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The biomaterial scaffold plays a key role in most tissue engineering strategies. Its surface properties, micropatterning, degradation,
and mechanical features affect not only the generation of the tissue construct in vitro, but also its in vivo functionality. The
area of myocardial tissue engineering still faces significant difficulties and challenges in the design of bioactive scaffolds, which
allow composition variation to accommodate divergence in the evolving myocardial structure. Here we aimed at verifying
if a microstructured bioartificial scaffold alone can provoke an effect on stem cell behavior. To this purpose, we fabricated
microstructured bioartificial polymeric constructs made of PLGA/gelatin mimicking anisotropic structure and mechanical
properties of the myocardium. We found that PLGA/gelatin scaffolds promoted adhesion, elongation, ordered disposition, and
early myocardial commitment of human mesenchymal stem cells suggesting that these constructs are able to crosstalk with stem
cells in a precise and controlled manner. At the same time, the biomaterial degradation kinetics renders the PLGA/gelatin constructs

very attractive for myocardial regeneration approaches.

1. Introduction

In the paradigm of tissue engineering, a three-dimensional
platform known as scaffold is essential for cell proliferation,
growth and differentiation, and the final generation of a
functional tissue [1, 2].

Generally, scaffolds in tissue engineering have to satisfy
simultaneously a wide series of requirements that render it
difficult to obtain a functional structure suitable for clinical
use.

If the tissue to regenerate is the myocardium, the difficulty
in controlling the engineering of a scaffold mimicking the

complex tissue organization is even greater. The structural
components of cardiac tissue are arranged both in micro-
(cardiac muscle fibers) and in nanoscale (filaments, sarcom-
eres); however, it is not well clear which are the most impor-
tant topographical initial stimuli to activate the complex
process that can lead to in vivo engineering of cardiac tissue.

Many efforts were devoted to develop a scaffold able
to reproduce at nano-, micro-, and mesoscale levels the
biochemical, mechanical, and structural characteristics of
cardiac extracellular matrix (ECM). In this regard, Kim et al.
demonstrated that the engineered tissue structure and func-
tion are highly sensitive to changes of topographic features at
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nanoscale level [3]. It was observed that the nanofabrication
of hydrogels based on PEG diacrylate can regulate the
alignment of neonatal rat ventricular myocytes and guide
structural and functional cardiac anisotropy [3-5]. Moreover,
avariety of substrates with micron patterns have been studied
to direct cardiomyocytes into anisotropic organized cardiac
tissue constructs using different microfabrication techniques
[6-8]. Engelmayr Jr. et al. showed the formation of grafts with
preferentially aligned neonatal rat heart cells and mechanical
properties more closely resembling adult rat right ventricular
myocardium [9].

Besides the use of differentiated heart cells, most rele-
vant for regenerative approaches is the influence of engi-
neered scaffolds on stem cells. Human mesenchymal stem
cells (hMSCs) can be readily harvested from bone marrow
through aspiration. Due to their high self-renewal capacity
and excellent differentiation potential in vitro, hMSCs are
ideally suited for regenerative medicine [10]. The complex
molecular and functional interactions of MSCs with their
environment are widely studied but not completely under-
stood. The characteristics of the physical microenvironment
that have been already shown to modulate MSC fate in
different tissues include ECM stiffness [11], interactions with
nanoscale features [12], anisotropy [13], and the micropattern
[14, 15]. Other physical features might turn out to be criti-
cal in influencing stem cells for cardiac tissue engineering
approaches including the scaffold degradation characteris-
tics. Indeed, in view of an in vivo approach, to establish
the best scaffold from a degradation rate point of view to
match the regeneration/healing process is of fundamental
importance.

Polymeric biomaterials produced using PLGA offer
important advantages including biocompatibility, biodegra-
dation that can be modulated by varying PLA and PGA
fraction content, and, once functionalized with drugs, the
possibility to accurately control the release kinetics to reach
adequate administration [16]. In addition, PLGA has been
approved for several biomedical applications in human and
used as scaffold materials in tissue engineering [17]. Even if
the use in the cardiovascular field is not largely explored,
however PLGA scaffolds, mainly in form of nanofibers
obtained by electrospinning, were extensively studied in
orthopedic applications [18-22]. PLGA constructs function-
alized with TGF-f3 were shown to influence the growth and
differentiation behavior of MSCs into osteoblasts and chon-
drocytes [23, 24]. Moreover, PLGA scaffolds incorporating
SDFl-a were studied to evaluate stem cell recruitment and
inflammation response to improve critical tissue response
upon scaffold implant [25]. Another study demonstrated that
nano- and microstructured electrospun non-woven PLGA-
based scaffolds provided both flexibility and guidance for
cardiac myocytes growth [26] and recently an omentum-
wrapped PLGA patch seeded with rat MSCs was grafted onto
the epicardium of the infarction area demonstrating benefi-
cial effects on ventricular remodeling and cardiac function
[27]. Gelatin is one of the most used natural materials to
recreate the native myocardial microenvironment [28]. In the
past, pure gelatin scaffolds have been applied for in vitro
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and in vivo cardiac tissue regeneration [29]. Recently, micro-
molded gelatin hydrogels have demonstrated to support long-
term culture of engineered rat and human cardiac tissues
[30]. Moreover, a phase I clinical trial was performed using
a combination of gelatin hydrogel embedded with human
cardiac-derived stem cells and basic fibroblast growth factor
(bFGF), even if a deepened follow-up is necessary to evaluate
treatment efficacy [31]. In addition, a recent study carried
out on gelatin-based hydrogels incorporating gold nanorods
suggested their possible use as cardiac patches with superior
electrical and mechanical properties [32].

In a previous paper we demonstrated the capabil-
ity of scaffolds based on poly(3-hydroxybutyrate-co-3-
hydroxyvalerate)/gelatin (PHBHV/gelatin) to induce stem
cell commitment to a cardiac phenotype thanks to an optimal
synergy between physico-chemical, mechanical, and struc-
tural characteristics [33].

In this paper we evaluated hMSC behavior on a scaffold
with analogous micropatterning and bioartificial features
but different for what concerns the synthetic polymer used,
poly(DL-lactide-co-glycolide) (PLGA), and blending proce-
dure. In addition, a modification at the macroscale level by
producing a bilayered microstructured scaffold was setup, in
order to increase the thickness of the patch, while maintain-
ing the surface microstructure, to create a more robust and
adaptable construct to the extent of damaged tissue and to use
it in the future as reservoir for the release of specific drugs.
PLGA/gelatin scaffolds were prepared and characterized
under many aspects including anisotropy, molecular interac-
tion, and degradation process in order to better investigate
their capability to mediate the cardioinductivity in view of the
realization of an efficient cardiac patch.

Here we show that microstructured PLGA/gelatin scaf-
folds have a rapid degradation kinetics, while maintaining
the biomechanical stimuli induced by micropatterning, and
provide a suitable matrix for hMSC adhesion, organized
growth, and early cardiac commitment.

2. Materials and Methods

2.1. Preparation and Physicochemical/Mechanical
Characterization of PLGA/Gelatin Scaffolds

2.1.1. Reagents. Poly(DL-lactide-co-glycolide) (Sigma Ald-
rich, lactide: glycolide (50:50), M.W. 40-75kDa), gelatin
from porcine skin (Sigma Aldrich), Milli-Q water (Milli-
pore), dichloromethane (DCM), and acetone (ACT) tetrahy-
drofuran (THF) (Carlo Erba Reagenti, Italy).

2.1.2. Preparation of Bioartificial Blends. Bioartificial blends
based on PLGA and gelatin were obtained by means of
controlled solvent casting starting from water/ACT/DCM
ternary blends. In detail, a predefined volume of gelatin
is added to a solution of PLGA (10%) in DCM and
ACT to obtain different composition PLGA/gelatin (90/10,
80/20, 75/25, 70/30 w/w). Successively the composition
PLGA/gelatin 70/30 will be selected, mainly on the basis
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of mechanical properties and specifically lower stiffness
(Figure 2(c)).

2.1.3. Preparation of ECM-Like Porous Bioartificial Scaffolds.
The bioartificial blends were spread onto silicon mould
obtained by soft lithography technique as previously reported
[33]; the mould presents on the surface a micropatterning
having a predefined geometry mimicking the myocardium
anatomic microstructure [34]. Each layer is designed to
possess channels with dimensions of 500 ym x 100 ym and a
depth of 60 ym, separated by an array of reliefs of 70 ym and
30 ym alternatively and cross reliefs of 30 ym. After spreading
the bioartificial blend was undergone to a slow and controlled
casting and finally the material was gently detached by the
mould by obtaining a microstructured single layer. For the
preparation of bilayer, an aliquot of gelatin solution was
homogenously deposited on a single layer from the side
without any cavities and reliefs. A second microstructured
layer was assembled leaving the micropatterning to the free
side. Finally, the layers were fixed by a bland and rapid die-
casting. For the die-casting, metal moulds at rectangular
profiles were prepared having the same size of the scaffold
surface. The moulds were heated at a maximum temperature
of 50°C and positioned at the edges of the bilayer.

2.1.4. Scaffold Characterization. Morphological analysis was
carried out onto Au sputtered samples by scanning electron
microscopy (SEM, Jeol JSM 5600, Japan). Chemical analysis
was carried out by FT-IR Chemical Imaging (Perkin Elmer
Spotlight 300, USA): attenuated total reflectance (ATR)
sampling technique on fragments of scaffolds was performed,
the use of the Chemical Imaging allowed evaluating the
distribution of components in the materials, obtaining chem-
ical and correlation maps to visualize their distribution,
spectral images were acquired in transmission and gATR
mode (spectral resolution was 4 cm ™, spatial resolution was
100 x 100 ym) using the infrared imaging system Spotlight
300 (Perkin Elmer). Spectra were collected by touching the
ATR objective on the sample and collecting the spectrum
generated from the surface layer of the sample. The Spotlight
software used for acquisition was also used to preprocess
the spectra; dynamic mechanical analysis was performed by
DMA (DMAS8000, Perkin Elmer, USA), using both tensile
tests to evaluate stress-strain curve, elastic modulus and yield
strength, and strain scan analysis to evaluate storage modulus
(E') and loss modulus (E”) of the not microstructured
materials in dry condition, for microstructured scaffolds
strain scan analysis was carried out in dry and wet conditions
at 37°C applying the strain in parallel and perpendicular
directions with respect to the microstructure alignment.
Preliminary degradation tests were performed on different
scaffold composition in MilliQ water at 37°C to evaluate
degradation kinetics at early time. Then, on selected scaffolds
in form of bilayer, degradation analysis was performed up
to six months in three different media: MilliQ water, Phos-
phate Buffered Saline (PBS, pH 7.4, Sigma), and Dulbecco’s
Modified Eagle Medium (DMEM, Life Technologies, USA).

Degradation samples underwent SEM, FT-IR, and gel perme-
ation chromatography (GPC, Perkin Elmer, USA) analyses;
SEM analysis allowed evaluating how scaffold morphology
changed after degradation; FT-IR evaluated the variation of
chemical composition of samples; finally, GPC quantified the
molecular weight lowering and the variation of polydisper-
sity index of PLGA and PLGA/gelatin matrices obtaining
degradation kinetic profiles. For GPC analysis, a Perkin
Elmer pump, equipped by a ResiPore (Agilent Technologies,
USA) column, UV and RI detectors, were used; internal
mobile phase was composed of THF (1 mL/min); analysis
was carried out at room temperature; results were obtained
based on a calibration curve obtained with polystyrene
narrow standards. Moreover, pH of degradation media was
monitored during time using pH-meter (CRISON, basic 20).

2.2. Cell Seeding and Culture. hMSCs were obtained from
Lonza Group (Walkersville, MD). Cells were tested for
purity by flow cytometry using a panel of cell surface
markers: CD105, CD44, CD29, CD90, CD166, CD34, CD45,
and HLA-DR (all from Miltenyi, Germany) as previously
described [33]. hMSC differentiation potential into osteocyte
or adipocyte lineages was assessed as described [35]. hMSCs
were used in experiments at passages 3 to 7. Depending on the
experiments and the scaffold layer composition, between 5 x
10° and 20 x 10° cells were suspended in 50 uL of DMEM (Life
Technologies) supplemented with 10% fetal bovine serum
(FBS, Euroclone, Italy), 2mM L-glutamine, 1% kanamycin,
1% sodium pyruvate, 1% nonessential amino acids, 0.1% f-
mercaptoethanol (all from Gibco, Gaithersburg, MD, USA)
and seeded in drops on the surface of the PLGA/gelatin
scaffolds placed in 24-well plates. After 3 hr necessary for cell
adhesion, 500 L of complete medium was added to cover the
scaffolds and samples were kept in an atmosphere of 5% CO,,
95% air at 37°C in a humidified incubator. Cells seeded on
the scaffolds were maintained in culture for up to two weeks
and medium was replaced every 3 days. For the 2-D control
condition, 4 x 10° cells/cm” were seeded in 24-well plates and
harvested at 80% confluence.

2.3. Adhesion and Proliferation Assays. Cell adhesion was
evaluated after 24 hr of culture using the metabolic assay
CellTiter-Blue (Promega, USA) as previously described [33].

2.4. Cell Morphology and Alignment Analyses. Cell mor-
phology, cytoskeletal organization, and scaffold colonization
were analysed by Immunofluorescence. Cellularized scaf-
folds were fixed with 4% paraformaldheyde (PFA, Sigma-
Aldrich) for 30 min, permeabilized with 0.1% Triton X-100
(Sigma-Aldrich) for 15min and blocked with 6% bovine
serum albumin (BSA, Sigma-Aldrich) and 2.5% normal goat
serum (NGS, Sigma-Aldrich) for 1hr, and stained with red
phalloidin 1:200 (Sigma-Aldrich) for 30 min and Hoechst
33342 1:10000 (Sigma-Aldrich) for 10min, respectively.
After mounting with Mowiol (Calbiochem, USA), cellular-
ized scaffolds were analyzed by both confocal microscopy
(TCS-SPE, Leica Microsystem, Germany) and Nonlinear



Optics Multimodal Coherent Anti-Stokes Raman Scatter-
ing (CARS)/Two-Photon Excitation Fluorescence (TPEF)
microscopy (see below).

Cell alignment and elongation were evaluated at 2, 4, 8,
and 15 days of culture with 2um Calcein-AM (Sigma-
Aldrich). Cellularized scaffolds were stained with 2uM
Calcein-AM staining and confocal microscopy analysis (Carl
Zeiss Laser Scanning System LSM 510, Germany). 3D recon-
structions were obtained with Imaris 7.6.1 (Bitplane Scientific
Solution, Switzerland). hMSC mean cell length was analyzed
using Image]® ROI measure tool (Rasband, W.S., Image], U.S.
National Institutes of Health, USA, http://rsb.info.nih.gov/ij/,
1997-2012). 2D control culture measurements refer to the
mean cell length evaluated on confocal images of hMSCs
cultured for 3 days on 24-well plates, a time when they reach
the maximum elongation.

Employing the multimodal CARS/TPEF microscope
realized as described in a previous paper [36], the PLGA/
gelatin scaffold was 3D imaged simultaneously with the
hMSCs using CARS and TPEF techniques, respectively.
CARS signal was measured in forward detection, in a spectral
range between 716 nm and 770 nm, while TPEF signal in
epidetection in a spectral range between 510 nm and 570 nm.
The lasers power onto the biological sample was regulated
by a neutral density variable filter wheel. A water immersion
objective lens (Olympus LUMPLFLN 60XW NA =1, W.D. =
2 mm) was used to focus the excitation beams on the samples
and for collecting TPEF signal, while an air objective lens
(Olympus UPLSAPO 20x objective NA = 0.75) was used to
collect CARS signal. PLGA/gelatin scaffold structures were
imaged using CARS, looking for the C-H stretching Raman
modes around 2940 cm ™', tuning the OPO pump and the
Stokes beams to 920.5nm and 1262.1 nm, respectively, and
generating the CARS signal at a wavelength around 724.4 nm.
The same pump beam at 920.5 nm was used to excite Calcein-
AM for TPEF cell imaging. The sample (scaffold + cells)
was simultaneously imaged by CARS and TPEE collecting
4] images at different Z positions spaced by 2.5um for a
total thickness of 100 ym. Each image was six times Kalman
averaged. A viewer plugins on FIJI [37] allowed the 3D sample
images reconstructions.

2.5. RNA Extraction, cDNA Synthesis, and Quantitative
Reverse Transcriptase PCR (qPCR). Cellularized scaffolds
were dissolved in TRIzol reagent (Life Technologies) and total
RNA (totRNA) was extracted according to the manufacturer’s
instructions. Genomic DNA contaminations were removed
by Dnasel treatment (Ambion, USA). One microgram of
totRNA was retrotranscribed with random hexamer primers
using High Capacity Reverse Transcription Kit (Applied Bio-
systems, USA) in accordance with the manufacturer’s sug-
gestions. Expression levels of target genes were evaluated with
SYBER green technology on an ABI PRISM 7500 Fast Real-
Time PCR system (Applied Biosystems) using 25 ng of cDNA
as template and 150 uM of each primer (listed in Table 1).
Melting curve analysis was performed for all amplicons.
For each target gene, fold change in expression levels between
cellularized scaffolds and 2D control culture was evaluated
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with the 27#*“" method using Pol2r as reference gene and
matched 2D control culture as calibrators.

2.6. Cardiomyogenesis Immunofluorescence Analysis. After 15
days of culture both 2D control cells and cells seeded on
the scaffolds were detached using 0.25% trypsin-1 mM EDTA
(Life Technologies) and cytospinned at 250 rpm for 6 min.
Cells were then fixed with 4% PFA, permeabilized with 0.1%
Triton X-100, and blocked in 10% FBS for 1 hr, incubated with
anti-c-kit (1:200) and anti-GATA-4 (1:100) antibodies (both
from Santa-Cruz, USA) followed by an anti-rabbit secondary
antibody (1:1000) (Sigma-Aldrich); cell nuclei were stained
with Hoechst 33342 (Sigma-Aldrich) 1:1000. Coverslips were
mounted with Mowiol and analyzed by confocal microscopy
(TCS-SPE, Leica Microsystems).

2.7 Statistical Analysis. All results were expressed as mean +
standard error of the mean (S.E.M.). Statistically significant
differences between any two groups were determined using
the paired Students t-test and differences with p < 0.05 were
regarded as statistically significant.

3. Results

3.1. PLGA/Gelatin Myocardial Scaffold Preparation
and Characterization

3.1.1. Nonmicrostructured PLGA/Gelatin Materials. In a pre-
liminary study nonmicrostructured PLGA/gelatin systems
at different composition were undergone to morphological
analysis before and after degradation in water. SEM images
of the surfaces of a representative sample PLGA/gelatin 70/30
before and after 15 days of degradation were reported in
Figures 1(a) and 1(b).

It is possible to observe a substantial change; from an
initial dense morphology the sample shows a homogeneous
and diffuse porosity with interconnected pores having a
medium diameter of 50-100 yum. The formation of these
pores can be reasonably attributed to the dissolution of
gelatin component that, leaving the materials, forms into the
structure cavities before being filled by protein inclusions.
Analogous results were obtained for samples at different
PLGA/gelatin composition (data not shown); the presence of
pores into scaffold structure can be considered an important
aspect to favor cell colonization.

FTIR Chemical Imaging analysis confirms the presence
of inclusions in the PGLA/gel structure. A representative
chemical analysis of PLGA/gelatin 70/30 is reported in Fig-
ure 1. Chemical map, FT-IR spectra of sample, and correlation
map with respect to gelatin spectrum (Figures 1(c), 1(e), and
1(i)) highlight a clear phase separation between synthetic
and biological component; the gelatin seems to form distinct
globular inclusions inside polymeric matrix, as evident in the
3D correlation map (Figure 1(i)). In particular, in Figure 1(e)
the spectra acquired in two distinct points of the surface
pointed out the presence of a different chemical composition;
in fact the characteristic adsorption features of gelatin (amide
I at 1664 cm ™" and amide II at 1542 cm™") appeared in only
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FIGURE 1: SEM images and Chemical Imaging analysis of nonmicrostructured PLGA/gelatin 70/30 material. (a) SEM image before and (b)
after contact with water; (c) chemical map of the surface before and (d) after 15 days of degradation; (e) FT-IR spectra of the sample before
and (f) after 15 days of degradation; (g) FT-IR spectrum of pure gelatin; (h) FT-IR spectrum of pure PLGA; (i) correlation map with respect
to gelatin spectrum material; (j) deconvolution of amide I band of bioartificial material.

TABLE 1: Primers used for qPCR analysis.

Gene (protein) Forward primer sequences Reverse primer sequences qP.CR Lengt.h of
efficiency  amplicon

Homo sapiens

Kit (c-kit) 5 -CTTCCTTATGATCACAAATGGGAGTT-3' 5' TCCAGCACCCAGGGTTTTC-3' 98% 65nt

Mef2¢ (MEF2C) 5'-CCATCTGCCCTCAGTCAGTTG-3' 5'-AGGCAGGGAGAGATTTGAACTCT-3' 100% 72nt

Gatad (GATA-4)  5'-AGCCTGGCCTGTCATCTCACTA-3' 5'-GGCCAGACATCGCACTGACT-3' 100% 73 nt

Polr2b (POLR2B) 5'-CCTGATCATAACCAGTCCCCTAGA-3'  5'-GTAAACTCCCATAGCCTGCTTACC-3' 96% 69 nt

one spectral region while in the other one only the adsorption
peaks of PLGA are evident. On the contrary, the chemical
map after degradation at 15 days (Figure 1(d)) shows a surface
completely devoid of protein component, as pointed out
from the absence of gelatin adsorption peaks in the spectra
(Figure 1(f)) acquired in different regions, confirming that
15 days after contact with water the gelatin is completely
removed from the sample. Figures 1(g) and 1(h) show pure
gelatin and PLGA spectra, respectively.

In Figure 1(j), the second derivative spectra acquired
from the chemical map of PLGA/gelatin 70/30, at level of
gelatin inclusions, is reported. Deconvolution of amide I band
allowed to identify a modification in the gelatin conforma-
tion, showing the presence of peaks that can be associated
to B-turn conformation (1667 cm™Y), o helix (1651 cm ™), and
unordered forms (1627 cm™!) [38]. As already reported, FT-
IR spectrum of a pure gelatin material showed an elevated
variability of bands relative to amide I deconvolution (1670-
1665cm™" for f-turn structures and 1635-1620cm™" for
unordered segments). Particularly important is the effect of
PLGA on gelatin that consists of an increased percentage of «
helix structures at level of the bioartificial material.

Monoaxial tests were carried out under strain control,
applying a variable displacement from 0.001 mm/min to a
total deformation of 30% with respect to initial length of

sample. All PLGA/gelatin systems analyzed reach an imposed
total deformation of 30% without fracture (Figure 2).

Bioartificial materials show an elastic modulus (E' = 0.78-
1.20 MPa) lower than pure PLGA material (E' = 2.50 MPa)
and more compatible with final application (Figure 2(a)).
Dynamic tests using a cyclic deformation program were
carried out by applying ten strain values in the range 0.1%-
30% at a frequency of 1 Hz and for 2 min; the medium average
of dynamic moduli was evaluated. The storage modulus of
pure PLGA is in the range 0.13 MPa-4.00 MPa (Figure 2(b)),
while PLGA/gelatin 70/30 presents a lower stiffness with
storage modulus in the range of 0.23-1.42 MPa (Figure 2(c)).

A more detailed analysis was carried out on bioartificial
materials during the first period of degradation in aqueous
solution. A pH decrease indicative of acid by-products
formation is evident. The pH decrease is rather evident for
pure PLGA due to its rapid degradation kinetics leading to
an appreciable amount of by-products during test time. The
weight loss of bioartificial materials was evaluated versus time
(Figure 3(a)).

The results showed a rather rapid degradation kinetics
for pure PLGA reaching a weight loss of about 55% after 42
days while bioartificial systems presented a quicker kinet-
ics due to the presence of gelatin that is released rapidly
from the systems. The bioartificial systems showed a higher
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FIGURE 2: DMA analysis of nonmicrostructured PLGA/gelatin materials. (a) Curve stress-strain for PLGA pure and PLGA/gelatin 70/30 and
80/20 materials; (b) storage and loss modulus as function with deformation for pure PLGA sample; (c) storage and loss modulus as function

with deformation for PLGA/gelatin 70/30 sample.

degradation kinetics in the first 15 days while afterwards
followed the same trend of pure synthetic polymer with
values directly proportional to gelatin amount of bioartificial
system. The results of GPC analysis regarding weight average
molecular weight (M,,) confirmed the effect of gelatin content
on degradation kinetics (Figure 3(b)). As gelatin amount
increases, the degradation kinetics is more rapid. This can be
attributed to the fact that, with the increase of gelatin content,
a larger number of gelatin globular aggregates are dispersed
into PLGA matrix. The subsequent dissolution of protein
aggregates upon aqueous incubation makes these systems
more porous and then able to absorb an increased water
amount with consequent increase of degradation rate. The
values of numeral average molecular weight (M,,) decrease
significantly during the 20 days of analysis while successively

this reduction appears less pronounced (Figure 3(c)). Regard-
ing the results of polydispersity index (PDI) trend with time,
the values show an evident increase between 7 and 20 days of
test until returning to values slightly higher than those initials
in the following days (Figure 3(d)).

On the basis of these results it can be hypothesized a
degradation in bulk, mainly up to 20 days where a decrease of
M,, and weight loss measurements are registered. In addition
also PDI values show an increase up to 20 days indicating
an important M, decrease. Subsequently, a sharp M,, loss
and PDI decrease are suggestive of a surface degradation
mechanism.

3.1.2. Microstructured PLGA/Gelatin Mono- and Bilayer Scaf-
folds. A schematic drawing and a SEM image of the section



Stem Cells International

60.0

8
100.0 &
®
®
80.0 8 8 e
f: 8 :
£ 600 -
.ngb .
§ 400 4 g
o)
[a¥
20.0 4
0.0 T T T T
0 10 20 30 40
Time (days)
@ 95/5 ® 75/25
o 85/15 @ 100/0
(a)
50.0
400 &
®
= 30.0 4
o
=
=
= 200 8
®
10.0 - ° 8
00 T T T T a
0 10 20 30 40
Time (days)
@ 95/5 @ 75/25
o 85/15 @ 100/0

(c)

50.0 -l
40.0 1
g $
2 30.0 - '
3
s 8
20.0 Q
10.0 A
8
0.0 T T T T
0 10 20 30 40
Time (days)
@ 95/5 ® 75/25
o 85/15 @ 100/0
(b)
5.0

4.0 - +

3.0 4

2.0 - é g

PDI
@@
@

1.0
00 T T T T
0 10 20 30 40
Time (days)
@ 95/5 @ 75/25
o 85/15 @ 100/0

(d)

FIGURE 3: Degradation study for nonmicrostructured PLGA/gelatin materials at different composition in aqueous solution. (a) Trend of
percentage weight loss versus time for PLGA/gelatin samples; (b) change of weight average molecular weight (M) as function with time; (c)
trend of number average molecular weight (M,,) versus time; (d) polydispersity index (PDI) as function with time.

of the system PLGA/gelatin 70/30 in the form of bilayer,
obtained by deposition of two microfabricated monolayers,
were reported in Figures 4(a) and 4(b).

The external surface micropatterning presents well
defined rectangular cell profiles and thick lines that replicate
with a high accuracy the original mould. Mechanical tests
were performed on the samples using strain scan method
both at dry state and after immersion in a water bath. The
tests were conducted by setting the elongation in both the
longitudinal and transverse directions taking into account
the anisotropic structure of the samples. In Figures 4(c) and
4(d), the values of E' for the microfabricated PLGA/gelatin
monolayer and bilayer systems are shown.

The mechanical behavior reflects significantly the
anisotropy of the structure. The values of E' obtained from
tests carried out in the longitudinal direction, with respect

to the micropatterning, were higher than those measured
in the transverse direction. This difference was registered
both at dry state and after immersion in water, suggesting
that the anisotropic behavior can be maintained also in in
vivo physiological conditions. Furthermore, the values of
elastic modulus in wet condition are lower than the values
measured at dry state, showing a greater compatibility
with mechanical characteristics of the myocardial tissue
in terms of stiffness. Both mono- and bilayer systems
show mechanical characteristics in line with those of the
native myocardium in terms of anisotropy and E' values,
particularly in wet condition where the sample stiffness tends
to become more comparable to that of human myocardium
measured at the end of diastole (0.2-0.5 MPa) rendering the
scaffolds suitable for cardiac application [33].
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The microstructured PLGA/gelatin 70/30 systems, both
single layer and bilayer, were subjected to degradation anal-
ysis in three different media: MilliQ water, PBS, and culture
medium (DMEM). The analysis was carried out for a period
of 6 months and at fixed times; evaluations of incubation
medium in terms of pH, weight loss measurements, and

morphological analysis of samples subjected to degradation
were carried out. In Figure 5(a), pH values measured at
various times of degradation in three different incubation
media are shown.

The measurements were repeated at least three times
for each sample at various times of analysis; in water the
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FIGURE 6: (a) SEM images of the surface of bilayer PLGA/gel 70/30, from left to right, before degradation, after 7, 15 and 30 days of incubation
in DMEM,; (b) SEM images of a bilayer PLGA/gel 70/30 from left to right in surface and section after 7 days, in surface after 15 and 30 days
in PBS; (c) SEM images of a bilayer PLGA/gel 70/30 from left to right in surface and section after 7 days, in surface after 15 and 30 days in

MilliQ water.

pH measurements were completed at 60 days since the
material had almost completely lost its original structure.
As it can be seen from the figure a significant and rapid
reduction in pH occurs after degradation in water, while
the values of pH measured in the buffered solutions (PBS
or DMEM) decrease more moderately; this result confirms
the results obtained for nonmicrostructured materials. In
Figure 5(b) the results of weight loss analysis for the sample
PLGA/gelatin after 7 days of incubation in three different
media are reported. The values obtained for the bioartificial
system were compared with those of pure PLGA system. It is
possible to note how in water and PBS the loss in weight of
the pure PLGA is higher compared to that registered in the
case of the bioartificial system; on the contrary no difference
was detected between pure PLGA and PLGA/gel after DMEM
incubation, providing evidence that the release of gelatin is
strongly reduced in the culture medium.

Therefore, a higher stability of the system PLGA/gelatin in
culture medium can be observed, a condition more similar to
that physiological, compared with the other two media, with
lower percentage values of weight loss and pH values never
below 6 even after complete degradation.

Comparing the SEM images of the system after contact
with the culture medium (Figure 6(a)) at various degradation
times, it can be observed that after 7 days the surface structure
is almost unchanged and after 15 days some porosities were
present, although the overall surface structure of the bioma-
trix is well preserved. At 30 days a significant change of the
structure which appears deformed is evident. It is important,
however, to note the maintenance of micropatterning, with-
out appreciable changes in the relief and cavity dimensions.
After 30 days, the matrix undergoes a collapse of the structure
but, importantly, tends to preserve the imprinting of the
original geometry.

In Figure 6(b), SEM images of samples of PLGA/gelatin
after degradation in PBS are reported; a more rapid erosion of
the matrix after contact with PBS compared to with DMEM
is evident. In the first image, referring to the sample after 7
days in the presence of PBS, some porosities of the surface
are already evident while in DMEM similar porosities began
to appear after 15 days of incubation. The structure undergoes
a collapse after 15 days and at 30 days the images show the loss
of the structure which is replaced by fragments of the matrix
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itself. Finally, from the images obtained for PLGA/gelatin
system after contact with bidistilled water (Figure 6(c)), it is
possible to confirm more rapid degradation kinetics than the
same biomatrices in contact with the culture medium. If at 7
days the structure is still intact, after 15 days SEM image shows
a structure in which the two layers seem to interpenetrate
although the micropatterning is still evident. Finally, at 30
days, the matrix is deformed and the profiles of the lines are
much more irregular.

3.2. Stem Cell Growth and Alignment on PLGA/Gelatin
Myocardial Scaffolds. hMSCs employed in this work were
tested positive for CD105, CD44, CD29, CD90, and CD166
and negative for CD34, CD45, and HLA-DR, confirming
their purity; their differentiation potential into both osteocyte
and adipocyte lineages was also confirmed (data not shown).
hMSCs were cultured on microstructured PLGA/gelatin
scaffolds, and cell morphology and viability were monitored
up to 15 days culture using Calcein-AM staining.

Preliminary studies of biocompatibility, carried out on
scaffolds with different PLGA/gelatin ratios, showed a pos-
itive stem cell behavior (data not shown). However, the
PLGA/gelatin 70/30 composition was selected for its best
mechanical behavior after in vitro stretch testing.

The biocompatibility experiments were then performed
on both monolayer and bilayer scaffolds, based on PLGA/
gelatin 70/30 ratio, obtaining comparable results, and for this
reason the results are documented through representative
images of the two types of scaffolds. In the first few hours from
cell seeding some of the cells began to stretch and to align in
parallel to each other inside the scaffold lanes. This behavior
was evident from the CARS/TPEF 3D reconstructions where
the cells are shown in green, while the scaffold is imaged in
blue (Figure 7(a) for one representative reconstruction).

Afterwards and within the first 24 hours, all cells adopted
a stretched morphology and aligned in parallel to each other
in a similar way to cell organization in native myocardium
(Figure 7(b)). This morphological conformation was main-
tained until day 15 (Figure 7(b)) along with a preserved
cytoskeletal organization (Figure 7(c)). 3D reconstructions
documented the ability of living cells to colonize scaffold
thickness already at an early time (24 h) (Figure 7(d)).

To quantify hMSC adhesion and growth on the scaffolds,
CellTiter-Blue assay was performed. A high percentage of
adhesion was registered on both monolayer and bilayer
microstructured scaffolds (43.2% =+ 10.7 and 43.3% =+ 5.3,
resp.). Proliferation analysis demonstrated that cells were able
to proliferate on PLGA/gelatin scaffolds within day 4, with
a fold increase of 1.58 + 0.08, after which cells did not show
any further significant growth on neither types of scaffolds
(Figure 7(e) and data not shown). Despite proliferation
arrest, cells appeared to maintain an optimal viability for
the whole culture time (Figure 7(b)) and specific analysis of
cell elongation confirmed that hMSCs reached an elongation
comparable to 2D control cultures within day 2 and then
appeared to stretch out further by day 8 (Figure 7(f)) though
not in a statistically significant way. These results suggest that

1

hMSCs cultured on microstructured PLGA/gelatin scaffolds
achieve a good adhesion and scaffold colonization that is
maintained for the whole culture time.

3.3. Cardioinductivity of PLGA/Gelatin Myocardial Scaffolds.
To evaluate whether the culture on the microstructured
scaffolds influenced gene expression in hMSCs, qPCR was
performed for selected genes known to be involved in either
stemness (Kit) or early cardiomyogenesis (Gata4, Mef2c)
and their expression was evaluated compared to 2D control
cultures. Expression of stemness marker Kit was strongly
downmodulated already on day 2 in hMSCs cultured on
monolayer microstructured scaffolds (~AACt corresponding
to —4.47 £ 0.09). On the other hand, among the early cardiac
specific transcription factors, Mef2c was the former to be
upmodulated (~AACt corresponding to 1.88 +0.26 at 2 days)
while increased transcript level of Gata4, whose expression
was undetectable in 2D control cultures, began to be clearly
detected after 15 days (~AACt corresponding to 6.33 + 0.43)
(Figure 8(a)).

Then, we evaluated if the increase in mRNA transcript
levels was significant enough to drive to specific tissue lineage
protein expression. As shown in Figure 8(b), after 15 days cul-
ture on microstructured scaffolds hMSCs showed decreased
expression of the stemness marker c-kit if compared with the
same cells in 2D cultures, while expression of the early cardiac
transcription factor GATA-4 was acquired, confirming qPCR
results. However, the static culture on these scaffolds was
not associated to striated organization of cardiac contractile
proteins, thereby excluding the induction of a complete
sarcomeric rearrangement in these cells.

Altogether, these results show the ability of PLGA/gelatin
microstructured scaffolds to direct initial hMSC lineage
specification towards cardiomyogenesis, already at very early
times and in the absence of any external stimuli.

4. Discussion

We fabricated microstructured bioartificial polymeric cons-
tructs made of PLGA/gelatin mimicking anisotropic
structure and mechanical properties of the myocardium.
PLGA/gelatin scaffolds promoted adhesion, ordered dis-
position and early myocardial commitment of hMSCs
suggesting that these constructs alone, without any external
stimuli, and are able to crosstalk with stem cells in a precise
and controlled manner. Our in vitro degradation tests
showed a favorable and controlled biomaterial degradation
kinetics that suggests the use of PLGA/gelatin constructs
in restoration of viable myocardium. As reported in the
literature, PLGA scaffold can absorb regional ventricular
wall stress to prevent infarcted myocardium before PLGA
degradation [27].

In this paper we show that hMSCs cultured on micro-
structured PLGA/gelatin scaffolds exhibit a proliferation
arrest at early times (within 4 days) and that this asso-
ciates with the beginning of a cardiomyogenic differenti-
ation process. It is important to underline that to obtain
a differentiation, although at an initial level, of hMSCs in
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FIGURE 7: Stem cell colonization, growth, and elongation on monolayer and bilayer microstructured PLGA/gelatin scaffolds. (a) Stem cells
stained with Calcein-AM and imaged using TPEF microscopy (green) visualized on a monolayer microstructured PLGA/gelatin scaffold
imaged using CARS microscopy (blue) after 8 hours from seeding. Red arrows indicate a few hMSCs aligned in parallel inside the scaffold
lanes. (b) Representative confocal microscopy images of living hMSCs cultured for either 1 or 15 days on bilayer scaffolds. Superposition
of Calcein-AM (green) and bright field microscopy is shown. Magnification 20x, scale bar 50 ym. (c) Representative confocal microscopy
image showing cytoskeletal organization of hMSCs cultured for 15 days on a bilayer scaffold. Actin filaments are stained with phalloidin
in red, cytoplasm with Cell Mask Green, and nuclei with Hoechst in blue. Magnification 63x, scale bar 20 ym. (d) 3D reconstruction of a
representative image showing hMSCs cultured for 24 h on a monolayer scaffold. Cells are stained with Calcein-AM. Magnification 20x, scale
bar 100 ym. (e) Cell proliferation rates after 4, 8, 12, and 15 days of culture on bilayer scaffolds. Values were normalized on cell adhesion
quantified at 24 hr. (f) Mean cell lengths of hMSCs cultured on monolayer and bilayer scaffolds. Elongation measurements were performed
on living cells stained with Calcein-AM at 2, 4, and 8 days of culture. Lengths were not statistically different from the 2D control.

cardiac phenotype, in the complete absence of biochemical
or electromechanical stimuli and thanks only to stimuli
induced by intrinsic morphological and physicochemical
properties of the scaffold, remains an important challenge
and an innovative aspect. This behavior had been already
observed for the system PHBHV/gelatin [33], at variance, we
showed previously that hAMSCs cultured on PHBHV/gelatin
scaffolds carrying a similar microstructure proliferated for
longer times and began their differentiation process only
after 15 days [33]. There are several possibilities to explain

this different cell behavior between PHBHV and PLGA-
based scaffolds including molecular interactions between
polymeric components, mechanical properties, and mainly
degradation mechanism. The observed difference may be due
to the polymeric composition of the scaffolds. The first key
element is the molecular interaction between the synthetic
polymer and gelatin which causes a conformational change
of the biological component moving from random coil to a
collagen-like structure [33, 39, 40]. The study of the amide
I band deconvolution by FTIR Chemical Imaging shows the
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bands corresponding to the o helix, triple helix, and f3 sheet
structures. However, in the case of the system based on
PLGA a prevalence of bands related to « helix structures with
respect to 3 sheet was observed. These specific conforma-
tional changes of protein component, induced by molecular
interaction with PLGA, at the interface with cells could lead
to a differential expression of ECM proteins, thus possibly
stimulating an earlier stem cell differentiation process [41].
In addition the bands move towards lower frequencies than
those observed for the system PHBHV/gelatin indicating a
greater capacity of the PLGA-based system to form hydrogen
bonds and to increase the material overall hydrophilicity
decreasing the interfacial surface energy of the constructs.
A tailored modification of surface energy and chemistry of
construct can elicit the exposition of specific binding sites
able to modulate the differentiation process [42].

Another consideration is that the molecular interaction
occurring into bioartificial systems improves mechanical

behavior with respect to pure synthetic polymer as indicated
by the reduction of stiffness. Even if the direct effects of
matrix stiffness to commit stem cells to a specific lineage
have yet to be evaluated, many studies have demonstrated
that the mechanical properties of patch materials are funda-
mental in supporting cell differentiation and spreading [11].
The elasticity of a cardiac patch should match that of native
ventricular walls [43]. However, scaffolds based on natural
polymers possess too low Young’s modulus, while pure
synthetic scaffolds, exhibiting higher stiffness, can induce the
dedifferentiation of cells [26, 44]. An interesting study refers
to the possible effect of a series of PCL substrates having
the same chemistry but variable stiffness (1-133 MPa) on
cardiomyocyte behavior. PCL scaffolds with Young’s modulus
(0.91-1.53 MPa) were found to induce mature cardiomyocytes
with enhanced electromechanical coupling, while stiffer PCL
scaffolds with 49.67 MPa induced the expression of imma-
ture cardiac genes like Nkx-2.5 [45]. We here proposed
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a bioartificial scaffold with complex physicochemical and
structural properties at the mesoscale leading to stress-
strain curves significantly different from those that can be
obtained for dense and chemically homogenous samples [46].
Moreover, microstructured and not PLGA/gelatin scaffolds
show a lower storage modulus and strain superior at 30%
stress, if compared to PHBHV/gelatin scaffolds, which is
even closer to the native cardiac tissue [47]. Additionally
the PLGA/gelatin constructs maintain anisotropic mechan-
ical properties already shown for PHBHV/gelatin scaffolds
with a higher storage modulus value in the longitudinal
direction than along the transversal direction, reflecting
the myocardium anatomic anisotropy. Stem cells seeded on
PLGA/gelatin scaffolds may thus receive important mechani-
cal stimuli that will contribute to their earlier cardiomyogenic
differentiation.

Lastly, stem cell behavior can be strongly influenced by
the scaffold degradation kinetics. Both microstructured and
not PLGA/gelatin scaffolds show a quick release of gelatin
from the matrix forming a porosity suitable for a more rapid
colonization of stem cells after the same cells had received
the initial cardioinductive stimulus. This stimulus is given by
the synergic molecular interactions and the microstructure
that is maintained even when the process of erosion and
dissolution is already advanced as evidenced by GPC and
SEM results. Another aspect to note is that, although the
overall degradation of the material is accelerated by the
presence of the gelatin, from the point of view of the pH
values, the presence of gelatin slows down the pH decrease
avoiding the fact that a process of acidosis can be activated
thus compromising cell behavior. The mechanisms by which
stem cells respond to inherent material characteristics are
highly complex and multicomponent. It is likely that the
presence of degradation by-products in an early phase can
contribute to trigger specific signals in the stem cell envi-
ronment. Even if the degradation products contain acidic
functionalities, some authors [48] observed that they are
able to induce reduced mitosis and differentiation of smooth
muscle cells. Moreover, exposure of carboxyl and hydroxyl
groups derived from PLGA ester hydrolysis can activate
binding of cell adhesion protein that in turn may increase
cell adhesion. Nontoxic concentrations of degradation by-
products led to a decrease in cell proliferation and rapid
cell differentiation of human osteoblasts, and although this
effect resulted detrimental for orthopedic applications, for
our systems and application it confirms the possible effects of
degradation products in triggering the differentiation process
[49]. In addition, the manufacturing of the bioartificial sys-
tem in the microstructured form makes the scaffold (mono-
or bilayer) more stable during the degradation process in
terms of both pH and surface topography, particularly after
contact with DMEM with respect to water or PBS. This
result may be considered positive taking into account that
the culture medium is an environment closer to the real one.
Moreover, the early cardiogenic commitment of hMSCs is an
advantage especially considering the rapid degradation of the
PLGA-based system so as the fusion of transplanted patch
with native myocardium can take place in a shorter time for
a rapid regeneration of new tissue.
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Here we also show that hMSCs seeded on PLGA/gelatin
scaffolds enhance Mef2c gene expression at a very early
culture time (2 days), this expression is maintained at later
times (3-15 days), and it is associated to an important increase
of Gata4 gene expression. Mef2c is an essential transcription
factor required in very early cardiac differentiation phases but
italso plays a basic role in later differentiation steps by condi-
tioning Gata4 expression. Indeed, cardiac precursors lacking
Mef2c maintain Gata4 expression only in early differentiation
phases; then cells lose Gata4 and this loss prevents functional
cardiomyocyte formation [50, 51]. Moreover, Gata4 in turn
recruits Mef2c that is a Gata4 coactivator in cardiac muscle
cells and together they cooperate to activate many other
cardiac promoters [52, 53]. Our present data fit previous
findings and support both the strict correlation between these
two genes and the positive regulatory effect of Mef2c on
Gata4.

5. Conclusions

Microstructured PLGA/gelatin scaffolds in the form of
mono- or bilayer mimicking anisotropic structure and
mechanical properties of the myocardium were produced
and were found to promote adhesion, long-term viability,
and ordered disposition of hMSCs. hMSCs cultured on the
PLGA/gelatin scaffolds exhibited a proliferation arrest at
early times and this is associated with the beginning of a
cardiomyogenic differentiation process. In vitro degradation
tests showed a favorable and controlled biomaterial degrada-
tion kinetics that suggests the use of PLGA/gelatin constructs
in restoration of a viable myocardium.
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