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Abstract 
Stem cell therapy is considered a leading field of research 
worldwide, attracting a stunning amount of clinical 
applications, given its promising potential for recovery or 
replacement of tissues and organs. The idea of combining 
principles from cell biology and engineering of 
biocompatible materials in order to create biologic 
replacement structures that restore, maintain, or improve 
tissue function, is at the basis of the so called “Tissue 
Engineering” area, a new emerging avenue in 
regenerative medicine. On account of the more 
demanding requirements for the use of stem cells in 
clinical settings and of the constant description of new 
stem cells types, the authors developed a functional 
biological assay, based on 3D ECM-mimicking supports, 
for the assessment of differentiative potential of candidate 
bone marrow-derived cells towards chondrocytic, 
vascular and muscular phenotypes. 
 
1. Introduction 
 
Stem cell therapy is considered a leading field of research 
worldwide attracting a stunning amount of clinical 
applications given its promising potential for recovery or 
replacement of tissues and organs continuously raising 
considerable interest due to encouraging preliminary 
results [1-2]. However, a number of interrogatives 
concerning the best stem cells source, type, safety and 
their ultimate fate, harmonious and functional 
engraftment in the target organ, remain unanswered. 
Additionally, issues concerning stem cells differentiation 
or transdifferentiation once in vivo settings, still represent 
a concern, especially as it regards either the non 
functional integration of cells with the host or, more 
importantly, their malignant transformation. Moreover, 
the constant description of new stem cells sources or 
niches and novel progenitor cell types poses further 
confusion and concerns about the optimal candidate for 
regenerative medicine.   
Clearly, organ regeneration requires a complex cascade of 
events that goes over the simple injection of the right type 
of cells in the right place. In this extent, the 
characterization of the factors presented in the hostile 

microenvironment of the injured tissue hampering the 
survival and functional integration of transplanted cells is 
also essential. Undoubtedly, along with biology of stem 
cells, actual effectiveness of the therapy and safety for 
patients requires to be further defined.  
A real regenerative medicine approach should consider 
the importance of the extracellular matrix (ECM) and the 
strong biological signal that it can provide. Connective 
tissue atmosphere and structural microenvironment in 
which cells are embedded exerts a number of  actions, 
affecting cell functions and supporting their proliferation 
and differentiation.  
Proliferation of most mammalian cell types has been 
shown to be anchorage dependent [3], therefore, in order 
to be successful, regenerative medicine cannot disregard 
the importance of the extracellular matrix (ECM) as the 
main cellular support, able to provide a strong biological 
signaling as guidance for tissue restoration. The creation 
of suitable structures/scaffold whose appropriate 
biochemical signals guide the growth of functional neo-
tissue, providing a suitable surface for cell attachment, 
proliferation, differentiation and migration [3-4], is 
therefore crucial. These concepts are at the root of the the 
so called “Tissue Engineering” area, that involves the 
combination of cells and biodegradable scaffolds to 
produce three dimensional constructs useful for further in 
vivo implantation and organ replacement. 
In the panorama of tissue engineering the idea of a 
biomimetic approach based on the simulation of the ECM 
along with the guidance of stem cells differentiation aided 
by growth factor is emerging as a new perspective. The 
idea of concentrating and spatially organizing a cytokine 
or another biological mediator within a three-dimensional 
environment, mimicking the native tissue 
histoarchitecture, has been recently pointed out [5-7]. It 
allows to exploit the well known benefits of the use of 
stem cells in regenerative medicine, enabling cell 
differentiation in a familiar and convenient 3D 
microenvironment and preserving cells from harmful 
factors present in the injured organ. Beside the use in 
vivo, such a concept is also relevant for in vitro 
applications regarding the basic understanding of 
molecular mechanism underlying stem cells 
differentiation. The possibility to study the effects of 
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growth factors or the evolution of the differentiation 
process within a 3D environment closely mimicking the 
natural niche in which stem cells are normally found, 
represent an important advance clearly overreaching the 
current 2D in vitro approaches. 
Previous reports demonstrated the induction of stem cell 
differentiation process inside growth factors 
functionalized electrospun scaffolds. Hydroxyapatite for 
osteochondral differentiation [8] and vessel-specific 
glycosaminoglycans, as heparin, for endothelial 
commitment [6], have been used in 3D ECM-mimicking 
systems providing a proof of principle of the possibility to 
produce a scaffold suitable for stem cells seeding,  
containing the appropriate factors to induce a guided 
differentiation towards the desired phenotype. In this 
settings, differentiation would be realized within a three-
dimensional ECM-like environment closely mimicking 
the tissue native architecture and allowing an harmonious 
ongoing cell growth and differentiation for tissue 
regeneration. TGF-B superfamily members have been 
proven to be effective in inducing muscular 
differentiation [9-11]. 
Then, starting from such rationales, the biological assay 
here described has been based on 3D ECM-mimicking 
supports and targeted for the assessment of the  
differentiative potential of candidate bone marrow-
derived cells towards osteochondral, vascular and 
muscular phenotypes. 
 
2. Materials and Methods 
 
2.1 Scaffold preparation and characterization 
 
The PLLA-based scaffolds were prepared by 
electrospinning technique, starting from a dispersion of 
differentiative agents in a PLLA solution. Relative 
quantities of HA, heparin and TGF-β and manufacturing 
protocols were chosen accordingly to literature [6, 8-11]. 
An electrospinning equipment was used (DynaSpin, 
Biomatica, Rome, Italy). At the same time, a bare PLLA 
scaffold (PLLA/ctrl) - without factors addition - was 
obtained with the same experimental conditions to be 
used as control. Materials were sterilized by hydrogen 
peroxide gas plasma (HPGP) as it has been demonstrated 
to be the more advantageous and efficient technique [12]. 
A full range of characterization of morphostructural, 
mechanical and biochemical properties spanning from 
Field Emission Scanning Electron Microscopy (FE-SEM, 
Leo Supra 1535)[13] to longitudinal uniaxial testing using 
a tensile tests [14] and drug release analysis [6] was 
performed.  
Scaffolds obtained were punched out in 8 mm diameter 
disks and posed into 96 multiwell plates with a non-touch 
technique with the aid of a sterile Teflon ring support. 
 

2.2 Cell seeding 
 
hMSCs (passage 4, Lonza, Basel, Switzerland) were used 
for seeding on functionalized PLLA scaffolds. Similar 
experiments were performed on non-functionalized 
scaffold (PLLA/ctrl) as a control for differentiation 
induction. A standard static seeding was performed at the 
density of 500·103 cell/cm2 and assessment of seeding 
efficiency was calculated as previously described [15-16]. 
To confirm phenotype permanence, additional 
experiments culturing construct for 1 week have been 
performed. At the same time, control cultures were 
performed on conventional culture plates, exposing the 
hMSCs to the elution products of the scaffolds; cells were 
seeded at the same cellular density of 500·103 cells/cm2 
onto transwell inserts, and cultured in the same conditions 
while exposed to PLLA functionalized and PLLA/ctrl 
scaffolds. 
 
2.3 Biological assays 
 
Cell engraftment within the constructs was evaluated by  
immunohistology and confocal microscopy, staining cells 
for F-Actin with rhodamine phalloidin (Molecular Probes, 
Invitrogen), using TOTO (Invitrogen) as nuclear 
counterstain. For cell viability assessment, Live/Dead 
assay (Invitrogen, San Diego, CA), based on cellular 
membrane intactness, was used. Percentage of viable cells 
have been calculated counting at least 200 cells in 10 
randomly chosen microscopic fields at 10X 
magnification.  
Cell proliferation was evaluated by measuring the total 
cellular DNA content and semiquantitatively by 
immunostaining for Ki67 by confocal microscopy. 
Cellular DNA content was obtained as previously 
described [17]. Cell differentiation was assessed by 
immunostaining for expression of Sox-9, Aggregan for 
chondral differentiation, CD31, von Willebrandt factor 
(vWF) for endothelial commitment and smooth muscle 
actin (SMA) for muscular differentiation [18-19]. CD29 
was used as hMSC marker. Cytofluorimetry and western 
blotting were also used to characterize CD31 expression 
as previously described [6, 18]. 
 
3. Results 
 
3.1 PLLA/HA 
 
Figure 1A shows results inherent the biomaterial 
stimulating the chondrogenic pathway. After 14 days of 
culture, Sox-9 positive cells could be detected. Cartilage 
specific proteoglycan immunostaining (Aggregan) 
confirmed the presence of neo-extracellular-matrix 
production. Co-expression of CD29 - a typical surface 
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marker of MSCs - and Sox-9 suggested d
in the differentiation process. 
 
3.2 PLLA/Heparin 
 
Figure 1B depicts endothelial differentia
functionalized scaffold. Release study sh
burst within the first 24 hours, followe
sustained release profile. After 48 h
construct showed adequate engraftment
Increased proliferation - with respect to a 
in bare PLLA - suggested the induction
microenvironment. A shift towards CD3
modifications in cells morphology were 
functionalized PLLA scaffold.  
 
3.3 PLLA/TGF-β 
 
In Figure 1C smooth muscle dif
demonstrated. Confocal microscopy show
cell attachment and viability with c
morphostructural changes resulting in the
cell elongation resembling muscular phen
positivity.  
 
4. Discussion 
 
Several research groups are nowadays
increasing amount of data on the great 
biomaterials and tissue engineering   cons
replacement. One of the essential parad
engineering consists in the possibility to m
histoarchitecture and biochemical functio
extracellular matrix (ECM), crucial fo
restoration.  Several studies demonstrated
milieu surrounding the cells has physica
features in the nanometer scale. This ar
affect several aspects of cell behav
morphology, adhesion and cytoskeletal ar
22].  
The culture environment is a fundamenta
mimesis process, it strongly influences ce
attitudes, therefore the study of delicate
processes could be more adequately perf
3D environment rather than the artificial t
plastic supports.  
 
5. Conclusions 
 
On account of the more demanding requ
use of stem cells in clinical settings and
description of new stem cells types, we de
and effective differentiating device ena
differentiation towards the major mesod
within a three-dimensional environment. 
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Figure 1. Fluorescence micros
A) Chondrogenic differentia
Sox-9 and CD29. B) Endothe
staining for CD31. C) Mus
staining for smooth muscle
cultures. Scale bar: 50 µm. 
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