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1. ABSTRACT

Cardiac regeneration requires a complex cascade
of events. Stem cell therapy and tissue engineering are
newly emerging tools with promising potential for recover
or replace of damaged cardiac tissue. There are many
factors, most of them still no clarified, that limit the
effectiveness of these treatments and their translation to the
clinic. Cells should graft, survive and functionally integrate
to the target organ in order to have a chance to restore its
function. As in original tissues, a complex and well
defined set of signals, many of them coming from the
extracellular matrix, is required for normal cell physiology.
Biomaterials science gives us important tools to build this
extracellular matrix. Functionalized 3D systems can
provide the correct environment and act as a delivery
system for genes or gene products, guiding the therapeutic
cells to the functional phenotype.
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2. INTRODUCTION

Stem cell (SC) therapy is a leading field of
research worldwide. It attracts a stunning amount of
clinical applications and has a promising potential for
recovery or replacement of tissues and organs, including
those involved in cardiovascular pathology.

There is a huge amount of experimental data
reporting improvement of myocardial function by the
treatment with SCs. However, there is a lack in the
conclusive demonstration of the mechanism involved in
tissue regeneration associated with this adult SC treatment.
Immunomodulation, paracrine activity or capacity to
differentiate or transdifferentiate have been pointed out or
hypothesized, but their relevance as playing a pivotal role,
accounting for the reported beneficial effect, has not been
definitely clarified (1, 2). A true in situ cardiac
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transdifferentiation has not been demonstrated yet. The cell
viability and engrafting following cell administration have
been found to be low, weakening the concept of a real
tissue replacement or regeneration (3). Moreover, issues
concerning the best SC source, type, safety and their
harmonious and functional engraftment with an adequate
electromechanical integration, remain unanswered.

Clearly, cardiac regeneration requires a complex
cascade of events that goes over the simple injection of the
right type of cells in the right place. To this extent, the
characterization of the factors present in the hostile
microenvironment of the injured myocardium, hampering the
survival and functional integration of transplanted cells, is also
essential. Undoubtedly, along with biology of SCs, actual
effectiveness of the therapy and safety for patients requires to
be further defined.

A real regenerative medicine approach should
consider the significance of the extracellular matrix (ECM),
and the strong biological signals that it can provide.
Connective tissue atmosphere and structural microenvironment
in which cells are embedded affect cells function and support
their proliferation and differentiation.

Proliferation of most mammalian cell types has been shown to
be anchorage-dependent (4); therefore, to be successful, a
tissue engineering (TE) and regenerative medicine approach
cannot disregard the importance of the ECM as the main
cellular support able to provide a strong biological signaling as
guidance for tissue restoration. The creation of suitable
structures (scaffolds), where the correct biochemical signals
guide the growth of functional neo-tissue and provide an
appropriate surface for cell attachment, proliferation,
differentiation, and migration, results crucial (4, 5).

In the panorama of TE the idea of a biomimetic
approach based on the simulation of the ECM along with
the guidance of SC differentiation aided by a growth factor
is emerging as a new perspective. The goal to concentrate
and spatially organize a biological mediator within a three-
dimensional environment mimicking the native tissue
histoarchitecture has been recently pointed out (6-8). It
allows exploiting the well known benefits of the use of SCs
in regenerative medicine, enabling cell differentiation in a
familiar and convenient 3D microenvironment and
preserving cells from harmful factors present in the injured
myocardium.

3. STEM CELL THERAPY: A STAND POINT

Stem cell based therapeutic strategies aiming to
restore myocardial cellularity and regenerate the contractile
tissue have raised considerable interest due to encouraging
preliminary results (9, 10). However, a number of
interrogatives concerning the best stem cells source, type,
safety and their ultimate fate, harmonious and functional
engraftment with an adequate electromechanical
integration, remain unanswered. Many factors related with
patient’s systemic conditions and the microenvironment of
the injection site hamper an effective integration and
differentiation of SCs in the heart (11).
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No insights have been provided to dampen the
dramatic loss of cells immediately after implantation. Cell
trauma related to the handling and injection itself, together
with the negative effects of the hostile environment in
which the implant takes place, are reliably at the root of this
phenomenon. No precise data are reported about the
number of cells effectively viable after injection and
homing to the affected site. A recent study by Assis et al.
demonstrated that, after injection of radiolabeled bone
marrow mesenchymal stem cells (MSC) in the tail vein of
infarcted rats, approximately 70% of the cells migrated
mainly to the lungs and, in small amounts, to the heart,
kidneys, spleen, and bladder (12). Additionally, injection of
living cells in a beating heart is another concern. Zhang et
al. performed intramyocardial injections of SCs in beating
porcine infarcted hearts and in cardioplegic arresting hearts
after cardiopulmonary bypass was set up. Even after
intramyocardial injection, many cells migrated to the
spleen, lungs and liver. However, percentage of cells
retained in the heart was significantly higher in the group
injected in the arresting heart with respect to the beating
heart group (13). These unsolved questions limit the
possibility to define a number of cells to be injected and
also raise concerns on the actual effects of the cells into the
heart and in other organs. This is especially relevant when
an attempt is made to match these biological uncertainties
with the evident improvement in cardiac function.

Undoubtedly, there are still significant obstacles
to translate the basic knowledge to the clinics, evidencing
the necessity to perform meticulous clinical trials that let
obtain reliable data. In spite of its feasibility and attractive
nature, cell therapy requires a coordinated scientific,
clinical and technical effort. Additionally, up to date, no
practical guidelines or consensus of the scientific
community on the application of cell therapy in patients
have been issued.

Several cell types have been shown as potential
candidates in cardiovascular medicine. For cardiac repair,
especially following myocardial ischemia, MSCs provide
an attractive potential therapeutic approach (14).
Furthermore, trials with skeletal myoblasts (15) showed
encouraging results concerning increases in regional wall
motion and in left ventricular ejection fraction. Myoblasts
are resistant to ischemia, and showed ability to improve
ventricular function in animal models differentiating into
myotubes in vivo. However, current evidence suggests that
skeletal myoblasts or bone marrow-derived adult stem cells
fail to electromechanically integrate into the recipient heart
with direct consequences on their survival and terminal
differentiation (16). Thus, identification of cell types which
can achieve efficient electromechanical integration is
mandatory. Guidance of stem cells differentiation becomes
therefore crucial to avoid unfruitful or even harmful
outcomes. It is possible to induce differentiation of several
cell types, including fibroblasts, bone marrow-derived stem
cells, human mesenchymal stem cells and embryonic stem
cells, into committed cells expressing markers
characteristic of a cardiac phenotype (17-19).
Unfortunately, these transdifferentiation protocols either
rely on the use of powerful and potentially dangerous drugs
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(19) or require periods of co-culture with human or rat adult
ventricular cardiomyocytes. The former clearly prohibits
translation to the clinic and the latter raises issues concerning
cell survival and the effects of a prolonged ex vivo culture on
cell immunogenicity and transformation (20). Preliminary
data suggest that cells with a true cardiomyogenic phenotype,
such as cardiac stem cells and cardiac-pre-committed
embryonic stem cells may satisfy these criteria, potentially
ensuring regeneration of dead myocardium (21). In fact, a
partial differentiation or a pre-committement of stem cells
towards the cardiomyogenic phenotype might be preferable to
fully differentiated cardiomyocytes (CMs) in this context, as
the cardiac environment could provide the necessary
biochemical and mechanical signals for integrated
differentiation. Following completion of their differentiation
within the myocardium, the pre-committed cells could
effectively and selectively reduce fibrosis and restore muscle
function. The concept of a pre-differentiation has been recently
theorized and described (22).

The pre-differentiation process can induce
genetic switches toward CM that are phenotypically
translated in the in vitro expression of cardiac proteins.
After injection, the pre-committed cells will receive signals
from the new environment thus achieving a gradual
ongoing complete differentiation. Additionally, it has been
demonstrated that pre-differentiation could be achievable
using cytokine-free systems, such as in vitro
electrostimulation, and that it can be reproduced in both
embryonic and adult, stem and non-stem cell lines,
suggesting the idea of a non pluripotential cell-restricted
phenomena (22-24).

Alternative strategies and mechanisms for in vivo
regeneration could be represented by cell fusion between
damaged myocardium and stem-cells, with further cell
reprogramming to show cardiac phenotype (25). Bone
marrow-derived cells (BMDCs) have been shown to
contribute to the regeneration of diverse adult tissues,
including brain, liver and heart, following bone marrow
transplantation. These unexpected events, that were initially
considered a result of transdifferentiation of BMDCs,
challenge the long-standing notion of «cell fate
determination in mammalian developmental biology.
However, these reports suffered from a lack of definitive
evidence and in early 2002, spontaneous cell fusion was
proposed as an alternative mechanism to account for such
phenomena of unexpected cell fate-switches in stem cells.
Labovsky et al. concluded that the extract of neonatal rat
cardiomyocytes could promote a nuclear modification of
hMSCs to cardiomyogenic-like cells (26). Konayagi et al.
demonstrated that fusion-induced cell reprogramming has
its molecular basis on a transient transmembrane exchange
of proteins and organelles between cells. They showed that
ultrafine intercellular nanotubular structures of connections
among cardiomyocytes and endothelial progenitor stem
cells allowed the transport of organelles, responsible of the
acquisition in stem cells of a cardiomyogenic phenotype
independent of permanent cellular or nuclear fusion (27).

However,
application by

in light of an effective clinical
means of pre-differentiated or
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reprogrammed cell delivery, survival in the inflammatory
environment of an infarcted myocardium represents a
challenge common to all types of cells. Moreover, the
persistent ischemia dramatically limits cell engraftment. At
the cellular level, sudden suppression of the oxygen supply
triggers intricate molecular cascades, which modulate a
series of critical biological events (28). Immediately after
an infarction, the process of wound-healing begins, with
active migration of inflammatory cells, recruitment of
cardiac fibroblasts, and eventual remodeling of the
extracellular matrix aiming to stabilize the region and
restore ventricular wall function. However, function is
seldom restored, and CM loss and replacement by fibrous
elements results in a natural process evolving from
progressive left ventricular remodeling to congestive heart
failure (29). A strict interplay between cellular elements
and ECM needs to be taken into account, and
understanding the mechanisms of normal and post-injury
CM development and turnover will be crucial for guiding
the orientation of stem cell-based therapies.

4. THE TISSUE ENGINEERING STAND POINT

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 (TE) area and defines a
different approach to the problem of cardiac regeneration.
TE presents some overlaps, but is not synonymous with
“cell therapy”, which intends to ameliorate function of an
existing tissue or to promote the formation of new tissue by
isolated cells delivered to the organs by direct injection or
infusion. Differently, the concept at the basis of TE is to
generate a functional 3D environment suitable for cell
culture and growth in order to produce in vitro tissue
substitutes tailored in size, shape, and function before
implanting them into the body or, alternatively, to use the
biomaterials directly at the site of damage (in situ TE)
Thinking of tissue regeneration, this approach acquires an
additional value considering the possibility to reproduce,
using a different kind of matrices and scaffolds, the
extracellular matrix (ECM), crucial for a full tissue
restoration.  Additionally, considering the eventual
ventricular remodeling which is subsequent to a myocardial
infarction, a fibrous ECM surrogate would be amenable to
limit geometrical and shape remodeling of the infarcted
myocardium, providing a mean for ventricular restraint and
promoting tissue restoration.

Several approaches have been developed and
recent advances have been made in the engineering of
cardiac tissue (6). Biocompatible materials have been
largely investigated. A wide range of natural materials
spanning from collagen (30-33), fibrin (34), hyaluronic
acid (35), up to approaches involving tissue
decellularization (36, 37) have been evaluated.

In situ TE has been investigated for myocardial
repair. Most frequently, this has involved the injection of
the infarcted myocardium with a mixture of biomaterials
and cells (38-41). The biomaterials, such as collagen
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hydrogel or Matrigel®, act as a supporting matrix for the
cells, which should then repair or regenerate the infarcted
region (32, 42). Hydrolytically degradable biocompatible
polymers, composed of  poly(lactide) (PLA),
poly(glycolide) (PGA) and their co-polymer PLGA (43,
44), have been broadly used to fabricate tissue engineered
cardiac grafts (TECGs) according to several processing
techniques, as their mechanic and elastic properties can be
engineered to match native heart characteristics. Figure 2
reports an example of a PLLA scaffold obtained by thermal
induced phase separation (TIPS) process.

A good amount of research has been performed
to develop scaffolds with an extracellular matrix-like
structure and topography, either by using polymers alone or
by incorporating collagen with biocompatible polymers
(45, 46). The electrospinning method produces scaffolds
that remarkably mimic the size and scale of the natural
extracellular matrix. The nano-topography of these
structures is reported as optimal in the realization of
successful extracellular matrix-like scaffolds for cardiac TE
(47-51). Ishii et al. have cultured primary CMs harvested
from neonatal rats onto biodegradable -electrospun,
nanofibrous poly(e-caprolactone) meshes with an average
fiber diameter of 250 nm (48), using a cell layering
technique (52) with encouraging results. Recently, different
stem cell populations have been engrafted on commercially
available PGA biodegradable patches (44, 53-55) or
collagen matrices (56), as well. Additionally, survival and
integration of transplanted cells can be improved by
embedding them in matrices such as collagen (57) or
Matrigel® (58) or by implanting cells as monolayer sheets
(59). Biomaterials have also been engrafted with growth
factors, cytokines and drugs (8, 60-63), thus obtaining drug
delivery systems (DDS) capable of focused and localized
delivery of molecules depending on the environment
requirements (64). Genetically modified cells can be used
to engineer tissues with differentiated capacities of
regeneration, repair or secretion (65-68). The use of
biopolymeric scaffolds functionalized as gene delivery
systems is even more exciting, as it could represent an
approach to modulate the environment and guide cell
function (69, 70). Genes of implanted or host cells could be
silenced by the delivery of small interfering RNAs with
potential impact on an essential cell process as proliferation
in cancer (71). In both cases, the possibility to obtain a
transgene expression, associated to a TE device result in the
generation of a DDS with promising applications in the
regenerative medicine field. These concepts become even
more relevant in cardiac TE, where use of artificial
myocardial patches is desirable to both limit geometrical
and shape remodelling of the infarcted myocardium and to
promote tissue restoration. The main consequence of a
myocardial infarction regards the proliferation of
fibroblasts and the deposition of ECM with the aim to
compensate the loss of functional CMs and to prevent
ventricular dilation. This adaptive mechanism presents as a
deleterious counterpart the loss of cardiac elastomechanical
properties and the decline of its dynamic compliance with
an increase in ventricular stiffness, eventually
compromising diastolic function. This perpetrating circle,
sustained by ECM deposition, and leading to diastolic heart
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failure, is considered the real pathogenic mechanism at the
basis of the clinical evolution of a myocardial infarction.
On the other side, the loss of the systolic component,
represented by the working CMs, and even tolerated within
certain ranges, can further aggravate heart function. In this
scenario, engineered functionalized myocardium might
represent an amenable alternative, as it could provide both
a mean for mechanical restraint and prevention of
ventricular dilation. (6). At the same time, it could generate
an environment to maintain the proliferative capacity of the
cells surrounding the infarct area providing a molecular
pathway to promote cell differentiation (13).

The possibility to produce a scaffold suitable for
stem cells seeding, containing the appropriate factors to
induce a guided differentiation towards the desired
phenotype has been described (3, 7, 63, 72). In this settings,
differentiation would be realized within a three-
dimensional ECM-like environment, closely mimicking the
tissue native architecture and allowing a harmonious
ongoing cell growth and differentiation for tissue
regeneration.

Additionally, in light of the biomimetic
inspiration acquired by modern tissue engineering,
structure and ultrastructure of the scaffold itself achieve an
important significance even as a potential drive for cell
differentiation. Also, with the idea of an in vivo application,
the biological weight of the physical stimuli and dynamic
conditions applying on the graft once in vivo, demands
further considerations.

Scaffold ultrastructure and architecture, dynamic
conditioning by physical stimuli, and bioactive
functionalization could be considered the main factors
defining guidance of stem cells differentiation in 3D
systems (Figure 1)

4.1. Tailoring scaffold structure

The biomaterial scaffold plays a key role in most
TE strategies. The scaffold is responsible for guidance of
cell organization, growth, and differentiation in tissue
engineered constructs, providing not only a physical
support for the cells, but also the chemical and biological
cues required in forming functional tissues (73). Therefore,
the biomaterial should be able of interacting with cells
providing, at the molecular level, a biological crosstalk,
similarly to the natural interactions existing between cells
and the native ECM. Several studies demonstrated that the
ECM milieu surrounding the cells has physical and
structural features in the nanometer scale. This arrangement
may affect several aspects of cell behaviour such as
morphology, adhesion and cytoskeletal arrangements (74-
76). The so-called “TE approach” in regenerative medicine
exploits these concepts with the aim to reproduce a
biocompatible ECM surrogate to host cells, providing a
biological stimulus to support their survival and to guide
their proliferation. Thus, a great effort has been made to
tailor biomaterials into nanometer scale structures, in
attempts to simulate the matrix environment in which
seeded cells can be accommodated to proliferate and
differentiate  towards  desired lineages  (77-79).
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Scaffold ultrastructure

Stem cells

growth factors

Dynamic conditioning
and physical stimuli
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Cardiac Muscle

Figure 1. Different approaches for stem cell differentiation within 3D systems. Scaffold ultrastructure and architecture could be
tailored in order to induce specific biological effects on stem cell phenotype. Dynamic conditioning by physical stimuli allows
simulating the environmental conditions of a tissue fostering to differentiate changes in stem cells seeded in 3D scaffolds.
Eventually, bioactive functionalization is considered one of the main factors defining guidance of stem cell differentiation in 3D

systems.

Requirements for simple cell attachment and
proliferation might be different from those demanded to
induce cell differentiation. A large number of studies have
demonstrated that the microarchitecture of the scaffold may
guide cell functions by regulating the interaction between
cells, and the diffusion of nutrients and metabolic wastes
throughout the three-dimensional (3D) construct (80).
Topographical features of the scaffold, in particular
surface-to-volume ratio and pore size and interconnectivity,
have a profound influence on cell proliferation and on
cellular responses, especially in sensitive phenotypes as
mesenchymal stem cells (81). Taking MSCs as an
example, the microarchitectural features of the scaffold
significantly influence cell morphology, cell binding and
phenotypic expression, but also control the extent and
nature of nutrient diffusion and tissue ingrowth (82).
Therefore, maximizing surface-to-volume ratio is
considered an important goal to enhance cell colonization
and fluid transport.  Even if the use of dynamic cell
seeding and cultivation devices, in particular perfusion
bioreactors or spinner flasks, has been shown to enhance
proliferation and distribution of stem cells into the scaffold
(83), in the absence of an appropriate scaffold
microarchitecture this approach could result unsuccessful in
ensuring the ingrowth of new tissue. Explanations
accounting for this issue need to be found in the diffusion
constraints into the interior of the construct, inducing the
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development of a necrotic core. An optimal combination of
pore size and shape is essential to promote and guide the
colonization of cells in 3D, and the pore size has been
shown to directly affect some biological events, with
different tissues requiring optimal pore sizes for their
regeneration (80). Pore size represents an important
requirement for cell proliferation inside the scaffold, as
cells preferentially invade larger pores (with diameter in
the hundreds of micron range), while micron and sub-
micron pores, additionally coupled to the hydrophobic
nature of the majority of polymeric ester-based matrices
used in tissue engineering, may hinder hMSC colonization.
However, one of the most important limitations of tissue
engineering scaffold is that cell proliferation and
extracellular matrix deposition may progressively occlude
the entire porosity of the scaffold and, consequently, reduce
nutrient delivery to, and metabolic waste removal from, the
interior of the construct (84). Therefore, even if a large
number of studies have pointed out the importance of an
uniform cell infiltration in 3D, the presence of a pore
network not accessible for cells could be very important as
it might ensure the transport of fluids necessary for cell
biosynthesis. To this extent, Salerno et al. proposed a novel
p-bimodal approach in the realization of a PCL scaffold
using a combination of gas foaming and selective polymer
extraction from co-continuous blends obtaining a
multiscaled microarchitecture. The results showed high cell
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Figure 2. Scanning electron micrograph of a nanofibrous
gelatin electrospun scaffold. Scaffold was obtained starting
form a gelatin solution in formic acid.
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Figure 3. Scanning electron micrograph of a poly(L-
lactide) (PLLA) scaffold obtained by thermal induced
phase separation (TIPS) using liquid naphthalene as a

solvent for PLLA. Phase separation occurs upon
solidification (at room temperature) of naphthalene, that is
then vacuum-extracted from the scaffold.

seeding efficiency and the ability of the scaffold to promote
and guide selective 3D hMSC colonization and
proliferation into the macroporosity, while ensuring the
presence of a separate small size pores network for fluid
transport (85).

On the other side, the further step of
differentiation of stem cells inside the scaffold is guided by
a myriad of factors that, beside the known effects of
cytokines and other biologically active compounds,
embricate with the functional and structural architecture of
the scaffold itself. For instance, Lovett et al., using a
modular bioreactor capable of enhanced and fine tuned
oxygen and nutrient delivery to the construct, demonstrated
changes in the expression profiles of hMSCs differentiated
under varied oxygen tensions and tissue-specific oxygen
requirements for both adipogenic (20% O;) and
chondrogenic (5% O,) differentiation (86).
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Cell guidance by the scaffold, from cell-material
construct to the new engineered tissue, requires a complex
balance between chemical, biochemical and biophysical
cues able to mimic the spatial and temporal
microenvironments of the natural extracellular matrix (87).

Electrospinning is one of the approaches that
allow the fabrication of several natural and synthetic
materials into fibrous and porous structures in the micro-
and nanometer scale, just by controlling few process
parameters (88, 89) (Figure 3)

Thus, in cardiac tissue engineering the trend has
been to design bioactive materials, which on one hand have
the appropriate mechanical strength and the degradation
kinetics of synthetic polymers, and, on the other hand, have
the biological specificity of collagen, fibronectin, and
laminin, which are the major ECM components.

Cardiac tissue presents naturally a high degree of
hierarchical organization and architecture that define a
particular functional environment, characterized by a
precise geometry and dense cellularity. Therefore, the
primary aims in the production of a cardiac substitute are
focused on the possibility to accommodate a high number
of working cells maintaining a resistant structure compliant
to different working loads. Interconnected porous structures
appear to be the most amenable candidates to fulfil this
role, allowing for the hosting of a large number of cells.

A particular macro-feature in cell organization,
often found in vivo, i.e. directional growth or anisotropy,
can be effectively addressed using the process of
electrospinning. An example was recently demonstrated by
employing a spinning disk in combination with
electrospinning to fabricate oriented non-woven scaffolds
(90). For myocardial tissue, anisotropy carries functional
importance and has been the focus of extensive research to
orient the ECM or the cell growth in a 2D setting.
Electrospun oriented fibers can effectively help in
solving this problem (91). Applying a simple post-
processing step, i.e. mechanical stretching of the
electrospun membranes, Zong et al. achieved oriented
scaffold texture, enforcing anisotropic cell growth. CMs
interacted with the provided nano and microfibrous
network, trying to organize their growth in order to
follow the scaffold-prescribed direction, demonstrating
that CMs are very sensitive to the composition of the
electrospun PLGA-based scaffolds, with a preference to
relatively hydrophobic surfaces (92). Apparently,
hydrophilic and faster degrading electrospun scaffolds
allow for a lower cell density. On the other hand,
poly(L-lactide) (PLLA) scaffolds promoted better CMs
adhesion and mature cytoskeleton structure with well-
defined periodic units in the contractile machinery
(sarcomeres) CMs reestablished cell-to-cell contacts and
intercalated disks, typical for mature adult cardiac tissue on
nano- and microstructured electrospun non-woven
scaffolds. PLLA scaffolds are recognized to exert a
superior behaviour on cells compared to PLLA copolymers
with poly(glycolide) (PGA) and poly(ethylene glycol)
(PEG), providing both flexibility and guidance for CMs
growth (92).
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Another further insight in understanding how
scaffold architecture affects cell behaviour has been added
by Fromstein er al. who generated large numbers of
embryonic stem cells (ESC)-derived CMs in bioreactors,
and compared results of seeding on porous, 3-dimensional
scaffolds prepared using 2 different techniques:
electrospinning and thermally induced phase separation
(TIPS) (93). The effect of material macro-architecture on
the adhesion, viability, and morphology of the seeded
cells was studied. Results suggested that material
macrostructure plays a large role in modulating ESC-
derived CM morphology. Scaffolds fabricated by
electrospinning were found to promote an elongated
cardiac phenotype whereas the TIPS macrostructure
retained a rounded morphology. Cellular distribution
within TIPS scaffolds was limited, as most of the cells
resided within the first 200 mm from the surface. On the
contrary, cells were detected throughout the entire
volume of electrospun scaffolds. Percentage of viable
cells decreased with culture time within TIPS scaffold,
whereas electrospun scaffolds showed consistently high
proportions of live to dead cells. The percentage of dead
cells in the TIPS materials also increased with the
distance from the surface. This was not a concern in
electrospun scaffolds because nutrients and oxygen
diffusion was sufficient to maintain the cells in a
constant aerobic state. Interestingly, on both materials,
the seeded cells demonstrated functionality by
contracting and staining positive for sarcomeric myosin
heavy chain and connexin 43. This study represents a
further confirmation that the interactions between cells
and the extracellular matrix play a significant role in
cell migration, differentiation, cell cycle, and proliferation.
In this case, considering the use of ESCs, it is important to
note that, during embryogenesis, not only soluble matrix
factors guide different developmental pathways, but also
cues from the extracellular matrix play a vital role in
deciding cell fate. It is possible that the 3D nature of
scaffolds produced by electrospinning technique could
result in different protein deposition patterns within the
matrix, potentially exposing different binding motifs to the
cells, and ultimately modulating the phenotype. Then, the
scaffold itself comes to be part of the signals set that will
define the biology of the cell.

The electrospinning is also useful to process
natural components of tissue ECM, as fibrin and
fibrinogen. It provides a powerful device for cardiac TE,
given their innate ability to induce improved cellular
interaction and subsequent scaffold remodeling in
comparison to synthetic scaffolds. McManus et al.
successfully electrospun fibrinogen highly porous scaffolds
with fiber diameters as small as 80 nm, showing good
penetration of cardiac fibroblasts that efficiently
remodelled the matrix (94).

In this context, even the alignment of scaffold
fibers could represent an important clue for cell
differentiation. Zhu et al. demonstrated that cells cultured
on macroscopically oriented fibers generated by
electrospinning aligned along the direction of fibers and
showed changes in their phenotypes (95).
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4.2. The dynamic conditioning approach

Load-bearing soft tissues present a structured
extracellular matrix, organized to perform the tissues
specialized functions. This extracellular matrix (ECM) is
synthesized and organized by the cells under the influence
(guiding) of external stimuli, such as tissue loading
directions. Load-bearing soft tissues are composed of a
network of fibrous proteins, predominantly collagen and
elastin, embedded in a gel of proteoglycans, glycoproteins,
and water and exhibiting anisotropic, non-linear
viscoelastic behavior, A major challenge in cardiovascular
TE is mimicking the native structural organization and
hence biomechanical tissue behavior, especially when
creating tissues with high biomechanical demands, such as
blood vessels or heart valves. Also, simulations of the
mechanical loading conditions represent another important
factor modulating both cells and scaffold behavior. The
effect of different mechanical loading conditions on the
collagen organization in engineered tissues has been
variedly studied (96).

A good piece of evidence is pointing at
elucidating the relationships between mechanical
conditioning and resulting tissue structure and mechanical
properties. Cell-seeded biodegradable rectangular scaffolds
were constrained or intermittently strained in longitudinal
direction. Intermittent straining regimes were demonstrated
to be favorable in terms of cell proliferation (97), matrix
production (98), collagen crosslink density, and mechanical
properties (99), as compared to continuous straining (100).
In addition, intermittent straining resulted in stronger
tissues after shorter culture periods in engineered heart
valve tissue (101). Molecular mechanisms underlying the
effects of dynamic physical stimulation on cell function are
not fully understood; however, it has been recently shown
that mechanical loading of cell-seeded biodegradable
rectangular scaffolds, either constrained or intermittently
strained in longitudinal direction, resulted in changes of the
collagen fibers alignment present in the neo-ECM
produced. The alignment shifted from oblique at the
surface of the construct towards parallel to the straining
direction in deeper tissue layers. Additionally, intermittent
straining improved and accelerated the alignment of the
collagen fibers, as compared to constraining the constructs
(96).

The biomimetic paradigm of cardiac TE has
driven the development of strategies involving the
application of physiologically relevant chemical and
physical stimuli to cultured cells in order to obtain cardiac
differentiation. Biomimetic approaches to cardiac TE
recapitulating the aspects of the actual in vivo environment,
including the convection of blood through perfusion (102,
103), the presence of hemoglobin via oxygen carriers in the
culture medium (104), and the exposure of cells to a cyclic
stretch (105) or to electrical field stimulation (106, 107)
have been attempted.

In recent studies, a system designed to deliver
electrical signals mimicking those in native heart tissue
resulted in the progressive development of conductive and
contractile properties characteristic of cardiac tissue,
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Table 1. Biomaterials functionalized with drugs and growth factors used in tissue engineering for cardiovascular purposes.
Source Biomaterial Drug/Growth Factor Reference
Natural Fibrin VEGF (156)

bFGF (157)
Collagen VEGF (158)
TGF-B (159)
Gelatin VEGF (160)
bFGF (161)
TGF-B (162)
HGF (163)
Erythropoietin (164)
Alginate VEGF (165)
b-FGF (114)
Heparin (166)
Chitosan Heparin (167)
bFGF (168)
Hyaluronic acid Heparin (169)
Erythropoietin (170)
Synthetic Poly-L-Lactic Acid (PLLA) GCSF (72)
Heparin (7)
poly (D,L-lactic-co-glycolic acid) (PLGA) Dexamethasone (171)
VEGF (172)
PDGF-BB (117)
bFGF (173)
Heparin (130)
plasmid DNA encoding platelet-derived growth factor (PDGF) gene (174)
poly (epsilon-caprolactone) (PCL) Erythropoietin (175)
Heparin (61)
poly (ester urethane)urea (PEUU) bFGF (122)
Polyurethane Diazeniumdiolates NO donor (176)
VEGF (177)
poly (ethylene glycol) (PEG) RGD peptide (178)
Stromal-derived factor lalpha (SDF-1alpha) (179)

including cell alignment and coupling, increased amplitude
of synchronous construct contractions and a remarkable
level of ultrastructural organization (104, 106, 108). The
application of electrical stimulation to cardiac constructs
markedly enhanced the contractile behavior with cells
showing a high level of ultrastructural differentiation,
comparable in several respects with that of the native
myocardium. Electrical stimulation also increased the
amounts of mitochondria and glycogen, and induced the
formation of well aligned registers of sarcomeres that
closely resembled those in native myocardium,
representing a hallmark of maturing CMs (109). Stimulated
constructs also had well-developed intercalated disks and
gap junctions and elevated the levels of f-MHC, Connexin-
43 (Cx-43), creatine kinase-MM and cardiac Troponin-I
(cTn-I) (109).

4.3. The biofunctionalization approach

One of the basic ideas of TE concerns the use of
a resorbable biocompatible material providing the initial
temporary support to stimulate and orchestrate tissue repair,
progressively disappearing and being replaced by newly
developed tissue. Tailoring its structure, the scaffold would
therefore, constitute a leading framework for stem cells
attachment, differentiation and deposition of new ECM,
gradually remodeled. The scaffold would then be degraded
up to the final replacement with structured host tissue with
all the mechanical and biological features of the native
tissue. Another further step to promote stem cell
differentiation within a three dimensional support and
tissue regeneration concerns the association of a specific
bioactive signaling to the scaffold.
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The concept of fabricating a scaffold containing
factors, able to induce stem cells differentiation and to exert
important effects even once in in vivo settings, is relatively
novel (3, 6, 7). The idea of designing a resorbable scaffold
able to define an optimal microenvironment to induce
tissue-oriented differentiation of stem lineages and at the
same time to host cells in a structure resembling the natural
ECM opens a new paradigm in TE. In this scenario, the
biomaterial is intended as a differentiating system for stem
cells seeded therein, and is capable to guide and orient the
differentiation process within a 3D biomimetic structure.

Polymeric biomaterials have been engrafted with
growth factors, cytokines and drugs, thus obtaining drug
releasing systems capable of focused and localized delivery
of molecules depending on the environment requirements
and the actual milieu in which the scaffold is placed (6)
(Table 1). Up to date, several methods to incorporate
growth factors into synthetic scaffolds have been developed
(110-115). Growth factors can be adsorbed to the scaffold
(116). Adsorption efficiency is material related and
concerns not only the chemical influence, but also physical
properties of the scaffold itself, as the porosity and the
nature of the pores. Moreover, it depends on the structure
of the growth factors too, which can in turn affect release
kinetics. As proteins are generally adsorbed through
electrostatic attractions between anionic groups and the
scaffold surface, growth factors presenting only a few of
these reactive groups can display lower adsorption
capacities on biomaterials, as elegantly showed by Ziegler
and colleagues who combined ceramic materials with
bFGF and VEGF (116). Adsorbing growth factors onto the
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scaffold has the drawback of low loading efficiencies and
rapid release, together with the degradation of growth
factors such as thVEGF, BMP-4 and bFGF during a very
short release time (116).

It is also possible to blend growth factor-
containing microspheres into the scaffold (117), without
interfering with its macro and microstructure. Microspheres
incorporation allows for a fine modulation of the release
kinetics by adjusting the molecular weight and composition
of the copolymer, eventually avoiding undesirable initial
release bursts. Recently, Patil and colleagues developed a
novel poly(lactide-co-glycolide) (PLGA)
microsphere/polyvinyl alcohol (PVA) hydrogel composite
drug delivery system, able to provide a zero-order release
profile (118). However, loading growth factors into
microspheres, even if eliciting a regulated sustained
release, could be harnessed by a loss in bioactivity due to
harsh solvents.

Alternatively, a direct mixing of growth factor
containing protein powder into the scaffold during
processing can be performed (119-121). Incorporating
growth factors directly into the scaffold can potentially
surmount the mentioned shortcomings. In particular, the
use of a thermoplastic scaffold would be amenable to the
mixing of growth factor during polymer processing
providing an appropriately mild solvent or low processing
temperature. Guan and colleagues have developed a
biodegradable, elastomeric poly(ester urethane) urea
(PEUU) scaffold capable of releasing bioactive bFGF over
a period of several weeks (122).

Another approach to the controlled delivery
issues regards the modification of the scaffold itself.
Surface-modified PLGA scaffolds have been developed in
order to enhance adhesion and function of rat hepatocytes,
bovine chondrocytes, and bone marrow stem cells by
surface immobilization of bioactive molecules such as
galactose, cell adhesive peptides, and hyaluronic acid (123-
126). Alternatively, exploitation of biological properties of
some ECM components, as heparin, known to specifically
bind various growth factors, has been described with the
possibility to use natural bridging molecules for scaffold
functionalization. (127-129). This technique allows both a
sustained diffusion of growth factors and their protection
against thermal denaturation and enzymatic digestion at
physiological conditions (130).

With this in mind, a large variety of polymers
has been functionalized with growth factors as drug
delivery system, and also realized with structures closely
simulating the ECM histoarchitecture. More interestingly,
the potential of 3D ECM-mimicking scaffolds could be
oriented in order to obtain a leading framework providing
adequate signalling not only for engraftment and
proliferation but also for differentiation of precommitted or
stem cells towards different phenotypes.

Recently, an electrospun PLLA scaffold has been
developed, that was functionalized with hydroxyapatite
with the aim to recapitulate the native histoarchitecture and
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the molecular signalling of osteochondral tissue in order to
facilitate cell differentiation towards chondrocyte.
PLLA/hydroxyapatite nanocomposites induced
differentiation of hMSCs in a chondrocyte-like phenotype
with generation of a proteoglycan-based matrix (63).
Moreover, data on scaffolds tailored for cardiovascular
structures are available (8, 131). Heparin functionalized
electrospun PLLA scaffolds have been shown to promote
endothelial differentiation of mesenchymal stem cells (7).
This data represents 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 these
settings, differentiation would be realized within a three-
dimensional ECM-like environment closely mimicking the
tissue native architecture and allowing a harmonious
ongoing cell growth and differentiation for tissue
regeneration.

The intrinsic properties of the scaffolds could
therefore provide correct sequences of signals to promote
cell adhesion and matrix remodeling, creating a
microenvironment able not only to assist and guide cell
growth, differentiation and repopulation but also to mimic
the mechanical properties of the native tissue, providing at
the same time important signaling once in the in vivo
settings.

To this extent, Authors recently developed a
three-layered hybrid tubular scaffold with oriented drug-
delivery capacity for the differentiation of hMSCs seeded
therein, with the aim to recapitulate the native
histoarchitecture of a vessel (132). In particular, the
scaffold developed presents a middle pivotal collagen
lamina between two differentially functionalized layers of
poly(L-lactide), obtaining a compartmented architecture
and two different controlled microenvironments,
simultaneously enabling multiple differentiation processes
for the single components of a tissue. Under differentially
compartmented biological stimuli, a single stem cell type
could find the appropriate signals to topographically
differentiate into endothelium (inner side of the scaffold)
and smooth muscle cells (outside), gradually leading to
functional integration of the two layers in a totally
regenerated structure (132).

Functionalization strategies of tissue engineered
constructs could therefore overcome the current limitations
of cardiac stem cell therapy. Currently, stem cell therapy by
transfer of bone marrow (BM)-derived stem and precursor
cells into the infarcted myocardium has been shown to
improve left ventricular systolic function (133). Similar
results were obtained by the application of granulocyte
colony-stimulating factor (G-CSF), alone or in combination
with stem cell factor (SCF), which is known to mobilize
BM-derived cells (134-138). Interestingly, the beneficial
effects of these therapies are claimed to be due to a
significant degree of structural regeneration of the infarcted
hearts by transdifferentiation of the immigrated BM-
derived cells to CMs (139-143). However, this
phenomenon of in situ cardiac transdifferentiation has not
been conclusively demonstrated yet, and actual cell
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viability and engrafting following cell administration have
been found to be low, weakening the concept of a real
tissue replacement or regeneration (3). Despite the
mechanisms underlying their beneficial effect on cardiac
performance, this non-functional integration of injected or
endogenously mobilized cells might constitute an
arrythmogenic load within the cardiac environment,
increasing the risk for pro-arrhythmia. To this extent, recent
reports have shown that the transfer of skeletal myoblasts
(144) into decompensate hearts failed to electromechanically
integrate and provoked ventricular tachycardia in patients (15).
Moreover, certain types of CMs derived from in vitro
differentiated embryonic stem cells exhibited prolonged action
potential durations after depolarization, and a potential for
arrthythmogenesis (145). The achievement of both a CM
differentiation and a precise integration of the injected cells
into the myocardial wall, in order to augment synchronized
contractility and avoid potentially life-threatening alterations in
the electrical conduction of the heart, still remains a major
target to be pursued. With this in mind, the therapeutic
potential of cell therapy alone needs to be carefully evaluated,
especially in light of initial results using skeletal myoblasts that
are considered to represent one of the greatest potential
myogenic sources for cardiac cell therapy. Intramyocardial
injection of these cells failed to consistently show
transdifferentiation into CMs (57, 146) and, more importantly,
electromechanical coupling with the host CMs (146-148).

Another major concern in  myoblast
transplantation, besides the caveat of arrhythmic events, it
is the loss of a significant fraction of injected myoblasts
upon engraftment.

TE approaches have been attempted with the aim
to surmount these limitations. Siepe et al. recently used
highly porous myoblast-seeded polyurethane scaffolds,
demonstrating their ability to prevent post-myocardial
infarction progression toward heart failure in a rat model,
with no evidence of transdifferentiation of the seeded
myoblasts towards cardiac cells or migration from the
scaffold to the heart (149, 150). Then, in light of the
importance of inducing neo-angiogenesis into the inner
porosity of the scaffolds, incorporation of angiogenic
growth factors such as basic fibroblast growth factor
(bFGF) and vascular endothelial growth factor (VEGF) has
been preformed to obtain polymers for controlled release
and angiogenesis promotion (110, 151). Additionally, in
consideration of the lack of functional electromechanical
coupling between the majority of grafted myoblasts and
CMs (147, 148), and the recently reported effect of G-CSF
on angiogenesis and on the induction of expression of
connexin 43 (152) — a cardiac-specific gap junction
protein crucial for effective electromechanical association
(153, 154) — an interesting TE approach has been recently
reported (155). G-CSF has been shown to inhibit both
apoptosis and remodeling in the failing heart following
myocardial infarction through the receptor responsible for
cardiac hypertrophy (137). Moreover, it activates the Wnt
and Jak2 signals in CMs up-regulating Cx43, protecting
from ventricular arrhythmia induced by myocardial
infarction, and ameliorating survival in a rodent model of
myocardial infarction (152). With this in mind, a PLLA
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electrospun scaffold functionalized with G-CSF has been
developed and seeded with skeletal myoblasts. Authors
demonstrated induction of a cardiac pre-commitment of
skeletal myoblasts, demonstrated by the expression of
cardiac specific connexin 43 and troponin-I. However,
morphological and immunophenotypic changes achieved
by myoblasts in this setting were not compatible with a
complete differentiation in CM and cells did not acquire
beating capabilities. In light of an in vivo application, a
fully  differentiated  beating  phenotype  could
paradoxically fail to integrate with the host because of
asynchronous beating activity and potentially constitute
an arrhythmogenic focus leading to life threatening
arrhythmias. On the opposite, inducing a partial
differentiation towards a cardiac pre-committed
phenotype, expressing some of the key proteins of a
mature CM, could represent an interesting strategy to
provide a better integration within the cardiac
environment. The pre-differentiated cells would receive
signals from the new environment thus achieving a
gradual ongoing complete differentiation (3).

Therefore, functionalization with growth factors
could be an interesting alternative to ameliorate cardiac
tissue engineered constructs. In our laboratory, we
developed a set of techniques to produce 3D ECM-like
matrices containing signals locally compartmented at
different sides of the scaffold, to promote differential
commitment of a single stem cell type towards the multiple
phenotypes constituting an organ.

5. CONCLUSION

Considering the current limitations of both cell
therapy and TE, the most amenable alternative could be
represented by a combination of the two approaches. The
idea of a bridge between stem cells plasticity and
biomaterials that actively guide and provide the correct
sequence of signals to allow ongoing lineage-specific
differentiation of these pluripotent precursor cells may
represent a promising answer to the problems related to
cardiovascular healing.

3D systems could act as drug delivery systems, in
a broad concept that includes gene delivery. These
engineered DDSs are an alternative to apply localized doses
of bioactive molecules over sustained periods of time.
Therefore, undesired systemic effect can be minimized,
defining a favourable environment for cell engraftment and
proliferation, and improving the post-implantation
management of the grafts.
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