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Abstract
Purpose: Articular cartilage has a poor capacity for self-repair, and thus still presents
a major challenge in orthopedics. Mesenchymal stem cells (MSCs) are multipotent
stem cells with the potential to differentiate into chondrocytes in the presence of
transforming growth factor beta (TGF-β). Platelet lysate (PL) contains a relatively large
number of growth factors, including TGF-β, and has been shown to ameliorate
cartilage repair. Here, we investigated the ability of PL to direct chondrogenic
differentiation of MSCs along with other standard differentiation components in a
pellet culture system.
Methods: We isolated and expanded MSCs from human umbilical cords using a PLsupplemented medium and characterized the cells based on immunophenotype and
potential for differentiation to adipocytes and osteocytes. We further cultured MSCs
as pellets in a chondrogenic-differentiation medium supplemented with PL. After
21 days, the pellets were processed for histological analysis and stained with alician
blue and acridine orange. The expression of SOX9 was investigated using RT-PCR.
Results: MSCs maintained their stemness characteristics in the PL-supplemented
medium. However, the distribution of cells in the pellets cultured in the PLsupplemented chondrogenic differentiation medium had a greater similarity to
cartilage tissue-derived chondrocytes than to the negative control. The intense
alician blue staining indicated an increased production of mucopolysaccharides in
the differentiated pellets, which also showed elevated expression of SOX9.
Conclusions: Our data suggest that MSCs could be differentiated to chondrocytes in
the presence of PL and absence of exogenous TGF-β. Further research needs to be
conducted to understand the exact role and potential of PL in chondrogenic
differentiation and chondrocyte regeneration.
Keywords: Platelet lysate, Mesenchymal stem cells, Chondrogenic differentiation,
Cartilage

Introduction
Cartilage contains one type of cell, the chondrocytes, and lacks the capacity for selfregeneration [1]. Cells used to repair cartilage could be obtained by biopsies from uninjured cartilage, but this approach may cause in injury to healthy cartilage. There is
an increasing effort to determine optimal protocols and conditions to direct the differentiation of stem cells into chondrocytes [1, 2].
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Mesenchymal stem cells (MSCs) are capable of self-renewal, with the potential to
differentiate into adipocytes, osteoblasts and chondrocytes, and possibly also into cardiomyocytes, skeletal myocytes, hepatocytes and neurons [3, 4]. They have been clinically
investigated for their ability to repair cartilage [5]. They can be isolated and expanded
from several sources, including the umbilical cord. Compared to other sources, the
umbilical cord contains MSCs with higher proliferation potential and allows relatively
easy and noninvasive isolation procedures [3, 4].
All detailed differentiation protocols use transforming growth factor-β (TGF-β)
among other components in culture media to direct differentiation of MSCs to chondrocytes, because TGF-β signaling is crucial in chondrogenic differentiation [6, 7].
Recent protocols have focused on developing efficient chondrogenic differentiation
conditions: environment, growth factors and types of culture system, including 3Dcultures [8, 9]. It is known that differentiation of MSCs is highly influenced by the
surrounding niche or scaffold [10].
Prepared from platelet-enriched plasma, platelet lysate (PL) contains high concentrations of growth factors, including platelet-derived growth factor (PDGF), epidermal
growth factor (EGF) and TGF-β, which all play important roles in stem cell growth,
proliferation and differentiation [11, 12]. Several studies indicated that PL derived from
apheresis concentrates successfully promotes MSCs proliferation with no significant
differences compared to PL prepared from whole blood concentrates [13].
The reported methods to prepare PL include freeze–thaw (FT), sonication, and chemical or physiological stimulation [11, 14]. The quality is affected by number of factors,
including preparation procedure, filtration steps and number of FT cycles. In fact, the FT
method is simple, fast and effective compared to the chemical activation of platelets.
In the simple FT method, PL is produced by repeatedly freezing and thawing
platelet-rich plasma (PRP) [11, 14], with three FT cycles proven to efficiently release a
sufficient concentration of growth factors for MSCs proliferation that maintains immunophenotype and differentiation potency. Although there may be differences in growth
factor concentrations in PL, depending on preparation method and individual platelet
units, variations can be reduced by pooling platelet units [11, 13, 14].
Thanks to these properties, PL has been used as a substitute for fetal bovine serum
(FBS) in MSCs culture and has been investigated for its ability to accelerate wound
healing and support regeneration. A number of studies have also investigated the
potential clinical benefits of PL in cartilage dysfunction [11, 15, 16].
Here, we investigate the ability of PL to act as a source of growth factors to induce
differentiation of MSCs into chondrocytes. To achieve this, we used cell culture, histological and molecular methods.

Materials and methods
Preparation of platelet lysates and measurement of TGF-β content

Human platelet lysates (PL) were prepared from platelet-rich plasma (PRP) obtained
from the Damascus University Blood Transfusion Center. PRP from 3 donors was
pooled, frozen at − 80 °C and thawed at 37 °C. The FT cycle was repeated three times,
then PL was centrifuged for 20 min at 15000 g and 4 °C, and filtered through 0.22-μm
Ministart filters (Sartourius Stediumbiotech). Heparin (2 U/ml) (Syrbio) was added to
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filtered PL and aliquots were stored at − 20 °C until use. The content of TGF- β1 in PL
samples was measured using the TGF- β1 ELISA kit (Sunred Bio).
Culturing mesenchymal stem cells

MSCs were isolated from three umbilical cords obtained from healthy pregnancies during cesarean deliveries. Informed consent was received, according to guidelines of the
Damascus University Ethical Committee.
To isolate the MSCs, we used the explant method, which relies on the MSCs ability
to migrate from umbilical cord tissues and adhere to the surface of culture vessels without using digestive enzymes [17]. Umbilical cords (UCs) were cut into 5-cm2 segments
that were further cut longitudinally to remove blood vessels. Afterwards, segments were
transferred to 25-cm2 Primo TC Flask (Euroclone) and incubated at 37°C in a humidified atmosphere with 5% CO2 in DMEM (Euroclone) supplemented with 5% PL,
100 U/ml penicillin and 100 μg/ml streptomycin (Euroclone).
After 7 days, the medium was changed for the first time and later was changed every
3-4 days. On day 14, segments were removed and adherent cells were allowed to expand until they reached ~ 80% confluence. At this point, the cells were detached using
trypsin and EDTA 0.05% (Euroclone), then centrifuged at 200 g for 5 min and subcultured by plating on 12-well plates at a density of 10,000 cells/well. This procedure was
repeated until passage 3. The morphology of the MSCs was assessed using an Olympus
IX50 inverted microscope.
Immunophenotypic characterization of MSCs

Cells at passage 2 were washed with PBS and trypsinized as previously described. 5 × 105
cells were suspended and stained with the following antibodies: CD105-PE (Invitrogen),
CD90-FITC (Santa Cruz Biotechnology), CD44-PE (BioRad), CD34-PE (BD Bioscience) and
CD45-FITC (Invitrogen). Cells were analyzed using a FACS-Calibur (Becton Dickinson)
and the data were analyzed with CellQuest software (Becton Dickinson) and Flowing
Software V2.5.1 (Turku Centre for Biotechnology).
Adipogenic and osteogenic differentiation

MSCs at passage 2 were induced to differentiate into adipocytes using the hMSC
Adipogenic Differentiation kit (Euroclone) and into osteocytes using the hMSC Osteogenic
Differentiation kit (Euroclone) in 96-well plates. To detect the adipocytes and osteocytes,
after 3 weeks of differentiation, the cells were fixed with 10% formaldehyde, and respectively
stained with 2% sudan III for 5 min or 2% alizarin red (pH 4.2) for 20 min at room
temperature. Lipid droplets and calcium deposits were detected using an Olympus IX50
inverted microscope.
Chondrogenic differentiation

One million MSCs at passage 2 were centrifuged at 200 g for 5 min and the pellets
were cultured in 15 ml conical tubes containing 1 ml of chondrogenic differentiation
medium consisting of DMEM, 1× ITS, 100 nM dexamethasone, 50 mg/l ascorbic acid,
and 5% PL. The medium was changed twice a week. After 3 weeks, chondrogenic differentiation was assessed via histochemical staining and RT-PCR. Pellets maintained in
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DMEM with 5% PL were used as negative controls and chicken articular cartilages were
used as positive controls.
Histochemical analysis of pellets

Pellets were fixed in 10% formaldehyde for 3 h at room temperature, dehydrated
through a series of graded ethanol baths, and embedded in paraffin. Paraffin-embedded
pellets were sectioned using a microtome (Microtec). Sections were deparaffinized in
xylol and rehydrated through a series of graded ethanol baths, and further stained in
1% alcian blue (Carl Roth) for 30 min. For acridine orange staining, slides were incubated for 30 min in a 0.02 mg/ml acridine orange acetic solution (Carl Roth).
Reverse transcription PCR (RT-PCR)

Total RNA was extracted from pellets at the end of week 3 using TRI Reagent (SigmaAldrich). Reverse transcription was carried out using a RevertAid First Strand Synthesis
Kit (Thermo Fischer) and RT-PCR was performed using Dream Taq (Thermo Fischer)
to detect the expression of the SOX9 gene. The forward primer was 5’-ATCTGAAGAA
GGAGAGCGAG-3′ and the reverse primer was 5’-TCAGAAGTCTCCAGAGCTTG3′. GAPDH expression was used as a control with the forward primer 5’-CAAGGTCA
TCCATGACAACTTTG-3′ and reverse primer 5’-GTCCACCACCCTGTTGCTGT
AG-3′. Amplicons were visualized on 2% agarose gel using a 100 pb ladder (GeneDireX)
and ethidium bromide (Carl Roth). The gel image was analyzed and the relative expression calculated using Image J software (NIH).

Results
Mesenchymal stem cell culture and immunophenotyping

The MSCs isolated and expanded in the PL-supplemented medium showed a
fibroblast-like morphology with multiple nucleoli (Fig. 1A). In the flow cytometry, they
tested positive for CD90, CD105 and CD44 and negative for CD34 and CD45 (Fig. 1B).
Adipogenic and osteogenic differentiation

The MSCs cultured in the PL-supplemented medium and directed to differentiate into
osteocytes showed morphological changes and stained positive for alizarin red, indicating the presence of calcium deposits (Fig. 1C ii). The cells differentiated into adipocytes
displayed an accumulation of lipid vacuoles that stained positive for sudan III (Fig. 1C
iv). In the absence of adipogenic and osteogenic differentiation media, the control cells
stained negative (Fig. 1C i and iii).
Chondrogenic differentiation

When pelleted, the MSCs cultured in chondrogenic differentiation medium supplemented with 5% PL formed solid three-dimensional round tissue balls, appearing as a
mass at the bottom of the tube (Fig. 2a). ELISA showed that the average concentration
of TGF-β1 in the PL was 153 ± 10 ng/ml, so the final concentration of TGF-β1 in the
medium was close to 8 ng/ml.
Cell distribution was investigated using acridine orange staining. The distribution of
cells in pellets cultured in chondrogenic differentiation medium was similar to that in
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Fig. 1 Morphology and characterization of MSCs cultured in medium supplemented with 5% PL. a Photos of cells at
150× magnification. i) Migrating cells appeared at the edge of the explants after 7 days. ii) Fibroblast-like morphology
of MSCs in passage 3. b Flow cytometry of UCMSCs cultured in medium supplemented with 5% PL. FSC and SSC
distribution of gated cells (i). The cells stained positive for CD90 (ii), CD105 (iii) and CD44 (iv), but negative for CD34 (v)
and CD45 (vi). c Adipogenic and osteogenic differentiation of MSCs. Differentiated cells stained with alizarin red (i and
ii) or sudan III (iii and iv). i and iii show the controls; ii shows positive for mineralization indicating osteogenic
differentiation; iv shows positive staining for lipid vacuoles indicating adipogenic differentiation. The flow
cytometry data are representative from one out of three donors tested (n = 3)

chicken articular cartilage (positive control). Cells cultured in PL-supplemented
medium without differentiation components (negative control) did not form any tissue
structure reminiscent of cartilage (Fig. 2b). Alician blue staining revealed increased
production of proteoglycan in cells cultured in chondrogenic differentiation medium
supplemented with 5% PL compared with the negative controls. In fact, sections of
pellets induced to chondrogenic differentiation showed dense blue staining close to the
intensity of the positive controls (Fig. 2c).

RT- PCR

RT-PCR products for SOX9 and GAPDH, visualized on gel electrophoresis, indicated
increased expression of SOX9 in pellets cultured in chondrogenic differentiation
medium supplemented with PL (Fig. 2d). The image analysis showed an elevated expression (~ 4.8 fold) of SOX9 in differentiated compared to undifferentiated pellets,
using GAPDH expression as a housekeeping gene.

Discussion and conclusions
In this study, we investigated the possibility of using platelet lysate as a source of growth
factors for inducing the differentiation of MSCs into chondrocytes. We cultured MSCs in
a 3D system as pellets in chondrogenic differentiation medium supplemented with PL.
Our results showed that culturing MSCs in a medium with 5% PL maintained the
stemness characteristics of the MSCs, which is reflected by their morphology (Fig. 1A)
and potential for differentiation into adipocytes and osteocytes (Fig. 1C).
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Fig. 2 Characterization of differentiated MSCs pellets in chondrogenic differentiation medium
supplemented with 5% PL. a Three-dimensional round tissue pellet after 3 weeks of culture in differentiation
medium. b Acridine orange staining and the distribution of the cells in the pellets i) Sections of undifferentiated
pellets (negative control), image at 150× magnification. ii) Sections of differentiated pellets, image at 150×
magnification. iii) Sections of chicken articular cartilage (positive control), image at 600× magnification. c Alician
blue staining. i) Sections of undifferentiated pellets (negative control), image at 150× magnification. ii) Sections
of differentiated pellets, image at 150× magnification. iii) Sections of chicken articular cartilage, image at 300×
magnification. d 2% agarose gel electrophoresis for amplified transcripts of SOX9 and GAPDH. i) Amplified
transcripts in undifferentiated pellets. ii) Amplified transcripts in differentiated pellets. The data are representative
from one out of three donors tested (n = 3)

Immunophenotyping of MSCs cultured in a medium with 5% PL revealed that these
cells maintained standard positive and negative molecular profiles [18], indicating that
the PL-supplement medium preserved the expression of MSCs surface markers during
isolation and expansion periods (Fig. 1B).
Using PL as a xenogeneic-free and effective substitute for FBS in MSCs culture was also
addressed in other studies, which showed that culturing MSCs in PL-supplemented media
maintained both the immunophenotype profile and the differentiation potency of MSCs
[13, 19–21]. However, previous studies did not focus on the possibility to use PL as a substitute for recombinant growth factors in chondrogenic differentiation of MSCs [13, 19–21].
In this study, we used PL in the chondrogenic differentiation medium without
adding recombinant TGF-β, which is considered a basic and essential factor in
chondrogenic differentiation medium [6]. Our results also showed that culturing
MSCs in a 3D system as pellets in chondrogenic differentiation medium supplement with 5% PL, without the addition of purified recombinant TGF-β, generated
a tissue structure similar to cartilage. In fact, acridine orange staining revealed a
distribution of cells in pellets cultured in differentiation medium bearing a greater
similarity to the distribution of chondrocytes in cartilage tissue (positive control)
than the negative control (Fig. 2b).
It is noteworthy that the final concentration of TGF-β1 in our differentiation media
was close to the concentration of recombinant protein added in standard chondrogenic
differentiation protocols [2, 7].
Alician blue staining revealed that production of mucopolysaccharides and glycosaminoglycans was higher in pellets cultured in chondrogenic differentiation medium than
in the negative control. The levels were close to those of the chicken articular cartilage
sections (Fig. 2c).
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At the molecular level, we showed that the expression of SOX9 increased (~ 4.8 fold,
measured semi-quantitatively) in pellets cultured in chondrogenic differentiation
medium supplemented with 5% PL compared with pellets cultured in 5% PL-supplemented medium alone (Fig. 2d). SOX9 is an early chondrogenic marker. The SOX9
gene encodes a transcription factor with increased expression during chondrogenic
differentiation and close correlation with the expression of collagen type II alpha 1
chain (COL2A1), the primary protein in the extracellular matrix of articular cartilage [22].
The increased expression of SOX9 could be due to chondrogenic differentiation
medium supplemented with 5% PL, which contains TGF-β and other growth factors,
triggering chondrogenic differentiation, while 5% PL supplement medium without differentiation components only maintained MSCs stemness (Fig. 1A, B and C).
We showed that 5% PL-supplemented medium with other differentiation components, could direct the differentiation of MSCs to chondrocytes, which might be due to
a high concentration of TGF-β in PL, since TGF-β is known to play a key role in the
triggering of chondrocyte differentiation [6, 9].
The importance of our results relates to the potential clinical applications of PL in
cartilage dysfunction. We showed that PL in the absence of TGF-β is capable of inducing both proliferation and chondrogenic differentiation of MSCs in vitro, which could
further be extended to in vivo utility by co-injecting MSCs and PL into injured cartilage. This could be relevant for clinical application, since is avoids the possible side
effects of exogenous TGF-β. Moreover, PL has been reported to have an antiinflammatory and analgesic effect in some tissues, including cartilage. It may enhance
the healing of injured cartilage, which it is easily attacked by proinflammatory factors
and affected by oxidative stress [23, 24].
In conclusion, our results suggest that although MSCs maintain their stemness characteristics when cultured in a PL-supplemented medium, PL could also be used to
induce chondrogenic differentiation of umbilical cord-derived MSCs in the absence of
exogenous TGF-β. This differentiation would include increased expression of SOX9
and increased mucopolysaccharide content. Further investigation should focus on comparing the effects of recombinant TGF-β with PL in triggering chondrogenic differentiation, assessing early and late chondrogenic markers, and on determining the optimal
way to benefit from PL in cartilage regeneration in the clinical setup.
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