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Tissue engineering combines the fields of engineering, chemistry, biology, and
medicine to fabricate replacement tissues able to restore, maintain, or improve
structurally and functionally damaged organs. The approach of regenerative
medicine is of paramount importance for treating patients with severe cardiac
diseases. For successful exploitation, the challenge for cardiac regenerative
medicine is to identify the suitable combination between the best cell source for
cardiac repair and the design of the optimal scaffold as a template for tissue
replacement. Adult stem cells have the potential to improve regenerative medicine
with their peculiar feature to self-renew and differentiate into various phenotypes.
Insights into the stem cell field lead to the identification of the suitable scaffold
features that enhance the ex vivo proliferation and differentiation of stem cells.
Scaffolds composed of natural and/or synthetic polymers can organise stem cells
into complex architectures that mimic native tissues. To achieve this, a proper
design of the chemical, mechanical, and morphological characteristics of the
scaffold at different length scales is needed to reproduce the tissue complexity at
the cell-scaffold interface. Hierarchical porosities are needed in a single construct,
at the millimetre scale to help nutrition and vascularisation, at the micrometer
scale to accommodate cells, and at the nanometre scale to favour the expression
of extra-cellular matrix components. The present study has been undertaken to
setup strategies to integrate stem cells and tailored scaffolds, as a tool to control
cardiac tissue regeneration. Among the many available techniques for scaffold
fabrication, porogen leaching, phase separation, and electrospinning were
selected as low-cost and user-friendly technologies to fabricate tuneable,
hierarchically porous matrices that mimic aspects of the cell native surroundings.
The biological validation of these scaffolds was performed by implanting adult
stem cells.
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1. Introduction

Tissue engineering emerged in the early 1990s to address limitations of organ
trasplantation and synthetic tissue replacements, focusing on the transplant of a biofactor
within a biocompatible matrix known as a scaffold [1]. Since then, some clinical success
has been obtained for hard tissues, such as bones [2] and cartilages [3], and for
bidimensional soft tissues, such as cornea [4] and skin [5], while the reconstruction of more
complicated soft tissues is far more challenging.

Cardiovascular diseases are the main cause of death in the western world. New solutions
are needed to regenerate hearts damaged by myocardial infarction and to address the
shortage of heart donors. Cardiac tissue engineering approaches are mainly based on the
use of 3D biocompatible, bioerodable scaffolds and cardiac cells to reconstitute contractile
cardiac muscle-like tissues in vitro that might be utilised for the replacement of diseased
myocardium in vivo [6,7]. Another approach is the superposition of bidimensional layers
prepared using cell sheet engineering [8]. In this context, it becomes crucial to identify a
suitable cell source. The main limitation of cardiac tissue engineering is the inability of
cardiac myocytes to proliferate [9]. Recent advances in stem cell research now offer a
promising cell source for the treatment of heart failure, due to their ability to self-renew and
their potential to differentiate into the specialised cells [10,11].

The identification of the proper source of cells is not sufficient for the success of the
tissue reconstruction. A suitable interfacing between cells and scaffold is necessary for
maintaining the activity of functional cells, regulating cell behavior, and reconstructing
three-dimensional (3D) tissues. The scaffold should exhibit biocompatibility and
biodegradability [12], high porosity and adequate pore size to favour cell attachment
and growth, as well as to facilitate the diffusion of nutrients to and waste products from
the implant [13]. The mechanical properties of the scaffold are also a further key factor to
fit to provide the correct stress environment for the neotissues [14].

Various materials have been explored as tissue engineering scaffolds, including natural
compounds, such as collagen, hyaluronate, alginate, chitosan, as well as synthetic
polymers such as polycaprolactone (PC), polyglicolide (PGA), polylactide (PLA), and
their copolymers [15].

The selection of the scaffold material is a part of the proper design of the scaffold
chemical, mechanical, and morphological characteristics at different length scales,
needed to reproduce the tissue complexity at the cell-scaffold interface. Figure 1 shows
the features of a cardiac tissue at different length scales: (i) an optical micrograph of a
heart tissue section showing that vascular ducts have size at the millimetre scale, (ii) a
scanning electron (SEM) micrograph of cardiac stem cells showing that their size is of
about 20 pum [16], and (iii) a scheme of the extracellular matrix (ECM) components at
the nanometre scale. Remarkably, an increasing nanoscale roughness of the scaffold
walls has been found to increase cell attachment, proliferation, and expression of ECM
components [17]. The scaffold should incorporate in a single construct the information
that can trigger the reproduction of the cardiac tissue with all the different features.
Therefore, approaches in scaffold design must be able to create hierarchical porosities
in a single construct, at the millimetre scale to help nutrition and vascularisation, at the
micrometer scale to accommodate cells, and at the nanometre scale to favour the
expression of extra-cellular matrix components, with the desired chemical and
mechanical functions. In our view nanoscale porosity can be regarded as a patterning
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Figure 1. Different length scales of cardiac tissue to be integrated into the scaffold: mm scale for
vascularisation and nutrition, um scale for cell accomodation, nm scale for the expression of ECM
components.

technique to induce and tune the nanoscale roughness for the purpose of controlling
ECM expression. Furthermore, by a chemical standpoint, it also brings in the
possibility to store growth factors for cell differentiation. The importance of producing
three-dimensional structures with porosities at scales from the nanometre to millimetre
level has been reported mainly for osteoblasts, to influence the interaction between cells
ad scaffold in terms of mass-transport requirements for cell nutrition, migration and
attachment [17]. In some cases the emphasis has been put onto the nanoscale features
needed by the scaffold, again in most of the cases for bone treatments [18,19].
However, the important issue is the challenge to integrate hierarchical porosities in a
single construct. Although there are certainly similarities amongst the various cells,
there are also specificities for the different tissues, and what is valid for bones should
be critically evaluated for heart, which is the purpose of the present study.

Several processing techniques have been developed over the past two decades to cast a
large variety of materials into scaffolds suitable for the many different applications of
tissue engineering and cell types (e.g. soft vs. hard tissues). Our strategy for the fabrication
of 3D scaffolds endowed with hierarchical porosities was the development of low-cost
techniques enabling scaffold tailoring. Three low-cost techniques have been investigated,
namely porogen leaching, phase separation and electrospinning.

Noteworthily, none of them has emerged universally yet as the superior choice over the
others, being all three currently active research topics [20-22]. The basic principles of each
of these techniques have been known for some time, but the leading theme of our discourse
is the possibility to opportunely tune these technologies to fabricate matrices with
controlled architecture and tuneable morphological features, to match the requirements of
hierarchical porosity and roughness that mimic the cell native surroundings.

The biological validation of the prepared constructs was made by implanting adult
stem cells, namely murine bone marrow-derived mesenchymal stem cells (mMSC) [23].

2. Scaffold fabrication techniques
2.1. Porogen leaching techniques

Porogen leaching techniques [24] involves the use of suitable porogens to be introduced
into the polymer matrix and subsequently removed to generate porosity within the
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scaffold itself. The size and shape of the pores are entirely determined and tailored by
those of the porogen chosen.

In this work paraffin micro spheres and sodium chloride (NaCl) grains were selected
as porogen agents. While NaCl is readily available commercially, paraffin was produced
in-house by melting pure paraffin pellets into an aqueous solution kept at around 80°C in
the presence of 5 wt.% of a surfactant, namely Pluronic 147%, or gelatin. The solution was
kept stirring vigorously for about 1 h and instantly frozen by adding ice-cold water, in
order to solidify paraffin micro spherical drops. This procedure allowed to obtain a very
broad dispersion of micro particle diameters. Sieving the particles can readily yield a
monodisperse population in terms of porogen size. The porogen particles were then
poured and pressed into a mould, then kept at 30°C so that partial merging of the particles
could be achieved. A PLA/chloroform solution was cast on the mould to fill the
interspaces between the porogen particles. After the evaporation of the solvent, the
scaffold was washed with a suitable agent being solvent for the porogen and non-solvent
for the polymer, i.e., hexane for paraffin removal and hot water for salt removal,
respectively.

Figure 2 shows the typical SEM micrographs of the porous PLA scaffold obtained by
the porogen leaching technique. Regarding NaCl as porogen (Figure 2(a)), cubic porosity
can be obtained, with the size being controlled by the porogen dimensions. The inset shows
a magnified detail of the leaching pathways suggesting that, although the salt leached out,
the resulting network of pores might be rather occluded and, hence, difficult to access for
the cells. Size and shape of the porogen agent determine the degree of percolation of the
porosity. Spherical porosity in a close packed arrangement can be obtained by using
paraffin as porogen agent (Figure 2(b)). In this case the cross-sectional view (see inset in
Figure 2(b)) shows spherical open structure and then communication paths between each
sphere.

The porogen leaching technique is easy to carry out. The opportune selection and
preparation of the porogen as well as the balance of the polymer/porogen ratio allowed us
to obtain controlled scaffolds in terms of porosity and pore shape and size. However, the
control of features at millimetre scale is less easy.

2.2. Phase separation technique

The phase separation technique is based on thermodynamic demixing of a homogeneous
polymer-solvent solution into a polymer-rich phase and a polymer-poor phase.

Phase separation techniques, especially thermally induced phase separation (TIPS)
coupled with freeze-drying, have been widely used for the preparation of porous
membranes for filtration and separation, as well as for scaffold fabrication [25-27)]. These
techniques, generally time and energy consuming, lead to the formation of highly porous
membranes.

The procedure that we adopted consisted in a solid-liquid extraction of the solvent
from a polymer-solvent frozen solution, the solvent acting as a porogen agent. Briefly,
PLLA (5 wt.%) was dissolved in dioxane and the solution was cast in a Petri dish and
frozen at —18°C. The solvent was removed by immersing the frozen polymer solution in a
pre-cooled (—18°C) aqueous ethanol solution (80 wt.%) overnight. Several temperatures
for the aqueous ethanol bath were explored, ranging from —18°C to room temperature.
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Figure 2. SEM micrographs of PLA scaffolds prepared by: (a) NaCl leaching technique, the
inset reports a zoomed area of the scaffold; (b) paraffin leaching techniques, the inser reports the
cross-sectional view.
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The solvent was extracted out and replaced with ethanol aqueous solution that was
removed by drying the scaffold under vacuum for 5 hours at room temperature.

This resulted in a low-cost and fast procedure that allowed to remove easily any trace
of solvent by using a non-cytotoxic environment [28].

Figures 3(a) and (b) show the comparison between the morphology of PLA
scaffolds obtained by the solid-liquid extraction technique performed in isothermal
(Ty=-18°C) and non-isothermal (—18°C < T, < 25°C) conditions, respectively. Both
samples put in evidence a regular, homogeneous, and highly porous surface, the pore
size being different depending on the preparation conditions. In particular, the cellular
structures obtained at 7, (Figure 3(a)) showed a smaller pore size than the sample
prepared in non-isothermal conditions (Figure 3(b)). Further details are highlighted in
the insets of Figure 3 that shows zoomed areas of the scaffold surface. The inset in
Figure 3(a) shows that the PLA scaffold prepared in isothermal conditions (77)
exhibited pores of about 20 um in diameter, being the porosity partially occluded. The
inset in Figure 3(b) shows that the PLA scaffold prepared in non-isothermal conditions
(T,) exhibited larger porosity, being the pore size larger than the pores of the PLA
scaffold prepared at T;. In both cases, pores at the nanometre scale can be observed in
the polymeric foam struts.

It is evident that by tuning the parameters governing the preparation process
(i.e., temperature), different scaffolds can be obtained, in terms of morphology and
porosity. It is known that the pore size requirements are strongly dependent on the specific
tissue engineering application, according to the given cell size, the pore size generally
ranging from 5 to over 400 um [29].

By using this method, the thermodynamics and the kinetics of the process of solvent
extraction/replacing can be controlled to obtain a scaffold with specific requirements
in terms of pore size and therefore in terms of structure-properties relationship, not limited
to cardiac tissues.

2.3. Electrospinning technique

Electrospinning is a polymer processing technique that has been revitalised with the advent
of tissue engineering. The working principle of the technique consists of applying a high-
voltage electric field (of the order of 1/10 kV) between a metallic capillary containing a
desired polymeric solution/melt and a collecting electrode (usually a conductive plate)
electrically grounded. When the electrical field overcomes the resistance of the surface
tension of the polymeric solution, the electrically charged solution is ejected from the
capillary towards the counter electrode. The polymeric jet stretches under the action of the
electrostatic force and produces long and thin fibers [30]. In practice, the polymer solution
is electrospun from a flat-ended needle of a syringe, whose shaft is actuated by a
programmable syringe pump that supplies the solution to the needle and fuels the process.
The possibility to fabricate highly interconnected porous polymeric network, makes
electrospinning an attractive technology for drug delivery applications, which is another
major endeavour of this technique besides biomedical substrates for cell transplants [31].
Electrospinning is also suitable to fabricate hybrid or ceramic fibers [32].

In most of the cases reported in the literature, electrospinning is used to prepare mats
of fibers to be used as scaffolds for tissue engineering, with limited control in porosity and
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Figure 3. SEM images of a PLA scaffold prepared by the phase separation technique at two
different temperature (7) of solvent extraction, (a) 7=—18°C and (b) —18°C < T'< 25°C. The
insets show high magnification SEM micrographs of a PLA scaffold prepared by the phase
separation technique at two different temperature (7) of solvent extraction, (a) 77, =—18°C and
(b) —18°C < T, < 25°C.
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therefore in cell adhesion and growth [33]. Our purpose was to highlight the tunability of
most geometrical and morphological properties on the entire hierarchy of scales of the
scaffolds using electrospinning. Thus, besides controlling the fibre diameter, it is possible
for example to modify the macro porosity by changing the confluence, the number
of layers, or the alignment of the fibres in the network. Besides the macroporosity,
micro/nanoporosity may also exist and can be controlled. Figure 4 shows electrospun
PLLA nanofibers (300/400 nm in diameter) with characteristic nanopores, whose size can
be controlled via process parameters (i.e., applied voltage, eclectrode distance and
configuration, concentration and viscosity of the solution, solution flow rate, etc). As a
consequence of the opportunity to integrate different length scales in a single structure,
electrospun scaffolds appear to mimic the architecture of the natural extracellular matrix
(ECM) better than the counterparts from other techniques [34,35]. Natural ECM consists
of proteoglycans matrix embedding fibrous collagens organised in a three-dimensional
porous network with fibres arranged in hierarchical structures from nanometer length
scale fibrils to macroscopic tissue architecture [36]. Similarly, electrospun scaffolds are
inherently multiscale structures with nano- or micro fibres with macro scale interconnected
pores.

Electrospinning allows also the control of fibre alignment for the purpose of tuning the
macro texturing of the scaffold. In general, if a simple collecting plate (e.g. an aluminium
foil) is used, the electrospun fibres deposit randomly, forming a spaghetti-like stack. Our
goal, instead, was to control the fibre alignment through the usage of patterned electrodes.
Amongst other reasons, this is relevant for tailoring mechanical properties and large
porosity. As a first step, the formation of a bundle made of quasi-parallel fibres was
investigated. Figure 5(a) shows the experimental setup used, where two Cu parallel bars
were used as grounded collecting electrodes. Each bar was 50 mm long, with a square cross
section Smm wide. They were placed 50 mm apart at a distance of about 170 mm from the
syringe needle charged at about 20kV. An auxiliary 180 mm diameter Cu ring was also

Figure 4. SEM image of PLA electrospun nanofibers with nanopores.
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connected to the generator and placed right below the needle in order to stabilise the
electric field around the fibre and control the jet motion [37]. In this configuration, when a
10 wt.% poly(l-caprolactone) (PCL) in a solution of chloroform-methanol (7: 1) was used,
fibers with a diameter of 2/4 uym electrospun orderly between the Cu bars, rendering the
highly oriented bundle shown in Figure 6(a). This result is relevant per se but, more
importantly, may serve as a building block to device scaffold with more complicated
patterns. As a proof of concept application, another experiment was performed using the
same experimental set-up with the sole addition of another pair of Cu bar electrodes
placed at 90° from the former, as shown in Figure 5(b). The aim was the fabrication

SCHEME

a
# COMPUTER 4——‘ PROGRAMMABLE
> SYRINGE PUMP
ACTUATION
FORCE
BD PLASTIC
SYRINGE
POLYMERIC
SOLUTION
FLAT-ENDED
NEEDLE
HIGH
VOLTAGE
GENERATOR
Cu RING
TAYLOR
CONE
\ CuBAR
(b) ORTHOGONAL PAIRS OF GROUNDED PAIRS OF Cu BAR
———9
e 7
Y\COLLECTOR - \
RESULTING

= SCAFFOLD

Figure 5. Schematics of the electrospinning experimental set up, where the grounded collecting
electrodes were (a) two Cu parallel bars, (b) two pairs of Cu bar electrodes placed orthogonal to each
other.
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(b)

Figure 6. SEM micrographs
scaffold.

of (a) oriented PCL fiber bundle, (b) macroscopically textured PCL
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Figure 7. Immunofluorescence analysis of F-actin expression (red) in mMSC grown after 72 h, on
(a) PLA scaffold shown in Figure 3(b), (b) PCL scaffold shown in Figure 6(b). Nuclei were stained
with 4’,6’-diamidino-2-phenylindole (DAPI). Images of cell samples were taken with a Leica DMRB
microscope using a digital camera. The images were representative of at least five random fields for
each sample.

of a scaffold made with two groups of fibres oriented along orthogonal directions.
Figure 6(b) shows that the resulting scaffold exhibited indeed a macroscopic texture with a
short-range ordered plot with periodic features orthogonal to each other.

This approach for electrospinning appears to be a viable technique to modulate the
in-plane elasticity of the scaffold. In fact, in a previous work [23] it has been demonstrated
that cardiac progenitor cells differentiate into cardiac phenotype and align along the
direction where the elastic properties of the scaffold matched the elastic properties of the
cardiac cells.

4. Biological validation of scaffolds

The biological validation of the produced scaffolds was performed in vitro using a murine
Lineage negative, Sca-1 positive, mesenchymal stem cell line of bone marrow origin
(mMSCQC). Cells were seeded on sterilised and equilibrated scaffolds at the concentration of
3 x 10*/em?. Cell viability and proliferation were tested after 24, 48, and 72 hours. Cell
viability was assessed by trypan blue staining. Data showed that no significant evidence of
cell death was found with respect to cells grown on chamber slides in standard culture
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conditions (used as controls). To detect the proliferation ability, cycling cells were
calculated as the ratio between the number of mitotic nuclei and total number of nuclei
fixed and stained with DAPI (4',6'-diamidino-2-phenylindole, Sigma-Aldrich, Milan,
Italy) by fluorescence microscope analysis. Data showed that mitotic nuclei number of
cells grown on scaffolds increased of 1.5 fold, after 24 h and 3 folds, after 48 h, similarly to
controls. After 72h, no significant number of mitotic nuclei was observed, being cells
grown at confluence. The validation was successful for all the scaffolds discussed inhere.
For illustrative purpose, Figure 7 shows the immunofluorescence (IF) images of the
mMSC seeded on scaffolds shown in Figures 3(b) and 6(b), respectively. Stem cells were
able to colonise the pores created and to adhere functionally to the scaffolds. Indeed
adherent cells, decorated with tetra-rhodamine conjugated phalloydine, directed against
F-actin, showed a typical elongated shape and well organised stress fibres (Figure 7(a)).
Cells with elongated shapes are also visible in Figure 7(b), grown on the electrospun
scaffold. In this case the cells appeared to concentrate more in regions with higher density
of fibres (which correspond to the brighter spots of the background due to auto-
fluorescence of the polymer). In summary, the results demonstrated not only the
cytocompatibility of the materials used, but also significant adhesion and proliferation of
seeded cells onto the constructs.

5. Conclusions

The body of the experimental results demonstrated that 3D multiscale polymeric scaffolds
for tissue engineering can be pursued with several approaches, each one having a
characteristic signature.

Porogen leaching (in a lesser extent), phase separation, and electrospinning
techniques, all allowed the fabrication of porous scaffolds exhibiting features on
different length scales, whose properties can be finely tuned by controlling the process
parameters. Changing the size and shape of a target porogen, as well as modifying the
temperature profile of a phase separation process, is a low-cost and user-friendly
operation, enabling scaffold architecture in a broad range of length scales.

Similarly, changing the materials (e.g., polymer, solvent, the composition of the
solution) and/or the experimental setup (e.g., applied voltage, electrode distance, electrode
pattering) can radically transform the appearance of the fibre network prepared using
electrospinning. We demonstrated that, by means of purposely designed collecting
electrodes, it is possible to switch from a totally random macrotexture to an ordered
arrangement, consisting either of a quasi-parallel fibre bundle or a quasi-woven network
from two such bundles in the cases examined inhere.

In summary, the fabrication of tuneable scaffolds with hierarchical porosities, made of
biodegradable polymers, was demonstrated for cardiac tissue engineering. Adult stem cells
adhered and proliferated onto the fabricated constructs, demonstrating the cytocompat-
ibility of the materials used.
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