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Abstract

In recent years, various clinical trials are exploring the efficacy of cell-based strategies to treat cartilage defects. Human adipose-derived stem/stromal cells (hASCs)
have great potential for the regeneration of articular cartilage due to their ability to undergo differentiation into the chondrogenic lineage. In most cell-based
therapies, the single dose requires 107-109 cells, and then it is necessary to move from manual flask-based culture to bioreactor whose monitoring and control of
biological variability is necessary. Furthermore, before clinical use, the success of hASC differentiation need to be thoroughly inspected. In this study, we sought to
assess with complementary methods the chondrogenic potential of hASCs expanded in flask or in a hollow- fiber bioreactor (HFBR). Human ASCs, after phenotypic
characterization were subjected to chondrogenic differentiation, the expression of cartilage-specific genes was analysed by quantitative real-time polymerase chain
reaction (qPCR); optical microscopy as well as transmission electron microscopy (TEM) were also performed. The two culture expansion systems do not affect
hASC immunophenotype; microscopy analysis confirmed the successful of hASC differentiation process. Gene expression analysis after differentiation displayed
an upregulation of cartilage-specific genes more noticeable in hASCs expanded in the HFBR, suggesting that hASCs expanded in the HFBR can be efficiently
differentiated into chondroblasts. Our study demonstrates that flask and HFBR expansion methods do not affect the subsequent differentiation process; additionally,
our results highlight the importance of analyzing differentiation by different techniques and support the importance of TEM analysis that is able to give additional
critical information to molecular biology results.

Introduction
Articular hyaline cartilage has limited regenerative ability, and
the loss of its function can frequently be painful and debilitating.
Thus, efforts have been made to intervene in cartilage defects with
a regenerative medicine approach aiming at supporting biological
repair with cell- based strategies for in situ regeneration of the tissue
[1]. In this perspective, mesenchymal stem cells (MSCs) represent an
appealing cell source for cartilage repair.
MSCs are multipotent cells with self-renewal ability [2,3] and
capable of differentiating into various cell types [4-8]. MSCs are also
categorized as stromal cells with tissue regenerative and remodeling
abilities due to the actions exerted by the release of bioactive molecules
with trophic, immunomodulatory, anti-scarring and chemo-attractant
activities [9-12]. MSCs can be obtained from several tissues, bone
marrow, adipose tissue, peripheral blood, placenta, and umbilical cord
[13]. In recent years, adipose tissue has gained increased interest as a
source of MSCs because it is more easily accessible and can be obtained
in large quantities by liposuction under local anesthesia with minimum
discomfort for patients [14].
hASCs are found in the stromal vascular fraction (SVF) of adipose
tissue and seem to be as effective as bone marrow-derived MSCs in
clinical application, and, in some cases, may be better suited [15-18].
Although the number of cells depends on therapeutic applications, in
most MSC-based therapies the single dose requires 107-109 cells. It is
clear that it is necessary to move cell expansion from manual flaskbased culture to bioreactor. Despite the high level of automation and
precision, the monitoring and the control of biological variability of the
bioreactor becomes important [19].
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The pellet culture method is a widely applied system for the
induction of in vitro chondrogenesis of MSCs [20]. In fact, cell-cell
contacts seem to be a crucial prerequisite for the onset of chondrogenic
differentiation [21]. Pellets are submitted to chondrogenic induction
with a basal medium containing growth factors such as TGFB1, 2, and 3
which promote chondrogenesis and lead to deposition of proteoglycans
and collagen type II when used as single factors [22]. Other factors such
as bone morphogenetic protein 6 [23] and prostaglandin E2 [24], can
be used in combination with the inducer TGFB.
However, before moving towards transplantation into patients, the
success of differentiation and the maintenance of the chondroblast/
chondrocyte phenotype need to be exhaustively investigated by
means of various and complementary methods. The assessment
of chondrogenesis is usually performed with well-established
histochemical methods, such as Alcian Blue and Safranin-O staining for
proteoglycans, and Masson’s trichrome for collagen fibers. Although
a qualitative analysis of the differentiation based on histochemistry is
helpful, it is not sufficient for rigorous analysis.
Gene expression analysis by real-time polymerase chain reaction
has been a key technology of the post-genome era and has become a
routine and robust approach for measuring the expression of genes
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of interest, validating microarray experiments, and monitoring
biomarkers [25]. Hence, many researchers corroborate histochemical
analysis with the analysis for the expression of lineage-specific genes
[23]. In spite of that, since mRNA molecules are the first intermediaries
of a highly sophisticated cell mechanism that includes transcriptional,
post- transcriptional, translational and post-translational regulation
[26], gene expression alone is not informative enough to define the
protein profile. To support this concept, some groups have published
data demonstrating that mRNA level alone could not predict protein
profile [27-30]. Furthermore, it is known that the morphology of cells
with the same genome may be different depending on their protein
expression that in turn influences morphological characteristics while
cells with different transcriptomes may present similar phenotype [31].
This is why in some studies, e.g. cell differentiation, it is appropriate
to combine different methods such as transcriptomic and proteomic
analysis or, as in this work, transcriptomic and morphological analysis.
The morphological and structural analysis aims at knowing the shape,
the size, the distribution and the structural organization of the cells
and their relationship with extracellular matrix (ECM) components.
The main techniques used for the morphological analysis are based on
the use of optical and transmission electron microscopy, a tool that
can provide ultrastructural information [32]. In our study, we aimed
at comparing the chondrogenic differentiation of hASCs expanded in
a HFBR or flask by using various complementary approaches: gene
expression analysis, optical microscopy and TEM. We confirmed the
success of differentiation of hASCs into chondroblasts and their ability
to synthesize tropocollagen molecules, which are eventually exported
in the extracellular space where they form collagen fibers. Based on the
weight of the information obtained by TEM and their correlation with
the other methodologies used in this study, we propose HFBR as valid
and saving time method to expand hASCs without affect chondrogenic
differentiation.

Materials and methods
Sampling of adipose tissue
Liposuction was performed during surgical aesthetic
procedures. Three women in good health and negative for human
immunodeficiency, hepatitis B and C virus, were included in this
study. All donors signed an informed consent declaration. Liposuction
procedure started with a pre- emptive analgesia: Calecoxib 400 mg
per oral administration 1 hour before surgery. Before going to the
operating room, an intravenous infusion with 100 ml of NaCl 0.9%,
Ranetidin 50 mg, Ondansetron 4 mg, Desametason 8 mg, Cefazolin 2
g was administered, and a sedation was performed with Midazolam 1
mg bolus intravenous. Sedoanalgesia was performed with intravenous
Sufentanil bolus (0.05 µg/kg) and Propofol continuous infusion. The
access points of the cannula were infiltrated with a physiologic solution
containing 0.1% lidocaine and 1:100,000 adrenalin. A negative pressure
of 400 mm Hg was applied to the cannula connected to a 60 ml syringe
for aspiration. Adipose tissue samples were collected, anonymized
and sent to our authorized research biobank facility (approval CE
2961, Ethical Committee Canton Ticino, Switzerland). All protocols
were reviewed and approved also by the “University of Insubria” ethic
committee in accordance with the Declaration of Helsinki.

SVF isolation and cryopreservation
The isolation of the SVF was performed by a protocol developed
in our laboratories (Patent PCT/EP2012/069261). Briefly, 150 ml of
adipose tissue was washed twice with Dulbecco’s PBS (DPBS with Ca2+
and Mg2+, Gibco, Life Technologies, Oregon, USA) in a 100-ml syringe
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(BBraun Medical AG, Melsungen, Germany) and held vertically in a
support stand for few minutes to spontaneously separate adipose tissue
and hydrophilic fluids. Aqueous phase was discarded and adipose tissue
was digested with Liberase MNP-S (Roche Applied Science, Basel,
Switzerland) at a final concentration of 0.28 Wünsch U/ml diluted
in DPBS (with Ca2+ and Mg2+) and incubated at 37°C for 45 minutes
under agitation. Enzymatic reaction was stopped by DPBS (without
Ca2+ and Mg2+, Gibco, Life Technologies, Oregon, USA) supplemented
with 1% albumin (CSL Behring AG, Bern, Switzerland) and strongly
agitated to separate the hydrophilic phase from the hydrophobic one.
The lower layer, which contains the SVF cells, was carefully poured out
into a conical 50 ml centrifuge tube (Falcon, Corning Science, México)
and washed with 1% albumin solution to increase cell yield. Finally,
after filtration through a 100 μm and a 40 μm sieve (BD Falcon, Basel,
Switzerland), the SVF was centrifuged at 400 x g at room temperature
(RT) for 5 minutes and cells were resuspended in 5% albumin solution
(CSL Behring AG, Bern, Switzerland). The SVF was then analyzed for
cell count and viability using an automated propidium iodide-based
cell counting device (Nucleocounter NC-100, Chemometec A/S,
Allerod, Denmark). For cryopreservation, SVF cells were centrifuged
5 minutes at 400 × g, resuspended in an ice-cold solution of 1%
albumin solution, 5.5% ME2SO and 4.5% dextran-40 (Cryosure DEX40, WAK-Chemie Medical GmbH, Steinbach, Germany) in MEM
alpha (PAA Laboratories, Pasching, Austria) and transferred into a 2
ml cryovial (Nalgene, Thermo Fisher Scientific, Waltham, USA). Cells
were frozen by means of a programmable freezer (Consartic GmbH,
Schoellkrippen, Germany) under the following conditions: from 4°C
to 0°C in 6 minutes, then hold for 15 minutes at 0°C. From 0°C to °C in 9 minutes and then hold at -2°C for 2 minutes. From -2°C to
-35°C in 25.5 minutes and finally from -35°C to -100°C in 13 minutes.
Cryovials were then transferred into liquid nitrogen for long-term
storage. For thawing, the cryovial was immersed in a 37°C water
bath for 2-3 minutes. Immediately after being thawed, the cells were
carefully aspirated, mixed with 9 volumes of pre-warmed cell culture
medium in a conical 50 ml centrifuge tube (Falcon, Corning Science,
México), centrifuged at 400 × g for 5 minutes and resuspended in cell
culture medium.

Cell culture
For HFBR-based cell culture, the disposable HFBR (Cell Expansion
Set, Terumo BCT, Lakewood, USA) was loaded on the Quantum Cell
Expansion System (Terumo BCT, Lakewood, USA), primed with
DPBS (without Ca2+ and Mg2+, Gibco, Life Technologies, Oregon,
USA) and coated overnight with human fibronectin (Corning, New
York, USA) to promote cell adhesion. After coating the bioreactor, any
excess fibronectin was washed from the bioreactor and the cell culture
medium was introduced into the set and oxygenated for a minimum of
30 minutes. Cell culture medium consisted of 5% pooled human platelet
lysate (hPL, Stemulate, Cook Regentec, Indianapolis, USA) in Ham’s
F12/IMDM (1:1) medium (Cell Culture Technologies, Gravesano,
Switzerland) with addition of primocin (InvivoGen, San Diego, USA)
and L-alanyl-L-glutamine (GlutaMax, Gibco, Life Technologies,
Oregon, USA). The gas mixture used was 74% N2, 21% O2, 5% CO2. At
this point, thawed SVF cells were loaded in the HFBR at a concentration
of 9.6-20 × 106 hASCs/cm2 and were allowed to adhere for 24-48 hours,
followed by a rapid washout to remove any non-adherent cells. Cells
were grown for 6-13 days and the inlet rate for medium perfusion was
adjusted according to manufacturer’s instructions and was based on
lactate concentration that was determined daily with a colorimetric
method (Lactate Rapid, Diaglobal, Berlin, Germany). When lactate
concentration reached 6-8 mM for 1-2 days, hASCs were harvested
using TrypLE Select (Gibco, Life Technologies, Oregon, USA).
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For flask culture, cells were seeded in flask (Nunc, Thermo Fisher
Scientific, Waltham, USA) at the same conditions as for HFBR (see
above). Cell harvest was performed by washing with DPBS (without
Ca2+ and Mg2+, Gibco, Life Technologies, Oregon, USA) and incubating
with TrypLE Select for 10 minutes at 37°C. Cell counting and assessing
of viability was performed with an automated propidium iodide-based
cell counting device (Nucleocounter NC-100, ChemoMetec A/S,
Denmark).

Immunophenotyping by Flow Cytometry
SVF characterization was performed as previously described [33].
Briefly, after SVF isolation, 5 × 105 cells were resuspended in flow
cytometry buffer and stained with the following monoclonal antibodies:
CD146-PE, CD34-APC-A750, CD45-KrO (Beckman Coulter, Nyon,
Switzerland), Syto 40 (Life Technologies, Oregon, USA) to exclude
cellular debris and 7- amino-actinomycin D (7-AAD, Beckman
Coulter, Nyon, Switzerland) to assess cell viability. After 20 minutes
of incubation, erythrocytes were lysed using Versalyse lysing solution
(Beckman Coulter, Nyon, Switzerland) and, before acquisition, FlowCount Fluorospheres (Beckman Coulter, Nyon, Switzerland) were
added, to directly determine the absolute number of hASCs. hASCs
were identified as the CD45 and CD146 negative and CD34 positive
fraction [18,33].
For immunophenotypic characterization of pre-selected hASCs, 5
× 105 cells were resuspended in flow cytometry buffer and incubated
with LIVE/DEAD fixable stain (Life Technologies, Oregon, USA) at RT
in the dark for 30 minutes. Cells were then washed in flow cytometry
buffer and stained for 30 minutes at RT with control antibodies IgG1FITC (Beckman Coulter, Nyon, Switzerland), IgG3-PE (Beckman
Coulter, Nyon, Switzerland), IgG1-PC5 (Beckman Coulter, Nyon,
Switzerland), IgG1-PC7 (Beckman Coulter, Nyon, Switzerland),
IgG1-APC (Beckman Coulter, Nyon, Switzerland), IgG1-APC-A750
(Beckman Coulter, Nyon, Switzerland), IgG1-KrO (Beckman Coulter,
Nyon, Switzerland) or with CD73-FITC (BD Biosciences, Bedford,
USA), CD31-FITC (BD Biosciences, Bedford, USA), CD105-PE
(Beckman Coulter, Nyon, Switzerland), CD90-PC5 (Beckman Coulter,
Nyon, Switzerland), CD13-PC7 (Beckman Coulter, Nyon, Switzerland),
CD11b-APC (Beckman Coulter, Nyon, Switzerland), CD44-APC-A750
(Beckman Coulter, Nyon, Switzerland), CD45-KrO (Beckman Coulter,
Nyon, Switzerland). Before measurement, cells were resuspended in
IOTest 3 Fixative Solution (Beckman Coulter, Nyon, Switzerland). All
flow cytometry analyses were performed using a Navios 3-lasers/10channels flow cytometer (Beckman Coulter, Nyon, Switzerland), and
data were analyzed with Kaluza software (Beckman Coulter, Nyon,
Switzerland).

Chondrogenic differentiation
Chondrogenic differentiation was performed by a protocol
developed in our laboratories (Patent PCT/EP2013/072738). Briefly,
5 × 105 hASCs at passage 1 or 2 were gently centrifuged in a 50 ml
conical Tubespin bioreactors (TPP, Trasadingen, Switzerland) to form
small pellets and cultured for 21 days in a DMEM high glucose medium
(Gibco, Life Technologies, Oregon, USA) supplemented with primocin
(InvivoGen, San Diego, USA), L-alanyl-L-glutamine (GlutaMax, Gibco,
Life Technologies, Oregon, USA), ascorbic acid 2-phosphate (0.1 mM,
Sigma Aldrich, St. Louis, USA), human transferrin (5 µg/ml), human
insulin (5 µg/ml), selenium (5 ng/ml) (ITS Premix, Corning, New
York, USA), human albumin (250 µg/ml, CSL Behring AG, Bern), basic
fibroblast growth factor (bFGF, 10 ng/ml, Prospec, Ness Ziona, Israel),
human transforming growth factor-beta 3 (TGFB3, 10 ng/ml, Prospec,
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Ness Ziona, Israel), human bone morphogenetic protein-6 (BMP6, 10
ng/ml, Prospec, Ness Ziona, Israel), sodium pyruvate (1 mM, Gibco,
Life Technologies, Oregon, USA), prostaglandin E2 (PGE2, 10-7 M,
Prospec, Ness Ziona, Israel). Control cells were incubated in 5% pooled
human platelet lysate (hPL, Stemulate, Cook Regentec, Indianapolis,
USA) in Ham’s F12/IMDM (1:1) medium (Cell Culture Technologies,
Gravesano, Switzerland) with addition of primocin (InvivoGen,
San Diego, USA) and L-alanyl-L-glutamine (GlutaMax, Gibco, Life
Technologies, Oregon, USA).

RNA Isolation and Reverse Transcription
Total RNA was extracted using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to manufacturer’s instruction. The
concentration of extracted RNA from each sample was determined by
spectrophotometric analysis with a Jenway Genova spectrophotometer
(Bibby Scientific Limited, Staffordshire, United Kingdom). cDNA was
synthesized using Maxima H Minus First Strand cDNA Synthesis Kit
(Thermo Scientific, Waltham, USA) with oligodT and random hexamer
primers according to manufacturer’s instruction. After reverse
transcription, all cDNA samples were diluted to a final concentration
of 5 ng/µl and stored at -80°C until use.

Quantitative Real-Time Polymerase Chain Reaction
qPCR analysis was performed by SYBR Green technology. Reactions
were set up for 10 ng of cDNA in a final volume of 20 µl in a 96-well
plate (Bio-Rad, Hercules, USA) and processed in a CFX Connect Real
Time PCR Detection System (Bio-Rad, Hercules, USA). The PCR
master mix used contained 1× SsoAdvanced SYBR Green Supermix
(Bio-Rad, Hercules, USA), 250 nM forward primer, 250 nM reverse
primer, up to 20 µl with nuclease-free water. Primers were designed by
primer-BLAST (NCBI, USA), within the sequences of a panel of genes
(ACAN, SOX9, COMP, COL1A1, COL2A1, COL3A1), on an exon-exon
junction in order to prevent genomic DNA amplification. To analyze
the relative expression of different genes, three housekeeping genes
were chosen (TBP, ACTB and YWHAZ) and the geometric mean of
their Ct values was calculated [34].
A sample without cDNA was used to verify the absence of nucleic
acid contaminations. A cDNA sample composed of a mix of various
cell extracts was used as calibrator. Thermocycler program consisted
of an initial hot start cycle at 95°C for 30 seconds followed by 45
amplification cycles resulting in a denaturation step at 95°C for 10
seconds and an annealing-extension phase at 60°C for 30 seconds.
At the end of the analysis, the temperature was raised from 65°C to
95°C, at 0.5°C/5 seconds, for melt-curve evaluation. For all samples,
reactions were performed in duplicate. The Ct values were recorded
with a threshold of 3000 relative fluorescence units and the relative
gene expression, expressed as 2-ΔΔCt. Results are expressed as mean ±
SD. Primers used in this work are reported in Table 1.

Optical microscopy analysis
For optical analysis, pellets were washed twice with DPBS
(without Ca2+ and Mg2+, Gibco, Life Technologies, Oregon, USA),
fixed in Bouin’s solution (Bio-Optica, Milano, Italy) for 2 hours at RT,
dehydrated with increasing scale of ethanol, treated with xylene and
finally embedded in paraffin. Sections (5 µm) were cut, deparaffinized
with xylene, rehydrated with decreasing scale of ethanol and washed
in distilled water. The specimens were stained with Alcian blue
solution (1% in 3% acetic acid, pH 2.5, Sigma Aldrich, St. Louis, USA),
Safranin- O/Fast Green (Sigma Aldrich, St. Louis, USA) and Masson’s
trichrome (Bio-Optica, Milano, Italy). Alcian blue was applied for 45
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Table 1. Primers used in this study.
Gene Name
TBP
ACT
YWHAZ
ACAN
SOX9
COMP
COL1A1
COL2A1
COL3A1

Sequence 5’-3’
F: TGCACAGGAGCCAAGAGTGAA
R: CACATCACAGCTCCCCACCA
F: GCACAGAGCCTCGCCTTT
R: TATCATCATCCATGGTGAGCTGG
F: TGGCTCGAGAATACAGAGAG
R: GTGAAGCATTGGGGATCAAG
F: GTCGTGGTGAAAGGCATCGTGTTC
R: GCGTGGCAATGATGGCACTGTTCTG
F: TCTGGAGACTTCTGAACGAG
R: TTCTTCACCGACTTCCTCC
F: AGAAGTCCTATCGTTGGTTCC
R: CAAGACCACGTTGCTGTC
F: CCAGAAGAACTGGTACATCAGCAA
R: CGCCATACTCGAACTGGAATC
F: ACCTCAAGAAGGCCCTGCTCATC
R: CGGTATGTTTCGTGCAGCCATCC
F: GGGAACATCCTCCTTCAACA
R: GCAGGGAACAACTTGATGGT

Type

Amplicon length (bp)

Accession Number

housekeeping

131

NM_001172085

housekeeping

69

NM_001101

housekeeping

99

NM_001135699

target

112

NM_001135.3

target

127

NM_000346.3

target

104

NM_000095

target

70

NM_000088.3

target

110

NM_001844.4

target

183

NM_000090.3

Abbreviations: F,Forward Primer; R,Reverse Primer

minutes at RT. For Safranin-O/Fast Green, specimens were stained
with Hematoxylin (Bio-Optica, Milano, Italy) for 5 minutes, washed
in running water for 5 minutes and distained in Acid EtOH. Pellets
were stained with Fast Green solution for 5 minutes, rinsed with
1% acetic acid solution for 15 seconds and finally stained with 0.1%
Safranin-O solution for 5 minutes. For Masson’s trichrome, specimens
were stained in Weigert’s iron hematoxylin working solution for 10
minutes, in picric acid alcoholic solution for 4 minutes and washed
in distilled water. Pounced acid fuchsine and phosphomolybdic acid
solution were applied for 4 and 10 minutes respectively. Aniline blue
solution was used for collagen fibers staining. Finally, sections were
mounted using EUKITT (Bio-Optica, Milan, Italy). Observations were
performed by a Zeiss Axiophot microscope (Carl Zeiss AG, Werk
Göttingen, Germany) under bright light illumination and photographs
were acquired by Discovery C30 camera (Tucsen Imaging Technology
Co., Ltd. Fujian, China).

Transmission electron microscopy analysis
For TEM studies, pellets were washed with DPBS (without Ca
and Mg2+, Gibco, Life Technologies, Oregon, USA) and fixed in
Karnovsky solution (4% formaldehyde, 2% glutaraldehyde, 0.1 M
sodium cacodylate, pH 7.2) overnight at 4°C. Samples were washed
three times in 0.1 M sodium cacodylate for 10 minutes and postfixed in
dark for 1 hour with 1% osmium tetroxide in 0.1 M sodium cacodylatebuffer (pH 7.2) at RT. After dehydration with a series of increasing
scale of alcohol, samples were embedded in an Epon-Araldite 812
1:1 mixture. Thin sections (90 nm), obtained with a Pabisch TopUltra ultramicrotome (Emme 3 S.r.l., Milan, Italy), were stained with
uranyl acetate and lead citrate according to the standard methods and
observed with a Morgagni electron microscope (Philips, Eindhowen,
NL) operated at 80 KeV.
2+

Results
Immunophenotyping by flow cytometry
Immunophenotyping was performed according to the International
Society for Cell Therapy (ISCT) standards [18,35] to confirm the MSC
nature of the cells harvested after cell culture in flask or HFBR, i.e. before
subjecting cells to chondrogenic differentiation. All hASC cultures,
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independently of the expansion method, where found negative (<5%)
for the endothelial marker CD31, the hematopoietic antigen CD45,
and the leukocyte-specific marker CD11b. Concomitantly, cells where
positive (>95%) for the conventional mesenchymal surface antigens
CD105, CD90 and CD73, as well as the stromal markers CD13 and
CD44 (Figure 1). No significant differences were found between hASCs
cultured in flask or HFBR, hence these results confirm the validity of
both methods for hASC expansion.

Expression of chondrogenesis-related genes
We analysed the expression of genes involved in chondrogenesis in
control and induced hASCs after 21 days the start of the induction. The
expression was considered up- or downregulated starting from a 2-fold
difference between control and induced samples. Increased levels
of chondrogenesis-related genes were observed in induced samples,
particularly after HFBR expansion (Figure 2).
When compared to control samples, mRNA levels of SRY-box 9
(SOX9) [36], revealed a 1.74- fold higher expression in differentiated
hASCs expanded in flask, while the expression was higher and could
be considered up-regulated (6.68-fold) in those obtained from
HFBR. In line with the increase of SOX9 transcripts, the expression
of the cartilage-specific proteoglycan aggrecan (ACAN) [37] was not
upregulated when flask-derived hASCs were used for differentiation
(1.18-fold). On the contrary, chondrogenic induction of HFBRderived cells revealed an 8.17-fold higher expression. The transcription
of cartilage oligomeric matrix protein (COMP), encoding for a ECM
glycoprotein that is abundant in tissues subjected to load [38], were upregulated both for flask- (6.8-fold) and HFBR -derived (33.25-fold) hASCs.
The expressions of collagen type I alpha 1 (COL1A1), collagen type
II alpha 1 (COL2A1) and collagen type III alpha 1 (COL3A1), the main
ECM components in the cartilage [39], were upregulated for induced
cells obtained from both systems (from 3.07 to 4.57-fold for the flask
group, and from 5.08 to 15.62-fold for the HFBR group).

Optical microscopy analysis
The capability of hASCs, expanded with the two systems, to
differentiate in chondroblasts was evaluated using Alcian Blue and
Safranin-O, which stain proteoglycans and glycosaminoglycans of the
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Figure 1. Typical flow cytometry analysis of hASCs after harvest from flask or HFBR. (A): Red histograms show the logarithmic fluorescence signal for the isotypic control stain (IgG1FITC, IgG3-PE, IgG1-PC5, IgG1-PC7, IgG1-APC, IgG1-APC-A750, IgG1-KrO) whereas green histograms show the logarithmic fluorescence signal for the full stain (CD73-FITC,
CD31-FITC, CD105-PE, CD90-PC5, CD13-PC7, CD11b-APC, CD44-APCA750, CD45-KrO). (B): Graphical representation of the level of positivity based on isotypic control for positive
(CD73, CD90, CD105, CD13, CD44) and negative (CD31, CD11b, CD45) MSC markers. Single sample data (points) are shown in floating bars (representing the minimum to maximum
range of distribution) with line at mean.

ECM, and Masson’s trichrome, which distinguishes cells from collagen
fibers. In particular, this stain uses three different dyes: hematoxylin
and acid fuchsine that colors in red both the cytoplasm and the
nuclei, and blue aniline that colors in blue the collagen fibers (Figure
3). Induced hASCs, expanded by HFBR and stained with Alcian
Blue, Masson’s trichrome and Safranin-O resulted positive for the
presence of amorphous matrix components (Figures 3D, 3F), and for
collagen fibers (Figure 3E). Same results have been obtained for hASCs
expanded in flask (Figures 3L-3N). Undifferentiated samples resulted
negative (Figures 3A-3C, 3G-3I). Histochemical analysis confirmed
that chondrogenic differentiation has occurred, and apparently, the
two methods of expansion do not affect the subsequent differentiation.

Transmission electron microscopy analysis

Figure 2. Expression of gene involved in hASC chondrogenic differentiation. Figure shows
SOX9, ACAN, COMP, COL1A1, COL2A1 and COL3A1 in hASCs expanded in flask
(light grey) and HFBR (dark grey) and submitted to chondrogenic differentiation. Shown
are log 2 fold changes of induced samples compared to control (se to zero). Single sample
data (points) are shown in floating bars (representing the minimum to maximum range of
distribution) with line at mean. Dashed lines on the y-axis represent a 2-fold up- or downregulation.
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Pictures reported in Figure 4 are representative images of the
ultrastructural features of control hASCs expanded by the two
methods then maintained for 21 days in basal medium. The cell body is
rounded, oval or polygonal and the plasma membrane is characterized
by filopodia (f) and protrusions (not shown in these pictures). The
nucleus (N) is large, indented, and often eccentric, with abundant
euchromatin (*) and prominent nucleolus (n). Numerous ribosomes
and polyribosomes together with lipid droplets (ld) are ubiquitously
distributed in the cytoplasm. Extended endoplasmic reticulum (er)
is composed by long, thin and irregular cisternae. Vesicles (v) and
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lysosomes (ly) of different size, containing low electron-dense material,
are also present in the cytoplasm. Altogether, these characteristics
suggest that hASCs have differentiated in preadipoblast cells. No
differences were found between the two expansion methods.
Figure 5 are representative images of the ultrastructural features
of hASCs expanded by the two methods then cultured for 21 days in
differentiating medium. The presence of abundant extracellular space
(es) and the initial deposition of ECM compounds suggest that the
differentiation process is taking place. The presence in the cells of a
large N rich in euchromatin, the prominent n, the extended er, the
Golgi apparatus (not shown in these figures), and extensive glycogen
depots (gly), are indicative of substantial acceleration of the synthesis
of proteins directed to extracellular space. Furthermore, the presence
of several v containing homogeneous amorphous substance (ham),
in close relationship with dense fibrillary material deposited upon
the plasma membrane, suggest that the hASCs have differentiated in
prechondroblast cells. In this phase of the differentiation, collagen
fibrils (fi) appear distributed randomly throughout the extracellular
space (Figures 5C-5D).

Figure 3. Representative optical microscopy photographs of differentiated and not
differentiated hASCs. (A): Undifferentiated hASC spheroids expanded by HFBR stained
with Alcian Blue, (B): Masson’s trichrome or (C): Safranin-O. (D): Induced hASC
spheroids expanded by HFBR stained with Alcian Blue, (E): Masson’s trichrome or (F):
Safranin-O. (G): Undifferentiated hASC spheroids expanded in flask are stained with
Alcian Blue, (H): Masson’s trichrome or (I): Safranin-O. (L): Induced hASC spheroid
expanded in flask stained with Alcian Blue, (M): Masson’s trichrome or (N): Safranin-O.
Arrows indicated the presence of collagen fibrils in the ECM of the induced samples.

Figure 4. Representative TEM microphotographs of not induced hASCs expanded in
HFBR (A,B) or in flask (C,D). The cells here presented shown the typical characteristic
of preadipoblast. Indented nucleus (N) with euchromatin (*) abundant lipid droplets (ld),
lysosomes (ly) and vesicles (v) are present. Extended endoplasmic reticulum (er) has been
observed (B).
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In Figures 6-7, the wide es is mainly occupied by well-organized
collagen fi (Figures 6A-6B) and in Figures 6D and 7 is clear the
presence of the characteristic banding. These matrix fi originated
from dense aggregation of monomeric elements preformed inside
the cortical ectoplasm then dispersed in groups into the ham and
stored inside the v. Here, they grew up, maturated, folded and finally
were released from the cell (Figures 7C). These last morphological
characteristics are typical of chondroblast cells and confirm that the
chondrogenic differentiation of hASCs has occurred. Also in this case,
no differences were found between the two expansion methods. The
different orientation of collagen fibrils is common in the early phase of
cartilage development.

Discussion
Autologous chondrocyte implantation has been used as a strategy
for the regeneration of damaged articular cartilage [40]. However,
this cell-therapy approach is limited by critical drawbacks, such as
donor site morbidity and loss of the chondrocyte phenotype [41].
Therefore, in recent years hASCs have emerged as valuable tool for
the regeneration of articular cartilage based on their ability to undergo
differentiation into the chondrogenic lineage [42]. The impact of
orthopedic treatments based on hASCs is rapidly increasing and to
date 20% of all clinical trials using hASCs are related to orthopedics
(http://www.clinicaltrials.gov) as one of the main goals of stem cell
therapy due also to the ease of access for treatment.
In our study, we aimed at comparing the chondrogenic
differentiation ability of hASCs expanded in a HFBR or flask by
using various complementary approaches: gene expression analysis,
optical microscopy and TEM. Immunophenotyping showed that
hASCs expanded in flask or HFBR retained a characteristic MSC
immunophenotypic profile. In this sense hASCs from both cell
expansion systems were remarkably similar, confirming data from
the literature obtained with bone marrow-derived MSCs expanded
in the same HFBR used in this study [43,44]. Concomitantly, the
contamination of endothelial and hematopoietic cells was retained low
enough to consider the cell therapy product for both cell expansion
systems as pure [18]. Hence, both culture methods provided hASCs
with of equal quality and purity that could be subjected to chondrogenic
differentiation.
Gene expression analysis after differentiation showed how hASCs
expanded in the HFBR had an upregulated average expression of
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Figure 5. Representative TEM microphotographs of induced hASCs expanded in HFBR (AC) or in flask (D). (A): A large nucleus (N) rich in euchromatin (*) and prominent nucleoli
(n) are clearly visible. The extended endoplasmic reticulum (er) and the homogeneous
amorphous substance (ham) are features typical of prechondroblast cells; vesicles (v) are
also present. (B): glycogen depot (gly) and the ham together with the presence of abundant
extracellular space (es) and initial deposition of extracellular matrix (ma) suggest that the
differentiation process is taking place. Rare lipid droplets (ld) are also present. (C,D):
Differentiation process is confirmed also by the presence of several fibrils (fi) in the es.
Filopodia (f) are also present.

Figure 7. Representative TEM microphotographs of induced hASCs expanded in HFBR
(A) or in flasks (B-C). (A): Presence of collagen banded fibrils (arrow heads), cell filopodia
(f) and glycogen (gly) indicate that differentiation has occurred. (B): Transversal section of
well-organized collagen fibrils (fi). (C): exocytic vesicle (ev) just opened, glycogen (gly),
fibrils (fi) and extracellular matrix (ma).

Figure 6. Representative TEM microphotographs of induced hASCs expanded in HFBR
(A,C) or in flask (B,D). (A,B): The wide extracellular space is occupied by well-organized
collagen fibrils (fi) indicating that differentiation to chondroblasts has occurred. Nucleus
(N), nucleolus (n), endoplasmic reticulum (er), lipid droplets (ld) and vesicles (v) are
indicated. (C,D): well- organized collagen fibrils indicate chondroblast differentiation.
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SOX9, while the average expression in hASCs expanded in flask could
not be considered as upregulated at this time-point. SOX9 acts as a
crucial transcription factor involved in the chondrogenesis process
and promotes the transcription of genes encoding the ECM molecules
COL1A1, COL2A1, COL3A1 [45,46], ACAN [47], and COMP [48].
As observed for SOX9, also COMP, COL1A1 COL2A1, COL3A1, and
ACAN expression for differentiated hASCs that originated from cell
expansions in flask was lower when compared to HFBR-expanded cells.
These genes follow specific expression kinetics during chondrogenesis,
and the analysis of their mRNA levels at a single time-point is only
a snapshot of the entire expression over time. Research groups who
analyzed the gene expression of biomarkers during embryogenesis and
chondrogenic induction of MSCs found that SOX9 expression starts at
the mesenchymal osteochondroprogenitor stage and remains elevated
in all differentiated chondrocytes until the cells reach hypertrophy
[49]. Hamid and colleagues subjected hASCs to chondrogenic
differentiation and observed a peak of mRNA level of COL2A1, ACAN,
and COMP after 1 week of induction, while the peak of SOX9 was
found at three weeks [50]. Xu and colleagues studied the temporal
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changes in chondrogenic genes and developed a staging scheme for in
vitro differentiation of MSCs in three-dimensional alginate gels. The
results of this study showed that SOX9 can be considered as an early
marker of chondrogenesis whose expression peak is found at 6-12
days after induction, whereas COL2A1, ACAN, and COMP expression
increased constantly during the induction [51]. On the other hand, Lin
et al., reported about a sustained expression of SOX9, COL2A1, ACAN,
and COMP mRNA up to 6 weeks of induction [52]. Taking all these
studies together, there seems not to be an absolute consensus about the
kinetics of expression of these marker genes, most probably due to the
fact that research groups are using different experimental models of
chondrogenesis, including different growth factors and cell types, thus
making a direct comparison quite difficult.
For what concern our experiments, the results based only on gene
expression analysis suggested that hASCs expanded in flask had a lower
chondrogenic potential compared to HFBR expanded hASC. Since that,
the molecular biology results may be not sufficiently informative, we
have enforced the study with morphological analysis. Despite a certain
variability, the results obtained by optical microscopy analysis after
Alcian Blue, Safranin-O and Masson’s trichrome staining support the
results of gene expression; hovewer, the presence of ECM components
in all cell spheroids after 21 days of chondrogenic induction suggest
that the differentiation process took place both for HFBR and flask
expanded cells although with different efficiency and/or rate. TEM
analysis validated the results obtained by optical microscopy and
provided accurate details on cell differentiation and their capability to
synthetize collagen fi in the es. In fact, the estrangement of the cells
with the consequent appearance in the spheroid of wide es is indicative
that differentiation is occurring. Furthermore, prominent n, the
extended er and Golgi apparatus together with extensive gly depots, are
representative of substantial acceleration of the synthesis of proteins
directed to the es during chondrogenic differentiation [53-56]. The
presence of a wide es invaded by well-organized collagen fi, even though
differently oriented, is a further confirmation that prechondroblasts
differentiated to chondroblasts. Also in this regard, no differences
were apparent between the two expansion methods. As reported in
the literature, during the early phase of cartilage development, there
is a general arrangement of collagen fibrils that is concomitant with
the increase in the proteoglycans content; consequently, the collagen
fibers are differently oriented [57,58]. Overall, the application of
a multidisciplinary approach has demonstrated to be effective for
assessing cell differentiation. Since gene expression alone is clearly
not informative enough to define the protein profile, considering that
proteins are the ultimate effectors of biological function and are at the
basis of cell phenotypes, we think that analysis of protein expression
and cell morphology are more informative tools for assessing the
extent of differentiation [59,60].

Conclusion
TEM demonstrated to be an excellent method to sustain qPCR
for monitoring chondrogenic differentiation giving the opportunity
to deeply investigate the presence of collagen fibers, as well as cell
the ultrastructure of chondrocytes. All together our results confirm
that ultra- structural analysis by TEM, due to its high resolution,
is a powerful morphological method able to give additional critical
information.
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