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ABSTRACT
Introduction: Articular cartilage defects are common, particularly in the young and active population.
Background: Most treatments available for articular cartilage defects are not completely satisfactory as they tend to result in the production
of fibrocartilage instead of hyaline cartilage.
Aim: We evaluated the chondrogenic differentiation of marrow-isolated adult multilineage inducible (MIAMI) cells in contact with
pharmacologically active microcarriers (PAMs)
β3, microcartilage, or a combinareleasing TGF-β
tion thereof. We hypothesize that combination of
β3-releasing PAMs and microcartilage will
TGF-β
enhance and guide the chondrogenic differentiation of MIAMI cells toward a hyaline phenotype.
Materials and Methods: MIAMI cells were isolated from swine bone marrow. PAMs are biocompatible and biodegradable 60 µm PLGA
microspheres coated with a biomimetic surface
β3 in a controlled fashion.
and delivering TGF-β
Microcartilage is made of micronized and dried
cadaveric human articular cartilage. The attachment, survival and chondrogenic differentiation of swine MIAMI (swMIAMI) cells in
contact with PAMs and/or microcartilage was assessed by microscopy, histological staining, RT-

qPCR and immunohistochemistry of the cartilage pellets formed after 21 days of chondrogenic
differentiation in vitro.
Results: SwMIAMI completely attached to PAMs
and microcartilage in 24 hours in vitro, and were
then pelleted to undergo in vitro chondrogenesis.
β3 contributed to
Microcartilage and PAMs TGF-β
the overall size of the neo-cartilage, with PAMs
having a strong effect on swMIAMI cell survival
and glycosaminoglycan production. Using RTqPCR, we observed the strongest effect in terms of
hyaline-specific cartilage gene expression, i.e. high
aggrecan and low type X collagen, with the combiβ3 and microcartilage.
nation of both PAMs TGF-β
We confirmed by immunohistochemistry the overexpression of aggrecan and down-regulation of
type X collagen in swMIAMI cells exposed to both
β3.
microcartilage and PAMs delivering TGF-β
Discussion: Our primary finding was that the exclusive combination of the natural microcartilage
β3 provide a
and synthetic PAMs delivering TGF-β
unique environment with adequate support and
signaling molecules to direct the differentiation
of swMIAMI cells in vitro towards a phenotype
closely resembling that of hyaline cartilage instead of a more fibrocartilaginous phenotype.
Conclusion: In the future, we hope this study will
help designing a minimally invasive combinatorial strategy to provide a faster healing of the
damaged articular cartilage with improved microarchitecture and mechanical properties.
1
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INTRODUCTION
Articular cartilage defects are common, particularly
in the young and active population. Joint trauma affects all joint tissues to some degree but the damage to articular cartilage, almost always
accompanied with subchondral bone defect, appears
most significant as it is largely irreversible. The
acute symptoms following joint injury include joint
pain and swelling due to intra-articular bleeding,
synovial effusion and inflammatory cell infiltration1, which may ultimately lead to post-traumatic
osteoarthritis2 with the resulting reduced physical
activity and deconditioning of the musculoskeletal
system3. Joint replacement in this young patient
group is complicated by the limited lifespan of the
implants3 and alternatives are therefore needed. Repair strategies can be categorized in three main
groups: those involving the direct transplantation of
whole tissue grafts or progenitor/differentiated cells
with chondrogenic potential onto the cartilage defect, those involving the use of scaffolds applied
onto the lesion, or a combination thereof4, 5.
Microfractures, allogeneic or autologous osteochondral grafts harvested from a non-load bearing
area of the joint are techniques still widely used, despite major drawbacks such as the formation of fibrocartilage while the viability of chondrocytes
within grafted tissue and the capacity of the graft to
withstand the stress of a load-bearing area are uncertain4, 6. In addition, graft-based strategies frequently
suffer graft integration problems, delamination, tissue hypertrophy, as well as harvest site morbidity4.
Autologous chondrocyte implantation (ACI) is currently a well-established clinical technique7 but faces
problems such as the low expansion potential of
chondrocytes, dedifferentiation in culture4, 8. Current
strategies for joint repair using graft, cellular therapy,
and tissue engineering strategies in autologous or allogeneic settings as well as tissue banking are welldescribed in the book of Malinin and Temple6.
Although chondrocytes have been primarily used
for cartilage repair, researchers are now investigating
the potential of many other cell types to better repair
articular cartilage9, 10. Mesenchymal stromal cells
(MSCs) are a very attractive source of cells for cartilage repair due to their ease of expansion and potential to differentiate toward the chondrogenic
lineage11-15. MSCs represent a heterogeneous population of mixed cells including stem, progenitor, and
committed cells with different molecular and functional properties16-18. MSCs are easily obtained from

the iliac crest bone marrow19, 20, are available for autologous transplantation, can be rapidly expanded ex
vivo, have immune-modulatory properties21, and can
migrate to areas of inflammation. MSCs immunomodulatory properties are also considered essential to avoid the onset of post-traumatic
osteoarthritis22. Several preclinical and a few clinical
studies have described the therapeutic potential of
MSCs for cartilage repair23-25 but have also revealed
the main limitation of this strategy, which is a poor
cell engraftment20. In addition, most MSC-based
strategies suffer from undesired mineralized cartilage
production with high type X collagen expression26,
characteristic of fibrocartilage found in intervertebral
discs27 compared to the more flexible hyaline articular cartilage28. To overcome these cell survival and
differentiation limitations, the use of matrix scaffolds
in tissue engineering has become increasingly popular29 to help improve the survival of the grafted cells
and therefore their physiological contribution to an
improved outcome of the therapeutic strategy.
Hyaluronan/hyaluronic acid30-35 and collagenbased matrices36-38 are among the most popular natural scaffolds as they offer a substrate that would
normally be found in the structure of native articular
cartilage. Many other types of scaffolds have been
investigated for cartilage repair, alone or in combination with MSCs, such as fibrin glue39, agarose
gels40, modified marine-based polysaccharides41, alginate42, synthetic materials43-46, nanoscaffolds47-49 as
well as more complex strategies based on composite
scaffolds made of several materials37, 50-52.
Interestingly, human allogeneic cartilage-derived
scaffolds have also recently been investigated to repair articular cartilage defects, the rationale for
these strategies being to take advantage of the natural cartilage tissue properties, presumably extracellular matrix molecules and growth factor content,
to facilitate cartilage repair53-58. Two such products
currently distributed by the University of Miami
Tissue Bank, namely cartilage microparticulate (microcartilage) and cartilage fluff59, 60, have shown
very promising results for the filling of artificially
created osteochondral lesions within 16 weeks in a
baboon animal model61 and are now routinely used
for the repair of isolated cartilage defects in humans.
In addition to the use of stem cells and scaffolds,
growth factors have demonstrated an important effect in guiding the survival and differentiation of the
stem cells towards a chondrocytic phenotype62, 63.
Consequently, combinatorial strategies relying on
the use of cells, scaffolds and growth factors aiming
at guiding the fate of the transplanted cells are being

investigated. Various growth factors are currently
known to be critical in the chondrogenic differentiation of progenitor cells resulting in research studies investigating the use of scaffolds containing or
releasing FGF-264, PTH65, BMPs66, 67, TGF-β68, 69 or
more complexes ones combining various molecules
and growth factors70-73.
Nevertheless, most recent strategies lead at best
to a mixture of fibrocartilage and hyaline cartilage
that, on the long term, usually fails to restore articular cartilage molecular, biochemical, biomechanical
and functional properties. When hyaline cartilage is
produced, it is often of an immature nature and lack
a true articular surface. Functionally, the repaired tissue may fail to withstand the mechanical demands
of articular cartilage and a lack of successful lateral
integration between the host and repaired tissue,
causing tissue degeneration, is often observed4. This
could probably be due to the choice of the cytokine/growth factor, the pharmacokinetic bioavailability of the factor during the repair process, the
inconsistent behavior/response of the cells, the cytokine milieu in the injury site during the repair
process, and the biomechanical forces influencing
tissue organization during the repair process, among
other factors. Thus, novel tissue engineering strategies are needed in order to fully recover the biomechanical, tissue organization, and functional
properties properties of lesioned articular cartilage
in a rapid and minimally invasive fashion.

Figure 1. Combinatorial tissue engineering
strategy for hyaline
cartilage repair.
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A tissue engineered product for cartilage repair
should provide a potent chondro-inducing support
for the articular hyaline tissue, and should be preferably injectable into the joint, thereby avoiding an
open-knee surgery and reducing the patient’s recovery time. Ideally, this product should be readily
available as an off-the-shelf manufactured product.
The strategy we describe in the present paper combines the use of 1) marrow-isolated adult multilineage inducible (MIAMI) cells, a subpopulation of
MSCs delivered in a hybrid scaffold made of 2) biocompatible/biodegradable microcarriers, termed
pharmacologically active microcarriers (PAMs),
that release a proven chondrogenic growth factor
(TGF-β3) in a sustained and physiological fashion
with an ideal pharmacokinetic release profile and 3)
human cartilage microparticles (microcartilage).
See Figure1 for an overview of this combinatorial
strategy. Compared to MSCs, MIAMI cells are significantly more homogeneous, developmentally
more immature, and have a distinct proteome and
secretome profile74-76 of potential benefit for cell
therapy strategies. PAMs are biocompatible and
biodegradable PLGA microspheres engineered to
continuously release an active protein such as TGFβ3 and present a surface of extracellular matrix molecules supplying a three-dimensional (3D) scaffold
for the transported cells77-79. These combined pa-
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rameters act both on the transported cells and the
surrounding tissue, enhancing cell engraftment in
different transplantation paradigms80-82 as well as
MSC chondrogenic differentiation83, 84. The microcartilage is made of micronized articular cartilage
dried under conditions minimizing thermal denaturation of the proteins found in the hyaline matrix 59,
60
. Thus, we hypothesize that both PAMs delivering
TGF-β3 and microcartilage should help guiding the
cells toward the adequate hyaline cartilage phenotype, while the microcartilage should also provide
the biomechanical and chondro-regenerative support necessary to the healing process. To test this
hypothesis, we isolated MIAMI cells from swine
bone marrow85 and performed micropellet culture
of MIAMI cells in presence of PAMs, microcartilage, or a combination thereof and performed RTqPCR and histology/immunohistochemistry
analysis on the neo-cartilage pellets formed in vitro.
The rationale for using swine MIAMI cells lies in
the perspective of future in vivo work on a swine
animal model of cartilage repair.
MATERIALS AND METHODS

BONE MARROW HARVESTING, SELECTION
& EXPANSION OF SWINE MIAMI CELLS
Whole bone marrow (BM) was obtained through
iliac crest aspiration from a 3 months old female
Yorkshire swine. The animal was placed under
general anesthesia and a bone marrow aspiration
needle with stylet inserted into the dorsal aspect of
the tuber coxae. The stylet was removed and 20 ml
of BM was collected with a syringe containing 200
U/ml heparin. SwMIAMI cells were isolated from
the BM as previously described85. Briefly, whole
BM cells, including adherent and non-adherent
cells, were plated at a density of
1.0x105 cells/cm2 in 10 ng/ml fibronectin-coated
T-75 flasks (Nunc, Thermo scientific, Waltham,
MA) in the presence of DMEM-LG with 5% FBS,
100 U/ml penicillin and 100 µg/ml streptomycin
(P/S) (Sigma-Aldrich, St-Louis, MO), 100 µM
ascorbic acid 2-phosphate (Sigma-Aldrich), and a
mixed solution of essential fatty acids (expansion
medium). Bone marrow nucleated cells were
counted with a hemocytometer using 2% acetic
acid (to lyse red blood cells) and 0.4% trypan blue
(to exclude dead cells). Cells were incubated in a
tri-gas incubator in a 100% humidified atmosphere

of 3% O2, 5% CO2, and 92% N2 (low oxygen tension). Whole medium was changed after one week.
Thereafter, half medium was replaced twice a
week. SwMIAMI cells were cultured up to 40%
confluence before splitting. For expansion, swMIAMI cells were plated at a density of 100-300
cells/cm2 in expansion medium at low oxygen tension and one half medium changed twice a week.
Only cells from passages 2 to 4 were used.

FORMULATION OF PAMS RELEASING TGF-β3
The three main steps necessary for PAM formulation (TGF-β3 nanoprecipitation, microsphere formulation and surface functionalization with
fibronectin and Poly-D-Lysine) as well as all the
characterization work were performed as previously
described in Morille et al. 201384. The PAMs releasing TGF-β3 used in the present study were prepared as the one referred as the optimized
“PLGA-P188-PLGA PAMs/TGF-β3” in Morille et
al. 201384.

PREPARATION OF MICROCARTILAGE
All the procedures related to microcartilage processing were performed as previously described59,
60
. Each donor was tested for a panel of communicable diseases (including HIV, HCV, HBV, HAV,
Syphilis, and HTLV.3) and the tissues were
processed aseptically, with microbiologic cultures
taken at each step of the process. Slices of articular
cartilage were removed from cadaveric human
bones with a scalpel, washed in cold Lactated
Ringer’s solution and blotted dry before hypothermic dehydration. Hypothermic dehydration was
performed by placing the samples for 3-4 days in a
vacuumed desiccator containing silica gel beads at
4ºC. Dehydrated cartilage slices were then micronized at liquid nitrogen temperature using a CryoMill apparatus (Retsch, Newtown, PA). The
resulting cartilage preparation was then sieved to
select microparticles within the 100-300 µm range
before packaging.
PREPARATION OF THE SWMIAMI CELLS/PAMS/

MICROCARTILAGE AGGREGATES

SwMIAMI cells were washed with DMEM-LG, detached with a 3:1 mixture of trypsin-EDTA 0.05%
(GIBCO, Life Technologies, Carlsbad, CA) and
Versene (GIBCO), and pelleted at 295 g for 5 min
before resuspension in expansion medium.
Lyophilized PAMs or microcartilage were resuspended in expansion medium for at least 15 min before use, and then sonicated and briefly vortexed

prior to addition of the cell suspension. Samples of
up to 2.0x106 cells attached onto 1.5 mg of materials (either PAMs, microcartilage or a combination
thereof) were prepared in a final volume of 1.5 mL.
The mixture was then plated in 1.9 cm2 Costar ultralow cluster plate (#3473, Corning, Corning, NY)
and incubated at 37ºC for up to 24 hours to allow
cell attachment on the surfaces of PAMs/microcartilage.

TRANSDUCTION OF SWMIAMI CELLS
SwMIAMI cells were transduced to express enhanced green fluorescent protein (eGFP) to study
their attachment to PAMs and microcartilage using
fluorescent microscopy. Transduction of swMIAMI
cells was performed in a similar way than previously described for human MIAMI cells86. Briefly,
subconfluent swMIAMI cells were transduced with
p24 lentiviruses containing a pRRLsinPPT-EGFP
construct (provided by Dr. Anthony Oliva, Viral
Vector Core, The Miami Project, University of
Miami Miller School of Medicine, Miami, FL) to
express enhanced green fluorescent protein (eGFP).
Lentiviruses were diluted in MIAMI cell expansion
medium supplemented with 10 ng/mL protamine
sulfate (Sigma) at a concentration of 1 transduction
unit per cell. Fresh viral solution was applied another time after 24 hours and left in contact with
the cells for 3 additional days.
MICROSCOPIC EVALUATION

OF CELL ATTACHMENT

SwMIAMI cell adhesion to the PAMs/microcartilage
surface was assessed under phase microscopy as well
as fluorescent microscopy to visualize eGFP expressing MIAMI cells (Nikon Eclipse Ti, Nikon Instruments, Melville, NY). Scanning electron microscopy
(SEM) was also used to obtain high resolution images. For SEM, aggregates of cells and PAMs and/or
microcartilage were washed in PBS (GIBCO), fixed
with 1% glutaraldehyde (Sigma-Aldrich) and then dehydrated with alcohol. Afterwards, samples were
soaked in hexamethyldisylasane (Sigma-Aldrich) and
covered by a thick layer of carbon before observation
using a FEI XL-30 Field Emission SEM (FEI, Hilsboro, OR).
CHONDROGENIC DIFFERENTIATIONMICROPELLET CULTURE

Micropellet cultures were performed as elsewhere
described87, 88, with modifications. Briefly, the aggregates described in the previous section were
then recovered and pelleted in 15 mL Falcon tubes
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by centrifugation at 550 g for 5 min, in a final volume of 1.5 mL chondrogenic media composed of
DMEM/HG (GIBCO), 100 U/mL penicillin,
0.1mg/mL streptomycin, 0.25 mg/mL amphotericin B (Sigma-Aldrich), 100 µM Ascorbic Acid
2-phosphate (Sigma-Aldrich), 1X ITS (Sigma), 50
µg/ml L-Proline (Sigma) and 100 nM dexamethasone (Sigma). Overall, five conditions were used
to test the effect of the PAMs-TGF-β3, microcartilage and a combination thereof on the chondrogenic differentiation of the MIAMI cells: #1 cells,
#2 cells in medium supplemented with 10 ng/mL
TGF-β3, #3 cells with PAMs-TGF-β3, #4 cells
with microcartilage, #5 cells with microcartilage
and PAMs-TGF-β3. Samples were incubated in a
5% CO2 humidified cell culture incubator at 37ºC
with caps loosened. The medium was changed
every 3-4 days and the experiment terminated after
21 days. Untransduced swMIAMI cells were used
in the chondrogenic differentiation experiment.
The neo-cartilage pellets formed after 21 days
were analyzed by RT-qPCR, histology and immunohistochemistry.

MRNA EXTRACTION, REVERSE TRANSCRIPTION

AND REAL-TIME QUANTITATIVE

PCR
Design of primers specific for swine genes (Table 1)
was performed using the NCBI primer-blast website
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/).
RNA extraction was performed using the RNAqueous-4PCR Kit (Ambion, Life Technologies, grand
Island, NY), following the manufacturer’s guidelines
with modifications. Micropellet cultures were lysed
with 250µL of lysis buffer followed by homogenization with 18g needles, before being applied onto
Qiashredder columns (Qiagen, Valencia, CA) to
achieve an optimal homogenization. Microcartilage
alone (with no cells) was used as a control. The rest
of the procedure was performed following the manufacturer’s instructions. Retrotranscription of the
isolated mRNA was performed using the High Capacity cDNA Reverse transcription Kits (Ambion)
and the double-stranded product was finally purified
using the Qiaquick PCR Purification kit (Qiagen)
and eluted in 50 µL RNAse free water. RT-qPCR
was performed as previously described89, with modifications: 10 µL of cDNA (diluted 1:10) were mixed
with 12.5 µL SYBR green (Brilliant II SYBR Green
QPCR Master mix, Stratagene, Agilent technologies,
Santa Clara, CA), 0.375 µL ROX (diluted 1:1000)
and 2 µL of primer pairs (2 µM final concentration
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of both forward and reverse primers, Eurofins MWG
Operon, Huntsville, AL) in a final volume of 25 µL.
Amplification was carried on a Stratagene Mx3005P
thermocycler (Agilent technologies) with a first denaturation step at 95ºC for 10 min and 40 cycles
of 95ºC for 30 s, 56ºC for 45 s and 72ºC for 30s.
After amplification, a melting curve of the products determined the specificity of the primers for
the targeted genes. A mean cycle threshold value
(Ct) was obtained from 2 measurements for each
cDNA. Two housekeeping genes known to be adequate for MIAMI cells90, elongation factor 1a
(EEF1A1) and ribosomal protein L13a (RPL13A),
were used for normalization. The relative transcript quantity (Q) was determined by the delta cT
method Q=2(Ct min in all the samples tested-Ct of the sample). Relative quantities (Q) were normalized using the geometric mean of the Q values obtained with both
housekeeping genes:
Q normalized =

HISTOLOGY, STAINING AND IMMUNOHISTOCHEMISTRY
After fixation in 10% buffered formalin (SigmaAldrich), the cartilage pellets were dehydrated, embedded in paraffin, sectioned at 4 µm, and
incubated at 57°C overnight. Knee osteochondral
biopsies were used as positive control for the validation of the antibodies (data not shown). Pellet
sections were stained with hematoxylin and eosin
(H&E) (Sigma-Aldrich) following standard procedures as well as with Alcian Blue/Fast Red (ScienCell, Carlsbad, CA) for analysis of proteoglycan
deposition40. For immunohistochemistry (IHC)
antigen retrieval was done by incubating sections
in 80-90°C 10 mM sodium citrate buffer (pH 6,
Sigma-Aldrich). Sections were incubated with pri-

Table I. Primer sequences used for RT-qPCR.
Gene

Full Name

Accession
number

mary antibodies diluted 1/50 in M.O.M. diluents
(Vector Laboratories, Burlingame, CA): anti-type
II collagen monoclonal antibody (Clone #5B2.5,
Abcam, Cambridge, England), anti-cartilage proteoglycan (aggrecan) monoclonal antibody, (Clone
#MAB2015, Millipore, Billerica, MA) and antitype X collagen monoclonal antibody (Clone
#COL-10, Abcam). The slides were washed several
times in PBS and were incubated with the secondary biotinylated anti-mouse IgG (Vector Labs), following the manufacturer’s instructions. Specific
color was developed with the Vectastain Elite ABC
kit Immunoperoxidase system according to the
manufacturer’s recommendations (Vector Labs)
using 3, 3’-diaminobenzidine tetrahydrocloride
(DAB) as substrate. Sections were counterstained
with hematoxylin, dehydrated through graded alcohols, cleared in xylene, and mounted with synthetic resin under a glass coverslip. Sections were
examined using a Microphot-FXA microscope
(Nikon Instruments).
STATISTICAL ANALYSIS
All quantitative data are expressed as mean ± SD.
Statistical analysis was performed with the GraphPad Prism software using one-way ANOVA followed by Dunnet post-hoc multiple comparison test.
Values of p<0.01 were considered statistically significant and noted*.
RESULTS

ATTACHMENT OF SWMIAMI CELLS TO PAMS

AND MICROCARTILAGE

SwMIAMI cells were incubated in vitro with microcartilage alone or in the presence of microcartilage and PAMs delivering TGF-β3. SwMIAMI cells
started to attach to microcartilage and PAMs after 4
hours as seen under phase contrast (Fig. 2 A, C) and
fluorescent microscopy to visualize swMIAMI cells

NM_001097418.1 F
R
RPL13A
NM_001244068.1 F
NM_001244069.1 R
COLL10A1 Sus scrofa collagen, type X, alpha 1 NM_001005153.1 F
R
ACAN
Sus scrofa aggrecan
NM_001164652.1 F
R
EEF1A1

Sus scrofa eukaryotic translation
elongation factor 1 alpha 1
Sus scrofa ribosomal protein L13a

Sequences
CCACCACTACTGGCCATCTG
ACGCTCACGTTCAGCCTTTA
AGGCCAAGATCCATTACCGC
CTTGAGGACCTCCGTGAACC
GCCAACCAGGGAGTAACAGG
TGGGTCATAGTGCTGTTGCC
CAGTCACACCTGAGCAGCAT
GTTCAAGCCAATCCACTGGT

Amplicon
size
146

104

129
87

expressing eGFP (Fig. 2 E, G). At 4 hours, many
cells were still unattached to the materials and it was
shown using SEM microscopy that most of the cells
presented a rounded morphology characteristic of
an incomplete attachment to the materials (Fig. 2 I,
K). After 24 hours, almost all the living cells (expressing eGFP) were attached to the microcartilage
and PAMs, and exhibited a spread morphology in
close contact with the materials (Fig. 2 B, D, F, H).
Interestingly, the combination of swMIAMI cells
with microcartilage/PAMs formed homogeneous
aggregates in which the cells appeared to contribute
to maintain together the microcartilage and PAMs
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as macroscopically uniform clusters. These aggregates formed after 24 hours attachment (Fig. 2 J, L)
were able to easily pass through a 16-gauge needle,
which would allow non-invasive in vivo studies
using an arthroscopic strategy in the future. For
chondrogenic differentiation assessment, these aggregates were then pelleted and cultured for 21 days
under chondrogenic differentiation conditions (Fig.
2 M, N).
PELLET MORPHOLOGY AND HISTOLOGICAL STAINING
After 21 days under chondrogenic differentiation,

Figure 2. SwMIAMI cells fully attach to PAMs & microcartilage within 24 hours to form homogeneous, injectable, complexes
in vitro. SwMIAMI cells were incubated with microcartilage (left panel); or a combination of microcartilage and PAMs (right
panel). After 4 hours, a significant fraction of the cells started to attach to the microcartilage and PAMs, even though they do not
display yet a flat/spread morphology (I, K). Almost all the living cells (expressing eGFP) were attached after 24 hours and were
spread on the surface of the materials (F, H). The complexes formed (J, L) were then pelleted and cultured for 21 days under chondrogenic differentiation conditions (M, N). A-C are phase contrast images; E-H the corresponding images showing eGFP; I and
K are SEM; J,L,M,N are macroscopic images. White arrows: PAMs. Red arrows: microcartilage. 1.5 mg material in total was
used for each condition. Scale bar: 100µm.
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we observed using H&E staining that the microcartilage and PAMs not only contributed to the overall
size of the neocartilage pellets, but also affected the
amount of swMIAMI cells detected. Indeed, a
higher density of swMIAMI cells was observed
when they were combined to microcartilage and
PAMs TGF-β3 compared to microcartilage alone
(Fig. 3 A, B). SwMIAMI cells pelleted without supporting scaffolds at all resulted in even smaller cartilaginous pellets (data not shown). The content of
glycosaminoglycans was also increased with the
presence of PAMs TGF-β3 compared to microcartilage alone (Fig. 3 C, D). Thus, adhesion onto microcartilage and PAMs TGF-β3 promoted the
survival of the swMIAMI cells in the course of the
chondrogenic differentiation in vitro as well as a
stronger production of glycosaminoglycans.

RT-QPCR ASSESSMENT OF CHONDROGENIC

DIFFERENTIATION

At the end of the 21-day chondrogenic differentiation, the neocartilage pellets were lysed, total RNA
extracted, and gene expression was quantified by
RT-qPCR. Transcript levels were normalized to that
of both EEF1A1 and RPL13A mRNAs. Significant
effects of the PAMs and microcartilage were observed on the aggrecan and type X collagen expression. SwMIAMI cells expressed low levels of
aggrecan under control conditions and, as expected,
addition of TGF-β3 to the culture media increased
aggrecan mRNA expression (2.57±0.16 fold) and
decreased type X collagen expression (0.8±0.05
fold). However, a controlled delivery of TGF-β3 by
the PAMs had an even stronger effect on the expression of aggrecan and type X collagen
(5.96±0.96 and 0.26±0.01 folds, respectively), underlining the importance of the growth factor deliv-

Figure 3. PAMs TGF-β3 combined to microcartilage increased swMIAMI cell survival and glycosaminoglycan production during chondrogenic differentiation. Microcartilage significantly contributed to the size of the neocartilage pellets obtained after 21
days of chondrogenic differentiation, as observed with H&E staining (A). A higher cell survival was observed after 21 days of
chondrogenic differentiation in the presence of microcartilage and PAMs TGF-β3 (B) compared to microcartilage alone (A),
thereby underlining the importance of TGF-β3 release on cell survival. The content of glycosaminoglycans (stained blue with
Alcian Blue) was also increased with the presence of PAMs TGF-β3 (D) compared to microcartilage alone (C). Red arrows point
to microcartilage, black arrows point to PAMs.

Figure 4. Specific hyaline profile induction: aggrecan
mRNA expression is increased while type X collagen
mRNA is drastically reduced in swMIAMI cells when
cultured with both microcartilage and PAM TGF-β3 in
vitro. SwMIAMI cells alone or combined to microcartilage and/or PAMs releasing TGF-β3 were subjected to
chondrogenic differentiation conditions in vitro for 21
days. At the end of this period, cells were lysed and gene
expression was quantified by RT-qPCR. Gene expression
levels were normalized to that of the endogenous expression of EEF1A1 and RPL13A transcripts. TGF-β3 supplementation in the medium had some effects in
increasing aggrecan (2.57±0.16 fold) while slightly decreasing type X collagen expression (0.8±0.0 fold). TGFβ3 released in a continuous manner from the PAMs had an
even stronger effect on aggrecan and type X collagen expression (5.96±0.96 and 0.12±0.01 folds, respectively).
The combination of PAMs TGF-β3 and microcartilage
had a strong effect on aggrecan expression and drastically
reduced type X collagen expression (19.11±0.28 and
0.12±0.01 folds, respectively).

ery mode. Interestingly, culturing swMIAMI cells
in the presence of both microcartilage and PAMs
TGF-β3 had a significant effect on aggrecan and
type X collagen expression, with 19.11±0.28 and
0.12±0.01 fold change, respectively (Fig. 4). In addition, parallel expression of type X collagen
(known to promote cartilage calcification and possibly hypertrophy) was dramatically reduced in the
presence of PAMs TGF-β3 and even more so when
swMIAMI cells formed complexes with both microcartilage and PAMs TGF-β3 (Fig. 4). Importantly, no cDNAs were ever amplified from human
microcartilage alone, without cells, used as a control
(data not shown). Thus, combination of microcartilage and PAMs delivering TGF-β3 directed the
chondrogenic differentiation of swMIAMI cells toward a hyaline phenotype while minimizing the expression of the default fibrocartilage phenotype.
IHC ASSESSMENT OF CHONDROGENIC

DIFFERENTIATION

At the end of the 21-day chondrogenic differentiation, the neocartilage pellets were fixed, embedded,
and sectioned for histological examination. IHC
staining confirmed the strong hyaline-like nature of
the explant, characterized by high expression of aggrecan (Fig. 5 B) with concomitant low expression
of type X collagen (Fig. 5 D), when swMIAMI cells
were combined with both microcartilage and PAMs
TGF-β3 compared to swMIAMI cells alone (Fig. 5
A, C). Importantly, we observed that the cells in
vicinity of the microcartilage particles had a some-
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what increased expression of aggrecan (Fig. 5 B),
albeit less than those in the vicinity of the PAMs,
thereby confirming the RT-qPCR findings that
demonstrated the possible contribution of the microcartilage to the hyaline cartilage phenotype.
Noteworthy, we also observed an increased expression of type II collagen by the cells in contact with
the PAMs (data not shown), therefore confirming
our previous study performed with human MSCs84.
DISCUSSION

We previously demonstrated the capacity of swMIAMI cells to undergo chondrogenic differentiation,
thereby forming neo-cartilage pellets expressing
type II collagen85. However, the 2 main types of cartilage found in the body, namely fibrocartilage and
hyaline cartilage, are different in the way the tissue
is organized and its molecular composition. Hyaline
cartilage consists of an amorphous collagen matrix
rich in aggrecan, while fibrocartilage contains low
aggrecan, high type X collagen and a more fibrous
organization28. Aggrecan is a crucial proteoglycan
and key contributor to the generation of a hyaline
cartilage phenotype because it has an increased
water attraction capacity. A higher aggrecan content
in hyaline cartilage therefore contributes to its
higher flexibility and cushioning capacity. Type X
collagen contributes to mineralization and makes fibrocartilage stronger, more rigid, and only slightly
flexible and therefore well-suited for its main role in
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Figure 5. Microcartilage combined to PAMs TGF-β3 directs the chondrogenic differentiation of swMIAMI cells toward hyaline cartilage in vitro. SwMIAMI cells in presence of microcartilage and PAMs releasing TGF-β3 highly expressed aggrecan (B)
while exhibiting a decreased expression of type X collagen (D) compared to swMIAMI cells alone (A, C). Noteworthy, cells in
the vicinity of microcartilage expressed a somewhat increased expression of aggrecan (B), which was even stronger in the vicinity of the PAMs (B). Red arrows point at microcartilage. Black arrows point at PAMs.

the intervertebral discs in the spine. High aggrecan
and low type X collagen expression are crucial molecular determinants of the unique mechanical properties and articular function of hyaline cartilage28.
Thus, it is essential to determine the effect of the
different conditions on the expression levels of
these genes by the swMIAMI cells in order to assess their capacity to differentiate into the desired
hyaline phenotype. Our primary result indicated that
the exclusive combination of the natural microcartilage and synthetic PAMs delivering TGF-β3 provide a unique environment with adequate support
and signaling molecules to direct the differentiation
of swMIAMI cells with a phenotype that closely resembles that of hyaline cartilage.
We demonstrated that swMIAMI cells were able
to attach very quickly not only to the fibronectin/poly-D-lysine surface of PAMs, which confirmed
our previous data83,84, but also to the microcartilage.
The adhesion behavior we observed was in accordance with a recent paper that describes the adhesion
kinetics of MSCs to articular cartilage surface91 in
which the authors describe that 50% of the cells attach

to the cartilage in about 2 hours. Another possible advantage described for MSCs is that their resistance to
shear stress after attachment to cartilage appears
higher than that of chondrocytes91. The stronger expression of glycosaminoglycans, type II collagen and
aggrecan we detected for the cells in contact with the
PAMs TGF-β3 confirmed PAMs bioactivity and induction of chondrogenic differentiation we observed
in other studies83,84. Furthermore, the cells in close
contact with microcartilage also had a somewhat
stronger expression of aggrecan. This finding underlines another possible benefit of microcartilage, used
alone or in a combinatorial strategy, for cartilage repair as it may support and guide stem cells differentiation as well as provide mechanical stability of the
neo-cartilage in a clinical setting. Moreover, use of
microcartilage may facilitate the filling of larger lesion as we observed that its use resulted in vitro in
neo-cartilage pellets of larger size, while the additional presence of PAMs also improved further the
survival of the swMIAMI cells during in vitro chondrogenesis. This is in accordance with several recent
studies that describe the bioactivity of cartilage-de-

rived scaffolds on various stem cells chondrogenesis
and of PAMs in the enhancement of cell survival80,84.
For example, our group recently demonstrated that
cultivation of chondrocytes onto cartilage fluff helped
in expanding the chondrocytes while avoiding their
de-differentiation92. Other in vitro studies performed
with an oriented cartilage extracellular matrix-derived
scaffolds seeded with MSCs demonstrated that the
scaffold alone, without the addition of exogenous
growth factor, positively affected MSC chondrogenic
differentiation53. Similar data supporting cartilagebased scaffolds bioactivity have been obtained in vivo
after subcutaneous injection in nude mice of cartilagederived scaffolds seeded with either adipose-derived
stem cells54 or MSCs55,56. All those studies demonstrated that cartilage-derived matrices could induce
by themselves, to some extent, a chondrogenic differentiation of the stem cells used. Importantly, only
two of those studies examined the expression of type
X collagen, and demonstrated variable outcomes with
either a decrease54 or an increase of type X collagen
expression56. A recent study also described the effect
of human acellular cartilage matrix powder on MSC
chondrogenic differentiation, with an observed reduction of hypertrophy when growth factor was supplemented to the media57. This is in accordance with
our results, while our PCR data also suggest that delivering the growth factor in a controlled and constant
manner by means of the PAMs is crucial for the adequate behavior of the cells. It has to be noted that in
opposition to our strategy, most of these studies
would not allow for an injectable approach, because
of the larger size of the scaffolds used.
In an attempt to understand the molecular mechanisms triggering chondrogenesis of MSCs in contact of
articular cartilage, a recent study93 described that molecules contained in native cartilage such as decorin,
hyaluronan (HA), osteopontin and biglycan may be responsible for aggrecan overexpression while HA may
also be responsible for type X collagen down-regulation. Despite some studies demonstrating that HA may
induce chondrocytic chondrolysis94, a preliminary clinical trial using a hyaluronan-based scaffold seeded
with autologous chondrocytes has also recently been
conducted in the treatment of cartilage defects with
positive outcomes95. Finally, aggrecan has also been
described as playing an important role in the maintenance of chondrocyte phenotype in vitro8.
Importantly, in our study, the strongest effect in
terms of hyaline-specific cartilage gene expression
(high aggrecan and low type X collagen) was obtained with the combination of both PAMs releasing
TGF-β3 and microcartilage, and this is, to the best
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of our knowledge, the first study describing the possible benefit of combining natural and growth factor-releasing synthetic scaffolds for cartilage repair
cell therapy. However, the scope of this study is limited in that it is relatively short term (21 days), focuses only on key molecular markers of hyaline
cartilage, and was performed only in vitro. To address this limitation, our laboratory recently developed an ex vivo model of cartilage repair allowing
us to biomechanically stimulate the damaged osteochondral tissue during the course of repair. This
model will be extremely valuable in the future to
test the best combination of materials to use, the
dose and the cell/material ratio, and to assess in
greater detail the molecular changes and mechanisms associated with the phenotypic determination
and phenotype stability before moving forward in a
larger animal model of osteochondral defect. Swine
would be a candidate of choice because of its physiological, mechanical, and chemical parameters
similar to those observed in humans67,96,97. On the
long term, we expect that combination of MIAMI
cells/PAMs TGF-β3/microcartilage will help to improve the microarchitecture and mechanical properties of the repaired cartilage tissue in a more rapid
and minimally invasive fashion compared to the
currently available strategies.
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