000 x g for 4 h to remove remaining
aggregates. The dilute collagen solutions were then brought
to their final concentration by dialysis against PEG (2 x
10* g/mol) solutions at 50 mg/mL in 500 mM acetic acid.
Collagen concentration was determined by assessing the
amount of hydroxyproline (Bergman and Loxley, 1963).
The emulsion was formed in a silanised (Sigmacote, Sigma-
Aldrich) glass vial by mixing 2.7 mL of perfluorinated oil
HFE-7500, 300 pL of copolymer surfactant at 10 % in
HFE-7500 and 1 mL of a 9 mg/mL acidic collagen solution
under vigorous stirring. The stable emulsion thus obtained
was placed overnight under ammonia vapours in a closed
container. Collagen microspheres were then floated off
from the emulsion and washed with PBS at least three
times by dispersion/centrifugation (100 g, 20 min) cycles.
These microspheres could be kept intact for at least 3
months at room temperature (RT) under constant rotational
agitation. The size distribution of collagen microspheres
was determined by optical measurements of the diameters
(Leica DM2500, LAS EZ software, Leica, Wetzlar,
Germany) from five independent syntheses (n = 1214,
n  =243).

For scanning electron microscopy observations,
collagen microspheres were pelleted by centrifugation
(100 x g, 20 min), fixed by immersion in a glutaraldehyde
solution (2.5 % in PBS) for 1 h at ambient temperature and
dehydrated in water/ethanol mixtures (10 %, 30 %, 50 %,
70 % and 100 % ethanol). Samples were then supercritically
dried with CO, (E3100 Polaron Critical Point drier,
Quorum Technologies, Laughton, UK). After platinum-
sputter coating (Balzers SCD 020, Balzers, Liechtenstein),
observations were carried out in the secondary electron
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mode with a scanning electron microscope (Hitachi 4800
S, Hitachi, Tokyo, Japan) operated at an accelerating
voltage of 50 kV. For transmission electron microscopy,
microspheres were pelleted, fixed and dried as above. The
samples were then embedded in a resin and observed after
ultrathin sectioning (~70 nm thick sections) on a JEOL
1200 EX2 microscope (JEOL, Tokyo, Japan) operating at
100 kV.

Impregnation of the microspheres with TGF-3
Impregnation of the microspheres was performed with
TGF-B3, because this factor is reported to have a higher
chondrogenic potential than TGF-B1 (Barry et al., 2001).
The amount of TGF-B3 used for impregnation was equal
to the total amount of TGF-B3 added when MSC are
induced into chondrogenic differentiation by the usual
micromass culture. TGF-B3 (R&D Systems, Minneapolis,
MN, USA) was initially reconstituted at 100 ng/uL with
4 mM hydrochloric acid containing 1 pg/pL bovine serum
albumin (BSA, Sigma-Aldrich) as recommended by the
manufacturer and was then diluted to 50 ng/puL with
incomplete chondrogenic medium consisting of Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with
0.1 uM dexamethasone, 0.17 mM ascorbic acid and 1 %
insulin-transferrin-sodium selenite to obtain a solution
at pH 6. This solution was used to infuse pelleted
microspheres at RT for 16 h at a ratio of 1 puL (50 ng) per
100 microspheres. In these conditions, the TGF-p3 solution
was entirely adsorbed by the microspheres.

In vitro release of bioactive TGF-3

The release profile of TGF-B3 from one hundred
microspheres was determined in 24-well plates with ultra-
low attachment surface (Costar, Cambridge, MA, USA)
containing 500 pL of incomplete chondrogenic medium.
Incubation was carried out at 37 °C and at various time
intervals, 100 pL of supernatant were collected and
replaced by fresh medium. Bioactivity of the released
TGF-B3 was assessed with an assay developed by Tesseur
et al. (Tesseur et al., 2006). This assay uses mouse
fibroblasts (MFB-F11) isolated from TGF-B1 (-/-) mice
and stably transfected with a reporter plasmid consisting
of TGF-B responsive Smad-binding elements coupled
to the secreted alkaline phosphatase (SEAP) gene. Cells
were seeded at 3 x 10* cells/well in 96-well culture plates
containing DMEM and 10 % foetal calf serum (FCS). After
overnight incubation, cells were washed twice with PBS
and incubated in 50 uL of DMEM without serum. After
2 h, 50 pL of test sample was added to the cells for 24 h.
A standard curve was established using serial dilution of
recombinant TGF-B3. Activity of SEAP was measured
in 50 pL of culture supernatant using the SEAP reporter
gene assay, chemiluminescent kit (Roche Diagnostics,
Mannheim, Germany) and a Wallac 1450 MicroBeta Trilux
luminescence counter (Wallac Oy, Turku, Finland).

Isolation of MSC

Primary human MSC were isolated from two patients
after written informed consent and approval by the
General Direction for Research and Innovation, the
Ethics Committee from the French Ministry of Higher
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Table 1. Primers used for gPCR analyses.

Collagen microspheres for cartilage engineering

NCBI
Gene accession Sense Primer Antisense Primer
ACAN* NM 013227 | TCGAGGACAGCGAGGCC TCGAGGGTGTAGCGTGTAGAGA
COL2A1** |NM 033150 |CAGACGCTGGTGCTGCT TCCTGGTTGCCGGACAT
COL10A1 NM 000493 | TGCTGCCACAAATACCCTTT GTGGACCAGGAGTACCTTGC
COMP NM 000095 |CCGACAGCAACGTGGTCTT CAGGTTGGCCCAGATGATG
HAPLN1 NM 001884 |TTCCACAAGCACAAACTTTACACAT |GTGAAACTGAGTTTTGTATAACCTCTCAGT
RPS9 NM 001013 | GATTACATCCTGGGCCTGAA ATGAAGGACGGGATGTTCAC
SPP1* NM 000582 | CTCCATTGACTCGAACGACTC CAGGTCTGCGAAACTTCTTAGAT

'Abbreviations used: ACAN, aggrecan; COL2A1, alpha-1 type I collagen; COL10A1, alpha-1 type X collagen; COMP,
cartilage oligomeric matrix protein; HAPLN1, hyaluronan and proteoglycan link protein 1; RPS9, ribosomal protein

S9; SPP1, secreted phosphoprotein 1/osteopontin.
* All known transcript variants were amplified.
** Only transcript variant 2 was amplified.

Education and Research (registration number: DC-2009-
1052). MSC were isolated from bone marrow aspirates of
patients undergoing hip replacement surgery, as previously
described (Djouad et al., 2005). Briefly, cell suspensions
were plated in a-MEM supplemented with 10 % FCS, 1 ng/
mL fibroblast growth factor 2 (FGF2) (R&D Systems),
2 mM L-glutamine, 100 U/mL penicillin and 100 pg/mL
streptomycin. For expansion, MSC were subcultured at a
density of 1000 cells/cm?. These were shown to be positive
for CD44, CD73, CD90 and CD105 and negative for CD14,
CD34 and CD45 and used at the third or fourth passage.

Cell culture with the microspheres and induction of
differentiation in vitro

Cells were mixed with microspheres and seeded in 24-
well plates with ultra-low attachment surface. 250,000
cells were combined with 100 microspheres in each
well, corresponding to an attachment surface on the
microspheres of 180 um? per cell. In this setup, cell
confluence was reached as soon as the cells had adhered
to the microspheres. Control cultures were performed
with cells alone, i.e. in the absence of microspheres. Cells
were cultured for 21 to 28 d in incomplete chondrogenic
medium. When cells were cultured alone, the medium
was supplemented with 10 ng/mL TGF-B3 (condition
MSC+TGF). When cells were cultured with unloaded
or TGF-B3-loaded microspheres, the medium was not
supplemented with TGF-B3 (conditions mS+MSC and
mS/TGF+MSC, respectively). The medium was replaced
twice a week.

RNA extraction, reverse transcription and
quantitative PCR

Total RNA was isolated using RNeasy mini kit (Qiagen,
Venlo, Netherlands) and reverse-transcribed using
GeneAmp Gold RNA PCR Core kit (Applied Biosystems,
Foster City, CA, USA). Quantitative PCR (qPCR) was
performed using LightCycler 480 SYBR Green I Master
mix and real-time PCR instrument (Roche Diagnostics).
PCR conditions were 95 °C for 5 min followed by 40
cycles of 15 s at 95 °C, 10 s at 64 °C and 20 s at 72 °C.
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For each reaction, a single amplicon with the expected
melting temperature was obtained. Primer pairs are
listed in Table 1. These were designed using the web
based applications, Primer3 (Rozen and Skaletsky, 2000)
and BLAST at the National Center for Biotechnology
Information. Of note, for alpha-1 type II collagen, primers
amplify only transcript variant 2, which is the splice form
specifically expressed by mature chondrocytes. Expression
of the house-keeping gene encoding ribosomal protein S9
(RPS9) was measured for normalisation. The threshold
cycle (Ct) of each amplification curve was calculated
by Roche’s LightCycler 480 software using the second
derivative maximum method. The relative amount of a
given mRNA was calculated using the AACt method (Livak
and Schmittgen, 2001).

Subcutaneous implantation in SCID mice

SCID/Bg mice were grown in our animal facilities and
cared for according to the Laboratory Animal Care
guidelines. The protocol was approved by the Committee
on the Ethics of Animal Experiments in Languedoc-
Roussillon (CEEA-LR 36) (Permit Number: CEEA-
LR-1042). One hundred microspheres loaded, or not, with
TGF-B3 were mixed for 2 h with 2.5 x 10° cells in 100 pL of
PBS containing sodium carboxymethylcellulose (0.125 %
w/v), polysorbate 80 (0.125 % w/v) and mannitol (0.5 %
w/v). The complexes were then injected subcutaneously at
two sites on the back of five 18-week-old male SCID mice
(n =10 injection sites per group). Twenty one days after
implantation, mice were euthanised and inspected for the
formation of a neotissue resembling cartilage at sites of
injection, i.e. a neotissue that formed a solid lump under
the skin and which had after dissection a white-opaque
aspect similar to native cartilage. These were processed
for histology and immunohistochemical analysis.

Histology and immunohistochemistry

Samples were fixed with 4 % paraformaldehyde and
embedded in paraffin using standard procedures. Serial
sections of 4 um thickness were deparaffinised and
subjected to histological staining or stained by the
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Fig. 1. Optical and electron
microscopic observations of
collagen microspheres prepared
in emulsion. (a) Bright field
view and (b) polarised light
views revealing the strong
birefringence of the particles.
Bar = 200 pm. (¢) Scanning
electron microscopy of
the microsphere surface.
Bar = 50 um. Surface close-
up shown in inset; the bar is
1 um. (d) Transmission electron
microscopy showing the internal
structure of microspheres with
native banded collagen fibrils.
Bar =500 nm.

Collagen microspheres for cartilage engineering

avidin-biotin-peroxidase method for immunodetection
with antibodies to type II collagen (clone I1-4C11, Acris
Antibodies, Herford, Germany), aggrecan (AB103 1, Merck
Millipore, Billerica, MA, USA), type X collagen (clone
X53, Quartett, Berlin, Germany) and human mitochondria
(clone MTCO02, Thermo Fisher Scientific, Rockford,
IL, USA), which were used at a 1/50, 1/1000, 1/10 and
1/500 dilution, respectively. Negative controls to check
for background labelling were performed by omitting the
primary antibodies or replacing them with non-immune
IgG. Prior to incubation with anti-type II collagen and
anti-aggrecan antibodies, epitope unmasking was carried
out by hyaluronidase treatment for 1 h at 37 °C. Prior
to incubation with anti-human mitochondria antibodies,
antigen unmasking was performed by treatment with
1 mM EDTA, 0.05 % Tween 20, pH 8.0 for 19 min at
98 °C. Reactions were visualised with the chromogenic
substrate 3,3’-diaminobenzidine (DAB) followed by
haematoxylin counterstaining or, for type X collagen, with
nickel-enhanced DAB followed by eosin counterstaining.
Mineralised tissues were stained using the Von Kossa
procedure. Sections were treated with 1 % silver nitrate
for 5 min, followed by washing in distilled water for
10 min, incubated with 5 % sodium carbonate in 10 %
formaldehyde for 5 min and washed in tap water for
10 min. Unreacted silver was removed with 5 % sodium
thiosulphate for 5 min. After a wash in tap water for 10 min,
slides were counterstained with 2 % eosin.

Statistical analysis

The relative levels of a given mRNA between the various
treatment groups were compared by one-way analysis
of variance (ANOVA) followed by Tukey’s post hoc
multiple comparisons test or by the Kruskal-Wallis test
followed by the Dunn’s post hoc multiple comparisons
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test, when appropriate. Fisher’s exact test was used to
compare occurrence of neotissue formation in vivo.
Statistical significance was set up at p < 0.05. Analyses
were performed with the GraphPad Prism version 6.0b for
Mac (GraphPad Software, La Jolla, CA, USA).

Results

Structure and size of the collagen microspheres

The particles obtained from the perfluorinated emulsion
exposed to ammonia vapours appeared round and smooth,
and mostly transparent (Fig. 1a). However, observations
in polarised light revealed a strong birefringence (Fig. 1b)
arising from the self-assembly of collagen triple helices
into locally aligned fibrils (Gobeaux et al., 2008). The
fibrillar nature and spherical shape of collagen particles was
confirmed by scanning electron microscopy (Fig. 1c and
inset). Transmission electron microscopy of ultra-sectioned
microspheres showed that the matrix is comprised of an
interconnected network of very small (10-15 nm) fibrils,
and larger ones (~50 nm wide) clearly exhibiting the native
67 nm striation (Fig. 1d). Fibrils occupy approximately 1 %
of'the total volume forming an entangled network with 1 to
10 pum pores. It should be noted that all attempts to obtain
microspheres with the same process, but using other oil/
surfactant couples, were unsuccessful. In most cases, the
emulsion would form but eventually break down under
ammonia vapours. Similarly, emulsions formed with the
perfluorinated precursor Krytox instead of the custom-
synthesised surfactant did not yield uniform spherical
particles. The particles size distribution, determined
directly from microscopic images (Fig. 2), gave a median
diameter of 300 + 67 um by averaging measurements over
5 independent syntheses.
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In vitro release of bioactive TGF-3

Pelleted microspheres were loaded with TGF-f33 following
a simple impregnation procedure, during which the solution
of TGF-B3 was entirely adsorbed by the biomaterial. One
hundred microspheres imbued with 50 ng of TGF-B3
were distributed in each well and the cumulative release
of bioactive TGF-B3 was then measured over 28 d using
a reporter gene assay. Data indicated that the scaffold
progressively released the differentiation factor over
the whole time period analysed (Fig. 3). The proportion
of non-incorporated TGF-3 present in the interstitial
fluid was included in the total amount measured at day
2 on the release curve, which was approximately 7 ng.
Thus, at least 43 ng of TGF-B3 were loaded into the
microspheres — corresponding to a loading efficiency of
86 %. An accelerated release occurred from day 16, and
at day 28 approximately half of the loaded TGF-B3 had
been released. However, the release curve did not plateau,
suggesting that the progressive diffusion of bioactive
TGF-B3 from the scaffold would have probably continued.

Adhesion of MSC on microspheres and in vitro
chondrogenic differentiation

MSC were cultured in incomplete chondrogenic medium
with TGF-B3-loaded microspheres (MSC+mS/TGF) on
plates with an ultra-low attachment surface. Two hours
later, most of the cells were attached to the microspheres,
which had started to aggregate into small clusters using
cell bridges. Eventually, a single cluster was formed over
time, with a particularly dense and opaque appearance
at day 21 or day 28 (Fig. 4a, left panels and Fig. 6c¢).
Progressive formation of similar aggregates was also
observed when MSC were cultured with unloaded
microspheres (MSC+mS) (Fig. 4a, right panels). When
cells were cultured in the absence of microspheres, they also
eventually formed micromasses (Fig. 4b, left panel). TGF-
B3-loaded microspheres incubated in the absence of cells
(mS/TGF) remained intact and did not form aggregating
complexes (Figure 4b, right panel). Expression of several
chondrogenic markers, namely aggrecan (ACAN),
variant 2 of alpha-1 type II collagen (COL2A1), cartilage
oligomeric matrix protein (COMP) and hyaluronan and
proteoglycan link protein 1 (HAPLN1) was analysed
by reverse transcription (RT)-qPCR (Fig. Sa-d). When
compared to undifferentiated cells (MSC at day 0), MSC
cultured for 21 d with unloaded microspheres (MSC+mS)
did not show any induction of these markers. Expression
of COL2A1, COMP and HAPLNI1 was up-regulated in
MSC+mS/TGF as compared to MSC at day 0 or MSC+mS,
indicating differentiation into mature chondrocytes. As
usually observed with human MSC, expression of ACAN
was relatively high in undifferentiated cells (Mwale et
al., 2006). Nevertheless, the level of ACAN mRNA was
higher in MSC+mS/TGF than in MSC+mS, confirming
the differentiated phenotype in the former condition. Cells
differentiated equally well when cultured without scaffold
but in the presence of TGF-f3 in the medium (MSC+TGF),
which is the condition that we used as positive control.
The hypertrophy markers type X collagen (COL10A1)
and secreted phosphoprotein 1/osteopontin (SPP1) were
also induced in MSC+mS/TGF at a similar level to that in
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Fig. 2. Microsphere dimensions determined by direct
measurements in optical microscopy. Data were
averaged over five independent experiments and are
represented as mean + SD.
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Fig. 3. In vitro release of TGF-B3 from microspheres.
Microspheres were loaded with TGF-3 (50 ng
TGF-B3/100 microspheres/well) and incubated in cell
culture conditions for the indicated time. Bioactive
TGF-B3 released in the medium was quantified using
a reporter gene assay. Data obtained from three
independent experiments are represented as mean =+ SD.

MSCHTGF (Fig. Se-f). Immunohistochemistry analysis
showed that there was a greater accumulation of aggrecan
and type II collagen in MSC+mS/TGF and MSC+TGF
as compared to MSC+mS, confirming that chondrogenic
differentiation required the presence of TGF-B3 (Fig. 6a).
Labelling of type II collagen was particularly intense in
areas where cells were surrounded by lacunae, which is a
known histological characteristic of chondrocytes. Of note,
staining for aggrecan and type II collagen was detected in
cellularised zones but also in the residual type I collagen
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da MSC+mS/TGF MSC+mS

o

2h

Day 21

b MSC+TGF

Day 21

Fig. 4. Adhesion of MSC on microspheres in vitro. (a) Cells cultured with TGF-B3-loaded microspheres (MSC+mS/
TGF) or unloaded microspheres (MSC+mS) in incomplete chondrogenic medium. (b) Cells cultured without
microspheres and regularly supplied with TGF-3 (MSC+TGF), and TGF-B3-loaded microspheres incubated in the
absence of MSC (mS/TGF). Bar =200 pum.
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Fig. 5. Expression of chondrogenic markers in MSC cultured with TGF-3-loaded microspheres. Cells were mixed
with unloaded (MSC+mS) or TGF-B3-loaded microspheres (MSC+mS/TGF) and cultured for 21 d in the absence
of TGF-B3. Control conditions included undifferentiated MSC (day 0) and MSC cultured in the presence of TGF-3
(MSC+TGF). Relative mRNA levels of aggrecan (ACAN), variant 2 of type II collagen (COL2A1), cartilage oligomeric
matrix protein (COMP), hyaluronan and proteoglycan link protein 1 (HAPLN1), type X collagen (COL10A1) and
osteopontin (SPP1) were measured by RT-qPCR. The relative amount of a given mRNA was calculated by the AACt
method and expressed in arbitrary units (AU). Data of 4 to 7 independent experiments are represented as mean + SD.
*p <0.05, ** p <0.01, ***p < 0.001.
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a MSC+mS MSC+mS/TGF
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Fig. 6. Accumulation of aggrecan, type II collagen and chondrocytes in aggregates of MSC cultured with TGF-f3-
loaded microspheres. Cells were mixed with unloaded (MSC+mS) or TGF-f3-loaded microspheres (MSC+mS/TGF)
and cultured for 21 or 28 d in the absence of TGF-f3. Control condition corresponded to MSC cultured with regularly
added TGF-B3 (MSC+TGF). (a) Serial sections of representative aggregates obtained at day 21 were analysed by
immunohistochemistry using antibodies to aggrecan, type II collagen and type X collagen, as indicated. These
were also analysed for the presence of calcium deposits by von Kossa staining. Bar = 400 pm. (b) An aggregate of
MSC+mS/TGF cultured for 28 d was sectioned and stained with haematoxylin. Arrowheads show chondrocyte-like
cells found deep into the remnants of microspheres. Bar =400 pm. (¢) Stereomicroscope observation of a MSC+m$S/
TGF aggregate cultured for 28 d. Bar =200 um.
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Fig. 7. Neocartilage formation after subcutaneous
injection of MSC combined with microspheres
into SCID mice. Cells were mixed with unloaded
(MSC+mS) or TGF-B3-loaded microspheres

(MSC+mS/TGF), and subcutaneously injected . , o
in SCID mice. Twenty one days later, neotissues Alcian Py 3
forming solid lumps, which corresponded  blue ‘

to putative neocartilage, were collected. (a)
Rate of neotissue formation at injection sites
for both conditions (n = 10). (b) Histological
sections of neotissues stained with Alcian blue.
Bar =400 pum.
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in sites of injection (%
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microspheres. This latter observation can be explained by
the previously reported interaction of the aggrecan core
protein with both type I and type II collagen (Hedlund
et al., 1999). Type X collagen was undetectable in any
conditions (Fig. 6a), even though its mRNA was induced in
the presence of TGF-B3 (Fig. Se). Moreover, in all analysed
samples, the extracellular matrix was not mineralised as
indicated by the absence of von Kossa staining (Fig. 6a).
The procedures used to immunodetect type X collagen
and reveal calcium deposits were reliable since positive
labellings were obtained on murine growth plate cartilage
and bone, respectively (data not shown), as well as on
subcutaneous implants of MSC+mS/TGF (Figs. 8a and b).
Similar results were obtained after 28 d of culture (data not
shown). Examination of histological sections at this stage
indicated that although cells were preferentially localised
around the microspheres, they were sometimes found
deep into the remnants of TGF-B3-loaded microspheres
(Fig. 6b). The tissue formed by MSC+mS/TGF samples at
day 28 had a white-opaque aspect similar to that of native
cartilage when observed by stereomicroscopy (Fig. 6¢).

In vivo neocartilage formation

We next examined whether TGF-B3-loaded microspheres
were suitable as active carriers for chondrogenic
differentiation of MSC in vivo. To this purpose, these
microspheres were mixed with MSC and injected

“G.L!& MACETiAL

subcutaneously into SCID mice. Unloaded microspheres
seeded with MSC were used as controls. After 21 d, a
solid lump under the skin appeared at some implantation
sites. This indicated that neocartilage had potentially
formed at these sites. All corresponding neotissues
were hence collected and processed for histological and
immunohistochemical analyses. Macroscopically, all
neotissues had after dissection a white-opaque aspect
resembling that of native cartilage (data not shown).
Importantly, a solid lump has formed in 90 % of the sites
implanted with MSC+mS/TGF, but in only 40 % of the
sites implanted with MSC+mS (p = 0.0286, Fisher’s
exact test) (Fig. 7a). On histological sections, samples
collected from both conditions displayed features of
chondrogenic differentiation. A differentiated tissue
containing chondrocyte-like cells appeared in central
regions that stained with Alcian blue, indicating the
presence of glycosaminoglycans (Fig. 7b). Aggrecan was
broadly expressed in the neotissues, while a strong type
II collagen staining was detected only at discrete sites in
the differentiated part of the tissues (Fig. 8a). Implants
of MSC+mS/TGF expressed type X collagen and were
mineralised as opposed to those of MSC+mS (Figs. 8a
and b). Calcium deposits visualised by von Kossa staining
accumulated in the matrix surrounding chondrocytes (Fig.
8b, top right panel and enlargement). Implants of MSC+mS/
TGF were densely vascularised as shown by the presence
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Fig. 8. Chondrogenic
differentiation,
calcification and
vascularisation, after
subcutaneous injection
of MSC combined
with microspheres into
SCID mice. Cells were
mixed with unloaded
(MSC+mS) or TGF-
[3-loaded microspheres
(MSC+mS/TGF),
and subcutaneously
injected in SCID
mice. Twenty one
days later, neotissues
forming solid lumps
were collected. (a)
Immunohistochemistry
analyses of
serial sections
of representative
neotissues with
antibodies to aggrecan,
type II collagen,
type X collagen and
human mitochondria,
as indicated.
Bar = 400 pum. (b)
Mineralisation of the
matrix assessed by
von Kossa staining.
Bar = 400 pm. An
enlargement is shown to
better distinguish eosin
coloured red blood cell
(arrows). Bar =100 pm.
In the bottom panels,
approximately the
same region in a serial
section was stained with
haematoxylin and eosin.
Nuclei of endothelial
cells (arrowheads).
Bar =100 pum.
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of red blood cells having the typical aspect of biconcave
disks intensely coloured by eosin (Fig. 8b, right panels).
These erythrocytes were confined in the unstained lumen
of capillaries formed by endothelial cells whose nuclei
were clearly stained by haematoxylin (Fig. 8b, bottom
right panel). Vascularisation was apparently less developed
in implants of MSC+mS, particularly in the region
containing the differentiated cells (Fig 8b, left panels).
The human origin of the neocartilage was demonstrated
using an antibody directed specifically against human
mitochondria. With this antibody, cytoplasmic organelles
were stained in chondrocyte-like cells but also in cells
located in the periphery of the neotissue, indicating that a
proportion of the implanted human cells had migrated into
the surrounding murine tissue (Fig. 8a).

Discussion

The development of injectable biomaterials that can be used
as active microcarriers for chondrogenic differentiation of
MSC is a field of active research. In the present work, type
I collagen was processed into microspheres of ~ 300 um
diameter because this formulation presented several
advantages, among which are injectability, ease of handling,
collecting and quantifying. The microspheres could be
kept intact for at least 3 months at room temperature in
sterile conditions, allowing their use off-the-shelf at any
time during this period. Unlike most collagen- or gelatin-
based microspheres previously studied for biomedical
applications, the particle formation method described here
does not require chemical crosslinking to strengthen and
stabilise their structure (Han ef al., 2010; Rossler et al.,
1995; Solorio et al., 2012). The relatively high collagen
density that we used ensures enough cohesion through
physical gelation to avoid the use of potentially toxic
crosslinking agents that can be ultimately released in vivo
after implantation. In our process, acid-solubilised collagen
molecules aggregate during the neutralisation step into
fibrils harbouring the same cross-striated patterns as native
collagen. The resulting meshwork stabilises the structure
and shape of the microspheres. When these microspheres
were loaded with TGF-B3, they progressively released
this differentiation factor over four weeks and did not
produce the initial burst usually seen with gelatin-based
microspheres (Han et al., 2010; Solorio et al., 2012). A
specific interaction has been reported between TGF-B1
and type I collagen (Shibuya et al., 2006). The almost
zero-order release kinetics observed here suggests that
such binding also exists between TGF-B3 and type I
collagen. This release profile should limit side effects due
to fast and excessive release of TGF-B3 in vivo. Indeed,
besides its potent chondrogenic effect, TGF-3, when
overexpressed, has been shown to induce inflammation,
synovial hyperplasia, synovitis and osteophyte formation in
the murine knee joint (Bakker ez al., 2001; van Beuningen
etal., 1994).

The binding capacity of gelatin towards integrins
has been shown to be lower than that of native triple-
helical collagen, and can be further affected by chemical
crosslinking (Grover et al., 2012). Because binding
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through integrins promotes cell adhesion (Durr et al., 1993;
Enomoto et al., 1993) and chondrogenic differentiation
(Segat et al., 2002), we expected that our microspheres
would exhibit a strong ability to support cell adhesion and
differentiation. Indeed, we found that most cells adhered
to the microspheres in two hours and were subsequently
able to differentiate into chondrocytes. Moreover, the
seeding condition that we have chosen triggered rapid
covering of the whole available surface and formation of
large 3D aggregates of condensed cells, a situation known
to facilitate differentiation into the chondrocytic lineage
(Mackay et al., 1998; Yoo et al., 1998). Nevertheless,
loading the microspheres with TGF-f3 was crucial to
obtain chondrogenic differentiation in vitro. Similarly,
the capacity of MSC to form a cartilage-like tissue after
subcutaneous implantation was consistently observed
with TGF-B3-loaded microspheres, while such tissue
was less frequently obtained after injection of MSC
combined to unloaded microspheres. We hypothesise
that in this latter instance, unknown diffusible factors
from surrounding murine tissues may have induced
chondrogenic differentiation. In this regard, the dermis and
epidermis are known sites of TGF-f3 expression (Levine et
al., 1993).

For articular cartilage regeneration, the hypertrophic
differentiation of chondrocytes is unwanted because it
alters the biomechanical properties of the matrix and
prepares the tissue for neovascularisation and subsequent
ossification. Withdrawal of TGF-B3 in the course of in
vitro chondrogenesis was shown to facilitate further
differentiation of MSC towards the hypertrophic state
(Mackay et al., 1998). Thus, continuous release of TGF-$3
by the microspheres should limit this terminal differentiation
step. However, the present experiments showed that
hypertrophic markers were still expressed, in particular
type X collagen which was found to accumulate in the
neotissues formed subcutaneously after injection of MSC
combined with TGF-loaded microspheres. Furthermore,
the neocartilage formed after subcutaneous implantation
exhibited a patchy accumulation of collagen type II and
was calcified, as opposed to that formed in vitro. Formation
of'a calcified neocartilage has also been reported by others
following subcutaneous implantation of hyaluronic acid
hydrogel disks containing MSC and alginate microspheres
delivering TGF-B3 (Bian et al., 2011). These data suggest
that the vascularised subcutaneous ectopic environment
is not adequate for stabilising the mature phenotype of
cartilage, and is promoting hypertrophy and mineralisation
in the presence of a TGF-B3 releasing scaffold. In the
present study, these unwanted effects were associated
with neovascularisation of the implants as shown by the
presence of numerous capillaries containing red blood cells
and distributed throughout the neotissue. Although we did
not quantify vascularisation, this was apparently less dense
within the implants obtained with unloaded-microspheres.
We speculate that TGF-B3 released by the scaffold, and
probably vascular endothelial growth factor produced by
hypertrophic chondrocytes (Gerber et al., 1999), were
responsible for enhanced angiogenesis, which in turn is
known to promote osteogenesis. In agreement with this
hypothesis, TGF- was shown to induce tubulogenesis in
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collagen gels (Sankar et al., 1996) and play an active role
in several aspects of vascular development (for review see
Pepper, 1997).

Importantly, it is expected that after orthotopic
implantation into a cartilage defect, hypertrophic
differentiation within the implants is restricted to the deep
layer, adjacent to subchondral bone, thus respecting the
zonal organisation of native cartilage (Steck et al., 2009).
Indeed, cycles of mechanical loading and a hypoxic/
avascular environment, both of which occur naturally in
articular cartilage, have been shown to increase chondrocyte
anabolic activity and reduce hypertrophy (for review see
Ramage et al., 2009; Studer et al., 2012). For this reason, as
well as to reduce the time during which the cells are cultured
with the biomaterial ex vivo, we developed an approach
where MSC are injected soon after combination with the
TGF-B3-loaded microspheres so that differentiation occurs
in vivo. The alternative strategy consisting in incorporating
the cells into microspheres during their preparation and
pre-differentiating them in vitro for three weeks before
implantation was envisaged by others (Hui ef al., 2008),
but would be less straightforward in terms of safety, costs
and logistical organisation of the surgical procedure. We are
continuing investigations aimed at inhibiting hypertrophic
differentiation by optimising the local environment of cells
on the microspheres. In the present study, we loaded the
beads with an amount of TGF-f3 equivalent to that used
cumulatively during chondrogenic differentiation of MSC
by the usual micromass culture. Given that TGF-f3 was
associated with and released from these type I collagen
microspheres in the immediate vicinity of the cells, its
local concentration probably reached higher values than
when simply added in the culture medium. In addition,
if TGF-B3 interacts with type I collagen, as has been
shown for TGF-B1 (Shibuya et al., 2006), it would then
be similarly protected from proteolysis and would have
an enhanced half-life. Because high levels of TGF-§ in
synovial fluid and subchondral bone have been associated
with the formation of osteophytes and marrow osteoid
islets, respectively (Bakker ef al., 2001; van Beuningen
et al., 1994; Zhen et al., 2013), one strategy to gain
control over MSC differentiation and limit hypertrophy
and mineralisation will be to reduce drastically the level
of TGF-B3 loaded into the microspheres. We hypothesise
that the lowest amount of TGF-B3 required to trigger
chondrogenesis may also induce minimal hypertrophy. We
also contemplate a complementary strategy that consists
of delivering in a delayed fashion a hypertrophy inhibitor,
such as parathyroid hormone-related protein (PTHrP), by
chemically grafting the protein to the collagen scaffold with
stimuli-responsive moieties. Indeed, previous studies have
shown that early treatment of MSC with PTHrP suppressed
TGF-B-driven chondrogenic differentiation (Weiss et al.,
2010), and that quick release of this factor by a scaffold
did not prevent extensive mineralisation of subcutaneous
implants (Bian ef al., 2011).
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Conclusions

Here, we demonstrated the feasibility of a novel potential
cartilage engineering approach based on MSC and self-
cross-linked collagen microspheres carrying TGF-f3.
In the present proof of principle study, we were able to
successfully induce chondrogenic differentiation in vitro
and the formation of a tissue resembling cartilage in vivo.
However, induction of hypertrophy and calcification is
an issue that needs to be addressed in future studies. The
interest of these collagen microspheres resides in the
versatility of the simple impregnation method used for
loading the differentiation factor, ease of handling, and
potentially rapid transfer to the clinic thanks to the nature
and structure of this injectable scaffold which does not
require differentiation of MSC prior to implantation.
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Discussion with Reviewers

Reviewer I: With respect to stabilising the hyaline cartilage
phenotype for joint resurfacing applications, even if
some compound, like PTHrP, is effective for preventing
hypertrophy, what happens when the PTHrP within the
microspheres is exhausted? Is there any evidence that the
hyaline phenotype can be made stable?

Authors: We think that preventing hypertrophy might only
be required at the end of the TGFbeta-induced chondrogenic
differentiation process. Indeed, once differentiated into
chondrocytes, the cells should be influenced by the local
environment, which in the cartilage favours anabolic
activity and the stabilisation of functional cartilage through
chemical, biochemical and mechanical cues (for review
see Ramage et al., 2009; Studer et al., 2012). Of course,
this positive influence will require a good integration of
the implant into the host tissue. We believe that a collagen-
based scaffold, such as the one developed here, through
its adhesive properties should facilitate integration of the
implant. Current cartilage repair strategies have failed to
generate long lasting hyaline cartilage replacement tissue
(Steinert et al., 2007). Evidence that the hyaline cartilage
phenotype can be made stable with improved approaches
will be provided by long term studies on relevant animal
models and, ultimately, in humans.
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Reviewer II: Did the authors look for bone formation in
the in vivo implants?

Authors: The von Kossa staining revealed deposits of
calcium in the subcutaneous implants of MSC+TGF-
loaded microspheres but not in those of MSC+unloaded
microspheres (Fig. 8b). However, sectioning of the
implants did not require a decalcification step, indicating
that mature bone had not yet formed and that the neotissue
was rather calcified cartilage. These data suggest that the
vascularised subcutaneous environment is not adequate
for stabilising the mature phenotype of cartilage, and is
promoting hypertrophy, mineralisation and osteogenesis
in the presence of a TGF-B3 releasing scaffold. We further
report evidences that the implants of MSC+TGF-loaded
microspheres were themselves densely vascularised.
We speculate that TGF-B3 released by the scaffold, and
probably vascular endothelial growth factor produced by
hypertrophic chondrocytes (Gerber et al., 1999), were
responsible for enhanced angiogenesis, which in turn is
known to promote osteogenesis. Overall, these data indicate
that although a TGF-loaded biomaterial is required for the
formation of a cartilage-like tissue by MSC, itends up in a
calcified cartilage after ectopic subcutaneous implantation,
similar to that found in the deep zone of articular cartilage,
adjacent to subchondral bone. In this regard, formation of
such calcified tissue may be limited to the deep zone after
orthotopic implantation in a cartilage defect, respecting
the natural organisation of this tissue (Steck et al., 2009),
because the joint is subject to cycles of mechanical loading
and to a hypoxic/avascular environment, which have
been shown to increase chondrocyte anabolic activity and
reduce hypertrophy (reviewed in Ramage et al., 2009 and
Studer et al., 2012). Nevertheless, to increase the chance
to form non-hypertrophic cartilage, one possibility will
be to drastically reduce the amount of loaded TGF as
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mentioned in the discussion, since data from the literature
suggest that mineralisation is due to high local levels of
this factor (van Beuningen et al., 1994; Bakker et al., 2001,
Zhen et al., 2013).

Reviewer II: What do you expect would be the fate of
these implants with respect to hypertrophic chondrocyte
formation once they run out of TGFbeta?

Authors: We believe that the fate of these implants is
not only dependent on the release of TGF-B3 but also
on the subcutaneous environment, which is not suitable
for the maintenance of a mature cartilage, as explained
in the response to the first question. The subcutaneous
implants releasing TGF-B3 formed a cartilage which was
hypertrophic and calcified, as shown by immunodetection
of type X collagen and von Kossa staining, respectively.
Thus, the continuous release of TGF-B3 did not prevent
this unwanted process. Hypertrophic differentiation may
further increase once the TGF-f3 reservoir is exhausted,
but alternatively a dedifferentiation process may occur
which will eventually lead to the formation of a fibrotic
tissue. We are eager to answer this question in future
studies aimed at investigating our approach in an animal
model of a chondral defect. As explained in our answer
to the preceding question, the chance of forming non-
hypertrophic cartilage and its maintenance in the long term
should be greatly increased in an orthotopic environment.
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