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Abstract
Glycosaminoglycans (GAGs) are major components of cartilage extracellular matrix (ECM), which play an important role in
tissue homeostasis not only by providing mechanical load resistance, but also as signaling mediators of key cellular processes
such as adhesion, migration, proliferation and differentiation. Specific GAG types as well as their disaccharide sulfation patterns
can be predictive of the tissue maturation level but also of disease states such as osteoarthritis. In this work, we used a highly
sensitive liquid chromatography-tandem mass spectrometry (LC-MS/MS) method to perform a comparative study in terms of
temporal changes in GAG and disaccharide composition between tissues generated from human bone marrow- and synovial-
derived mesenchymal stem/stromal cells (hBMSC/hSMSC) after chondrogenic differentiation under normoxic (21% O2) and
hypoxic (5% O2) micromass cultures. The chondrogenic differentiation of hBMSC/hSMSC cultured under different oxygen
tensions was assessed through aggregate size measurement, chondrogenic gene expression analysis and histological/
immunofluorescence staining in comparison to human chondrocytes. For all the studied conditions, the compositional analysis
demonstrated a notable increase in the average relative percentage of chondroitin sulfate (CS), the main GAG in cartilage
composition, throughout MSC chondrogenic differentiation. Additionally, hypoxic culture conditions resulted in significantly
different average GAG and CS disaccharide percentage compositions compared to the normoxic ones. However, such effect was
considerably more evident for hBMSC-derived chondrogenic aggregates. In summary, the GAG profiles described here may
provide new insights for the prediction of cartilage tissue differentiation/disease states and to characterize the quality of MSC-
generated chondrocytes obtained under different oxygen tension culture conditions.
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Introduction

Articular cartilage defects do not heal spontaneously mainly
due to the avascular nature of the tissue combined with the
scarcity of resident stem cells. Current surgical methods such
as microfracture and mosaicplasty can relieve pain to some
extent but fail to generate functional and phenotypically stable
hyaline-like cartilage tissue [1]. Autologous chondrocyte im-
plantation (ACI), a cell-based strategy, in which the
chondrocytes are isolated from non-weight bearing areas of
articular cartilage, expanded in vitro and then implanted into
the cartilage defect site, have failed to generate stable hyaline
cartilage with long-term functionality. The limited clinical out-
comes of ACI result from the fact that chondrocytes gradually
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lose their phenotype and undergo dedifferentiation during
in vitro expansion [2, 3].

Mesenchymal stem/stromal cells (MSCs) are a promising
alternative to chondrocytes for cartilage regeneration strate-
gies due to their ease of isolation, higher in vitro expansion
rates, multilineage differentiation capacity and low immuno-
genicity [4]. MSCs have been successfully isolated from dif-
ferent tissues including bone marrow, adipose tissue, umbili-
cal cord, periosteum and synovium. However, MSCs from
different sources have been shown to differ considerably in
chondrogenic potential. Moreover, MSCs obtained from bone
marrow, synovium and periosteum have been reported as su-
perior sources for chondrogenesis [5–8]. Additionally, several
studies have reported a superior chondrogenic ability of cells
derived form human synovial joint tissues when compared
with MSCs derived from bone marrow or adipose tissue
[9–12].

MSCs chondrogenic differentiation is usually performed in
high-density pellet or micromass cell culture systems to pro-
vide a 3D environment attempting to recapitulate the conden-
sation step of endochondral bone formation during embryonic
development. Previous work has suggested that micromass
culture systems generate MSC-based cartilage tissues more
hyaline-like and less hypertrophic when compared to pellet
cultures [13].

In vivo, articular cartilage tissue is under hypoxic condi-
tions (1%–6% O2 tension, compared to atmospheric air) [14].
Therefore, aiming to provide a closer mimicry of the native
articular cartilage niche, researchers have explored low oxy-
gen tension conditions as a strategy to enhance MSC
chondrogenic differentiation [15–17].

Glycosaminoglycans (GAGs) are linear, highly charged
carbohydrates with a repeating disaccharide unit and are
among the principal functional constituents of articular car-
tilage. According to the structure and sulfation level of the
repeating disaccharide, GAGs can be generally divided in-
to four classes: heparan sulfate (HS), chondroitin sulfate
(CS), hyaluronic acid (HA) and keratan sulfate (KS).
GAGs play a crucial role in articular cartilage homeostasis
not only by providing mechanical resistance to compres-
sive loads, but also due to their involvement in several
signaling pathways regulating important biological pro-
cesses such as cell adhesion, growth and differentiation
[18–20]. Indeed, changes in GAG composition and struc-
ture have been associated with different cell differentiation
stages and with cartilage diseases such as osteoarthritis
[21]. Accordingly, Chanalaris and colleagues reported that
HS proteoglycan synthesis is dysregulated in human oste-
oarthritic cartilage [22]. Moreover, Veraldi et al reported
significant HS structural differences in pathologic cartilage
samples from patients with osteochondromas and
chondrosarcomas in comparison to healthy cartilage [23].
Therefore, due to their biological importance, GAG

production is one the main outcomes used to evaluate
chondrogenic differentiation and assess the quality of the
engineered cartilage tissues produced. Nevertheless, the
great majority of the GAG measurements reported in the
literature were obtained using the dimethylmethylene blue
(DMMB) assay and correspond to total sulfated GAG con-
tent, being unable to discriminate among the different
GAG types. Moreover, only few studies have reported
GAG disaccharide composition of engineered cartilage tis-
sues using electrophoresis or high-performance liquid
chromatography (HPLC) methods [24, 25]. These methods
lack the sensitivity and accuracy of liquid chromatography
tandem mass spectrometry (LC-MS/MS), which might be
critical when evaluating the low amounts usually generated
in microscale culture strategies. In fact, our lab previously
developed a highly sensitive and selective LC-MS/MS ap-
proach with multiple reaction monitoring (MRM), which
was able to provide the GAG disaccharide composition of
different types of tissues and biological samples, including
urine, cell cultures, cell-derived extracellular matrices and
intervertebral disc [26–29]. Such method was also success-
fully used to identify changes in GAG and disaccharide
composition after early mesoderm and endoderm lineage
commitment of human embryonic stem cells (ESC) [30]
and to study temporal changes in the GAG composition
during MSC differentiation towards the hepatic lineage
[31].

In this work, the chondrogenic differentiation of human
bone marrow-derived MSC (hBMSC) and human synovial-
derived MSC (hSMSC) under different oxygen tensions
(normoxia (21% O2) and hypoxia (5% O2)) was evaluated
by micromass diameter measurements, RT-qPCR analysis
and by histological/immunofluorescence stainings. To the best
of our knowledge, this is the first use of LC-MS/MS analysis
to identify temporal changes in GAG and disaccharide com-
position during hBMSC/hSMSC chondrogenic differentiation
under normoxic/hypoxic culture conditions.

Materials and methods

Materials and reagents

Acetic acid, 2-aminoacridone (AMAC) and sodium
cyanoborohydrade (NaCNBH4) were purchased from
Sigma-Aldrich (St. Louis, MO). Dimethyl sulfoxide
(DMSO), methanol, ammonium acetate and water (all
HPLC grade) were obtained from Fisher Scientific
(Springfield, NJ). Recombinant Flavobacterial heparinase I,
II, III and chondroitin lyase ABC from Proteus vulgaris were
expressed in our laboratory using Escherichia coli strains. The
17 unsaturated disaccharide standards of HS, HA and CSwere
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acquired from Iduron (Manchester, UK) and their structures
are shown in Supplementary Table 1.

Human cell sources

Bone marrow aspirates (Male 36 years) were obtained from
Instituto Português de Oncologia Francisco Gentil, Lisboa-
Potugal and an additional sample of fresh unprocessed bone
marrow sample (Male 24 years) was purchased from Lonza
(Basel, Switzerland). Synovium aspirates from donors under-
taking routine arthroscopic surgery with no history of joint
disease (Male 22 years and male 28 years) were obtained from
Centro Hospitalar de Lisboa Ocidental, E.P.E, Hospital São
Francisco Xavier, Lisboa, Portugal. All human samples were
obtained from healthy donors after written informed consent
and with the approval of the Ethics Committee of the respec-
tive clinical institution. Human bone marrow-derived MSC
(hBMSC) and human synovial-derived MSC (hSMSC) were
isolated following protocols previously developed in our lab-
oratory [32, 33]. hBMSC and hSMSC were cultured using
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco,
Grand Island, NY) supplemented with 10% fetal bovine se-
rum (FBS, Life Technologies) and 1% antibiotics (penicillin-
streptomycin, Pen-strep, Gibco) and cryopreserved in liquid
nitrogen tanks until usage. Human chondrocytes (HC) were
obtained from CELL Applications, Inc. and cultured using
high-glucose DMEM supplemented with 10% FBS, 1X
MEM non-essential aminoacids (Sigma, St. Louis, MO),
0.4 mM L-Proline (Sigma), 0.2 mM L-Ascorbic acid
(Sigma) and 1% Pen-strep. The cultures of all cell sources
were maintained in an incubator at 37 °C/5%CO2 with a hu-
midified atmosphere and only cells with passage number be-
tween 3 and 5 were used in this work.

MSC characterization

Undifferentiated hBMSC and hSMSC morphology was ob-
served under a phase contrast/fluorescence microscope
(Olympus IX51 Inverted Microscope: Olympus America
Inc., Melville, NY). For fluorescence staining, culture medi-
umwas removed and cells were washed twice with PBS, fixed
with 4% paraformaldehyde (PFA; Santa Cruz Biotechnology,
Dallas, TX) solution (in PBS) for 30 min and permeabilized
with 0.1% Triton X-100 (Sigma-Aldrich) for 10 min. Upon
permeabilization, cells were incubated with Phalloidin-
TRITC (dilution 1:250, 2 μg/mL, Sigma-Aldrich) for
45 min in the dark. Then, cells were washed twice with
PBS, stained with 4,6-diamino-2-phenylindole (DAPI,
1.5 μg/mL, Sigma-Aldrich) for 5 min, washed again with
PBS and imaged under fluorescence microscopy.

hBMSC and hSMSC were tested for the expression of
specific cell surface markers previously defined as mini-
mal criteria to identify human MSC [34], using a panel of

phycoerythrin (PE)-conjugated mouse anti-human mono-
clonal antibodies CD14, CD19, CD34, CD45, CD73,
CD90, CD105 and HLA-DR and appropriate isotype con-
trols (Biolegend, San Diego, CA). Thus, cells were incu-
bated with each antibody for 15 min protected from light
at room temperature and fixed with 2% PFA. Samples
were analyzed by flow cytometry in a FACSCalibur™
instrument (Becton Dickinson, NJ) for quantification of
the expression of each cell surface marker. A minimum
of 10,000 events was collected for each sample and the
CellQuest™ software (Becton Dickinson, NJ) was used
for data acquisition and analysis.

hBMSC and hSMSC capacity to differentiate towards the
osteogenic, adipogenic and chondrogenic lineage was evalu-
ated. Cells were plated on 12-well plates at 6000 cells/cm2 and
cultured with DMEM+10%FBS + 1% Pen-strep. When 80%
confluence was reached, osteogenic and adipogenic differen-
tiation was induced using StemPro™ Osteogenesis
Differentiation Kit (Gibco™, Thermo Fisher Scientific) and
StemPro™ Adipogenesis Differentiation Kit (Gibco™,
Thermo Fisher Scientific), respectively. For chondrogenic dif-
ferentiation, cells were concentrated to a density of 107 cells/
mL and plated as droplets of 10 μL on ultra-low attachment
24-well culture plates (Falcon BDBiosciences, Corning, NY),
and incubated for 1.5 h under humidified atmosphere at 37 °C
and 5%CO2 to promote aggregation. Afterwards, excess fluid
was removed and differentiation was induced using a
StemPro™ Chondrogenesis Differentiation Kit (Gibco™,
Thermo Fisher Scientific). The differentiation protocols were
conducted for 14 days and the culture medium was changed
twice a week. After 14 days ofmultilineage differentiation, the
culture medium was removed, cells were washed with PBS,
fixed in 2% PFA for 20 min at room temperature and rinsed in
PBS. To confirm osteogenic differentiation, cells were incu-
bated with a 4% (v/v) Fast Violet solution (Sigma-Aldrich)
and Naphtol AS-MX Phosphate Alkaline solution (Sigma-
Aldrich) for 45 min in the dark at room temperature.
Afterwards, cells were washed three times with miliQ ultra-
pure water and once with PBS, and Von Kossa staining was
performed by incubation with a 2.5% (w/v) silver nitrate so-
lution (Sigma-Aldrich) for 30 min (at room temperature
protected from light) to assess the presence of calcium de-
posits. Adipogenic differentiation was evaluated by incubat-
ing the cells with a 0.3% (w/v) Oil-Red-O solution (Sigma-
Aldrich, in isopropanol) for 1 h at room temperature to iden-
tify lipid accumulation. Chondrogenic differentiation was
assessed by incubation of the cellular aggregates with a 1%
(w/v) Alcian Blue 8GX solution (Sigma-Aldrich, in 0.1 N
HCl) for 1 h at room temperature to detect sulfated proteogly-
cans deposition. Finally, upon completion of the different
staining protocols, cells were washed twice with PBS, rinsed
with distilled water and imaged with a light microscope
(LEICA® DMI3000B).
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Chondrogenic differentiation of human BMSC, SMSC
and chondrocytes under different oxygen tensions
(normoxia-21% O2 and hypoxia-5% O2)

Human BMSC, SMSC and chondrocytes were harvested,
concentrated and droplets of 15 μL containing 1.5 × 105 cells
were placed in each well of ultra-low attachment 24-well cul-
ture plates, followed by an incubation for 1.5 h at 37 °C and
5%CO2 to promote initial cell aggregation. Afterwards, the
aggregates were submersed with chondrogenic medium
consisting of high glucose DMEM (Thermo Fisher
Scientific) with 100 nM dexamethasone (Sigma-Aldrich),
50 μg/mL ascorbic acid 2-phosphate (Sigma-Aldrich),
40 μg/mL L-Proline (Sigma-Aldrich), 1 mM sodium pyruvate
(Gibco), ITS™+ Premix supplement (6.25 μg/mL bovine in-
sulin; 6.25 μg/mL transferrin; 6.25 μg/mL selenous acid;
5.33 μg/mL linoleic acid; 1.25 μg/mL BSA, Corning), Pen-
strep (100 U/mL penicillin; 100 μg/mL streptomycin) and
10 ng/mL TGF-β3 (R&D Systems) and the cultures were
placed in incubators under normoxia (21% O2) or hypoxia
(5% O2) conditions. The chondrogenic differentiation proto-
col was performed for 21 days and culture medium was
changed twice a week.

Chondrogenic aggregate size measurements

After 21 days of chondrogenic differentiation, the aggregates
generated from the different cell sources under normoxia/
hypoxia were imaged in a phase contrast microscope
(Olympus IX51 Inverted Microscope). The estimation of the
micromass aggregate diameters was performed by measuring
30 individual aggregates per condition (one per image) using
the ImageJ software (ImageJ 1.51f, National Institutes of
Health, USA).

Histological and immunofluorescence analysis

The final chondrogenic aggregates (day 21) derived from
hBMSC, hSMSC and chondrocytes cultured under
normoxia/hypoxia were fixed with 4% PFA for 20 min and
washed with PBS. Afterwards, the aggregates were included
in Tissue-Tek® Optimal Cutting Temperature (O.C.T.)
Compound (VWR), frozen in liquid nitrogen and stored at
−80 °C. The OCT blocks were sliced into 10 μm sections
using a microtome cryostat (Microm HM 505E Cryostat,
GMI, MN) at −20 °C and mounted in glass slides. The slides
were washed twice in PBS (5 min each wash) and then
washed with 0.1 M glycine (Sigma-Aldrich) solution in PBS
for 10 min at room temperature to remove PFA residues.
Samples were permeabilized with 0.1% (v/v) Triton solution
in PBS for 10 min and incubated with a blocking solution
(10% FBS in TBST: 20 mM Tris-HCl pH 8.0 (Sigma-
Aldrich), 150 mM NaCl (Sigma-Aldrich), 0.05% (v/v)

Tween-20 (Sigma-Aldrich)) for 30 min at room temperature
and dried with a tissue.

For histological evaluation of the chondrogenic aggregates,
the cross-sections were incubated with a 1% (w/v) Alcian Blue
solution (in 0.1 N HCl) for 1 h and with a 0.1% (w/v) aqueous
Safranin-O (Sigma-Aldrich) solution for 30 min to assess for
the presence of sulfated GAGs. Then, the slides were washed
three times with PBS, rinsed with distilled water and mounted
with Mowiol mounting medium (Sigma-Aldrich). Images of
the histological stainings of the chondrogenic aggregates were
obtained with a light microscope (LEICA® DMI3000B).

For immunofluorescence analysis of the chondrogenic ag-
gregates, the slides were incubated with primary antibodies (in
blocking solution) for collagen II (1:200, mouse collagen II
monoclonal antibody 6B3, ThermoFisher Scientific),
aggrecan (1:400, mouse aggrecan monoclonal antibody BC-
3, ThermoFisher Scientific) and lubricin (1:200, rabbit
lubricin polyclonal antibody, ThermoFisher Scientific) over-
night at 4 °C. Afterwards, the slides were washed three times
with TBST (5 min each wash) and incubated with secondary
antibodies Goat anti-mouse IgG- AlexaFluor 546 (1:500,
ThermoFisher Scientific; for collagen II and aggrecan) and
Goat anti-rabbit IgG- AlexaFluor 546 (1:500, ThermoFisher
Scientific; for lubricin) for 45 min in the dark at room temper-
ature. The slides were then washed with TBST (3 washes,
5 min each) and counterstained with DAPI for 5 min at room
temperature. After washing the slides again with TBST, the
samples were mounted with Mowiol. The slides containing
the chondrogenic aggregates were examined under a confocal
fluorescence microscope (Zeiss LSM 710).

RNA extraction and gene expression analysis
by quantitative real time PCR

Total RNAwas extracted from the final chondrogenic aggre-
gates (day 21) derived from the different cell sources under
normoxia/hypoxia as well as from the undifferentiated cells
(day 0) using the RNeasy Mini kit (Quiagen, Hilden,
Germany) according to the manufacturer’s guidelines and
quantified using a Nanodrop (ND-100 Spectrophotometer,
Nanodrop Technologies). cDNA was synthesized from the
purified RNA using iScript™ Reverse Transcription
Supermix (Bio-Rad, Hercules, CA) following the manufac-
turer’s guidelines. The real time quantitative PCR (RT-
qPCR) analysis was performed using the TaqMan® Fast
Advanced Master Mix (Applied Biosystems) and
StepOnePlus real-time PCR system (Applied Biosystems).
Reactions were run in triplicate using TaqMan® Gene
Expression Assays (20X) (Thermo Fisher Scientific) for hu-
m a n S o x 9 ( H s 0 0 1 6 5 8 1 4 _m1 ) , h um a n ACAN
(Hs00153936_m1) and human GAPDH (Hs02758991_g1).
The obtained CT values were normalized against the expres-
sion of housekeeping gene GAPDH and the analysis was
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performed using the 2-ΔΔCt method. Results for Sox9 and
ACAN expressions in the hBMSC/hSMSC/HC-based
chondrogenic aggregates cultured under normoxia/hypoxia
are presented as fold-change expression levels relative to
hBMSC/hSMSC/HC at day 0, respectively.

GAG disaccharide compositional analysis: Sample
preparation, labeling and LC-MS/MS method

An overview of the general steps required for the LC-MS/MS
GAG compositional analysis of the different chondrogenic

Fig. 1 Experimental scheme of the steps for sample preparation for GAG
disaccharide compositional analysis. GAGs from undifferentiated cells
(hBMSC, hSMSC and chondrocytes) and respective derived aggregates
undergoing chondrogenic differentiation in normoxic (21%O2) / hypoxic

(5% O2) conditions were purified and digested by enzymes (heparinases
and chondroitinase ABC), originating disaccharide mixtures. The disac-
charide samples were then AMAC-labeled and analyzed by LC-MS/MS
by comparison with external disaccharide standards
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micromass samples is presented in Fig. 1. Undifferentiated cells
(day 0) and chondrogenic aggregates at different timepoints
(days 7, 14 and 21 for hBMSC/hSMSC and day 21 for HC)
cultured under normoxia/hypoxia were collected, incubated with
the BugBuster 10X Protein Extraction Reagent (Millipore
Sigma, MA) and sonicated in a bath containing ice for aggregate
dissociation. Samples were desalted using a 3KDa molecular
weight cutoff spin column (Millipore, MA) and washed thrice
with distilled water. Afterwards, the columns were placed in new
casing tubes and 300 μL of digestion buffer (50 mM ammonium
acetate containing 2 mM calcium chloride, pH 7.0) was added to
the filter unit. Recombinant heparin lyases I, II, III and recombi-
nant chondroitin lyase ABC (10 mU each enzyme) were added
to each sample and mixed well by pipetting. GAG enzymatic
digestion was conducted by incubation overnight at 37 °C and
terminated by centrifugation to remove the enzymes. The filter
unit was washed twice with distilled water and the obtained
filtrates containing the GAG disaccharides were lyophilized
and stored at −20 °C until AMAC-labeling.

The dried disaccharide samples were labeled with 10 μL of
0.1 M AMAC in DMSO/acetic acid (17/3, V/V) solution by
incubating for 10 min at room temperature, followed by the
addition of 10 μL of 1 M aqueous NaCNBH4 solution and in-
cubation for 1 h at 45 °C. A solution containing all 17 disaccha-
ride standards (Supplementary Table 1) was prepared at a con-
centration of 0.5 ng/μL, labeled with AMAC and used for each
run as an external standard. This external standard was prepared
in the AMAC labeling solution, same as the biological samples,
to minimize possible matrix suppression or enhancement effects.
Upon termination of the AMAC-labeling reaction, samples were
centrifuged and the respective supernatants were collected.

Disaccharide compositional analysis was done following a
method previously developed in our laboratory [28]. LC was
carry out on an Agilent 1200 LC system at 45 °C using an
Agilent Poroshell 120 ECC18 (2.7 μm, 3.0 × 50 mm) column,
50 mM ammonium acetate aqueous solution as mobile phase A
andmethanol as mobile phase B. A flow rate of 300 μL/min was
used to pass the mobile phases through the column. The gradient
selected was: 0–10 min, 5–45% B; 10–10.2 min, 45–100%B;
10.2-14 min, 100%B; 14-22 min, 100–5%B; and the injection
volume was 5 μL. The detector used consisted in a triple quad-
rupole mass spectrometry system equipped with an ESI source
(Thermo Fisher Scientific, San Jose, CA). The online MS anal-
ysis was done in the MRM mode. The collected data was ana-
lyzed using the Thermo Xcalibur™ software (Thermo Fisher
Scientific, San Jose, CA). GAG disaccharides present in the dif-
ferent samples were quantified by comparing the sample peak
areas in the spectra to those of the external standards.

Statistical analysis

Results are presented as mean values ± standard deviation
(SD) of three biological replicates for each of the two

independent donors, unless specified differently. The statisti-
cal analysis of the LC-MS/MS data was performed using one-
way ANOVA for multiple comparisons, followed by Tukey
post-hoc test. Comparisons between gene expressions of the
chondrogenic aggregates (from the same cell source) generat-
ed under 5% O2 and 21% O2 tensions were determined by the
non-parametric Mann-Whitney U test. GraphPad Prism ver-
sion 7 software was used in the analysis and data was consid-
ered to be significant when p-values obtained were less than
0.05 (95% confidence intervals, *p < 0.05).

Results

hBMSC and hSMSC characterization

The cell sources used in this study were characterized in terms
of their morphology (Fig. 2A), immunophenotype (Fig. 2B)
and multilineage differentiation capacity (Fig. 2C). Both
hBMSC and hSMSC presented a standard morphological
MSC phenotype with a long, fibroblastic appearance with
def ined nucle i and cytoskeleton. Regarding the
immunophenotypical characterization, for both sources, less
than 2% of the population expressed hematopoietic lineage
markers CD14, CD19, CD34, CD45 and HLA-DR.
Considering the positive markers (CD73, CD90 and
CD105), the expression of CD73 and CD105 was above to
95% for both hBMSC and hSMSC. In the case of CD90,
while more than 98% of hBMSC expressed this marker,
hSMSC presented a expression of approximately 82%. In
terms of the in vitro multilineage differentiation potential, after
2 weeks of induction, both hBMSC and hSMSC were able to
differentiate towards osteogenic, adipogenic and
chondrogenic lineages as confirmed by ALP/Von Kossa, Oil
Red-O and Alcian Blue staining, respectively.

Evaluation of the chondrogenic differentiation
of human BMSC, SMSC and chondrocytes
under normoxia (21% O2) / hypoxia (5% O2)

At the end of the chondrogenic differentiation protocol (day 21),
the final hBMSC/hSMSC/HC-based chondrogenic micromass
tissues generated under normoxia (21% O2) and hypoxia (5%
O2) were evaluated in terms of typical cartilage ECM proteins/
proteoglycans expression (Fig. 3), the aggregate diameter (Fig. 4)
and chondrogenic marker genes expression (Fig. 5).

Regardless of the cell source and the oxygen tension used,
all the chondrogenic micromass tissues stained positively for
the presence of GAGs after Alcian Blue and Safranin-O
stainings. Additionally, immunofluorescence analysis showed
that all the produced tissues stained positive for the presence
of typical cartilage ECM components collagen II, aggrecan
and lubricin (Fig. 3).
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As it is possible to observe in Fig. 4, for all the cell sources,
hypoxic cultures lead to the formation of aggregates with higher
average diameters than the ones obtained under normoxia.
Considering the MSC sources, within the same oxygen tension,
hSMSC-derived chondrogenic aggregates presented higher aver-
age diameters than hBMSC-derived ones.

Figure 5 shows the RT-qPCR analysis performed in the
final cartilage engineered tissues generated from hBMSC,
hSMSC and HC under normoxia (21% O2) and hypoxia
(5% O2). Although all the conditions showed upregulation
of Sox9 and ACAN chondrogenic marker genes, tissues ob-
tained from differentMSC sources showed different responses
to low oxygen tensions. While for hBMSC-derived
chondrogenic aggregates, hypoxic cultures presented signifi-
cantly higher Sox9 and ACAN expressions than normoxic
ones, an opposite trend was observed for hSMSC-derived
chondrogenic aggregates. HC-derived aggregates cultured un-
der hypoxia also showed higher chondrogenic gene expres-
sions than normoxic cultures, however significant differences
were only observed for ACAN.

GAG and respective disaccharide changes
during human BMSC, SMSC and chondrocyte
chondrogenic differentiation under normoxia (21%
O2) / hypoxia (5% O2)

GAG remodeling during the chondrogenic differentiation of
hBMSC and hSMSC under hypoxic/normoxic culture condi-
tions was studied using LC-MS/MS analysis. For that, samples
were harvested at different timepoints during the differentiation
(days 0, 7, 14 and 21) and GAGs were purified, enzymatically
digested and labeled for compositional disaccharide analysis
(Fig. 1). HC-aggregates differentiated under the same conditions
were used as controls. In Fig. 6 it is shown the temporal changes
in the average percentage GAG composition of hBMSC- and
hSMSC-derived chondrogenic aggregates throughout differenti-
ation. Significantly distinct GAG average compositions were
observed among the different cell sources. In their undifferenti-
ated state (day 0), hBMSCwere mainly composed by HA (74%,
of total GAG content) with lower percentages of CS (14%) and
HS (12%). In contrast, the main GAG component in

Fig. 2 Characterization of hBMSC and hSMSC used in this study. The
morphology of hBMSC and hSMSC was observed by light and
fluorescencemicroscopy after DAPI/Phalloidin staining (DAPI stains cell
nuclei blue and Phalloidin stains actin-rich cell cytoskeleton red (A).
Immunophenotypical analysis of hBMSC and hSMSC (B): both sources
express MSC characteristic markers CD73, CD90 and CD105 and pres-
ent low expression levels (<2%) of CD45, CD34, CD14, CD19 and

HLA-DR. Multilineage differentiation potential of hBMSC and hSMSC
assessed after 14 days under osteogenic, adipogenic and chondrogenic
induction (C). Osteogenic differentiation was confirmed by ALP/Von
Kossa staining. Adipogenesis was evaluated by staining the cells with
Oil Red-O. Chondrogenic differentiation was assessed by Alcian Blue
staining. Values are represented as mean ± SD of two independent donors
for each cell source. Scale bars: 100 μm
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undifferentiated hSMSC was CS (55%) with lower average per-
centages of HA (23%) andHS (22%), which wasmore similar to
HC average GAG composition (CS: 58%, HS: 33% and HA:
9%) than hBMSC. During chondrogenic differentiation, for all
the conditions tested, it is possible to observe an increase over
time of CS average percentages and corresponding lower aver-
age percentages of HS and HA. Hypoxia conditions appeared to
favor significantly increased CS average percentages compared
to normoxia in hBMSC-derived chondrogenic aggregates.
However, the same trend was not observed for the cartilage tis-
sues derived from other cell sources. In fact, at the end of the
differentiation protocol (day 21), hBMSC-derived chondrogenic
aggregates obtained under hypoxic conditions showed signifi-
cantly higher CS and reduced HA, HS average percentages than
the ones generated at normoxic conditions (CS: 91%, HA: 8%
and HS: 1% at hypoxia vs. CS: 59%, HA: 30% and HS: 11% at
normoxia). In contrast, while the GAG composition for hSMSC-
derived cartilage tissues obtained under hypoxia was 71% CS,
25% HA and 4% HS, tissues generated under normoxia showed
a GAG composition of 86% CS, 9% HA and 5% HS. In addi-
tion, HC-derived cartilage tissues were mainly composed by CS
with higher average percentages than the ones observed for the
other cell sources (CS: 95% at hypoxia and 94% at normoxia)
and no significant differences in GAG composition were noticed
between HC-aggregates generated under different oxygen
tensions.

The average percentage HS and CS disaccharide composi-
tional changes during the chondrogenic differentiation of

hBMSC, hSMSC and HC under hypoxia/normoxia are present-
ed in Fig. 7 and Fig. 8, respectively. RegardingHS disaccharides,
all the samples were mainly composed by HS 0S, with lower
percentages of HS NS and HS NS2S. Generally, during
chondrogenic differentiation, the average percentages for the dif-
ferent HS disaccharides were nearly maintained and changes
resulting from culture under different oxygen tensions were not
noticed. However, some significant differences were observed in
the HS composition of the different cell sources, mainly at the
end of the protocol (day 21). At day 21, HC-derived aggregates
showed significantly higher average percentages of HS 0S than
the hSMSC-derived ones, contrarily to what was observed in
these cells undifferentiated state (day 0).

In Fig. 8 it is possible to observe that, for all the conditions,
CS was mainly composed by CS 4S and CS 6S with lower
percentages of CS 0S. Significant differences in CS 4S and CS
6S average percentages were observed between the tissues
generated from different cell sources and also as a result of
culture under different oxygen tensions. While in their undif-
ferentiated state (day 0), all cell types presented higher aver-
age percentages for CS 4S than CS 6S, after 21 days of
chondrogenic differentiation, the obtained tissues (with the
exception of hBMSC-derived cartilaginous tissue) showed
higher amounts of CS 6S than CS 4S. Moreover, for tissues
derived from all cell sources, this increase in CS 6S average
percentages (and subsequent decrease in CS 4S) was clearly
favored by hypoxia. Noteworthy, HC-derived cartilage tissues
presented significantly higher CS 6S (and lower CS 4S)

Fig. 3 Histological (Alcian Blue and Safranin-O stainings) and immuno-
fluorescence (Collagen II, Aggrecan and Lubricin) analysis of the final
(day 21) chondrogenic aggregates generated by hBMSC, hSMSC and

HC under normoxia (21% O2)/hypoxia (5% O2). The immunofluores-
cence samples were counterstained with DAPI. Scale bars: 100 μm
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average percentages than the tissues obtained from both MSC
sources.

Discussion

To the best of our knowledge, this study represents one of the
first reports on the use of highly sensitive and selective LC-
MS/MS methods to evaluate the GAG remodeling during
MSC chondrogenic differentiation. Herein, we compared the
GAG composition of tissues generated from two different
human MSC sources (hBMSC and hSMSC) when cultured
under different oxygen tensions (normoxia-21% O2 and

hypoxia-5%O2). HCwere cultured under the same conditions
as the other cell sources and used throughout this study as
control samples. Both sources used in this work were charac-
terized and proved to be compliant with the criteria defined by
Dominici et al for MSC identification [34]. Regarding the
immunophenotypic analysis, hSMSC showed slightly de-
creased expression of CD90 (<95%). However, since the pan-
el of markers proposed by Dominici et al focused on the iden-
tification of hBMSC, there are no specific defined sets of
markers to identify MSC isolated from other sources, which
might have its own intrinsic levels of markers expression.
Moreover, such decreased CD90 expression in hSMSC was
previously described in other studies [35, 36].
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Fig. 4 Average diameter and respective diameter distribution of the aggregates generated by hBMSC, hSMSC and HC after 21 days of micromass
chondrogenic culture under normoxia (21% O2)/hypoxia (5% O2). Data are presented as mean ± SD, n = 30 individual aggregates



Fig. 6 Average percentage GAG composition of undifferentiated cells
(day 0) and during chondrogenic differentiation (days 7, 14 and 21)
micromass culture of hBMSC and hSMSC under normoxic (21% O2)/

hypoxic (5% O2) conditions. HC were used for comparison at days 0 and
21. Data are presented as mean ± SD of three replicates for each donor
(n = 6) for hBMSC and hSMSC, and n = 3 for HC. *p < 0.05

Fig. 5 RT-qPCR analysis of the final (day 21) chondrogenic aggregates
generated by hBMSC, hSMSC and HC under normoxia (21% O2)/
hypoxia (5% O2). Sox 9 and ACAN gene expressions are normalized

against the housekeeping gene GAPDH and presented as fold-change
levels relative to the respective cell source (hBMSC, hSMSC and HC)
at day 0. Data are presented as mean ± SD, n = 3. *p < 0.05
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Fig. 7 Average percentage HS disaccharide composition of
undifferentiated cells (day 0) and during chondrogenic differentiation
(days 7, 14 and 21) micromass culture of hBMSC and hSMSC under
normoxic (21% O2)/hypoxic (5% O2) conditions. HC were used for

comparison at days 0 and 21. Data are presented as mean ± SD of three
replicates for each donor (n = 6) for hBMSC and hSMSC,and n = 3 for
HC. *p < 0.05
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Fig. 8 Average percentage CS disaccharide composition of
undifferentiated cells (day 0) and during chondrogenic differentiation
(days 7, 14 and 21) micromass culture of hBMSC and hSMSC under
normoxic (21% O2)/hypoxic (5% O2) conditions. HC were used for

comparison at days 0 and 21. Data are presented as mean ± SD of three
replicates for each donor (n = 6) for hBMSC and hSMSC, and n = 3 for
HC. *p < 0.05
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The chondrogenic aggregates derived from hSMSC pre-
sented higher average diameters that the ones derived from
hBMSC, regardless of the oxygen tension used (1.4-fold in
21% O2 and 1.3-fold in 5% O2). In accordance with our re-
sults, Ogata and colleagues obtained MSC-derived tissues
with the same range of millimeter scale diameters and showed
that hSMSC-derived tissues presented diameters 1.2-fold larg-
er than hBMSC-derived tissues [12]. For all the cell sources,
chondrogenic aggregates produced under hypoxia showed
higher diameters (1.3-fold for hBMSC, 1.1-fold for hSMSC
and 1.5-fold for HC) than the ones generated at atmospheric
oxygen tension. This hypoxia-induced increase in aggregate
size was also reported for hBMSC-derived micropellet tissues
produced under 2% O2 [37]. However, in contrast to what we
showed, Bae and colleagues did not observe any considerable
differences between the diameter of the hSMSC-derived pel-
lets obtained under 21% O2 and 5% O2 [17].

RT-qPCR analysis showed increased ACAN and Sox9 ex-
pressions for hBMSC- and HC-derived cartilage tissues when
cultured under hypoxia, which is concordant with previous
studies [16, 37, 38]. In contrast with the other cell sources
and with the reported by Bae and colleagues for hSMSC-
derived pellets, the final hSMSC-derived cartilage tissues ob-
tained under hypoxia showed lower expressions of ACAN and
Sox9 than the ones generated at normoxic conditions [17].
Nevertheless, contrarily to hBMSC and HC, the effect of
low oxygen-cultures in hSMSC chondrogenesis is not fully
characterized yet as only very few studies have addressed this
issue. Additionally, previous studies reported donor-
dependency in the response of hBMSC-derived pellets to hyp-
oxic cultures by showing that chondrogenic marker genes
were differently regulated among different donors, which
would probably also apply to other MSC sources [15, 39].
The role of hypoxia during MSC chondrogenesis is not fully
understood yet and despite hypoxia has been generally asso-
ciated with enhanced chondrogenic differentiation, some in-
congruent results have been reported [40]. In fact, Cicione and
colleagues reported inhibited Sox9 and ACAN chondrogenic
genes expression in hBMSC pellets cultured under hypoxia in
comparison to the ones produced under normoxic conditions
[41]. However, the comparison between different studies is
limited due to MSCs heterogeneity, differences in
chondrogenic differentiation protocols and various oxygen
tensions used. Therefore, the development of standardized
protocols for hypoxic cultures might contribute to a broader
consensus on the effects of hypoxia in the chondrogenic dif-
ferentiation of MSCs.

LC-MS/MS analysis revealed significant changes in GAG
and disaccharide composition during hBMSC, hSMSC and
HC chondrogenic differentiation under normoxic/hypoxic
conditions. Undifferentiated hSMSC presented a GAG com-
position profile much more similar to HC than hBMSC. This
might be related with the fact that hSMSC are described as

more prone for chondrocyte differentiation than hBMSC. In
fact, it was previously shown that the gene expression profiles
of hSMSC and chondrocytes are closer to each other than
those of extra-articular tissue-derived MSC, including
hBMSC [42]. As the most predominant GAG in articular car-
tilage is CS, variations in CS relative amounts might provide
insights about the differentiation state of MSC-derived tissues
produced. In our analysis, we observed an increase in the CS
average percentages during the chondrogenic differentiation
of both hBMSC and hSMSC. Additionally, we observed that
hypoxia affected differently the GAG remodeling of hBMSC
and hSMSC. While for hBMSC-derived cartilage tissues,
hypoxia resulted in higher average percentages of CS than
normoxia, an opposite trend was observed for hSMSC-
derived cartilage tissues. In fact, these different hypoxia-
induced changes in CS composition of the tissues generated
by hBMSC and hSMSC are coherent and might be related
with the trends observed for ACAN gene expression.

The GAG content of HC-derived cartilage tissues was
mainly composed by CS (95% at 5% O2 and 94% at 21%
O2) and was not significantly affected by oxygen tension.
These percentages are similar to the values reported by
Osago et al (ranging from 95.2–96.3%, depending on the tis-
sue digestion method used) for the total CS composition of
porcine articular cartilage analyzed by LC-MS/MS [43]. The
lower CS average percentages observed for the MSC-derived
cartilage tissues might suggest early differentiation states.
Nevertheless, the CS percentage values observed for
hBMSC-derived cartilage tissues at 5% O2 (91%) and
hSMSC-derived cartilage tissues at 21% O2 (86%) are rela-
tively close to the ones verified for HC-derived cartilage
tissues.

The disaccharide composition of CS in articular cartilage,
particularly the CS 6S/CS 4S ratio is known to vary with age
and degeneration of the tissue [44]. In fact, while during em-
bryonic development CS chains are exclusively CS 6S, they
change to be equally composed by CS 4S and CS 6S from
fetal development to adolescence, and composed by more CS
6S than CS 4S in adult cartilage [45, 46]. Additionally, the
sulfation pattern of CS in human osteoarthritic cartilage has
been shown to consist primarily of CS 6S with lower levels of
CS 4S [47, 48]. Therefore, changes in the sulfation patterns,
namely the relations between CS 6S and CS 4S percentages
observed during hBMSC/hSMSC chondrogenic differentia-
tion could provide valuable insights about the maturation level
of the tissues generated. With the exception of hBMSC-
derived cartilage tissue at 21% O2, all the other samples
showed higher CS 6S/lower CS 4S percentages (higher CS
6S/CS 4S ratio) in relation to the respective cell source at day
0. HC-derived cartilage tissues presented higher CS 6S/CS 4S
ratios thanMSC-derived tissues, whichmight suggest a higher
tissue maturation level. Additionally, hypoxia demonstrated to
have a significant effect in the sulfation pattern of the final
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tissues, as for all the cell sources, tissues produced under 5%
O2 presented higher CS 6S/CS 4S ratios than the ones gener-
ated at 21%O2. These findings are concordant with the studies
reporting that hypoxia enhance MSC chondrogenesis towards
more mature cartilage tissues [16]. Concerning cartilage re-
generation strategies, besides oxygen tension and cell source,
the scaffold material has also been shown to affect the disac-
charide composition of the cartilage tissue produced [25, 49].

In summary, we used a highly sensitive LC-MS/MS meth-
od to provide a novel analysis of the GAG remodeling during
MSC chondrogenesis and assess how it varies with the MSC
source and oxygen tension culture conditions. However, some
limitations are important to highlight. This method was based
on disaccharide analysis through the use of chondroitinase
ABC and heparinases, so, it could only detect CS, HS and
HA. Therefore, additional methodological developments
should be pursued in order to allow for the quantification of
KS, which is known to be present in articular cartilage. As this
method do not assess core proteins, it would be interesting to
perform this analysis in combination with a proteomics ap-
proach in order to provide better information about the com-
position and functionality of the final in vitro produced tis-
sues. A detailed analysis of the GAG remodeling during chon-
drogenesis is important not only to better understand the
mechanisms of cartilage development and disease, but also
to provide new insights for improved cartilage regeneration
strategies and new methods to characterize the quality of the
tissue substitutes produced.
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