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Abstract

Introduction: Cartilage engineering may provide a promising
alternative solution to current methods of cartilage repair. The
aim of this study was to evaluate the suitability of type | collagen
(Col 1) scaffolds with and without heparan sulfate (HS) to support
attachment, proliferation and chondrogenic differentiation of human
bone marrow mesenchymal stem cells (hnBMSCs).

Materials and Methods: hBMSCs were cultured in Col |,
Col 1+1%HS, Col 1+2%HS and Col [+3%HS scaffolds in both
chondrogenic and non-differentiation media for 15 and 30 days.
The resulting neo-tissues were analyzed using histochemistry,
immunohistochemistry, electron microscopy (EM) and molecular
biology. Collagen released into the media by the constructs was
also measured by dye-binding assays.

Results: Our results showed successful growth and proliferation
of hLBMSCs on all scaffolds analyzed. Better results were obtained
in chondrogenic cultures after 30 days, in which we observed oval/
rounded cells along the scaffolds, and extracellular matrix (ECM) by
EM; this ECM was strongly positive for proteoglycan (PG) safranin
O staining and staining for type Il (Col Il). Greater total collagen
release was found in supernatants of chondrogenic cultures than
in controls. The best results for all analyses were found in scaffolds
including HS.

Conclusions: We conclude that the Col | and HS scaffolds used in
this study are suitable supports for hBMSCs to differentiate toward
chondrocyte-like cells in chondrogenic medium. We observe that
the addition of HS to Col | scaffolds improves the chondrogenic
phenotype of the cells, with Col 1+3%HS being the best scaffold.
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3-D: Three-Dimensional; 20%DMEM: Dulbecco’s Modified Eagle’s
Medium and 20% of foetal bovine serum; Agg: Aggrecan; ALP:
Alkaline Phosphatase; APM1: Adipose most abundant gene
transcript 1; cDNA: Complementary Deoxyribonucleic Acid; Col:
Collagen; Col I: Type | collagen; Col II: Type Il collagen; Col X: Type
X collagen; DMEM: Dulbecco’s Modified Eagle’s Medium; DSC:
Differential Scanning Calorimetry; ECM: Extracellular Matrix; EM:
Electron Microscopy; FABP4: Fatty Acid Binding Protein 4; FBS:
Foetal Bovine Serum; GAGs: Glycosaminoglycans; hBMSCs:
Human Bone Marrow Mesenchymal Stem Cells; HE: Hematoxilin-
Eosin; HS: Heparan Sulfate; LPL: Lipoprotein Lipase; MMP13:

Matrix Metalloproteinase-13; MMT: Modified Masson’s Trichrome;
MSCs: Mesenchymal Stem Cells; OA: Osteoarthritis; OP: Secreted
phosphoprotein 1; PCNA: Proliferating Cell Nuclear Antigen;
PG: Proteoglycan; PTHrP: Parathyroid hormone-related protein;
gqPCR: Real time quantitative polymerase chain reaction; REL:
Gene Relative Expression Levels; RT-PCR: Reverse Transcription
Polymerase Chain Reaction; S: Number of passage; SE: Standard
Error; SEM: Scanning Electron Microscopy; SO: Safranin O;
SOX9: [SRY (Sex Determining Region Y)-box9]; TBP: TATA
Binding Protein; TEM: Transmission Electron Microscopy; TGFf:
Transforming Growth Factor §; VK: Von Kossa

Introduction

The self-regeneration capability of hyaline cartilage is very limited,
due to its avascular nature and lack of innervation [1]. Other factors
that contribute to the weak capability for self-repair of this cartilage
are low metabolic activity, low cell number, and the inability of
chondrocytes to migrate because of their extracellular matrix (ECM)
[2,3]. Therefore, most cartilage lesions do not heal spontaneously and
may predispose the joint to subsequent development of secondary
osteoarthritis (OA) [4].

OA is a degenerative joint disease characterized by deterioration
of the integrity of the hyaline cartilage and subchondral bone[5],
due to interactions among many factors. There are currently no
satisfactory treatments for OA [6]. The available methods to treat OA
target the elimination of the pain and inflammation produced during
the pathologic process [7]. To date, none of the treatments have
achieved hyaline cartilage regeneration, although a fibro cartilaginous
tissue has been induced [3] that differs from native joint cartilage in
structure and functionality. The course of the disease may finally make
it necessary to replace the damaged zone with prosthesis [2]. To avoid
joint replacement by surgery, in recent years cell therapy and tissue
engineering have been suggested as alternative clinical approaches.

Tissue engineering is a multidisciplinary field integrating
engineering and life science, with the goal of developing biological
substitutes that restore, maintain or improve the function of damaged
tissues having a limited capability for self-repair. To achieve tissue
regeneration, three approaches have been studied individually or
in combination: cell therapy, induction factors, and scaffolds or
biomaterials [8].
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The use of chondrocytes in tissue engineering has disadvantages,
including low availability, dedifferentiation when cultured in vitro,
and a limited proliferative capability, making their use unsuitable for
treating OA [9]. Because of their properties, mesenchymal stem cells
(MSCs) have been suggested as a promising alternative to chondrocytes
for the treatment of cartilage defects [10,11]. In vitro chondrogenesis of
MSCs requires growth factors, and cell-cell and cell-matrix interactions
[12]. Members of the transforming growth factor p (TGFp) superfamily
play a major role in cartilage development and repair, enhancing
chondrocyte proliferation and increasing ECM synthesis. Further,
TGEFp-1 and -3 promote chondrogenesis of MSCs [13].

Scaffolds are natural or synthetic temporary substrates which
should provide a suitable three-dimensional (3D) structure to
support cell viability and proliferation, allow cellular differentiation,
and maintain a specific phenotype [8,14].

Collagen (Col) is a natural biodegradable material that can
be reconstituted into fibrous structures simulating native ECM
in tissues [15]. Even though we might expect type II Col (Col II),
the main protein in the cartilage ECM, to be the most appropriate
compound for scaffolds to be used in cartilage tissue engineering,
Col T is immunologically less reactive than Col II. Col I have
demonstrated competence for supporting cartilage regeneration
[16] and allow the growth of chondrocytes with the correct hyaline
phenotype [2]. However, to improve cell viability, Col biomaterials
must be supplemented with other compounds [15]. On the other
hand, heparan sulfate (HS) and proteoglycans (PGs) are known to be
involved in chondrocyte differentiation by means of interactions with
numerous chondroregulatory molecules [17].

In this study, we used Col I without HS and Col I scaffolds
supplemented with HS to establish that they enable human bone
marrow MSCs (hBMSCs) to differentiate towards chondrocytes and
form chondrogenic constructs useful for cartilage tissue engineering.
This study provides information about the potential efficacy of these
scaffolds to allow cell transportation to the interior of damaged tissue
to enhance regeneration.

Materials and Methods
Isolation and culture of hBMSCs

Bone marrow samples used to isolate hBMSCs were obtained
from 12 patients (8 females and 4 males, mean age 76.58 + 7.97)
undergoing total hip replacement due to OA. Samples were provided
by the Rheumatology Service at Complexo Hospitalario Universitario
de A Coruita (CHUAC). The donors were not selected and the samples
submitted were processed as they arrived at the laboratory. This study
was approved by the Ethics Committee of Clinical Investigation of
Galicia (Spain) and each donor in the study gave informed consent
according to the guidelines of the local ethics committee.

hBMSCs were extracted by washing the bone marrow with
Dulbecco’s Modified Eagle’s Medium (DMEM; Lonza, Barcelona,
Spain) supplemented with 20% foetal bovine serum (FBS; LabClinics,
Barcelona, Spain) (20%DMEM). Isolated cells were cultured in a 5%
humidified CO, atmosphere at 37 °C. The resultant cell suspension
was subjected to a pre-plating technique [18]. When the cells became
80% confluent at the fourth or fifth passage (S4-S5) a pool of hBMSCs
from seven donors was used for both, phenotypic characterization
by flow cytometry and multipotent differentiation, as previously
described by Diaz-Prado et al. [19]. Characterization was made
to confirm the identity of the cells before seeding on the scaffolds,
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following the International Society for Cellular Therapy standards
[20]. hBMSCs from the other 5 donors were used as a pool to seed
on the scaffolds.

A pool of hBMSCs (7 donors) was differentiated toward
chondrocyte, adipocyte and osteoblast lineages for 21 days using
commercial media (hMSC commercial chondrogenic differentiation
medium, Bullekit adipogenic differentiation medium and Bullekit
osteogenic medium, Lonza). Differentiation to the three lineages was
compared with a negative control of cells cultured in 20%DMEM.
All differentiations were done in duplicate. Adipogenic, osteogenic
and chondrogenic differentiation were evaluated by histochemistry,
immunohistochemistry and molecular biology (Supplementary
Figures 1 and 2).

Characteristics of scaffolds

Four different scaffolds with a 1 cm? surface, sterilized with y
rays at 25 kGy, were employed. They were composed of Col I from
horse tendon mixed with different concentrations of HS. Col I and
HS were both prepared by Opocrin S.p.A., (Corlo di Formigine,
Modena, Italy). HS concentrations were 0%, 1%, 2%, and 3% in the
four scaffolds. Characterization of HS batches used showed 100%
purity, a low molar ratio of sulfate ions to carboxylate ions (0.77),
high molecular weight (25 kD) and very low anticoagulant activity
(<1 APTTU/mg): this last parameter assures lack of hemorrhagic
adverse effects. The porosity of the scaffolds increased from 148.3
57.9 um (in Col I without HS) to 406.9 + 155.2 um (in Col I +3%HS).

The behavior of the scaffolds as a function of temperature was
evaluated by differential scanning calorimetry (DSC). As described
by Mentink et al. [21], when Col in the hydrated state is heated, the
crystalline triple helix of the Col is transformed into an amorphous
random coil, resulting in shrinkage of the Col. As previously reported
[22], Tonset (the intersection point between the baseline and the
linear section of the ascending endothermic curve) can be considered
as a representative parameter of the denaturation temperature of the
polymer. Scaffolds using Col I displayed a denaturation temperature
near 45.3 + 0.3 °C. DSC analysis demonstrated that both the presence
of HS and its concentration affected the thermal behavior of scaffolds.
The Col denaturation temperature of Col I +3% HS increased over
50 °C, indicating higher thermal stability of this scaffold, while a
percentage of HS lower than 2% did not notably affect the Col thermal
transition [Characterization data supplied by OPOCRIN SpA and by
Dr. Barbara Ruozi (TEFARTI group, Life Sciences Dept., University
of Modena and Reggio Emilia, Italy)].

Cell culture on the scaffolds

A pool of hBMSCs (5 donors) was seeded on the scaffolds
(2x10°cells/cm?) and cultured in normoxia conditions (5%
humidified CO, atmosphere at 37 °C). Chondrogenic differentiation
was induced by culturing the hBMSCs in the chondrogenic medium:
hMSC Commercial chondrogenic differentiation medium (Lonza),
with 10 ng/ml of TGFB-3 (ProSpec-Tany Technogene Ltd, Rehovot,
Israel) and 100 nM of parathyroid hormone-related protein
(PTHrP) (provided by P. Esbrit from Fundacién Jiménez Diaz). As
a negative control for non-differentiation, hBMSCs were cultured in
20%DMEM with only PTHrP. In addition, each type of scaffold was
cultured without cells in chondrogenic medium, to serve as negative
controls for further Col assays and EM analyses. All scaffolds were
seeded in triplicate for the different mediums and times of culture.
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Supplementary Figure 1

G/C CONTENT

NAME

FORWARD PRIMER REVERSE PRIMER AMPLICON

m §’gtacccgceacttgcacaac 3° 58% 52% 72 bp
5'tcgctetegttcagaagtete 3”
COL2A1 5’gtgtcagggccaggatgt 3° 61% 50% 116 bp
5’tcccagtgtcacagacacagat 3°
m 5’gcctacgaagcaggctatga-3” 55% 61% 136 bp
§’-gcacgccataggtcctga-3’
FABP4 S’ggatgataaactggtggtgga 3° 48% 40% 125 bp
§’cacagaatgttgtagagttcaatgc 3-
m S’ggtgagaaaggagatccaggt 3” 52% 52% 147 bp
5’tgctgagcggtatacatagge 3°
S’agaacatcccattcactctge 3° 48% 41% 107 bp
5’ccatttgagcttcaacatgagt 3°
m S’gacggacccgtcactcte 3° 67% 56% 109 bp
5’gtgcccgtggtcaattet 3”
oP §’cgcagacctgacatccagt 3° 58% 58% 136 bp
5’ggctgtcccaatcagaagg 3°
TBP 5’gcccatagtgatctttgcagt 3° 48% 55% 142 bp

§’cgctggaactegtctcacta 3°

Supplementary Figure 2
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Culture medium was changed three times a week, and supernatants
were analyzed to measure Col released to the medium by the cells.

After 15 and 30 days of culture, each scaffold sample was
subjected to three analyses to assess the chondrogenic differentiation:
histological and immunohistochemical techniques, EM studies,
molecular biology assays and measuring Col in the culture
supernatants.

Histological analysis of constructs

For histochemical and immunohistochemical evaluation,
scaffolds were fixed and embedded in paraffin after 15 and 30 days of
culture. We separated the analyses of the intensity of staining due to
the scaffold from that of the ECM and only took into consideration
the positivity due to the ECM.

For cell morphological evaluation, hematoxylin-eosin (HE) and
modified Masson’s Trichrome (MMT) stains were used. To detect
sulfated glycosaminoglycans (GAGs) in the ECM, scaffold sections
were stained with safranin O (SO). Von Kossa staining (VK) was used
to detect ECM calcification.

Immunohistochemical analyses were performed by incubating
deparaffinized sections with primary antibodies to detect the
presence of Col I (monoclonal clone), Col II (monoclonal clone),
Col X (monoclonal clone), aggrecan (Agg) (monoclonal clone),
matrix metalloproteinase-13 (MMP13) (monoclonal clone) (all
from Thermo Fisher Scientific, Madrid, Spain) and proliferating cell
nuclear antigen (PCNA) (monoclonal clone) (Calbiochem, Madrid,
Spain). The peroxidase/DAB ChemMateTM DAKO EnVision™ kit
(Dako, Barcelona, Spain) was used to determine antigen-antibody
interaction.

Histological and immunohistochemical stainings were evaluated
using analiSIS® software (version D; Olympus, Germany). Staining
intensity and percentage of cells were measured in four different areas
of each sample to obtain an average value.

Results were expressed semiquantitatively according to staining
intensity: negative or absent (- or 0), weak (+ or 1), moderate (++ or
2) and strong (+++ or 3). In scoring staining intensity, 3 or +++ was
assigned to those analyzed samples with metachromasia or higher
stain intensity.

The percentage of cells in the scaffold area studied was grouped as
1-24% (scored as 1), 25-49% (scored as 2), 50-74% (scored as 3) and
75-100% (scored as 4). PCNA was also expressed as a percentage of
cells immunostained: 1-24% (scored as 1), 25-49% (scored as 2), 50-
74% (scored as 3) and 75-100% (scored as 4).

Electron microscopy

All EM studies were performed by the Servizo de Apoio d
Investigacién (SAI), at the Universidade da Coruiia (UDC).

Transmission electron microscopy: Scaffolds were analyzed
by transmission EM (TEM) to study the ultra structure of the cells.
As the negative control, we used scaffolds without cells cultured in
chondrogenic medium. The scaffolds were fixed with glutaraldehyde
cacodylate buffer and post-fixed with OsO, The samples were
dehydrated with a gradual acetone sequence and then embedded
in Spurr (Electron Microscopy Sciences, Hatfield, USA). The ultra
structure was studied using a transmission microscope model JEOL
JEM 1010 (Jeol, Tokyo, Japan).

doi:http://dx.doi.org/10.4172/2325-9620.1000116

Scanning electron microscopy: To evaluate the morphometry of
cells cultured in chondrogenic medium, scaffolds with and without
cells were analyzed by scanning EM (SEM). Both scaffolds were fixed
with glutaraldehyde cacodylate buffer and post-fixed with OsO,. The
samples were then dehydrated with ethanol and critical point drying
in CO, (Balzers, Liechtenstein, Germany). Finally, the samples were
metalized with gold and visualized using a scanning microscope
model JEOL JSM 6400 (Jeol).

Molecular studies of cell differentiation

Total RNA isolation: Constructs of each kind of scaffold were
sliced and the slices were introduced into tubes with zirconia glass
beads and frozen in liquid nitrogen. Tubes were then placed on
a Mixer Mill MM200 (Retsch, Haan, Germany) to disintegrate
the constructs. Isolation of total RNA from the homogenate was
accomplished using Trizol (Invitrogen™, Barcelona, Spain) reagent,
following the manufacturer’s protocol.

cDNA synthesis: DNase I was used for DNase treatment
(Fermentas, City, Spain). The RT-PCR reaction was performed from
the total RNA using SuperScript™ First-Strand Synthesis System for
RT-PCR (Invitrogen™) following the manufacturer’s instructions.

Quantitative Real Time PCR analysis

Using the primers shown in Supplementary Figure 2, qPCR
analyses were performed on a LightCycler® 480 Instrument (Roche,
Mannheim, Germany) and the LightCycler 480 SYBR Green I Master
(Roche), following the manufacturer’s instructions. The initial
enzyme activation at 95 °C for 10 min was followed by 60 cycles of
target amplification consisting of three sequential steps: 95 C for 10
s, 61°C for 5 s, and 72C for 7 s. After amplification, a melting curve
analysis was performed, following three subsequent steps: 95 °C for
55, 65 °C for 60 s and 97 °C for 1 s. Finally, a cooling step was done
at 40 °C for 20 s.

The TATA binding protein (TBP) was used as the housekeeping
gene to normalize the amount of target cDNA. Primers for SOX9 [SRY
(sex determining region Y)-box 9] (SOX9), Agg (AGG) and alpha
1 Col II (COL II) were used to evaluate chondrogenesis; fatty acid
binding protein 4 (FABP4), adipose most abundant gene transcript 1
(APM1), and lipoprotein lipase (LPL) to evaluate adipogenesis; and,
alkaline phosphatase (ALP) and secreted phosphoprotein 1 (OP) to
evaluate osteogenesis. For data analyses, the LightCycler® 480 Relative
Quantification software (Roche) was used. Gene relative expression
levels (R.E.L.) were calculated by the 242t method [23].

Measurement of collagen released

Total Col released by cells cultured on the scaffolds was measured
every 3-4 days using the Sircol” Soluble Collagen Assay (Biocolor,
Carrickfergus, UK), following the manufacturer’s protocol.
Absorbance was measured on a spectrophotometer (Infinite’ 200
PRO NanoQuant, Tecan, Méannedorf, Switzerland). For each sample,
concentrations of soluble Col were measured in the total volume of
supernatant of the culture media. To avoid including Col from the
degradation of scaffolds, the absorbance of control supernatants from
scaffolds cultured without cells was measured and subtracted from
the data for supernatants from scaffolds with cells. Subsequently, the
data were compared to the control groups cultured in 20% DMEM.

Statistical analysis

All statistical analyses were performed using SPSS 17.0 for
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Windows. p values<0.05 are considered statistically significant.
Results are expressed as the mean + standard error (S.E.).

Results

Cellular evaluation

Localization, morphology, viability and proliferation of cells
in constructs: To study the percentage of cells relative to the area of
scaffold analyzed, the localization of cells, and cell morphology, we
interpreted the results obtained from HE and MMT staining. Cells
were located on the surface and inside the scaffolds in chondrogenic
cultures, but primarily on the surface of their control counterparts
(Figure 1, Table 1).

In our evaluation of cells in the constructs we determined that
scaffolds with cells cultured in chondrogenic medium showed high

Chondrogenic
medium

30 days

- ;

30 days

chondrogenic -

medium

30days

30 days

Chondrogenic
medium

30 days
30 days

Chondrogenic -

medium

30 days

Figure 1: Chart showing results of HE (Hematoxylin-Eosin) and MMT
(Modified Masson’s Thrichrome) staining, and proliferation cell nuclear
antigen (PCNA) immunostaining of differentiated (Chondrogenic medium)
and non-differentiated (20%DMEM) human bone marrow mesenchymal
stem cells at 15 and 30 days of culture. Scores of % cells and % cells
immunostained with PCNA in the scaffold area studied are grouped as:
1-24% (1), 25-49% (2), 50-74% (3) and 75-100% (4). Magnification 100x.
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cell numbers and ECM volume in all cases. At 15 days, the highest
amount of ECM and number of cells in chondrogenic medium was
detected throughout the scaffolds composed of Col I +1%HS (more
than 80%) and Col I +3%HS (more than 75%) (Figure 1, Table
1). At 30 days, all the chondrogenic-stimulated supports showed
homogenous distribution of ECM as well as cells (more than 80% of
cells) throughout the entire scaffold, indicating that cells were able
to grow on the surface and inside the scaffolds. The Col I+3%HS
scaffold showed the highest percentage of cells: >90% (Figure 1, Table
1). In the controls with non-differentiating medium (20%DMEM)
the percentage of cells in culture was very low: <1% in Col I +1%HS,
>10% in Col I +2% and >5% in Col I +3%HS (Figure 1, Table 1).
After 15 and 30 days in 20%DMEM culture, the Col I without HS
scaffold was highly degraded; we detected less than 1% of cells and no
ECM. In the rest of the control scaffolds, only Col I+1%HS showed an
increase in the percentage of cells (Figure 1, Table 1).

Cell morphology was also observed using HE staining. At both
15 and 30 days of culture, scaffolds containing hBMSCs cultured in
chondrogenic medium showed uninucleated and non-vacuolated
cells and the presence of oval/rounded cell aggregates, except for Col
I+2%HS (Figure 1, Table 1). Scaffolds containing hBMSCs cultured
in 20%DMEM alone showed cytoplasmic eosinophilia and nuclear
pyknosis after 15 days of culture; cells with fibroblastic morphology
became necrotic after 30 days, except for those in Col I+1%HS
scaffolds (Figure 1, Table 1).

To establish that cells were capable of proliferation after 15 and 30
days of culture, we looked for the presence of the PCNA proliferation
marker in scaffolds containing hBMSCs using immunohistochemical
staining. After 15 days, percentage of cells stained was <25% in the
non-differentiation controls. In chondrogenic-stimulated scaffolds,
the percentage was <50% of the cells stained for PCNA in Col I,
<25% in Col I +3%HS and <75% in the remaining biomaterials (Col I
+1%HS and Col I +2%HS) (Figure 1, Table 1), indicating a high level
of cell proliferation. After 30 days, this marker was barely detectable
in control scaffolds (Figure 1, Table 1). In 30-day-chondrogenic-
stimulated scaffolds composed of Col I without HS the percentage of
cells stained with PCNA was <75% and, in Col I +3%HS was >75%,
both were higher than those at 15 days. While scaffolds composed
of Col I +1%HS and Col I +2%HS was <25% after 30 days and lower
than their respective intensities at 15 days (Figure 1, Table 1).

Molecular profile of the differentiated cells in the constructs

R.E.L. data from qPCR analyses showed that cells in most of the
constructs expressed SOX 9, AGG and COL II at 30 days of culture
(Figure 2). In all the constructs, the R.E.L. of SOX9 was higher when
cells were cultured in chondrogenic medium than when cells were
not stimulated (p-values<0.05).

We did not find differences in the R.E.L. of AGG, with the
exception of Col I and Col I+3%HS scaffolds. In Col I constructs,
AGG expression was higher in control cells (p-value=0.036),
while stimulated cells did not showed AGG expression. In Col
I+3%HS, the R.E.L. of AGG was higher in stimulated constructs
than in their counterpart controls (p-value=0.049) (Figure 2). No
differences between any groups were detected in the R.E.L. of COLIT
(p-values>0.05) (Figure 2). Those results suggest that hBMSCs in
chondrogenic-stimulated scaffolds were able to differentiate toward
chondrocyte-like cells.
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Table 1: Summary of Histological and Immunohistochemical Results.
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Summary table of histological and immunohistochemical results of culture of human bone marrow mesenchymal stem cells on various scaffolds, at 15 and 30 days in

control medium (20%DMEM) and in chondrogenic medium (Chondro).

PCNA: Proliferating cell nuclear antigen; SO: Safranin O; Col: Collagen; Agg: Aggrecan; VK: Von Kossa; MMP13: Matrix metalloproteinase-13; HS: Heparan sulfate

Semiquantitative histological and immunohistochemical staining intensity results: negative or absent (— or 0), weak (+ or 1), moderate (++ or 2) and strong (+++ or 3).
% cells in the scaffold area studied grouped as: 1-24% (scored as 1), 25-49% (scored as 2), 50-74% (scored as 3) and 75-100% (scored as 4). % cells inmunostained
with PCNA in the scaffold area studied grouped as: 1-24% (scored as 1), 25-49% (scored as 2), 50-74% (scored as 3) and 75-100% (scored as 4). Hematoxylin-eosin
(HE) and modified Masson’s Trichrome (MMT) stains were used. To detect sulfated glycosaminoglycans (GAGs) in the ECM, scaffold sections were stained with

Safranin O (SO).
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Figure 2: Relative expression levels (R.E.L.) of the characteristic chondrocytic genes, SOX9, AGG, and COL Il, compared between constructs with human
bone marrow mesenchymal stem cells differentiated in chondrogenic medium (Chondrog) and control constructs cultured in 20%DMEM at 30 days of culture.

Extracellular matrix evaluation

Assessment of characteristic cartilage extracellular matrix
components: In control cultures at 15 days, SO staining showed a
low amount of sulfated GAGs in Col I+3%HS and was negative in
Col I and Col I +1%HS scaffolds (Figure 3, Table 1). At 30 days, all
the non-differentiated scaffolds exhibited weak positive SO staining,

indicating a slight increase. At 15 days in culture of biomaterials
with chondrogenic-stimulated cells, weak positive SO staining was
detected in Col I+2%HS, moderate in Col I and Col I+1%HS, and
strong in Col I+3%HS scaffolds. At 30 days, SO staining was strong
in all the scaffolds containing cells cultured in chondrogenic medium
(Figure 3, Table 1).

e Page 6 of 12 «



Volume 3 ¢ Issue 2 + 1000116

Citation: Sanjurjo-Rodriguez C, Martinez-Sanchez AH, Hermida-Gomez T, Fuentes-Boquete I, Blanco FJ (2014) Human Cartilage Tissue Engineering Using

Type I Collagen/Heparan Sulfate Scaffolds. J Regen Med 3:2.

Chondrogenic
medium

30days

Chondrogenic
medium

30days

30 days

Chondrogenic
medium

30 days

30 days

Chondrogenic
medium

30 days

Figure 3: Chart showing results of Safranin O (SO) staining and
immunostaining for Col Il (type Il collagen) and Agg (aggrecan) of
differentiated (chondrogenic medium) and non-differentiated (20%DMEM)
human bone marrow mesenchymal stem cells at 15 and 30 days of culture.
Staining positivity scores range from absent (-) to strongly stained (+++).
Magnification 100x.

The immunohistochemical analysis of the ECM for Col II, a
typical marker for hyaline cartilage, was positive in every scaffold. At
15 days, positivity for Col II staining was moderate in the stimulated
scaffolds, increasing at 30 days to strongly positive in Col I and Col I
+3%HS scaffolds (Figure 3, Table 1). At 15 days in non-differentiated
constructs, staining for Col II was weakly positive in Col I without
HS, Col I+1%HS and in Col I1+3%HS, but strongly positive in the
other scaffolds. At 30 days, positivity of Col II staining was strong
in all the control scaffolds, actually stronger than that of some of the
stimulated constructs (Figure 3, Table 1).

At 15 days, the immunohistochemical analysis of the ECM for
Agg, another important marker for hyaline cartilage, found this
molecule present in all study groups in both 20%DMEM controls
and chondrogenic-stimulated scaffolds, except for the control Col

doi:http://dx.doi.org/10.4172/2325-9620.1000116

I without HS scaffold (Figure 3, Table 1). Col I+2%HS scaffolds in
control cultures showed the overall highest positive staining at 15
days. At 30 days, positive staining for Agg was moderate in stimulated
Col I and non-differentiated Col I and Col I+1%HS scaffolds, while
stimulated Col I+1%HS and Col I+2%HS, and control Col I + 2%HS
and Col I+3%HS scaffolds were negative for Agg immunostaining.
Weakly positive staining for Agg was detected in stimulated Col
I+3%HS scaffolds at 30 days (Figure 3, Table 1).

Assessment of other extracellular matrix compounds: At 15
days, VK positivity was weak in non-differentiated Col I+2%HS
and Col I+3%HS, and in stimulated Col I+1%HS and Col I+2%HS
scaffolds. We did not detect VK staining in non-differentiated Col
I and Col I+1%HS and stimulated Col I and Col I+3%HS scaffolds
(Figure 4, Table 1). At 30 days, all stimulated scaffolds were weakly
positive for VK staining, indicating a slight staining increase in Col
I and Col I+3%HS constructs. In the control scaffolds, positivity
remained weak in all but Col I+1%HS, which varied from absent to
strong staining (Figure 4, Table 1).

Immunodetection for Col I, a marker of fibroblastic differentiation

Col X MMP13
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medium

Chondrogenic
medium
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Figure 4: Chart showing results of Von Kossa (VK) staining and
immunostaining for type | collagen (Col 1), type X collagen (Col X) and
metalloproteinase 13 (MMP13) of differentiated (chondrogenic medium)
and non-differentiated (20%DMEM) human bone marrow mesenchymal
stem cells at 15 and 30 days of culture. Staining positivity scores range
from absent (-) to strongly stained (+++). Magnification 100x.
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and undifferentiated MSCs, was also assessed. Non-differentiation
controls were negative for Col I staining in 15-day-Col I +2%HS and
Col I +3%HS scaffolds and weak in the remaining scaffolds, except for
the 15-day-20%DMEM Col I+1%HS scaffold, which was moderate
(Figure 4, Table 1). Stimulated scaffolds expressed weakly positive
values at both 15 and 30 days, except for 15-day-stimulated Col
I+1%HS scaffold (Figure 4, Table 1).

When immunohistochemically assessing Col X, a marker for
hypertrophic chondrocytes, at 15 days, positivity for this marker was
strong in stimulated Col I+2%HS, control Col I, Col I+2%HS and
Col I+3%HS scaffolds (Figure 4, Table 1). In stimulated Col I and Col
I+1%HS, and in 20%DMEM Col I+1%HS scaffolds, staining for Col
X was moderately positive. Stimulated Col I+3%HS scaffolds stained
weakly for Col X (Figure 4, Table 1). At 30 days in 20%DMEM,
staining intensity for Col X increased from moderate to strong
in Col I +1%HS, and decreased in Col I+2%HS and Col+3%HS
scaffolds (Figure 4, Table 1). The stimulated scaffolds composed of
Col I and Col I+3%HS showed increased staining for Col X, while
the remaining scaffolds cultured in chondrogenic medium exhibited
a decrease (Figure 4, Table 1).

Finally, the immunohistochemical analysis to detect MMP13
showed decreasing positivity in non-differentiated controls after 15
days, being absent at the end of culture at 30 days. Staining for MMP13
was absent in all the stimulated scaffolds, except for Col I+3%HS at 15
days, which had disappeared at 30 days (Figure 4, Table 1).

Cell and extracellular matrix morphometric and structural
evaluation

Morphometric analysis: Those scaffolds with cells cultured in
chondrogenic medium and their respective controls without cells
were assessed by SEM. Samples were analyzed after 15 and 30 days
of culture.
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At 15 days, supports that were initially seeded with hBMSCs,
showed a high number of cells over the entire studied area. Cell
morphology was typically spherical, characteristic of chondrocytes
when embedded in native hyaline cartilage. Chondrocyte-like cells
in great number attached to the surface of both Col I and blended
scaffolds (Col I and HS) (Figure 5). This result indicates that all the
scaffolds possess the same properties of cell adhesion. At 30 days,
cells had continued to proliferate because cell numbers had increased;
cells had spread on the walls of the scaffolds and infiltrated inside
the pores (Figure 5). Cells had the native (spherical) morphology of
chondrocytes in cartilage, indicating that they were able to maintain
the differentiated phenotype.The extracellular environment included
large amount of fibrils and vesicles at 15 days in culture (Figure 5),
surrounding and even covering the cells; these fibrils and vesicles
were probably synthesized and released by the cells. ECM covered
wide regions of the scaffolds, suggesting that differentiated cells
recognized the surface of these biomaterials as native. At 30 days,
the ECM covered nearly the entire surface of the scaffold, making
it difficult to highlight the fibrils from the original biomaterial
(Figure 5). We were also able to detect large quantities of cellular
debris distributed over all the studied areas. Degradation of the
biomaterials was gradual, without loss of integrity, suggesting these
scaffolds may allow suitable hyaline cartilage formation.

Ultrastructural analysis: TEM analysis was performed only on
biomaterials seeded with hBMSCs and cultured in chondrogenic
medium for 15 and 30 days. Atboth time points we found cells on every
scaffold, varying in size from 10 to 20 um and showing rounded or
ovoid morphology. Nuclei were prominent and well developed, with
a diverse morphology from mostly spherical to very heterogeneous.
Inside some of the nuclei, we could differentiate the nucleolus as a
dense area usually located in the central region of the nucleus. We
could also differentiate heterochromatin spread throughout the
nucleus, and in some cases, associated with the nuclear membrane
(Figure 5).

15 days "[

ructs
30days

Stimulated constructs

15 days || 30 days
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Control |
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Figure 5: Scanning (SEM) and transmission (TEM) electron microscopy. Images show human bone marrow mesenchymal stem cells cultured for 15
and 30 days in chondrogenic medium (stimulated constructs). In SEM, images of controls without cells (control) are shown.
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We observed highly electron-dense bodies (black vesicles)
containing glycogen scattered in the cytoplasm. Less electron-dense
vesicles, which varied in intensity, could be packets of secretory
material and lysosomes. Their number and size increased from 15
to 30 days of culture. Furthermore, lipid droplets occupied a great
proportion of the cytoplasm, seen as large bright vesicles (Figure 5).

In some cases, the rough endoplasmic reticulum was heavily
populated with ribosomes with swollen lumens, containing a large
amount of secretory material, indicating a high level of biosynthesis
(Figure 5). We found a large number of mitochondria at both 15 and
30 days in culture. The size and morphology of mitochondria were
variable (Figure 5).

Extracellular areas also showed a great confluence of electron-
dense vesicles in proximity to cell surfaces. It was sometimes possible
to differentiate vesicles that were being released to the ECM. Both
facts indicate activity between the cells and their ECM.

At 15 and 30 days in culture, we were able to clearly differentiate
Col II fibrils in close proximity to the cell surfaces surrounding
them (Figure 5). These fibrils differed from those constituting the
scaffolds (Col I). These collagenous fibrils were irregularly arranged
(normal for the ECM of cartilage), and defined a territorial zone of
cartilaginous matrix.
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Evaluation of total collagen released

As shown in Figure 6, cells cultured in chondrogenic medium
released Col into the supernatant at almost all time points analyzed,
the exception being from the 14" to 18" days of culture in the Col I
scaffold, and from the 18" to 21* days in the Col I +3%HS scaffold,
during which times we were unable to detect Col release. A tendency
for a slight decrease in the Col concentration of supernatants from
scaffolds composed of Col I with HS was noted over the culture
period. This tendency to decrease was more gradual and constant
in Col I +1%HS scaffolds. Col T +2%HS scaffolds presented the
highest initial concentration of Col, but from the 18" to the 21* day
of culture it showed a decrease, followed by a final increase at the
25%-28" day interval (Figure 6). Finally, supernatants from the Col
I +3%HS scaffolds had an initial Col concentration, which stayed
nearly constant until the 18"-21 days of culture, when no Col was
detectable in the supernatant; in the final period Col did increase.
Col concentration in the supernatants of the Col I scaffold varied
considerably and was generally lower than in the other scaffolds.

On the other hand, analyses performed on culture supernatants
of cells on scaffolds cultured in 20%DMEM showed no Col release.
In a few exceptional cases, we detected a release of Col, which
was not significant (in the 7%-11" day interval for Col I and in the
0-4" day interval, as well as in the 21%-25" day interval for Col I
+3%HS) (Figure 6). Concentrations of Col in the supernatants were
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Figure 6: (A) Graphic representation of total collagen released into the culture supernatant by chondrogenic-stimulated human bone marrow mesenchymal
stem cells over the time of culture. The x-axis represents days of cell culture on the scaffolds in chondrogenic medium; the y-axis represents total collagen
concentration measured in culture supernatants. B-C) Table showing pg of total collagen in the volume of culture supernatants (650 pl) from cells cultured
in 20%DMEM (B) and in chondrogenic medium (C).
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significantly higher (p<0.05) in scaffolds cultured in chondrogenic
medium than in scaffolds cultured in 20% DMEM.

Discussion

Several therapies for repair of joint lesions have been developed.
They are focused on the formation of a neo-tissue with biochemical,
structural, morphological and functional properties similar to those
of endogenous hyaline cartilage [24].

Tissue engineering provides a promising remedy for the treatment
of tissue defects, using biodegradable scaffolds, cells and cell factors
to construct 3D engineered tissues for in vivo implantation [25]. It
is currently accepted that 3D in vitro culture systems could better
mimic the in vivo situation than 2D cultures [26]. Biocompatible
scaffolds that provide a suitable 3D structure are able to support
cell viability and proliferation, maintain the cell-specific phenotype
and allow cellular differentiation. The appropriate choice of both
cells and biomaterials is the most important aspect of cell-based
cartilage engineering [14]. To be selected for tissue engineering [8],
the biomaterial supports should have biochemical and biophysical
characteristics, such as non-cytotoxicity, porosity, ability to integrate
with the surrounding cartilage, and biodegradability [4]. The
synthesis of the neo-tissue should take place gradually, as the scaffold
degrades, thereby maintaining the structural integrity of the newly
formed cartilage [2]. The ideal scaffold should degrade at a rate that
optimizes cellular growth and neo-tissue development. It should
also have the potential to anchor to the injury site and the porosity
to allow nutrient and differentiation factors to flow in and for waste
exchange [26]. Although all the biomaterials we employed exhibited
slow degradation, it seemed slower in the biomaterial composed
only of Col I, while the Col I +3% HS scaffold showed the most rapid
degradation.

A number of scaffolds have been fabricated for use in cartilage
tissue engineering, such as fibrous structures, porous sponges, woven
or non-woven meshes and hydrogels [27,28]. Natural biomaterials
employed include Col [29,30], agarose [31,32], fibrin [33,34] and
alginate [35,36], among others. Examples of synthetic scaffolds are
poly-lactic glycolic acid (PLGA) [37,38] and a polymeric nanofiber
[39,40]. These scaffolds are used alone or in combination to develop
cell supports [24]. Scaffolds should not induce adverse reactions in
the host [41].

Colis a protein found in a high concentration in a variety of tissues
[42] and has several properties useful for tissue engineering. One such
property is that Col can be degraded by in situ collagenases [43], its
degradation could result in functional and structural restoration of the
damaged tissue. Most current studies are focused on optimization of
scaffolds using Col, sometimes in combination with other molecules,
such as GAGs, to improve tissue function [42]. The attachment of
GAGs to biomaterials may offer an appropriate environment for
cellular signaling. GAG matrices modulate neo-synthesized tissue
rejection by the host. The potential of these supports arises from several
properties that make them compatible with the areas of implantation
[44]. In this study, we used Col I biomaterials and compared them
with Col I combined with HS. HS chains bind to a variety of ECM
and basement membrane components and also function as co-
receptors for many growth factors. These biocharacteristics indicate
a major role for GAGs in basic biological phenomena like adhesion,
migration, proliferation and differentiation of cells [44].

Cells have the capability to grow in vitro on a biomaterial with
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characteristics similar to those of tissues; this helps us to understand
the behavior of cells in complex environments [42]. Although Col
II is the major structural element of the cartilage ECM, Col I is
immunologically less reactive when implanted in a host [45]. The use
of mature cell types, such as chondrocytes, for cell therapy, provides a
moderate quality repairing tissue. Moreover, autologous chondrocyte
implantation is currently limited to healing focal damage [10]. In
many cases, scaffolds are implanted with autologous chondrocytes,
resulting in formation of a tissue that differs histologically from
the original cartilage [45]. Furthermore, the use of autologous
chondrocytes requires an invasive technique due to the need to
extract healthy cartilage [24]. These issues have led to the necessity
for improving our knowledge of alternative cells, such as MSCs.

In this study, we have seen that hBMSCs not only survive on Col I
and HS scaffolds, but also proliferate and differentiate. Cells cultured
with chondrogenic-stimulation medium were spread homogenously
throughout the scaffold and a remarkable increase of the ECM
occurred. We detected a high level of cell proliferation, the highest
being in Col I +3% HS scaffolds. Data obtained from the PCNA assay
also suggested high proliferation. Regarding cell differentiation, we
successfully cultured hBMSCs on scaffolds composed of Col I and
HS in chondrogenic medium, and after 30 days we observed oval/
rounded cells and ECM. When no stimulus was present in the culture,
the number of cells on the scaffolds decreased from 15 to 30 days, in
spite of evidence of some proliferation. These cells, however, had a
fibroblastic morphology, indicating that no differentiation took place.
Also, in these non-stimulated cultures, cells were located only on the
surface of the biomaterials and, after 30 days, little ECM was present.

The use of TGFp in the culture of MSCs favors chondrogenic
differentiation as well as ECM formation [46,47]. However, MSCs
under chondrogenic induction by TGFs have shown a hypertophic
phenotype [438].

In our study, the molecular characterization of the differentiated
hBMSC:s cultured in chondrogenic medium with TGF-3, expressed
characteristic genes of hyaline cartilage, such as SOX9, COL II and
AGG. Although there was no difference in gene expression of COL II
between controls and stimulated cells, we found higher expression of
SOX9 and AGG in most of the differentiated constructs, suggesting
that neo-formation of such tissue was really taking place in our
biomaterials. These results were supported by immunohistochemical
detection of Col I in the ECM, with Col II staining intensely in all the
study groups at 30 days of culture. PGs were also strongly stained by
SO in chondrogenic constructs and weakly in the non-differentiated
ones. Agg, representing most of the PG in cartilage, was detected in
all the constructs at 15 days, but in only a few stimulated constructs
after 30 days. These results in contrast with the beginning of AGG
expression at 30 days could indicate that hBMSCs were in an early
state of differentiation.

Col X was present in all stimulated and non-stimulated groups
we studied. Mwale et al. [49] found that type X Col was detectable in
undifferentiated MSCs and concluded that Col X is not a good marker
for chondrocyte hypertrophy during early MSC differentiation.
Because MMP13 was absent in all the groups of our study, we could
confirm that there was no hypertrophy.

After 30 days, we found weakly positive mineralization in both
stimulated and control constructs on histochemical analysis with VK,
except in Col I+1%HS control scaffolds. Different data were obtained
by inducing chondrogenic differentiation of MSCs in scaffolds
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composed of polycapralactone (PCL), where mineralization of the
new ECM was detected after 45 days in culture [50]. Hellingman et al.
[51] established that a higher level of mineralization in vitro does not
imply mineralization in vivo. Another study showed that calcification
can be due to some variations in the surface tension of oxygen or to
the pH of the media [50]. In our study, it is important to note that the
degree of calcification in the stimulated cells was lower than that of
controls.

Col release to the culture medium by cells took place throughout
the 30 days of culture on stimulated scaffolds, indicating a high
production of Col due to the synthesis of new cartilage-like tissue. We
detected no Colin the supernatant of scaffolds cultured in 20% DMEM,
suggesting that chondrogenic differentiation of stimulated hBMSCs
was successful. Col release was less in the scaffolds composed of Col
I than in the other scaffolds with HS, indicating the Col I with HS
scaffolds are more favorable for hBMSCs differentiation.

Finally, we confirmed chondrogenic differentiation in the
scaffolds by TEM and SEM, detecting high amounts of electron-
dense vesicles, the presence of which is characteristic of cells that are
synthesizing ECM in neo-cartilage [52]. Many of the chondrocyte-
like cells possessed a highly developed pericellular capsule with a
band of densely bundled Col fibers, consistent with TEM of articular
cartilage matrices in vivo [53]. The SEM analysis showed a gradual
degradation of the biomaterials.

The results obtained in this study suggest that Col I +3% HS is
the most suitable candidate for use as a scaffold for cartilage repair
This can be due to three reasons: 1) the higher porous size probably
provides a better environment for proliferation, 2) there is a positive
balance between formation of neo-tissue and the degradation of
scaffold and, 3) the higher HS concentration could be the responsible
of the better chondrogenic phenotype.

We conclude that the Col I and HS scaffolds used in this study are
suitable supports for hBMSC to differentiate toward chondrocyte-like
cells at both 15 and 30 days in chondrogenic medium; these scaffolds
enhance the maintenance of the typical chondrocyte phenotype.
Furthermore, cells on these scaffolds were able to synthesize a
cartilage-like ECM, giving rise to a cartilaginous-like tissue in vitro.
Further studies are needed to highlight the usefulness of Col I and
HS scaffolds for regenerating cartilage damage and their capacity for
integration with surrounding host tissue.
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