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Abstract In clinical orthopedics suitable materials that
induce and restore biological functions together with the
right mechanical properties are particularly needed for the
regeneration of osteochondral lesions. For this purpose, the
ideal scaffold should possess the right properties with re-
spect to degradation, cell binding, cellular uptake, non-
immunogenicity, mechanical strength, and flexibility. In
addition, it should be easy to handle and serve as a template
for chondrocyte and bone cells guiding both cartilage and
bone formation. The aim of the present study was to esti-
mate the chondrogenic and osteogenic capability of bone
marrow concentrated derived cells seeded onto a novel
nano-composite biomimetic material. These properties
have been evaluated by means of histological, immuno-
histochemical and electron microscopy analyses. The data
obtained demonstrated that freshly harvested cells obtained
from bone marrow were able, once seeded onto the bio-
material, to differentiate either down the chondrogenic and
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osteogenic pathways as evaluated by the expression and
production of specific matrix molecules. These findings
support the use, for the repair of osteochondral lesions, of
this new nano-composite biomimetic material together
with bone marrow derived cells in a “one step” trans-
plantation procedure.

1 Introduction

Mesenchymal stem cells (MSC) with their unique pecu-
liarity to differentiate toward different lineages are recently
become one of the major players in the field of regenerative
medicine [1]. In particular, they can differentiate into os-
teoblasts, adipocytes and chondrocytes [2] but their plas-
ticity has been expanded to include contribution to cell
lineages in brain [3], muscle [4], liver [5] and kidney tissue
[6]. In the orthopedic field, MSC have been used in several
preclinical and clinical studies with the aim to regenerate
cartilage and bone [7-12]. However, despite their impor-
tant characteristics, the use of MSC require an isolation and
expansion in dedicated structures and no less important,
their use implies risks of adverse immune reactions to some
components such as foetal bovine serum (FBS) added to
the culture and their possible malignant transformations
[13]. Recently, the use of bone marrow directly concen-
trated in operating room has been advocated [14]. The
rationale of its use lies in the concept of the “niche” that
represents functional and structural unit able to regulate
cell division and differentiation. Bone marrow contains
different cell populations which act not only as precursors
for some lineages but also as regulatory cells involved in
tissues homeostasis. It has been proposed that cellular in-
teractions could be mediated by paracrine signalling, cell
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fusion or differentiation to specific cell types [15]. For
these reasons, the transplantation of Bone Marrow Con-
centrate (BMC) seems to be an ideal strategy for the re-
generation of muscoloscheletal lesions and in particular for
those affecting cartilage and bone. Hernigou et al.
demonstrated good results by using percutaneous au-
tologous bone-marrow graft for the treatment of non unions
fractures [16]; Gangji et al. [17] reported data on the
treatment of osteonecrosis of femoral head with implanta-
tion of autologous bone marrow cells. BMC was also used
in patients affected by talar osteochondral lesions and the
results obtained at 4 years follow-up were good at both
clinical and histological levels [18]. The regeneration of
musculoskeletal tissues often requires the use of suitable
biomaterials that support the delivery of the cells into the
lesion sites, contributing in the meantime to their growth,
proliferation and differentiation. Treatment of osteochon-
dral lesions would require a scaffold that could reproduce
both cartilage and bone structures able to support the
growth and differentiation of transplanted cells but at the
same time to possess the needed biomechanical charac-
teristics. Recent data from our laboratory showed that MSC
grown onto a novel nano-composite biomimetic material
are able to differentiate either down the chondrogenic and
osteogenic pathways in the suitable milieu [19].

The aim of the present study was to evaluate the behavior
of BMC seeded onto the same scaffold in order to overcome
all the aforementioned problems related to the use of ex-
panded cells. BMC could represent a valid alternative as
freshly harvested biological compound, suitable for the re-
pair of osteochondral lesions in a “one step procedure”.

2 Materials and methods
2.1 Bone marrow harvesting and concentration

Bone marrow was obtained from the iliac crest of five
patients (mean age 28.0 & 12.0; three females and two
males) surgically treated for osteochondral defects. The
study was approved by the Ethical Committee of the In-
stitution and conducted following ethical principles of re-
search. Informed consent was obtained by all the patients
enrolled into the study.

As previously reported [18], bone marrow was harvested
from the posterior iliac crest in a sterile regimen, with the
patient in prone decubitus and in general or spinal anes-
thesia. The bone marrow was aspirated in small fractions
from different points to maximize the harvesting of the
stromal cells and reduce dilution by peripheral blood. The
harvested bone marrow (60 ml) was reduced in volume
directly in the operating room, by removing most of the red
cells and plasma. Thus, it was possible to obtain 6 ml of
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bone marrow concentrate and in particular nucleated cells
that are stem cells, monocytes, lymphocytes, and other
bone marrow resident cells.

In this study, bone marrow was concentrated by Res-Q
concentrator device (ThermoGenesis, Rancho Cordoba,
CA, USA) and by IOR-G1 Kit (Novagenit, Mezzocorona,
Italy) following the Manufacturer instructions.

2.2 Flow cytometric analysis

For identification of the BMC phenotype, a three-colour
immunofluorescence was performed. Approximately
2.5 x 10° cells were incubated respectively, with anti-hu-
man CD45 conjugated with tetramethyl rhodamine isoth-
iocyanate (TRITC), anti-human CD34 conjugated with
phycoerythrin (PE) and anti human CD54, CD63, CD90,
CD105, CD106, CD146, CD271 conjugated with fluores-
cein isothiocyanate (FITC) as previously reported [14].
Negative and isotype-matched controls were carried out.
The percentages of specific markers were evaluated on
CD34 and CD45 negative cells.

2.3 Colony-forming units-fibroblast (CFU-F) assay

The clonogenic ability of BMC was determined by a low-
density CFU-F assay as previously reported [20]. 5 x 10°
mononuclear cells were seeded in Petri dishes in «-MEM
(Gibco, Invitrogen, Carlsbad, CA, USA) supplemented
with 20 % Fetal Bovine Serum (FBS) (Sigma Chemical
Co, St. Louis, MO, USA). The medium was changed twice
a week. On days 7 and 14 cells were washed with Phos-
phate-Buffer Saline (PBS), fixed with methanol and stained
with Crystal Violet (Sigma). An aggregate of cells con-
taining more than 50 cells was classified as a colony
originating from one clonal cell.

2.4 Biomimetic scaffold

A nano-structured bio-mimetic three-layer gradient scaf-
fold composed of type I collagen and magnesium enriched
hydroxyapatite was evaluated (Fin-Ceramica Faenza,
S.p.A.). This scaffold has a porous, composite three layered
structure, able to reproduce the cartilaginous layer, the
tidemark and the sub-chondral bone. The cartilaginous
layer, consisting of equine type I collagen and has a smooth
surface. The intermediate layer (tide mark-like structure)
consists of a combination of type I collagen (60 wt%) and
non-stoichiometric Mg-enriched hydroxyapatite (Mg-HA,
40 wt%), whereas the lower one is made of a mineralized
blend of type I collagen (30 wt%) and Mg-HA (70 wt%)
reproducing the sub-chondral bone tissue. In this study, we
analyzed the whole scaffold and the cartilaginous and sub-
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chondral bone layers separately for their ability to support
the growth and differentiation of BMC. The chemical-
physical characteristics, the mechanical performances and
the bioactivity of the scaffold were previously reported
[21-23].

2.5 BMUC seeding and differentiation
onto the different biomaterials

In the light of data obtained in our previous work that
demonstrated the lack of chondrogenesis in the bone layer
and the same for osteogenesis in the cartilagineous layer
[19], we decided to induce chondrogenic differentiation
only in the cartilaginous single layer and in the composite
while osteogenic only in the bone single layer and in the
composite. To this end, 0.3 and 0.15 ml of BMC (con-
taining approximately 28 £+ 4 x 10° and 13 + 2 x 10°
mononuclear cells respectively) were seeded onto com-
posite osteochondral scaffold (~150 mm®) and onto the
single-layers (~75 mm® each).

BMC was allowed to adhere to biomaterials for 1 h at
room temperature (RT) and then Dulbecco’s modified
Eagle medium (DMEM) (Sigma) with 10 % FBS was
added. Chondrogenic and osteogenic differentiation was
performed as previously reported [14]. Medium without the
specific growth factors was used for chondrogenic and
osteogenic controls respectively. Culture medium was
changed twice a week. Each construct was evaluated on
days 0 and 52 for cell viability, expression of specific ex-
tracellular proteins by histological/immunohistochemical
analyses and ultrastructural observation to highlight the
interaction between cells and the biomaterials. These ex-
perimental times were chosen on the basis of our previous
experiences with the use of BMC grown onto a different
scaffold [20].

2.6 Viability of BMC seeded onto the biomaterials

Analysis of cell viability was performed on days 0 and 52
using  3-4,5-dimethylthiazol-2yl-2,5-diphenyltetrazolium
bromide (MTT) (Sigma) as previously reported [20].
Briefly, all constructs were washed with physiological so-
lution and subsequently transferred into new plates con-
taining 2 ml of MTT solution (1 mg/ml PBS) and
incubated for 3 h at 37 °C. The color developed is due to
the mithocondrial activity of the cells and thus proportional
to their viability.

2.7 Light and transmission electron microscopy
analyses

At each experimental time, constructs were fixed in 2.5 %
glutaraldehyde in 0.1 M cacodylate buffer pH 7.4 for 3 h.

After washings in cacodylate buffer the samples were post-
fixed with 1 % osmium tetroxide, dehydrated and embed-
ded in Epon. Sections were performed perpendicularly to
the surface of seeding. Semithin sections were stained with
Toluidine blue and used for light microscopy. The sections
were observed with a Nikon Eclipse E 600 apparatus
(Nikon, Tokio, Japan), and images captured using a Nikon
Digital camera Dmx 1200 and ACT-1 software. Thin sec-
tions were stained with uranyl acetate and lead citrate;
some sections were also stained with tannic acid and ob-
served with Zeiss EM 109 electron microscope (Carl Zeiss,
Oberkochen, Germany). Image were captured using a
Nikon digital camera Dmx 1200F and ACT-1 software.

2.8 Immunohistochemical analysis

On days 0 and 52, single layers and composite osteochondral
scaffolds were treated as previously reported (19). Im-
munohistochemical analyses were utilized to evaluate Col-
lagen type I, proteoglycans, Sox-9, Collagen Type X and
MMP-13 expression in the chondrogenic differentiated
samples; Collagen Type I, alkaline phosphatase (ALP),
Bone Sialon Protein (BSP), osteocalcin (OC) and osteo-
pontin (OPN) in the osteogenic ones. Sections were incu-
bated for 60 min at room temperature with monoclonal anti-
human Collagen II diluted 1:100 (Chemicon International,
Inc. Temecula, CA, USA), anti-human proteoglycans diluted
1:100 (Chemicon), anti-human Sox-9 diluted 1:150
(Chemicon), anti-human Collagen Type X diluted 1:1000
(Sigma), anti-human MMP-13 diluted 1:100 (R&D Systems,
Minneapolis, MN, USA), anti-human Collagen Type I di-
luted 1:200 (Chemicon), anti- human alkaline phosphatase
diluted 1:40 (Hybridoma Bank, Department of Biological
Sciences, University of Iowa), anti-human BSP diluted 1:40
(Hybridoma Bank), anti-human OC diluted 1:50 (R&D) and
anti-human OPN diluted 1:50 (Hybridoma Bank). Samples
were rinsed and then incubated for 20 min at room tem-
perature with multilinker biotinylated secondary antibodies
and alkaline phosphatase-conjugated streptavidin (Biocare
Medical, CA, USA). The reactions were developed using
Fast Red substrate (Biocare). Negative controls were per-
formed by omitting the primary antibodies. The sections
were evaluated with bright field microscope (Nikon).

3 Results

3.1 Flow cytometric analysis

Flow cytometric analysis to evaluate the phenotype of
BMC confirmed that these cells express, even if at low

levels, CD54, CD63, CD90, CD105, CD106, CD146 and
CD271 (Fig. 1).
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Fig. 1 Flow cytometry evaluation of BMC using the following antibodies: anti-CD54, -CD63, -CD90, -CD105, -CD106,-CD146, -CD271.

Percentages of the different markers evaluated are also reported

3.2 Colony-forming units-fibroblast (CFU-F) assay

BMC was able to generate new cell colonies starting from
single cells. At day 7 only small colonies were observed
while an increase of the number of colonies was noticed at
day 14 (Fig. 2).

3.3 Viability and proliferation of BMC seeded
onto the biomaterials

BMC cultured onto the different single layers of the bio-

materials and onto the composite were viable up to
52 days. Cells remained viable also when they were
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differentiated either down the chondrogenic and osteogenic
pathways. This was confirmed by MTT testing, which is
directly related to cell activity, and which showed in-
creased values over time, demonstrating a cell proliferation
inside the different scaffolds (Fig. 3).

3.4 Light and transmission electron microscopy
analyses

To evaluate the cell distribution in the control and in the
differentiated samples, the semithin sections of the single-
layer scaffolds and of the composite were stained with
Toluidine-blue and analyzed at 52 days (Fig. 4). As
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Fig. 2 a In the CFU-F assay (in (A)
the image a representative case;
Crystal violet staining), an
increased number of colonies
are observed from Day 7 to Day
14 after the initial seeding of
BMC. b Number of colonies at
day 7 and day 14 expressed as
n° CFU-F/5 x 10° cells (Color
figure online)
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concern chondrogenic differentiation, few cells are present
inside the cartilaginous single-layer in the control sample,
while a high amount of cells was present in the chondro-
genic differentiated samples. This last sample showed or-
ganized areas of cartilage-like tissue mainly composed of
groups of cells penetrating within the scaffold. These cells
presented a ovoid/round morphology and appeared em-
bedded in lacunae surrounded by extra cellular matrix
(ECM) as shown at higher magnification in the inset
(Fig. 4a). In the composite, chondrogenic differentiation
occurs on the cartilaginous layer only after BMC induction
where zones with cells that showed typical chondrogenic
features were evident particularly at higher magnification
in the inset (Fig. 4c).

For the bone single-layer scaffold, the cells remained
located at the biomaterial surface in the control while after
the osteogenic induction the colonizing cells showed a
slight increased of ECM deposition as shown at higher
magnification in the inset (Fig. 4b). Osteogenic differen-
tiation of BMC seeded on composite showed that the cells
formed a capsula around the cartilaginous layer similar to

that observed in the control sample, while in all the other
layers of the composite they penetrated more easily. A
slight increased in ECM deposition was present at the
surface level in intermediate and bone layers of differen-
tiated samples as showed at higher magnification in the
insets (Fig. 4d).

At the ultrastructural level (Fig. 5), the chondrogenic-
differentiated BMC grown on the cartilaginous single-layer
scaffold presented a typical round shape morphology of
chondrocytes with respect to the control that presented a
fibroblast like shape. The chondrocyte-like cells presented
regular RER profiles, lipid droplets, Golgi apparatus, ag-
gregate of glycogen particles and lysosomal bodies;
abundant amounts of ECM could be observed (Fig. 5a).
Chondrogenic-differentiated BMC grown on composite,
showed a typical round shape morphology of chondrocyte-
like cells surrounded by abundant ECM only in the carti-
laginous layer. The cells showed regular RER profiles,
lipid droplets, Golgi apparatus, aggregate of glycogen
particles and lysosomal bodies. In control sample the cells
appeared mainly elongated. ECM was present between
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Fig. 3 MTT test performed on controls (CTR) and chondrogenic and osteogenic differentiated BMC (DIFF) seeded onto cartilaginous and bone
layers (a, ¢) and onto the composite (b, d) at day 0 and 52. Data are expressed as mean optical density (OD) £ Standard Error (SE)

cells of intermediate and bone layers in small quantities in
both control and differentiated samples (Fig. 5c). Electron
microscopy analysis of BMC grown on the bone single-
layer, indicated that the osteogenic-differentiated samples
presented a slight increase of ECM with respect to control
samples mainly in the superficial areas of the biomaterial.
Mineralizing nodules were not detectable while residues of
hydroxyapatite were evident also in control samples.

Both samples presented elongated cells with regular
RER profiles, Golgi apparatus, mitochondria and lysosomal
bodies (Fig. 5b). Elongated cells were observable in all
three layers of composite in both control and osteogenic
differentiated samples with an increase of ECM in the
superficial area of the scaffold while calcium phosphate
crystals, as sign of mineralized matrix, were not evident.
Some degenerated areas of biomaterial were observed in all
the samples examined (Fig. 5d).

3.5 Immunohistochemical evaluations

BMC differentiated down the condrogenic pathway in both
cartilaginous single-layer and composite as shown by im-
munohistochemical analyses (Fig. 6). Collagen type II,
proteoglycans, Sox-9, Collagen Type X, MMP-13 were
negative on both cartilaginous layer and composite on day
0. On day 52, all the markers evaluated were negative in
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control samples with the exception of Collagen Type X that
showed a slight positivity both in control and in the dif-
ferentiated samples. A highly positivity was observed in
differentiated samples for Collagen type II, proteoglycans,
Sox-9 while MMP-13 was negative.

BMC differentiated down the osteogenic pathway in
both bone layer and composite as shown by immunohis-
tochemical analyses (Fig. 7). Collagen Type I, ALP, BSP,
OC and OPN that were negative on both bone layer and
composite on day 0 were highly positive in the differenti-
ated samples on day 52. A slight positivity for Collagen
type I was observed also in the control sample on day 52
and for osteocalcin in the composite. Osteogenesis did not
occur in the other control samples.

4 Discussion

In tissue engineering field, the use of MSC isolated from
bone marrow, adipose tissue, or other sources such as
synovium and peripheral blood has shown promising re-
sults [24]. Bone marrow represents the ideal candidate for
regenerative medicine due to its intrinsic characteristics; it
contains not only hematopoietic and MSC but also ele-
ments that support angiogenesis and vasculogenesis pro-
cesses [25]. The opportunity to use concentrated bone
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Fig. 4 Light microscopy analyses of representative controls and
differentiated BMC on single layer and composite scaffold on 52 day
of culture. Sections were cut perpendicularly to the surface of
seeding. Toluidine blue staining was performed in control and in

marrow enables a cell population surrounded by its
“niche” to be implanted while avoiding all the complica-
tions related to the in vitro culture needed for cell expan-
sion. The elements of the niche are able to regulate stem
cell behavior through direct physical contact and the se-
cretion of paracrine factors [26].

Despite the choice of the suitable population to be used
in regenerative medicine, an important component of this
therapy is represented by the scaffolds. For treatment of

Osteogenic
Differentiated

(B) Control

Bonelayer

chondrogenic differentiated cells in the cartilaginous layer (a) and in
the composite (¢); in control and osteogenic differentiated cells in the
bone layer (b) and in the composite (d). Scale bars 50 pm (a),
100 pm (b, ¢, d), 10 pm (insets) (Color figure online)

damages to musculoskeletal tissues, and in particular for
the regeneration of osteochondral lesions, the ideal scaffold
should present the optimal behavior for cell growth and
differentiation and possess adequate mechanical properties.
In a previous work, we evaluated the specific potentiality
of a nano-structured bio-mimetic three-layer gradient
scaffold composed of type I collagen and magnesium en-
riched hydroxyapatite in inducing chondrogenic or os-
teogenic of MSC [19]. We demonstrated that these
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processes mainly depend by the local milieu which is
fundamental for guiding cell differentiation. Taking into
account these findings, the use of BMC allows to implant a
heterogeneous population of fresh cells that may benefit the
modulation and vascularization of the targeted tissue [27].
BMC, as reported above, are composed by different ele-
ments that constitute the stem cell niche, which is a mi-
croenvironment for stem cell self-renewal, proliferation,
differentiation, mobilization and homing [26, 28]. In the

Chondrogenic

Differentiated

(A) Control

Cartilaginous layer

Cartilaginous layer

Composite
1
Intermediate layer

Bonelayer

Fig. 5 Transmission electron microscopy analyses of representative
controls and differentiated BMC on single layer and composite
scaffold on 52 day of culture. Ultrastructure of control and chondro-
genic differentiated cells in the cartilaginous layer (a), and in the
composite (c¢); in control and osteogenic differentiated cells in the
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Fig. 6 Immunohistochemical evaluation on both control and differ-p»
entiated samples of several markers in the cartilaginous layer of the
biomaterial and in the composite on day O (representative case) and
day 52. Scale bars 200 pm

present work, we showed that BMC seeded onto the dif-
ferent single layers and onto the composite of the same
nano-structured bio-mimetic three-layer gradient scaffold,
are able to colonize the biomaterial starting from the

Osteogenic

B) Control Differentiated

Bonelayer

bone layer (b) and in the composite (d). CS cartilaginous scaffold, BS
bone scaffold, N nucleus, RER rough endoplasmic reticulum profiles,
G glycogen particles, ECM extracellular matrix, L lipid droplet. Scale
bars 0.5 pm
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Osteogenic
Bonelayer Composite
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5 ‘ — z z i 3 d o P
Control Differentiated Differentiated

Fig. 7 Immunohistochemical evaluation on both control and differentiated samples of several markers in the bone layer of the biomaterial and in
the composite on day O (representative case) and day 52. Scale bars 200 pm

superficial zone throughout all its thickness. Both chon-  immunohistochemical analyses on the main phenotypical
drogenesis and osteogenesis induced by the use of  markers expressed by the cells are coherently favored by
specific growth factors and evaluated by means of  the intrinsic composition of the scaffold that mimic the
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respective native tissues i.e. cartilage and bone; in other
words, the first was best induced in the cartilaginous layer,
the last in the bone one.

In conclusion, even if this work present some limitations
such as the lack of molecular biology data, we clearly
showed the colonization and differentiation of BMC onto
this nano-structured bio-mimetic scaffold that could rep-
resent one of the suitable biomaterial for the regeneration
of osteochondral defects. Moreover, the use of BMC
compared to that of isolated MSC, should represent an
improvement of this therapeutic strategy for its important
biological characteristics.

Its use is particularly indicated for the opportunity to
inject it directly in operating room in a “one step” proce-
dure”. This easy strategy, as we stated in some previous
pre-clinical and clinical works [14, 18], presents the ad-
vantages to overcome the major drawbacks of other cel-
lular therapies that require the isolation and expansion of
the cells in vitro and the need of two subsequent different
interventions.
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