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Abstract—Cartilage and bone tissue engineering has been
widely investigated but is still hampered by cell differentia-
tion and transplant integration issues within the constructs.
Scaffolds represent the pivotal structure of the engineered
tissue and establish an environment for neo-extracellular
matrix synthesis. They can be associated to signals to
modulate cell activity. In this study, considering the well
reported role of hydroxyapatite (HA) in cartilage repair, we
focused on the putative chondrogenic differentiation of
human mesenchymal stem cells (hMSCs) following culture
on membranes of electrospun fibers of poly-L-lactic acid
(PLLA) loaded with nanoparticles of HA. hMSCs were
seeded on PLLA/HA and bare PLLA membranes and
cultured in basal medium, using chondrogenic differentiation
medium as a positive control. After 14 days of culture,
SOX-9 positive cells could be detected in the PLLA/HA
group. Cartilage specific proteoglycan immunostain con-
firmed the presence of neo-extracellular-matrix production.
Co-expression of CD29, a typical surface marker of MSCs
and SOX-9, suggested different degrees in the differentiation
process. We developed a hydroxyapatite functionalized
scaffold with the aim to recapitulate the native histoarchi-
tecture and the molecular signaling of osteochondral tissue to
facilitate cell differentiation toward chondrocyte. PLLA/HA
nanocomposites induced differentiation of hMSCs in a
chondrocyte-like phenotype with generation of a proteogly-
can based matrix. This nanocomposite could be an amenable
alternative scaffold for cartilage tissue engineering using
hMSCs.

Keywords—Tissue engineering, Cartilage, Scaffold, Nano-

composite, Multipotent cells.

INTRODUCTION

Tissue engineering of bone and cartilage is emerging
as a promising therapeutic tool that aims not only to
repair impaired tissues but also to fully regenerate
them by combining cells, biomaterials mimicking
extracellular matrix (scaffolds) and regulatory sig-
nals.28 Scaffolds represent the pivotal structure of the
engineered tissue and establish an environment for the
synthesis of neo-extracellular matrix (ECM). The
scaffold component is expected to support cell colo-
nization, migration, growth and differentiation, so that
it guides the development of the required tissue. In
parallel with tissue formation, the scaffold may
undergo degradation through the release of by-prod-
ucts that are both biocompatible and active or can be
excreted or subjected to metabolism.9 Addition of
biological active signals as ECM components or
growth factors to this main backbone have the potency
to induce, support or enhance the growth and differ-
entiation of various cell types towards the chondro-
genic lineage and to orchestrate tissue repair
effectively.64 Both natural and synthetic polymers can
be used to create scaffolds that support cells and
incorporate cues which guide tissue repair. During
native wound healing processes, cells and molecules
interact with extracellular matrix (ECM) components
such as fibrous proteins and glycosaminoglycans.
Several studies demonstrated that the ECM milieu
surrounding the cell has physical and structural fea-
tures in the nanometer scale, and that this arrangement
may affect several aspects of cell behavior such as
morphology, adhesion, and cytoskeletal arrange-
ments.65,78,81 Thus a great effort has been done to
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fabricate synthetic materials into nanometer scale
structures in attempts to simulate the matrix environ-
ment in which seeded cells can be accommodated to
proliferate and differentiate towards desired lin-
eages.26,48,56 Electrospinning is one of the approaches
that allow the fabrication of synthetic materials into
fibrous structures in the micro and nanometer
scale.45,55 Electrospun fibers have been shown to mimic
the ECM environment to various degrees when cul-
tured with several cell types.7,33,37,49,53,61,80 Poly(L-lac-
tic acid) (PLLA) has been widely investigated in tissue
engineering because of its good biocompatibility63,66,73

and is amenable to be modified with inorganic mate-
rials in order to improve its biological properties for
tissue engineering purposes.34,35,54,58 In this extent, a
variety of calcium phosphates have been used for bone
engineering applications. Being similar to the mineral
component of natural bone, hydroxyapatite (HA), and
other calcium phosphates, e.g., tricalcium phosphate
(b-TCP), are considered osteoconductive and bioactive
materials allowing new bone formation and have
gained wide use as bone substitutes in the clinical
arena.6,25,38 Addition of HA in scaffold manufacturing
has been largely investigated using different types of
materials including natural polymers39,40,82 and syn-
thetic polymers32,52,71 or combination of them.41–43 Ma
et al. showed improved proliferation rate and higher
expression of bone-specific markers in osteoblasts
seeded in PLLA–HA scaffolds.47 These scaffolds of
high porosity (>90%) and well-controlled pore
architectures were prepared using thermally induced
phase-separation (TIPS) techniques and aimed at bet-
ter mimicking the mineral components and micro-
structure of natural bone. Wei and Ma pointed out the
increased mechanical properties and improved protein
adsorption capacity of nano-hydroxyapatite (NHA)–
PLLA composite scaffolds.79 Poly-L-lactic acid
(PLLA)/hydroxyapatite (HA) hybrid membranes have
been fabricated via electrospinning of the PLLA/HA
system obtained dispersing nano-powders of HA in a
PLLA solution. This nanocomposite demonstrated to
promote and facilitate osteoblast cell adhesion capa-
bility and growth and therefore to be a potential can-
didate for bone tissue engineering.22,67 Mineral
chondral components, as hydroxyapatite and trical-
cium phosphate have been shown to facilitate and
promote cartilage regeneration.15,29,70 However, in
these studies the effect of biphasic bone/cartilage
constructs has been explored mainly obtaining differ-
entiation toward bone rather than cartilage. Other
tissue engineering approaches with collagen scaf-
folds,12 absorbable polymers,18,74 hydroxyapatite,16,68

and even interconnected porous composites of hydro-
xyapatite/biopolymers fabricated with gel foaming

technique,69 have been used for articular cartilage
repair. In this extent mature articular cartilage tis-
sues that, owing to their low mitotic activity, cannot
heal spontaneously, would better benefit from a stem
cell therapy for regeneration purposes and mesen-
chymal stem cells (MSCs) have elicited substantial
attention because they can be readily isolated and
expanded ex vivo. However, literature does not provide
sufficient evidences supporting their actual advantage
over the already accepted treatment with mature
chondrocytes. De Bari et al. showed inability of
injected in vitro differentiated MSCs only to form
ectopic stable cartilage in vivo.21 Indeed, current
clinical practice is centered on implantation of
autologous mature chondrocyte (ACI) or matrix-
associated autologous chondrocyte transplantation/
implantation (MACT/MACI), a new operation pro-
cedure using a cell seeded collagen matrix, for the
treatment of localized full-thickness cartilage defects
with effective clinical improvement over a five year
period follow up.8 The association of living cells with
biomaterials, providing a leading framework for tis-
sue repair, is a potential attractive and effective
alternative in the tissue engineering field. MSCs have
fueled an increasing amount of research and interest
as their amenable culturing and immunologic charac-
teristics and they have been used for in vivo tissue
engineering.19,30

Engineered tissue phenotypes from MSCs include
osteochondral grafts with both cartilage and
bone,1,3,14,31,50,51 adipose tissue,4 tendon and liga-
ments,57 and skeletal muscle.2,62 However, even if some
success has been achieved in the repair of small
osteochondral defects, no widely accepted method
exists for the complete healing of hyaline cartilage. The
cause of the failure lies not in the nature of the bio-
material itself but in its structure, which is not regu-
lated three dimensionally.13,69,77

In the present work we developed a hydroxyapatite
functionalized polymeric scaffold by mean of electros-
pinning with the aim to mimic the native histoarchi-
tecture and the molecular signaling of osteochondral
tissue to facilitate the differentiation of MSCs toward
chondrocyte. We focused on the putative chondrogenic
differentiation of hMSCs after a period of culture upon
a membrane of electrospun fibers of poly-L-lactic acid
(PLLA) loaded with nanoparticles of HA. This nano-
composite could be an amenable alternative for carti-
lage tissue engineering using undifferentiated bone
marrow MSCs. This functionalized scaffold would
provide both a surrogate of the native ECM and the
correct sequence of signals to allow a harmonic ongo-
ing lineage-specific differentiation of multipotent pre-
cursor cells.
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METHODS

Scaffold Preparation and Characterization

The PLLA/HA nanocomposite was prepared by
electrospinning technique, starting from a dispersion
of HA nanopowder in a PLLA solution. One gram of
PLLA (MW 150 kDa, Aldrich) was dissolved in 5 mL
of dichloromethane (Aldrich), and 0.1 g nanosized HA
powder (particle size <200 nm Aldrich) was dispersed
in the polymer solution under stirring.

The obtained suspension was transferred into a
glass syringe, actuated by an infusion pump (KD Sci-
entific) and fed through the needle, which was kept at a
high DC voltage (15 kV, Gamma High Voltage gen-
erator) with respect to an earthed target facing the
needle at a distance of 15 cm. This strong electric field
at the tip of the needle caused a charged polymer jet to
be extracted from the needle and driven to the collector
as a continuous fiber, leading to the formation of a
non-woven cloth on the collector surface.

In parallel, bare PLLA patches were obtained
with the same experimental conditions to be used as
reference.

Microstructure of the obtained membranes was
evaluated by Field Emission Scanning Electron
Microscopy (FE-SEM, Leo Supra 1535). Autofluores-
cence analysis on the polymer itself has been performed
in order to assess potential biases or artefacts in further
processing for immunostaining. Polymers were excited
at different time points within a range spanning
between 10 ms and 10 s and autofluorescence was
detected under fluorescence microscope (Olympus).

Prior to cell culture tests, both PLLA and PLLA/
HA patches were sterilized by soaking in absolute
ethanol (Aldrich).46 All experiments have been per-
formed in triplicate.

hMSCs Seeding and Culture

Human Mesenchymal Stem Cells (Lonza Biologics
Inc.), at passage 2, were used in PLLA/HA sterilized
scaffolds and engrafted with a static seeding technique.
Similar experiments were performed on bare PLLA
patches as a control for differentiation induction.
Samples were punched out to disks 8 mm in diameter
and placed into a 96-well plate. A standard static
seeding was performed at the density of 500 9 103 cell/
cm2 as previously described.36 Briefly, droplets of
hMSC suspension were seeded and incubated for 6 h.
Then 200 lL of the growth medium was added to each
well and the constructs were cultured for 14 days either
in basal medium (Dulbecco’s minimum essential
medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 100 UI/mL penicillin, 100 lg/mL

streptomycin) or chondrogenic differentiation medium
(Lonza Biologics Inc.). Media were changed every
2 days. Constructs were harvested at 3 days after
seeding to assess cell attachment and at 14 days for
MSC differentiation analysis. In consideration of the
presence of HA, an additional set of experiments was
performed for 21 days to evaluate possible osteogenic
differentiation.

Cell Engraftment and Biological Assessments

Cell viability, toxicity, attachment, proliferation,
and differentiation within the scaffolds have been
evaluated by means immunohistology and confocal
microscopy. For cell viability assessment a test, Live/
Dead assay (Invitrogen), based on cellular membrane
intactness was used. Percentage of death and unavail-
able cells have been calculated counting 200 cells in five
randomly chosen microscopic fields at 109 magnifi-
cation by two independent observers. Upon culturing,
patches were fixed with paraformaldehyde (PFA)
embedded in O.C.T. cryomatrix, snap frozen, and cut
in 15 lm slices. Slides were further processed for
Hematoxilin–Eosin staining in order to achieve a
morphological analysis. For cell attachment and
engraftment assessment was also used confocal
microscopy staining cells on the scaffolds for F-Actin
with Rhodamine Phalloidin (Molecular Probes) and
nuclei using TOTO as nuclear counterstain.

Cell Proliferation and Differentiation Assessments

Fourteen days after seeding the membranes were
embedded in O.C.T. cryomatrix, snap frozen, and cut.
For cell proliferation slides were immunostained for
Ki67 antibody (Neomarkers) and for differentiation
with antibodies against CD29 and SOX-9 (Santa Cruz
Biotechnology) as previously described.24 Briefly, tis-
sue sections were fixed and permeabilized with 0.1%
Triton-X 100 in PBS for 10 min. Non-specific binding
of antibodies was blocked by incubating the samples
for 45 min with 2% bovine serum albumin. Samples
were then incubated 1 h at 37 �C with mouse mono-
clonal anti-CD29 (at the dilution of 1/100) and rabbit
anti-SOX-9 (1/100), primary antibodies. For triple
labeling experiments, samples were incubated with
Alexa Fluor 488 conjugated secondary anti-mouse IgG
and Alexa Fluor 546 conjugated secondary anti-rabbit
IgG (Invitrogen) for 30 min at 37 �C. In negative
control experiments the incubation with primary
antibodies was omitted. Nuclei were counter-stained
with TOTO (Invitrogen). The samples were then
mounted in Prolong antifade medium (Invitrogen)
and viewed under confocal microscopy using an
Olympus Fluorview F1000 confocal microscope by
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two independent blinded observers. Percentage of
proliferating cells, CD29 and Sox-9 positive cells and
have been calculated counting 200 cells in five ran-
domly chosen microscopic fields at 209 magnification.

Matrix Characterization

To assess matrix formation and cell penetration,
Masson’s trichrome staining for collagen, Toluidine
blue for proteoglycans and GAGs, and Saflanine O
staining for cartilage were performed and samples were
imaged under a light microscope (Olympus).

To better characterize neo-ECM, an immunostain-
ing for Aggrecan, one of the major structural compo-
nent of cartilage, particularly articular cartilage, was
performed. Following fixation and permeabilization
with 0.1% Triton-X 100 sections were incubated for
45 min with 2% bovine serum to block non-specific
binding of antibodies. Samples were then incubated
1 h at 37 �C with monoclonal mouse anti-Aggrecan
primary antibody at the dilution of 1/100 (Abcam)
followed by an Alexa Fluor 488 conjugated secondary
anti-mouse IgG. Additionally, double staining using
both mouse anti-Aggrecan and rabbit anti-SOX-9
(1/100) primary antibodies was performed to further
demonstrate chondrogenesis. For nuclear visualiza-
tion, samples were counter-stained with TOTO and
further mounted in antifade medium. Slides were
imaged under an Olympus Fluorview F1000 confocal
microscope by two independent blinded observers.

Intra- and extracellular calcium phosphate (PO4
3�)

was detected using a standard von Kossa staining
procedure that is typically utilized for the detection of
calcium-phosphate mineralization and thus osteogenic
differentiation on different biomaterials. Briefly, sam-
ples were rinsed with a cacodylic buffer (1 M cacodylic
acid and 1 M NaOH in DI water) and then fixed in 2%
paraformaldehyde in cacodylic buffer for 10 min at
room temperature. Samples were then rinsed twice
with DI water followed by exposure to a silver nitrate
solution. In von Kossa procedure silver cations are
involved in a substitution reaction, forming carbonate
or phosphate salts, and then reduced to dark-colored
silver metal staining.

Statistical Analysis

Data were processed using SPSS (Statistical Pack-
age for Social Sciences) release 13.0 for Windows
(SPSS, Chicago). Data are presented as mean ± SD.
One-way ANOVA was performed to compare groups
with different treatments, followed by multiple pair-
wise comparison procedure (Tukey test). Assumptions
of normality were checked and met. Holm–Sidak
method was used to increase the power of the analysis.

Pearson’s product-moment r coefficient was calculated
to evaluate correlations. Significance was at the .05
level.

RESULTS

Electrospinning Conditions and Scaffold Structural
Evaluation

FE-SEM observation on PLLA/HA patches
revealed a dispersion of HA nanopowder (particle
diameter <200 nm) into the PLLA fibers (Fig. 1).

Fibers were porous, with elongated pores charac-
terized by an average pore size of about 100 nm
(Fig. 1). Autofluorescence analysis on the polymer
itself has been performed in order to assess potential
biases or artefacts in further processing for immuno-
staining. Samples were excited at different time points
within a range spanning between 10 ms and 10 s.
Scaffolds showed autofluorescence only after 8 ± 0,
4 s.

Cell Viability, Proliferation, Morphology
and Differentiation

Live/Dead assay demonstrated a ‡90% cell viability
in both PLLA and PLLA/HA scaffolds with the latter
showing improved survival and an effective cell
engrafting after 48 h culture. In the PLLA/HA sam-
ples, a significantly greater percentage of viable cells
was detected, in comparison with the bare PLLA, both
cultured in basal medium (97 ± 2% vs. 94 ± 1%
p< 0.05) (Fig. 2a). Analogously, a significantly higher
percentage of viable cells could be detected in the
PLLA/HA group with respect to the PLLA one when
cultured in chondrogenic medium. (Fig. 2a). Figure 2b
shows cell proliferation in the experimental groups. A
significant increase in cell proliferation could be no-
ticed in the PLLA/HA functionalized scaffold in both
basal and chondrogenic culture conditions in com-
parison with the matched bare PLLA constructs.
Moreover, hMSCs cultured in PLLA/HA nanocom-
posite exhibited changes in expression of chondrogenic
and stem cell markers with respect to PLLA control.

Hematoxylin–eosin staining confirmed engrafting,
showing elongating cells attached on PLLA/HA fibers
(Fig. 3a).

Three days after seeding, hMSCs were well adhered
on the PLLA/HA fibers with a spindled shape
(Fig. 3b). Light and confocal microscopy showed
elongated cells with rare cytoplasm and a high nucleus/
cytoplasm ratio. Nuclei appeared enlarged with loose
chromatin and several nucleoli thus indicating condi-
tions of non quiescence (Fig. 3a). After 14 days of
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culture, cells positive for the chondrogenic transcrip-
tion factor SOX-9 in both basal and chondrogenic
media groups in the PLLA/HA scaffolds, could be
detected (Fig. 4). Interestingly, these results were
comparable with the PLLA samples cultured with the
chondrogenic medium, while culture in basal media
failed to show chondrogenic markers expression in the
bare PLLA samples (Fig. 4). Aggrecan immunostain
localized surrounding cell clumps within the scaffold
(Fig. 5). hMSCs were either CD29 positive or negative
and double positive CD29-SOX-9 cells were observed,
too (Fig. 4). The detected co-expression of CD29, a
typical surface marker of hMSCs also expressed in
chondrocytes, and SOX-9, a transcription factor
associated with chondrogenesis, suggests chondrogenic
differentiation.

Toluidine blue and Safranin O staining confirmed
the presence of neo-extracellular-matrix produced
around the cells (Fig. 6). A more intense deposition of
proteoglycans and GAGs could be observed in the
functionalized scaffold (Figs. 6a and 6c) in comparison
to the bare PLLA polymers (Figs. 6b and 6d). To
assess possible osteogenic differentiation related to the
presence of HA, all samples were cultured for an
additional week and stained for von Kossa to reveal
presence of calcium phosphates. In all conditions tes-
ted, no significant presence of positive staining could
be detected (Fig. 7). However, in the PLLA/HA
groups, a minimal amount of calcium phosphates
could be observed (Figs. 7c and 7d). In light of the fact
that this findings could be noticed also in the positive

FIGURE 1. SEM microphotographs of PLLA/HA membranes at different magnification. Hydroxyapatite nanoparticles could be
detected (arrows). Elongated pores of about 100 nm in diameter characterize the fibers.

FIGURE 2. (a) Cell viability analysis by means of Live/Dead
Assay (Invitrogen). Percent of viable cells is reported. (b) Cell
proliferation analysis. Ki67 positive cells were counted out of
200 cells in five randomly chosen microscopic fields at 203
magnification. Cells have been cultured for 3 days. * Indicates
level of significance p < 0.01.
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chondrogenic control PLLA/HA samples, and the
localization of the staining appeared to be extracellular
and in close vicinity of the PLLA/HA fibers, these
results are presumably to be referred to the presence of
HA residuals on the scaffold itself. A similar experi-
ment performed on the scaffold alone without cell
seeding showed similar results (Figs. 7e and 7f).

DISCUSSION

The synthesis of polymer composites with inorganic
filler materials is well established; however, it is difficult
to produce well-defined structures to increase their
regenerative potential because most biomaterials con-
taining inorganic phases are difficult to be manufac-
tured and tailored to host living cells. The architecture
of moulded materials, for example, is often detrimental
in terms of cells penetration and proliferation. In this
extent, electrospinning technology could represent an
elective candidate to process natural biomaterials and
synthetic biocompatible polymers for biomedical
applications. The topology of electrospun scaffolds
closely mimics the fibrillar structure of the ECM, and
the cell adhesion and proliferation are enhanced on
nanostructured scaffolds.

Recently, fabrication of electrospun PLLA/HA
hybrid membranes by HA nanoparticles dispersion in
PLLA polymer was attempted for bone tissue regen-
eration using a human osteoblast cell line with
encouraging results in terms of tensile strength, cell
adhesion, and growth.67 Cartilage, by contrast, is a
non-vascular, turgid network, which supports chon-
drocytes spaced 10–200 lm apart. Hydrophilic prote-
oglycans, such as aggrecan, interwoven between
networks of collagen II fibers, provide a shock-
absorbing matrix. Given its low mitotic activity,

mature articular cartilage cannot heal spontaneously,
thus mandating for search of a cell type able to both
repopulate tissue loss and reconstitute the connectival
environment crucial for cartilage function. Nowadays,
implantation of autologous mature chondrocyte
(ACI), or matrix-associated autologous chondrocyte
transplantation/implantation (MACT/MACI), for
cartilage repair is well established and allows an
effective strategy for cartilage repair. However, it
requires highly specialized facilities and a turnaround
time of about 4 or 5 weeks to ensure the appropriated
cell expansion. Moreover, although the use of chon-
drocytes in applications of cartilage tissue engineering
is still prevalent, concerns associated with donor-site
morbidity, cell de-differentiation and limited lifespan
of these cells have foreseen the use of MSCs as a
potential tool to forefront of such applications.20

MSCs are considered a multipotent cell population
endowed with high plasticity and low immunogenic
potential that are readily available (i.e., bone marrow
aspiration) and easily expandable in in vitro settings.
Recent technological advances produced rapid and
highly cost-effective systems, allowing for procedures
of isolation and injection in the same clinical operative
settings. Their low immunogenic profile could also
enlighten new avenues on putative non-autologous
stem cell therapy.5 Thus, because of their multipoten-
cy, easy isolation and culture, highly expansive
potential, and immunoregulatory properties, these cells
may be an attractive therapeutic tool for repairing
purposes, especially for complex osteochondral
defects. In fact, MSCs have recently claimed attention
of connective tissue engineering and regenerative
medicine and have become increasingly considered
as a potential alternative cell source for improving
well-established methods of osteochondrotic carti-
lage defect repair, such as the cited Autologous

FIGURE 3. hMSCs cultured on PLLA/HA scaffold for 14 day in basal medium. (a) Haematoxylin Eosin staining revealing elongated
cells in contact with PLLA/HA fibers. (b) Confocal microscopy. Staining for Alfa-actin and nuclear counterstain with TOTO. Note the
spindled shape of a cell in PLLA/HA scaffold and its interaction with fibers.
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Chondrocyte Transplantation method. Moreover,
MSCs are being evaluated as an alternative to patient-
derived chondrocytes in combination with newly
developed implantable scaffolds or as target/carrier
cells in new strategies of regenerative medicine.20

Hydroxyapatite and tricalcium phosphate have been
shown to facilitate and promote cartilage regenera-
tion15,29,70 and biomineralization in cartilage and
especially in bone tissue engineering approaches has
been attempted using collagen composites59 and
absorbable polymers by means of gel foaming tech-
niques69 and solid/liquid phase separation.47

However, these methods do not allow production of
3D environment adequate to recapitulate the ECM

and this is thought to be at the root of the only partial
success of such approaches.13,69,77

Given the reported role of HA in cartilage regen-
eration, we developed a HA functionalized scaffold by
means of electrospinning with the aim to recapitulate
the native histoarchitecture and the molecular signal-
ing of osteochondral tissue to facilitate the differenti-
ation of hMSCs toward chondrocyte. In this study we
demonstrated the effective engraftment and the
induction of chondrogenic differentiation of hMSCs
after a period of culture upon a patch of electrospun
fibers of poly-L-lactic acid (PLLA) loaded with nano-
particles of HA. Ultrastructural analysis of this scaf-
fold revealed the adequate porosity to promote cell

FIGURE 4. hMSCs cultured on PLLA/HA scaffold for 14 days in basal medium. Confocal microscopy (a) PLLA alone scaffold
cultured for 14 days in basal medium. (b) PLLA/HA scaffold cultured for 14 days in basal medium. Different degrees of hMSC
differentiation as shown by co-expression of a mesenchymal stem lineage marker (CD29, green fluorescence) and SOX-9 (red
fluorescence), a transcription factor associated with chondrogenesis (arrows). Total undetectable expression of CD29 possibly
indicates further advances in the differentiation process (arrow heads) as the loss of expression in a stem cell marker. (c) At
bottom, representative graph showing cell differentiation evaluation by means of mesenchymal stem cell (CD29) and chondrogenic
(Sox-9) specific markers immunodetection. A significant statistical difference could be observed between PLLA and PLLA/HA
samples treated in basal medium, as indicated by the asterisk between the respective column bars. No statistical differences could
be found between PLLA/HA samples cultured in basal medium and PLLA alone samples cultured in chondrogenic medium.
* Indicates level of significance p < 0.01.
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FIGURE 5. Confocal microscopy. Pure PLLA (a), PLLA/HA (b) cultured for 2 weeks in basal media. Co-expression of Aggregan
(green fluorescence) and SOX-9 (red fluorescence), a transcription factor associated with chondrogenesis. Nuclear counterstain
with TOTO (blue fluorescence). Aggrecan immunostaining demonstrating clumps of hMSCs immersed in a newly formed chon-
drogenic-related connective environment in the PLLA/HA scaffold (b).

FIGURE 6. Safranine O and Toloudine Blue staining for extracellular matrix. (a) Representative section stained with Safranin O of
hMSCs seeded upon PLLA/HA and cultured for 2 weeks in basal media. (b) Representative section stained with Safranin O of
hMSCs seeded upon PLLA alone and cultured for 2 weeks in basal media. The red staining represents the matrix produced around
the cells (blue staining). Arrows indicate a PLLA/HA fiber. (c) Representative section stained with Toloudine Blue of the human
MSC seeded upon PLLA/HA and cultured for 2 weeks in basal media. (d) Representative section stained with Safranin O of hMSCs
seeded upon PLLA alone and cultured for 2 weeks in basal media. The blue staining represents the matrix produced around the
cells (dark blue staining). Arrows indicate a PLLA/HA fiber. A more intense deposition of proteoglycans and GAGs could be
observed in the functionalized scaffold (a, c) in comparison to the bare PLLA polymers (b, d).
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attachment. In the used nanocomposite scaffold, mesh
openings matched the required dimensions reported in
early studies in which the minimum requirement for
pore size was considered to be approximately 50–
100 lm, due to cell size, migration requirements, and
transport.28 This porosity allows for initial cell
attachment and subsequent migration into and
through the matrix and for mass transfer of nutrients
and metabolites, providing sufficient space for devel-
opment, and later remodeling, of the organized tis-
sue. In addition, this scaffold showed a hierarchical

structure with fibers exhibiting a second degree of
organization in pores within the submicron range that
enhance both cell attachment and exchange surface
area.

Cytotoxicity assay revealed preserved cell viability
and correlated with an effective cell engrafting fol-
lowing 48 h culture. Interestingly, cells seeded on the
PLLA/HA nanocomposite showed a significantly
improved survival. Explanations of this phenomenon
could be found in both the biological signaling pro-
vided by HA, which may promote cell attachment with

FIGURE 7. Von Kossa staining for calcium phospate. (a) PLLA alone scaffold cultured with hMSC in basal medium for 21 days
(Mag 4003). (b) PLLA alone scaffold cultured with hMSC in chondrogenic medium for 21 days (Mag 4003). (c) PLLA/HA scaffold
cultured with hMSC in basal medium for 21 days (Mag 4003). (d) PLLA/HA scaffold cultured with hMSC in chondrogenic medium
for 21 days (Mag 4003). (e) PLLA/HA scaffold not seeded with cells at low magnification (Mag 1003). (f) PLLA/HA scaffold not
seeded with cells (Mag 4003). Neither PLLA alone nor PLLA/HA showed a significant presence of calcium phosphate. A minimal
presence of staining could be noticed in the PLLA/HA scaffold cultured both in basal and in chondrogenic medium. Localization of
the staining is clearly extracellular and adhered to fibers; the presence of calcium in the sample cultured in chondrogenic medium
suggests the idea of deposits mainly derived from the scaffold itself, rather than a cellular deposition. Figure (e) and (f) confirm this
hypothesis showing minimal amounts of calcium in the bare PLLA scaffold not seeded with cells (see Text).
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further maintenance of a favorable milieu to preserve
cell vitality, and the biochemical effect that HA func-
tionalization exerts on the scaffold itself. It has been
shown that potential problems of biocompatibility in
tissue engineering, by applying degradable and reab-
sorbable polymer scaffolds, may also be related to
biodegradability and bioresorbability.75 It is well
known the relevance of exposure of 3D scaffold–cell
construct to sufficient quantities of neutral culture
medium, especially during the period where the mass
loss of the polymer matrix occurs; it has been reported
that a high amount of degradation by-products, espe-
cially occurring with poly-lactic acid, leads to the death
of an entire cell culture.76 In this extent, production of
hybrid/nanocomposite materials by incorporation of
TCP, HA and basic salts into fast polymer matrix
systems, such as PGA and PGA/PLA, could be
advantageous. These inorganic fillers allow the tailor-
ing of the resorption kinetics of the polymer matrix.9,64

Additionally, the basic degradation products of HA or
TCP would buffer the acidic by-products of the ali-
phatic polyester and may thereby help to avoid the
formation of an unfavorable environment for the cells,
due to decreased pH.42,64,75

Our findings suggest an effect of PLLA/HA system
on stem cells differentiation. hMSCs were cultured in
basal and in chondrogenic media both on functional-
ized PLLA/HA nanocomposite and on bare PLLA
scaffolds. Modifications in both cell morphology and
markers expression were more significant in PLLA/HA
nanocomposites in comparison with PLLA scaffolds.
Three days after seeding, hMSCs were well adhered on
the PLLA/HA fibers displaying a spindled morphol-
ogy. After 14 days of culture cells positive for the
chondrogenic transcription factor SOX-9 could be
detected in the PLLA/HA nanocomposite in a signifi-
cantly greater percentage than in the PLLA scaffold.
We designed an internal positive control culturing
hMSC on bare PLLA scaffold in a chondrogenic
medium. Our results suggested a significantly increased
expression of chondrogenic markers in the PLLA/HA
group when compared with PLLA in basal culture
conditions. Addition of chondrogenic medium to the
non-functionalized scaffold resulted in findings similar
to the PLLA/HA scaffold cultured in basal medium.
Interestingly, addition of chondrogenic medium to
PLLA/HA did not induce significant changes, but a
5% lower percentage of proliferating cells was reported
(Fig. 2b).

The authors acknowledge, among the limitations of
the study, the lack of quantitative data on mRNA
expression of chondrogenic markers to speculate on
the actual degree of differentiation obtained. Thus
notwithstanding, the expression of a marker typical of
mesenchymal stem cells which is also present in

chondrocyte (CD29), associated—or not—in the same
construct with the chondrogenic transcription factor
SOX-9, could reliably suggest the idea of difference
advances in already taken and ongoing differentiation
pathway toward chondrogenesis.

SOX-9 is a member of the Sox (Sry-type HMG box)
gene family, which is predominantly expressed in
mesenchymal condensation and cartilage,72 and has
been shown to activate type II collagen and aggrecan,
playing an early chondrogenic inductive role especially
in 3D culture systems.11 This is in line with the report
of SOX-9 mRNA expression in MSCs in the initial
stage of chondrogenic differentiation followed by high
transcription of chondrocyte specific genes, as reported
by Bosnakovski et al., in a quantitative analysis of
changes in gene profile during chondrogenesis.10 In our
study we evaluated, in a semiquantitative assay, the
expression of chondrogenic markers showing the
induction exerted by the functionalized biomaterial of
a relative increase in SOX-9 with respect to the control
group. Even if this finding is not supported by con-
textual gene expression quantitative analysis, these
results are in agreement with other works showing up
to 25-fold increase of SOX-9 during different protocols
of chondrogenic differentiation with respect to a basal
level of expression.10,17,23 The expression of SOX-9,
was coupled with the presence of a highly expressed
surface marker of mesenchymal stem cells27—that is
present on chondrocytes as well—and with the
production of aggrecan, reliably suggests the idea of
different degrees down in the chondrogenic differenti-
ation pathway.

These findings were associated with reported
enhancement in cartilage specific extracellular matrix
components deposition, as demonstrated by Toluidine
blue and Safranin O staining and Aggrecan immuno-
stain in the PLLA/HA nanocomposite in basal con-
ditions. Of note, the latter appeared to be localized
within the scaffold surrounding cell clumps. Cells were
immersed in this connective atmosphere mainly con-
stituted by neo-produced cartilage-specific proteogly-
cans. Since HA is known to have osteoinductive
properties,44 the chondrogenic phenotype acquired by
the MSCs, induced by the PLLA/HA, may be either
stable over time or an intermediate stage toward the
endochondral bone formation process. In order to
investigate this issue, another set of experiments has
been performed to assess potential osteogenic differ-
entiation induced by the scaffold. Accordingly to
Saldana and collaborators’ protocols, both HA-func-
tionalized and bare PLLA scaffolds were cultured for
21 days in both basal and chondrogenic medium and
assayed for calcium phosphate deposition.60 This
experiment was also useful to obtain a deeper insight
on the significance of HA as a buffering system and/or
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as main source of calcium for the cells, further
explaining the results obtained in terms of increased
cell proliferation in the PLLA/HA nanocomposite. No
significant calcium deposition was found in all the
conditions tested, suggesting a non-osteogenic activity
exerted by the scaffold. Moreover, the presence of a
minimal amount of calcium phosphate detectable on
the PLLA/HA scaffold cultured in the internal positive
control of chondrogenic medium, together with the
localization of the deposits in the vicinity of the fibers
(Figs. 7c and 7d), suggest that the presence of calcium
should be referred to HA residual on the scaffold itself.
To confirm this hypothesis, a PLLA/HA scaffold not
seeded with cells was stained for von Kossa, showing
presence of calcium deposits on the scaffold. This
strengthens the idea of absence of neo-formation of
calcium phosphate salts promoted by the construct
and, interestingly, allows to consider the minimal
amount of detected staining on the seeded scaffold as a
calcium residual following its active use by the system.

CONCLUSION

We demonstrated that electrospun PLLA/HA
nanocomposites can induce differentiation of hMSCs
in chondrocyte-like cells that produce proteoglycan
based matrix. This nanocomposite could be an ame-
nable alternative for cartilage tissue engineering in
combination with bone marrow hMSCs. This func-
tionalized scaffold would provide both a surrogate of
the native ECM and the correct sequence of signals to
allow a harmonic ongoing lineage-specific differentia-
tion of multipotent precursor cells.
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