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Cardiac tissue engineering is a cutting-edge technology aiming to replace irreversibly damaged cardiac tissue and
restore contractile functionality. However, cardiac tissue engineering porous and perfusable scaffolds to enable
oxygen supply in vitro and eventually promote angiogenesis in vivo are still desirable. Two fully-aliphatic
random copolymers of poly(butylene succinate) (PBS), poly(butylene succinate/Pripol), P(BSBPripol), and
poly(butylene/neopentyl glycol succinate), P(BSNS), containing two different subunits, neopentyl glycol and
Pripol 1009, were successfully synthesized and then electrospun in tridimentional fibrous mats. The copolymers
show different thermal and mechanical behaviours as result of their chemical structure. In particular, copoly-
merization led to a reduction in crystallinity and consequently PBS stiffness, reaching values of elastic modulus
very close to those of soft tissues. Then, to check the biological suitability, human induced Pluripotent Stem Cells
(hiPSCs) were directly seeded on both PBS-based copolymeric scaffolds. The results confirmed the ability of both
the scaffolds to sustain cell viability and to maintain their stemness during cell expansion. Furthermore, gene
expression and immunofluorescence analysis showed that P(BSBPripol) scaffold promoted an upregulation of the
early cardiac progenitor and later-stage markers with a simultaneously upregulation of HYPPO pathway gene
expression, crucial for mechanosensing of cardiac progenitor cells. These results suggest that the correct ad-hoc
chemical design and, in turn, the mechanical properties of the matrix, such as substrate stiffness, together with
surface porosity, play a critical role in regulating the behaviour of cardiac progenitors, which ultimately offers
valuable insights into the development of novel bio-inspired scaffolds for cardiac tissue regeneration.

1. Introduction practiced approaches, in many cases they are not the most effective. This

is particularly true for cardiovascular diseases (CVDs), one of the main

Tissue engineering is an innovative interdisciplinary field and one in
which there has been a dramatic increase in interest during the last
decades, since it offers effective solutions for the treatment of many
different diseases like cancer, diabetes, skin burns, and trauma [1,2].
Indeed, although pharmacological therapies are still the easier and most

causes of death and morbidity worldwide: myocardial infarction (MI) is
the most serious CVD, which, if not lethal, results in the irreversible
disfunction or loss of cardiomyocytes and functional tissue. Since adult
cardiomyocytes lack the ability to self-regenerate, damaged tissue is
replaced by a collagen-rich fibrotic substitute which is not able to
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provide normal heart function and which, as a consequence, often leads
to heart failure or arrhythmias [3,4]. Until recently, drug-supported
transplantation was the only solution (with some serious drawbacks
related to lack of donors and possible rejection). Nowadays, the ad-
vancements in the field of regenerative medicine are investigating new
possibilities to overcome the inability of myocardium to regenerate by
artificially recreating cardiac tissue with the ability to mimic normal
function. Once properly developed, this new functional tissue could be
implanted to replace damaged one: this process involves seeding the
proper cell line on 3D porous supports, called scaffolds, which let cells
grow, spread, proliferate and develop their extracellular matrix (ECM)
[5,6]. Scaffolds with high porosity [7] and a proper cell morphology
[8,9] can be fabricated by electrospinning, a common, cost effective and
reproducible technique. These functional cardiac patches, once realized
in vitro, can be potentially implanted directly onto the damaged tissue,
improving cardiac function [7]. Indeed, it has been demonstrated that
mechanical properties (in particular Young’s modulus and surface
stiffness) and topography (fibre alignment and dimension) can have a
remarkable effect on cell adhesion and proliferation [8-11].

Polymeric biomaterials, such as aliphatic polyesters, are definitely
the most interesting for the fabrication of scaffolds, offering a wide
plethora of chemical and physic/mechanical properties, tunable in
relation to the intended application. Among polymers, aliphatic poly-
esters are characterized by great versatility, combined with biodegrad-
ability and biocompatibility: necessary requirements for biomedical
applications [7,12]. Poly(butylene succinate) (PBS), is an aliphatic
polyester which has recently attracted considerable attention in
biomedicine [13], due to its wide processing window, interesting me-
chanical properties and proven biocompatibility. It is acknowledged
however that high crystallinity and rigidity limit its use in the field of
soft tissue engineering. In order to exceed these limits, copolymeriza-
tion, blending and the realization of nanocomposites are some of the
strategies used, as reflected in the bibliography and in our previously
published work [14-25].

As to the cell lines which can be used to evaluate the biocompati-
bility, stem cells are particularly interesting, due to their capability to
maintain their pluripotency, boosting at the same time tissue growth.
Among them, human-induced pluripotent stem cells (hiPSCs),
commonly obtained by reprogramming adult somatic cells, have the
same capability as all stem cells, but, unlike embryonic ones, are not
subject to ethical or immunological challenges [3,26,27].

Previous studies have demonstrated that hiPSCs can be differentiated
into cardiac progenitors and cardiomyocytes [26] but, to the best of our
knowledge, cardiac differentiation on PBS-based scaffolds, starting from
hiPSCs, has not been investigated yet.

Taking into account all these considerations, the present study re-
ports on the synthesis and characterization of new PBS-based random
copolymers designed for applications in cardiac tissue engineering. Two
different comonomers were chosen, neopentyl glycol (a glycol charac-
terized by short ramifications along its main chain) and Pripol 1009 (a
fatty acid containing an aliphatic 6 carbon atoms ring and PE-like
moieties along the main chain, together with long side chains). The
different chemical structure of the two comonomers was expected to
result in different solid-state and functional properties of the final ma-
terials: as is well known, side long alkyl groups increase flexibility,
reducing the crystallizing ability, while an opposite effect is observed
when short alkyl groups are present [28-30]. Electrospun scaffolds were
obtained from the two copolymers and their biocompatibility was tested
using hiPSCs. After a preliminary biocompatibility evaluation, carried
out by cell viability, we examined the PBS-based scaffolds effects on
gene expression of some pluripotency markers. Analysis included the
expression of integrins, which have been demonstrated to play a key role
in adhesion and proliferation of stem cells on substrates [31,32], and the
HIPPO pathway, which has an important impact on stem cell prolifer-
ation, self-renewal, and differentiation [33,34]. Finally, iPSCs were
differentiated into cardiomyocytes on PBS-based scaffolds and early and
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2. Experimental methods
2.1. Materials

Dimetyl succinate (DMS), 1,4-butanediol (BD), neopentyl glycol
(NG), titanium tetrabutoxide (TBT) were purchased from Merck and
used as reagent-grade. Pripol 1009 is a commercial biobased diacid
kindly provided by Croda.

2.2. Polymer synthesis

Poly(butylene succinate/Pripol) P(BSBPripol) and poly(butylene/
neopentyl glycol succinate) P(BSNS) were synthesized according to two-
step melt polycondensation, as previously reported [30,35]. The syn-
thetic apparatus consisted of a glass reactor, put in a thermostated so-
dium salt bath, a mechanical stirrer connected to a torque measurer and
a high vacuum pump. Different molar amounts of DMS and Pripol1009
in the former case, and BD and NG in the latter were placed in the
reactor, to obtain final polymers with a 70 mol% of BS units, together
with the catalysts TBT (200 ppm). A small glycol excess (30 mol%) was
used. During the first step, which lasted about 90 min, the temperature
was set at 180 °C and the reaction carried out under stirring (100 rpm)
and inert nitrogen atmosphere. During this phase, transesterification (in
case of P(BSNS)) and esterification (in case of P(BSBPripol)) reactions
occurred, together with distillation of methanol or water, respectively.
Then, the second step started by gradually reducing the pressure to 0.1
mbar and raising the temperature to 220 °C. In this phase, trans-
esterification reactions and removal of glycolic excess occurred, result-
ing in an increase of polymeric fluid viscosity (i.e. of molecular weight),
monitored by torque measurement. After circa four additional hours,
when the torque had reached a constant value, the synthesis was stopped
and the obtained polymer was purified by dissolution in chloroform and
further precipitation in cold methanol.

2.3. Molecular characterization

The chemical structure and the composition of the synthesized
samples was determined by proton Nuclear Magnetic Resonance (H
NMR). The solutions of the two copolymers solved in deuterated chlo-
roform (containing tetramethylsilane as an internal standard) were
analysed using a Varian INOVA 400 MHz apparatus at room tempera-
ture (64 scans, relaxation delay of 0 s and acquisition time of 1 s).

Molecular weight and polydispersity index were calculated through
gel permeation chromatography (GPC), carried out at 30 °C. The
apparatus, a Hewlett Packard instrument, is equipped with a PL gel 5 m
MiniMIX-C column and a refractive index detector, and calibrated using
monodisperse polystyrene standards in the range of 2000-100,000 Da.
Samples were solved in chloroform, used also as eluent (0.3 ml/min), at
a concentration of about 2 mg /ml.

2.4. Film and scaffold preparation

Polymeric films (of about 100 pm thickness) were obtained by
compression moulding, using a Carver C12 Laboratory press, equipped
with a cooling apparatus. 1.5 g of material was put between two Teflon
sheets and melted. Then, a pressure of about 5 ton/m? was applied for
two minutes. Films were cooled ballistically in press, until room tem-
perature was reached, and then stored at this temperature for three
weeks, to let them reach thermal equilibrium.

Fibrous scaffolds were obtained by electrospinning. Polymeric so-
lutions were prepared by solving 600 mg of polymer in 4 ml of
1,1,1,3,3,3-hexafluoro-2-propanol. The apparatus used consisted of a
syringe, with a needle having an internal diameter of 0.8 mm and con-
nected to a voltage generator (20 kV), a metallic collector (0 V, working
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distance of 15 cm) and a pump for the injection. Each solution was
charged in the needle and injected with a flow rate of 1.8 ml/h.

2.5. Morphological characterization of scaffolds

The fibrous electrospun scaffold morphology was observed through a
desktop Phenom scanning electron microscope (SEM). Before the anal-
ysis, samples were metal sputtered and glued on aluminium stabs. For
the measurement of the fibre diameter, GIMP 2.8 (GNU Image Manip-
ulation Program) software was employed, and 200 fibres, randomly
collected from different SEM images, were analysed.

2.6. Thermal and structural characterization

Thermal stability was determined by means of thermogravimetric
analysis (TGA), using a TGA4000 (Perkin Elmer) instrument. Polymeric
samples were loaded on a weight scale and heated at constant rate of
10 °C/min from 40 to 800 °C under inert atmosphere. Topset and Tpay, i-
e. the temperature at which weight loss starts and the temperature
corresponding to maximum weight loss, respectively, were measured.

Differential scanning calorimetry (DSC) was carried out to determine
polymer thermal transitions, by means of a DSC6 (Perkin Elmer) in-
strument. The typical setup consists of an intracooler set at —70 °C and a
holder, containing both the sample and the reference, kept under ni-
trogen atmosphere. The calorimetric program was the following: I scan
from —50 °C to 150 °C (heating rate of 20 °C/min) followed by an
isothermal step of 3 min, a rapid cooling from the molten state at a rate
of 100 °C/min, followed by an isothermal step of 15 min, and then a II
heating scan, under the same conditions. Thermal transition tempera-
tures as well as the corresponding heats, i.e. glass to rubber transition
(Tg), melting temperature (Tp) and their relative specific heat and
enthalpy variations (Acp and AHp, respectively) were calculated.

The kind and amount of crystalline phases were determined by
means of wide-angle X-Ray scattering (WAXS), with a PANalytical
X’Pert PRO diffractometer equipped with an X’Celerator detector and a
copper target. Data were acquired at room temperature in the 5-60° 26
range (acquisition time of 100 s; step of 0.10°). Crystallinity degree (X.)
was determined as the ratio between the crystalline peak area and the
overall area under the diffractometric curve, also considering non-
coherent scattering.

2.7. Mechanical characterization

Mechanical testing was carried out using an Instron 5966 machine,
equipped with rubber grips and a 10 kN load cell controlled by a Bluehill
software. Polymeric specimens (5 mm x 50 mm, gauge length of 20 mm)
were first subjected to tensile tests, with a stretching speed of 10 mm/
min. At least 6 samples for each experiment were analysed. The load-
displacement data have been converted to stress—strain curves. Stress
(o) and elongation (ep) at break were directly measured, while the
tensile elastic modulus (E) was determined from the initial linear slope.
Cyclic loading analysis was then performed: samples were strained at a
strain well below their percentage deformation at break (about 45-50
%), and then 25 cycles at the rate of 10 mm/min were carried out.

2.8. Wettability and hydrolytic degradation tests

Static water contact angle (WCA) measurements were performed at
23 °C on polymeric films and scaffolds by means of a KSV CAM101 in-
strument equipped with Drop Shape Analysis software. The profiles of 8
deionized water drops (volume of 4 pl) were recorded and analysed
immediately after deposition on different surface areas of each sample.
WCA values were reported as the average value + standard deviation.

Hydrolytic biodegradation tests were performed by incubating
polymeric samples, previously weighted, in phosphate saline buffer (0.1
M, pH 7.4) at 37 °C under agitation (50 rpm) using a SW22 Julabo
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shaking water bath. The buffer solution was changed weekly to keep the
pH constant during the entire experiment. At designated time points,
specimen duplicates were withdrawn, washed repeatedly with water
and then dried under vacuum until a constant weight was reached.
Gravimetric weight loss was determined by dividing the difference be-
tween the initial and final weight of each sample by the initial one and
molecular weight loss was evaluated through GPC analysis.

2.9. Cell culture

Commercially available integration-free human iPSC line (Thermo
Fisher Scientific), generated using cord blood-derived CD34" pro-
genitors with seven episomally expressed factors (OCT4, SOX2, KLF4, c-
MYC, NANOG, LIN28 and SV40 T) were cultured, and maintained in
feeder-free condition in a 6-well culture plate with Geltrex™ LDEV-Free
(hESC-Qualified, Reduced Growth Factor Basement Membrane Matrix,
Thermo Fisher Scientific) in Essential 8™ medium (Thermo Fisher Sci-
entific) under normoxic conditions (37 °C, 5 % COj). Cells were
passaged non-enzymatically in colonies using EDTA (Thermo Fisher
Scientific) every 4-6 days with daily medium changes. Two different
studies were performed: assessing biocompatibility and cardiac differ-
entiation. Prior to cell seeding, P(BSNS) and P(BSBPripol) were cut in
round shaped pieces (area of 4 cm?, about 150 pm thick) and assembled
in 12 CellCrown supports (Scaffdex, Tampere, Finland) in order to
prevent them floating in the cell culture medium. The samples were
sterilized with decreasing concentrations of ethanol (96- and 70 %) for
15 min each, washed twice in 1 x phosphate-buffered saline (PBS) for 10
min, assembled in the well plates, and then incubated overnight with
Essential 8™ medium at 37 °C.

2.10. hiPSCs viability

To assess scaffold biocompatibility, hiPSCs cell colonies were disso-
ciated and seeded at a density of 1 x 10° cells per cm? on the top of P
(BSNS) and P(BSBPripol) treated or not treated with Geltrex™, in
Essential 8™ medium, and incubated at 37 °C with 5 % CO,. In parallel,
cells were cultured on Geltrex-Tissue Culture Plates (TCPS-GTX) for use
as positive control. The culture was maintained up to 6 days with a daily
medium exchange. At 6 days of culture, cell viability, morphology and
pluripotency were evaluated. The hiPSC viability on the different sub-
strates was evaluated at day 1 and at day 6 (the end of culture period)
after seeding by 3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium
bromide assay (MTT assay, Sigma-Aldrich, St Louis, MO, USA). Each
substrate was transferred into a 12-well culture plate and the medium
was replaced by 500 pl of DMEM medium, followed by the addition of
50 pl of MTT reagent (5 mg ml™!) as previously described [36]. The
substrate were then incubated for 4 h at 37 °C in a humidified 5 % CO-
incubator. Formazan crystals, formed by the interaction of the MTT
solution with the live cells, were then dissolved in 1: 1 (v/v) isopropanol
- 0.04 M HCI. Aliquots of 100 pl were sampled and the absorbance was
measured at 565 nm by using a microplate reader (BioRad Laboratories,
Hercules, CA). A standard curve of cell viability was used to express the
results as percentage viable cells in comparison with TCPS-GTX.

2.11. Cardiac differentiation

Human iPSCs were differentiated into functional cardiomyocytes
(CMs) according to a monolayer-based protocol (Scheme 1) from Life
Technologies (PSC Cardiomyocyte Differentiation Kit Prototype).
Briefly, hiPSCs were seeded on the top of P(BSNS) and P(BSBPripol)
scaffolds, previously sterilized, inserted into a 12-well culture plate and
coated with Geltrex™ at a low initial density (splitting ratio 1:20) in an
Essential 8™ medium under hypoxic conditions (37 °C, 5 % CO2, 5 %
0O,). At day 0 of differentiation, cells were placed under normoxic con-
ditions and differentiated towards the mesodermal lineage. This was
done with a chemically defined medium consisting of RPMI 1640
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Scheme 1. Schematic representation of the monolayer-based cardiac differentiation protocol, from hiPSCs to cardiomyocytes (CMs) using RPMI 1640 medium added
first with a Wnt activator for mesoderm differentiation (days 0-1), and then with a Wnt inhibitor to obtain cardiac progenitors (days 2-3). From day 4 onwards only

RPMI was used to feed the cells.

(Thermo Fisher Scientific), supplemented with 5 to 7 pM CHIR99021
(Wnt activator, GSK3f inhibitor; Axon Medchem) for 48 h (Car-
diomyocyte Differentiation Medium A). At day 2, the mesodermal cells
were fed with a basal medium containing 4 pM IWR-1 (Wnt inhibitor;
Merck) for 48 h (Cardiomyocyte Differentiation Medium B). From day 4
onwards, the medium was changed every two days with Cardiomyocyte
Maintenance Medium. Cells cultured in GTX-coated TCPS (6-well cul-
ture plate) were used as a positive control.

2.12. Quantitative real-time PCR (RT-qPCR)

Total RNA from human iPSCs seeded on scaffolds and control con-
ditions was extracted using the PureLink RNA Mini Kit (Thermo Fisher
Scientific) and treated with the DNA-Free Kit (Thermo Fisher Scientific)
to obtain highly pure RNA. 250-500 ng RNA was reverse transcribed
into cDNA with Superscript III Reverse Transcriptase First-Strand Syn-
thesis SuperMix (Thermo Fisher Scientific). Quantitative real-time PCR
was performed with the Platinum SYBR Green QPCR SuperMix-UDG
(Thermo Fisher Scientific), using ViiA7 Real-Time PCR instrument
(Applied Biosystems). The oligonucleotide primer sequences are re-
ported in Table S2 (from IDT). A 10-fold dilution series ranging from
1073 to 1078 of 50 ng/pl human genomic DNA was used to evaluate the
primer efficiency. Gene expression was analysed in triplicate and
normalized to the CT mean of housekeeping genes (GAPDH, RPL13a and
HPRT) expression using the AACt Livak method.

2.13. Immunofluorescence

For indirect immunofluorescence, samples were washed with PBS,
fixed 20 min with 4 % (w/v) paraformaldehyde solution (PFA; Poly-
sciences) at 4 °C. Subsequently, the fixed cells were permeabilized with
0.2 % Triton X-100 in 1 % bovine serum albumin (BSA, Merck) and
blocked with 10 % Donkey Normal Serum (Merck) for 30 min at room
temperature. For pluripotency factor labelling, hiPSCs-seeded scaffolds
sampled at 6 d of culture were incubated overnight at 4 °C in a humid
atmosphere with primary goat antibody anti-octamer-binding tran-
scription factor 4 (OCT4, 5 pg/ml, Santa Cruz SC-8626, Dallas, TX, USA)
and primary rabbit antibody anti-NANOG (10 pg/ml, Thermo Scientific
PA1-097x). After washing with PBS, samples were incubated 1 h at
room temperature with Alexa Fluor 488- and 594-conjugated secondary
antibodies (Thermo Fisher Scientific 4 pg/ml). In all studies, parallel
negative controls (without primary antibody material) were undertaken.
For cardiomyocytes differentiation, fixed hiPSCs-seeded scaffolds
sampled at 7 d of differentiation, were incubated with primary antibody

mouse anti-Actinin Alpha 2 (ACTN2, 5 pg/ml, Abcam EA-53;) and goat
anti-NKX-2.5 (5 pg/ml, Santa Cruz Biotechnology A-16). For both types
of evaluations, after extensive washes with PBS, hiPSCs-scaffolds were
incubated 1 min with Hoechst 33342 for nuclei staining (diluted
1:10000 in PBS, Thermo Fisher Scientific). Images were acquired using a
ZEISS LSM800 confocal microscope (ZEISS) and an Eclipse Ti Micro-
scope and NIS-Elements AR 4.11 Software (Nikon, Japan).

2.14. Statistical analysis

All the experiments were performed technically in triplicate and at
least two/three independent experiments. The results were represented
as mean =+ Standard Deviation (SD). All statistical analyses were carried
out using GraphPad Prism 6.0 (GraphPad Inc., San Diego, CA). Analysis
was performed using one-way and two-ways analysis of variance
(ANOVA), followed by Bonferroni post hoc test (significance level of
0.05).

3. Results and discussion
3.1. Synthesis and molecular characterization of PBS-based copolymers

In the present paper, two random copolymers (P(BSBPripol) and P
(BSNS)) of poly(butylene succinate) with similar composition were
prepared in melt by polycondensation using Ti(OBu)s (TBT) as
biocompatible catalyst. The copolymer composition was kept constant,
in order to correlate the final polymer properties with the different
chemical structure of the comonomeric unit introduced in PBS back-
bone. In case of P(BSBPripol), we introduced a bulky co-unit charac-
terized by high flexibility, imparted by the long PE-like ramifications. In
the other case, (P(BSNS)), short ramifications were inserted along PBS
macromolecular chain.

As is known, the presence of alkyl pendant groups usually hinders
rotation around the C—C o bond because of their high steric hindrance,
which reduces the macromolecular mobility (T increases). However, in
the case of pendant groups which are sufficiently long, an internal
plasticizing effect prevails, leading to a decrement of the Ty value. The
entity of the effect is proportional to the length of the side alkyl group.
Considering this general trend, it was expected that the Pripol contain-
ing co-unit would exert a predominantly elastic effect in contrast to the
NS, which should render the final polymer more rigid.

The as-prepared samples were first characterized from the molecular
point of view by means of 'H NMR spectroscopy and GPC analyses. The
molecular characterization data are collected in Table S1, while in
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Fig. S1 the 'H NMR spectra of the two copolymers are shown.

As shown by Fig. S1A, all the peaks of BS co-unit are present, being
the a and b methylene protons of the butylene subunit located at § 4.2
ppm and § 1.7 ppm, respectively, while the singlet c of the acid subunit is
situated at & 2.6 ppm. As to the peaks of the BPripol subunit, the
methylene protons, d and e of the glycol subunit are located at § 4.2 ppm
and & 1.6 ppm, respectively, while the triplet f of the protons related to
the acid subunit in a position with respect to the carboxylic group
appeared at § 2.3 ppm. At lower chemical shifts (1.5 ppm < & < 0.7 ppm)
the signals of R subunit of Pripol g, h, i and j can be seen. Also for P
(BSNS) sample (Fig. S1B), all the peaks of BS counit are present (a and b
protons of butylene subunit at 3.9 ppm and & 1.68 ppm, respectively,
as well as the singlet ¢ of the acid subunit at 8 2.6 ppm), together with
the peaks related to NS comonomeric unit: d and e singlets associated
with neopentyl glycol are located at 6 4.1 ppm and & 0.95 ppm,
respectively, while the singlet f of the acid subunit can be found at &
2.65 ppm.

The effective chemical composition of P(BSBPripol) copolymer was
calculated from the relative area of f methylene protons of Pripol subunit
at 8 2.3 ppm, and the relative area of ¢ protons of succinic subunit at &
2.6 ppm. In the case of P(BSNS), we considered the relative area of
d protons of neopentyl glycol subunit at § 4.1 ppm and the relative area
of ¢ protons of succinic subunit at § 2.6 ppm, respectively. For both
samples, the molar amount of BS comonomeric unit turned out to be
very close to the feed one. Moreover, the two copolymers are charac-
terized by similar molar composition, BS molar amount being 60 % in
case of P(BSBPripol) and 65 % for P(BSNS).

Molecular weight obtained by GPC were both high and characterized
by a quite low polydispersity index, suggesting a good control over
polycondensation reactions (Table S1).

3.2. Morphological, thermal and mechanical properties of PBS-based
films and scaffolds

3.2.1. Morphologic characterization of scaffolds
In Fig. 1, SEM pictures of P(BSNS) and P(BSBPripol) nanofibrous
scaffolds are shown at two different magnifications (20x and 50x
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magnifications). As can be seen, no beads are present, demonstrating the
effectiveness of the electrospinning procedure. As a matter of fact, the
development of crystallinity during solvent evaporation avoids the for-
mation of agglomerates and so provide structural strength to the fibres.
As can be seen from distribution graph, the fibres present quite different
diameters. This is because of the jet-splitting phenomena, which starts
from the primary jet and causes secondary jets of smaller dimensions. In
all the samples analysed, the fibres are characterized by a non-Gaussian
distribution, probably due to this jet-splitting phenomena, with di-
mensions ranging between 100 and 1100 nm in the case of P(BSNS) and
100 t01800 nm for the P(BSBPripol).

3.2.2. Thermal characterization

Both films and scaffolds obtained from the synthesized polymers
have been subjected to thermogravimetric analysis under dry nitrogen
atmosphere. The temperature corresponding to the beginning of
degradation (Topset) and to the maximum rate of decomposition (Tpax)
are listed in Table 1, while the corresponding thermogravimetric curves
are reported in Fig. S2. All the samples under investigation show a very
good thermal stability (Tonset above 380 °C). Copolymerization slightly
improves the thermal stability of PBS, the effect being more evident
when the Pripol containing co-unit is present, probably due to a lower
density of carboxylic groups inside the macromolecular chains [30]. In
case of P(BSNS), the improvement of thermal stability can be ascribed to
the presence in the glycol subunit of NS co-unit of two methylene groups
in place of hydrogen atoms, which prevent § scission reactions [37,38],

It has also to be noticed that electrospinning process does not affect
the thermal stability of the materials under study, as the scaffolds do not
show any difference in terms of Topser and Tpax With respect to films.

Calorimetric analysis of all films and scaffolds was performed after
three weeks of storage at room temperature, to standardise the thermal
history of the samples. I scan calorimetric data are collected in Table 1,
while in Fig. 2 I scan traces are shown, together with those of PBS ho-
mopolymer, added for sake of comparison. The DSC trace of both PBS
parent homopolymer film and scaffold is typical of a semicrystalline
material, showing a glass transition phenomenon (Ty = —35 °C), fol-
lowed by a pronounced endothermic melting peak at 114 °C.

141 P(BSNS)
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Fig. 1. SEM picture of P(BSNS) and P(BSBPripol) scaffolds, and fibres’ diameter distribution.
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Table 1
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Thermal characterization data (DSC and TGA) and crystallinity indexes (WAXS) of PBS, P(BSNS) and P(BSBPripol) films and scaffolds (*).

Polymer Tonset (°C) Tmax (°C) 1 SCAN

Xc (%)

T, (°C)

AC, (J/g °C) Tm (°C) AH, (J/8)

PBS* 385 407 -35
P(BSNS) 384 415 —28

P(BSBPripol) 391 426 -50

PBS* 363 398 -32
P(BSNS)* 362 401 -28

P(BSBPripol)* 386 421 —51

0.088 114 50 46

0.244 42 33 31
77

0.194 42 21 14
65

0.193 114 64 41

0.267 44 40 39
72

0.192 47 23 20
64

@ Ref. [35].
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Fig. 2. I scan calorimetric curves of PBS, P(BSNS) and P(BSBPripol) in form of

films (A) and scaffolds (B) (20 °C /min); X-Ray diffraction profiles of PBS, P
(BSNS) and P(BSBPripol) in form of films (C) and scaffolds (D).

Copolymerization deeply affects both Ty and Ty, values: more in
detail, the P(BSBPripol) sample is characterized by a lower Ty and by a
higher AC, values with respect to PBS homopolymer. The Ty decrement
can be ascribed to the plasticizing effect of the long aliphatic segments
present in Pripol moiety. Conversely, the presence of the short alkyl side

groups in P(BSNS), is responsible for an increase of T, value, because of
the steric hindrance effect, which inhibits the rotation around the C—C o
bond. In this case, the AC; value was also higher than that of the PBS,
indicating a higher amorphous fraction in the copolymer. In addition, in
both copolymers, the melting phenomenon occurs at lower temperature
and is less intense (lower AHp, value) when compared with the PBS
homopolymer, indicating the introduction of comonomeric units along
the PBS main chain deeply hampers the crystallization capability of BS
segments. This behaviour, particularly pronounced in the P(BSBPripol)
samples, can be explained as due to the formation in the copolymer of a
smaller amount of crystalline phase, characterized by a lower degree of
perfection. Last, but not least, the melting peak changes shape due to
copolymerization: DSC trace of PBS shows a sharp single melting peak
whereas in the case of copolymers, the endothermic process is wider and
double. As is usually observed for polyesters [39-41], the double
melting peak is due to the melting-crystallization-remelting phenomena,
with crystals which melt and crystallize in a more perfect form during
heating. A similar behaviour can be seen in the P(BSNS) samples,
although in this case the Ty, and AHp, values are higher than those found
for the other copolymer, because of the presence of short ramifications
which hinder to a lesser extent the crystallization capability of PBS.
Indeed, as previously reported [35], NS co-units can be partially
included in PBS crystalline lattice, supporting co-crystallization.

It should also be noted that electrospinning does not alter the ther-
mal behaviour of the materials, the DSC profiles of scaffold being very
similar to those of film (Fig. 2).

3.2.3. Structural characterization

To understand the nature and the amount of crystalline phase pre-
sent in the copolymeric films and scaffolds under investigation, a WAXS
analysis was performed. In Fig. 2 the diffraction profiles are shown and
in Table 1 the values of crystallinity degree X, are listed.

All the profiles obtained are typical of semicrystalline polymers, with
well-defined peaks, overlapped to a bell-shape baseline characteristic of
amorphous regions.

On the basis of the patterns obtained, all the samples that were
analysed crystallized according to a-PBS crystal phase, no other crystal
phases were present [42,43]. The main PBS lattice reflections, located at
260 = 19° and 23°, change in intensity by copolymerization. In P(BSNS)
pattern as well as in the case of PBS the reflection at 20 = 23° was more
intense than the peak at 20 = 19°. For the P(BSBPripol) samples we
observed the opposite. It can be hypothesized that in P(BSBPripol) a
partial lattice distortion occurs. In this copolymer, peak position remains
unchanged, proving that the Pripol containing co-units are excluded
from the crystalline phase, and rejected in the amorphous one. On the
contrary, with P(BSNS), a partial inclusion of the NS co-unit inside the
PBS crystalline lattice takes place, as evidenced by an increasing in the
cell volume [35]. The result is not surprising when we consider that the
chemical structure of neopentyl glycol is not considerably different from
that of butanediol found in PBS. Conversely, in the P(BSBPripol)
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copolymer, the two diacid sub-units, i.e. Pripol diacid moiety and suc-
cinic acid, are extremely different. By comparing the X-Ray diffraction
profiles of films, it is possible to observe that PBS is the most crystalline
sample (X, = 46 %), followed by P(BSNS) with the P(BSBPripol)
copolymer being the least crystalline (Table 1). Not even this result is
particularly surprising if we consider that in case of P(BSNS) co-
crystallization occurs.

The results for the scaffold samples were analogous with those
observed for the films. Lastly, the crystallinity indexes obtained from
diffractometric analysis are consistent with the calorimetric data
(Table 1).

3.2.4. Mechanical characterization

The tensile testing data (elastic modulus E, stress at break op and
strain at break eg) are summarized in Table 2. Stress-strain curves for
PBS, P(BSBPripol) and P(BSNS) copolymers, in form of films and scaf-
folds, are shown in Fig. 3A and Fig. 3B, respectively, while in Fig. 3C
cyclic loading curves for the same materials are reported.

Of all the films analysed, the PBS was the stiffest (highest elastic
modulus value, of about 301 MPa) and most fragile (lowest elongation at
break, of only 5 %). The film prepared from random PBSP(BPripol)
copolymer shows a significant different mechanical behaviour with
respect to PBS homopolymer, behaving like an elastomer with a low
elastic modulus and a high elongation at break. Interestingly, although P
(BSBPripol) is a random copolymer, the stress-strain curve of film does
not show any yield (Fig. 3A), probably because of the bulky size of Pripol
co-units, which determines a sort of block structure within the copol-
ymer. The P(BSNS) film has elastic modulus and a stress breaking point
which is very similar to the PBS samples, though the elongation at break
being significantly higher (219 % vs. 5 %). Moreover, the presence of
yielding is recorded. The measured stress strain curve is typical of a
material with a plastic behaviour, i.e. high strength, high ductility, high
toughness. The presence -CHgs side group, as already mentioned, is
responsible of two effects, the decreasing of crystallinity degree, and the
increasing of chain rigidity. The results obtained indicate the latter
factor prevails on the former.

By comparing the mechanical response of the two copolymers, it is
possible to see how Pripol-containing film is characterized by lower E
(more than one order of magnitude) and op (almost one order of
magnitude) and greater elongation (460 % vs. 219 %). This trend must
be ascribed to the higher crystallinity degree and the higher T, value of P
(BSNS).

The mechanical response of the scaffolds was different (Fig. 3B). In
particular, PBS and P(BSNS) scaffolds exhibit similar elastic modules,
stress and elongate at break, at a rate which is even slightly higher for
PBS scaffold (=23 %). This result can be explained by the similar crys-
tallinity degree for the two samples. The P(BSBPripol) scaffold is instead
characterized by a halved elastic modulus but exhibited similar stress at
break and elongation characteristics, again due to the lower crystallinity
of this sample with respect to both PBS and P(BSNS). It is also interesting
to note that the elastic modulus values of scaffolds are particularly low,
considering the common mechanical properties of thermoplastic poly-
mers, and makes these materials suitable for cardiac tissue engineering.
Indeed, although the elastic modulus of cardiac muscle is in the range of
kPa [44], previous studies reported in the literature have demonstrated

Table 2
Mechanical characterization data of PBS, P(BSBPripol) and P(BSNS) in form of
films and scaffolds (*).

Polymer op (MPa) ep (%) E (MPa)
PBS 16 +2 5+1 301 + 25
P(BSNS) 18 £ 1.0 219 £ 12 340 + 34
P(BSBPripol) 4.6 £ 0.3 460 + 22 14+ 2
PBS* 6+1 151 +7 20+ 3
P(BSNS)* 3+05 116 £13 24+5
P(BSBPripol)* 2+0.3 134 £ 16 10+ 3
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that materials with E in the range 2-80 MPa successfully supported
myocardial cells growth and proliferation [45-48]. Last, but not least, in
the stress-strain curves of both P(BSBPripol) and P(BSNS) scaffold yield
is not evident.

Cycling stress-strain measurements were carried out on P(BSNS)
scaffold and on P(BSBPripol) film and scaffold samples to investigate the
behaviour of the copolymers when subjected to cyclic stress (Fig. 3C).
The P(BSNS) results indicated quite low levels of elasticity, the amount
of permanent set remained at about 30 %. In addition, the hysteresis
area of all the cycles is quite similar to that of the first cycle, indicating
an incomplete energy recovery. The P(BSBPripol) copolymeric film
possessed good levels elasticity, though the amount of permanent set
was at about 22 %, after each loading-unloading cycle. In addition, the
stress-strain curve in the second cycle was more compliant than that
observed in the first cycle. This behaviour, known as softening, can be
due to a rearrangement in the crystalline microphase [49]. Lastly, the
hysteresis area of the second cycle is much smaller than that of the first
cycle, thus indicating good energy recovery. The comparison between
the performance of P(BSBPripol) film and scaffold after cyclic loading
indicates the scaffold showed lower levels of elongation at breaking
(Table 2 and Fig. 3C). That is largely because of the 3-dimensional
porous structure, and the extent to which pores and defects determine
the fracture of the sample at lower stress with respect to the film,
although they are characterized by similar behaviours.

3.2.5. Wettability and hydrolytic degradation tests of PBS-based films and
scaffolds

Wettability of PBS-based films and scaffolds was evaluated by water
contact angle (WCA) measurements. WCA values are listed in Table 3,
while drops pictures are shown in Fig. S3. All the materials under study
are hydrophobic (WCA > 90°), the hydrophobicity slightly increasing in
P(BSBPripol) sample, due to the presence of long aliphatic segments in
the main chain. By comparing films and scaffolds, the same trend can be
observed, and the hydrophobic behaviour is even more evident.

Hydrolytic degradation experiments were carried out under physi-
ological conditions. At predetermined time points sacrificial samples
were collected and weighted, their molecular weight was calculated by
means of GPC analysis. In addition, the samples were subjected to 'H
NMR, DSC and WAXS analyses, to assess the residual composition and
possible differences in crystallinity degree.

As it is well known, hydrolysis is a bulk phenomenon: the macro-
molecular chains are attacked by water and consequently the molecular
weight starts to decrease, as the hydrolysed chains are not able to sol-
ubilize during the first stages of degradation. For this reason, gravi-
metric weight loss is negligible and occurs only after longer times. In
Table 3 both weight loss and molecular weight loss data after 15 weeks
of incubation are reported together with calorimetric data for all the
samples under investigation (films and scaffolds).

As regards the films, according to the data collected in Table 3, no
appreciable weight losses were observed, the values ranging from 2 to 3
%. As to the corresponding scaffolds, slightly higher weight loss per-
centages were measured (around 5 %), because of the higher surface/
volume ratio due to the nanofibrous structure.

Regarding the molecular weight of P(BSBPripol), it is possible to
notice that the decrement was more remarkable, confirming the bulky
nature of the degradation process. Comparing the films, the random
copolymers degraded faster than the PBS samples and exhibited greater
levels of variation in molecular weight. In particular, the P(BSBPripol)
random copolymer sample was shown to be the fastest degrading sam-
ple, due to its low Ty, Ty and AHp, values. The slower degradation rate of
random P(BSNS) copolymer can be correlated to its higher glass tran-
sition temperature, crystallinity degree and melting point. It should be
recalled that the introduction of the NS subunit along the PBS main
chain is responsible for a slight increase of chain rigidity (higher Ty),
together with a decrease of both melting temperature and crystallinity
(AHp). On the contrary, the density of the -COOR- group remained
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Fig. 3. Stress-strain curves of films (A) and scaffolds (B) of P(BSBPripol) and P(BSNS) compared to mechanical response of PBS; Cyclic loading curves of P(BSNS)

scaffold and P(BSBPripol) in form of both film and scaffold (C).

Table 3

Thermal characterization and hydrolytic degradation data of PBS, P(BSBPripol) and P(BSNS) in form of films and scaffolds (*) after 15 weeks of incubation.

Polymer Ty (°C) Tm (°C) AHp, (J/8) WCA (°) Weight loss (%) Molecular weight loss (%)
PBS -32 115 62 91 +2 2.0 35

P(BSNS) —28 77 33 92+ 3 3.0 42

P(BSBPripol) —51 65 21 96 + 2 2.0 47

PBS* -32 114 64 101 £3 2.0 [16] 32 [16]

P(BSNS)* —28 77 33 103+ 2 4.8 45

P(BSBPripol)* —51 64 23 109 + 2 5.2 60

almost the same, with two glycolic subunits of very similar length
(butylene vs. neopentyl glycol). In this view, the higher P(BSNS) weight
loss with respect to PBS can be ascribed to the lower crystallinity degree.

For both copolymers, H NMR analysis did not reveal any composi-
tion variation or the presence of any preferential attack of one of the two
co-monomeric units present in the copolymers. Analogously, DSC and
WAXS analyses did not show any difference in the crystallinity degree,
suggesting that the degradation process involves both the crystalline and
the amorphous phase.

As to the scaffolds, the trend is practically the same as that observed
for films, even though occurring at faster rate due to the higher surface/
volume ratio of the electrospun structure.

3.3. Biological evaluation of PBS-based scaffolds

In recent years, it has been demonstrated with strong evidence that
the behaviour of human pluripotent stem cells is also intimately
responsive to physical cell-ECM interactions, including sensitivity to

stiffness and material topography [50-53]. Here, the hiPSCs line was
cultured on P(BSNS) and P(BSBPripol) scaffolds to evaluate their ability
to support stem cell proliferation, maintain stemness and support car-
diac differentiation. hiPSCs represent a viable alternative cell source to
human embryonic stem cells for regenerative purposes. It is important to
note that PBS scaffold was not included in the following biological
studies, as its characteristics were very similar to those of P(BSNS)
random copolymer scaffolds.

3.3.1. hiPSCs stemness assessment onto scaffolds

Many studies have reported that substrate elasticity has an impact on
the self-renewal and propagation of pluripotent stem cells [54-56]. Soft
surfaces, particularly those that match the intrinsic stiffness of the inner
cellular mass of ESCs (between 1 Pascal (Pa) and 1 kilopascal (kPa)),
appear to be more effective than stiffer surfaces as they facilitate the
generation of low cell-matrix traction [54]. P(BSNS) and P(BSBPripol)
have a stiffness of approximately 24 megapascal (MPa) and 10 MPa,
respectively, which suggested poor/altered interaction with hiPSCs.
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Considering this, the fate of cells on P(BSNS) and P(BSBPripol) was
studied by evaluating the viability and self-renewal characteristics on
materials treated or not with a conventional coating, the Geltrex®
(GTX). GTX is an extracellular matrix mimetic normally used to enhance
the surface activity of scaffolds, with a similar composition to Matrigel
and an average modulus of about 1 Pa [57-59]. Cells cultured on GTX-
coated TCPS were used as a positive control. Initially, the average cell
viability was assessed with the MTT assay at two-time frames (1 and 6
days) and expressed as a percentage of the GTX control (TCPS) (Fig. 4).
For both marked control spots, viability was in the range of 91 %-98 %,
with no statistically significant differences between GTX-coated P
(BSNS) and P(BSBPripol) (p > 0.05). By contrast, significant reduction in
cell viability was observed on the uncoated GTX scaffolds (approxi-
mately 80 and 60 % of reduction at 1 and 7 days of culture, respectively)
than those GTX-coated, indicating initially incomplete hiPSCs adhesion
to the uncoated-GTX substrates (Fig. 4).

Subsequently, the maintenance of the stemness phenotype of hiPSCs
within the synthetic fibrous scaffolds (with/without GTX) for 6 days of
culture was examined. RT-qPCR gene expression profiling revealed that
in GTX-coated condition, hiPSCs cultured on P(BSNS) and P(BSBPripol)
expressed similar levels of pluripotency genes OCT4, NANOG, SOX2,
hTERT, KLF4 and ¢cMYC compared to day O and on respect to TCPS
conditions (Fig. 5a). These data were confirmed by immunofluorescence
analysis: positive staining for both OCT4 and NANOG was observed in
hiPSCs cultured on GTX-coated random-PBS scaffolds and, like the
positive control, cell proliferation occurred in round, confluent colonies
on each copolymer (Fig. 5b). In contrast, RT-qPCR data showed clear
downregulation of all examined pluripotency genes in uncoated scaf-
folds compared to day O and on respect to TCPS with significant
downregulation of OCT4, NANOG and cMYC (° and * p < 0.05 vs day
0 and TCPS, respectively). Afterwards, we compared the gene expression
of hiPSCs cultured in uncoated GTX with those in GTX-coated materials:
hiPSCs cultured on uncoated GTX showed lower expression of OCT4
(## p < 0.01), cMYC (# p < 0.05) and KLF4 (# p < 0.05), while no
statistically significant difference was found between the two culture
conditions (+/—GTX) on the expression of NANOG (p > 0.05), SOX2 (p
> 0.05) and hTERT (p > 0.05). These data seem to indicate that the
presence of a softer extracellular matrix coating created a better envi-
ronment that facilitated the growth and maintenance of pluripotency on
both types of materials, as it presumably masked, at least in the initial
phase of the interaction, the stiffness of the underlying materials
[36,60-64]. Furthermore, in both conditions with/without GTX, no
significant differences were observed between P(BSNS) and P(BSBPri-
pol) (p > 0.05), highlighting that a change in substrate’s properties
(chemical and stiffness) did not correspond to a change in the material’s
capability to influence the pluripotency characteristics.
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3.3.2. Integrin and HYPPO pathway gene expression onto PBS-based
scaffolds

The successful culture of hiPSCs on P(BSNS) and P(BSBPripol) sur-
faces has raised a fundamental question about the molecular mecha-
nisms of cell attachment to these surfaces. Heterodimeric
transmembrane integrin receptors are the main actors in bond formation
between cell and extracellular matrix [65,66]. Integrin heterodimers
(composed of the different p- and a-chains), which recognize and bind a
specific ligand on the ECM, can help to regulate the different steps of the
cell-ECM interaction by activating intracellular tyrosine kinase and
phosphatase signaling to elicit downstream biochemical signals for
pluripotency and stem cell differentiation [67-69]. Integrins are
responsible for both ectodermal (a6, av, p1, 3, f5), mesodermal (a5, a6,
f1), and endodermal (a5, av, f1, B3, f5) differentiation [70,71]. alf1,
a5p1 and a7p1 integrins are the most highly expressed integrin heter-
odimers in adult cardiomyocytes and the integrin a5 subunit is prevalent
in fetal cardiomyocytes [72]. The composition and structure of the ECM
substrate (including biomaterials) used for culture can influence the
expression profile of integrins in human pluripotent stem cells. Here,
gene expression analysis of some a and f integrins was performed in
human iPSCs grown on each copolymer scaffold 6 days after seeding in
both GTX-coated and uncoated surfaces (Fig. 6a and Fig. S4, respec-
tively) [31,32]. As shown in Fig. 6a, at day 6 from cell seeding, there was
significant upregulation of the a3, a5, a7, f1 genes in both GTX-coated
copolymers and TCPS compared to day 0. In addition, the 5 gene was
significantly downregulated at day 6 in both P(BSNS) and P(BSBPripol)
as regards to day 0 and on respect to the positive control (*** p < 0.001
and °°° p < 0.001, respectively), while p3 was markedly upregulated in P
(BSBPripol) as compared to day 0 (* p < 0.05) and P(BSNS), although
not significantly in the latter case. With respect to cells cultured on
TCPS, the expression of a7 (°°°° p < 0.0001) resulted increased only on P
(BSNS). In contrast to what has been observed for pluripotency genes,
material properties influenced the expression of integrin genes: a sig-
nificant reduction of a5 (§§§§ p < 0.0001), a7 (§§5§ p < 0.0001), and p1 (§
p < 0.05) genes was measured on cells grown on P(BSBPripol) compared
to P(BSNS). These data demonstrate how the cells perceive, despite the
GTX coating, the physical properties of the underlying material, which
thus appears to play a relevant role in determining the behaviour of the
cells. Note that, in contrast to the GTX-coated condition, all the integrin
genes analysed are increased on both the uncoated P(BSNS) and P
(BSBPripol) compared to day 0, and some of them (a5, aV, a7 and p1)
are more highly expressed than on TCPS (Fig. S4). The increased integrin
expression may have been promoted by a close interaction of the cells
with the surface topography, which, in contrast, could be inhibited/
altered by GTX coating. Also, in uncoated culture conditions, differences
were found between P(BSBPripol) and P(BSNS): a down-regulation of 1
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Fig. 4. Cell viability of hiPSCs cultured on P(BSNS) and P(BSBPripol), without GTX (—GTX) and with (+GTX) and coating for 1 and 6 days, respectively. Data are
representative of >2 independent experiments and expressed as mean + SD (**: p < 0.01). Cells cultured in GTX-coated TCPS were used as positive control.
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Fig. 5. Pluripotency markers in hiPCSs
cultured for 6 days on P(BSNS) and P
(BSBPripol), with/without GTX coating. a)
RT-qPCR analysis for pluripotency markers
on cells is shown. Expression of all genes was
represented as a relative increase compared
to the initial state (day 0). Data are repre-
sentative of >2 independent experiments
and expressed as mean + SD. Symbols indi-
cate statistical significance vs. day 0 (*), vs
TCPS (°), vs - GTX (#) (* or ° or #: p < 0.5;
** or °° or ##: p < 0.01; *** or °°°: p <
0.001). b) Representative images of immu-
nofluorescence on GTX-coated P(BSNS) and
P(BSBPripol) staining to detect OCT4 (red,
633 Alexa Fluor) and NANOG (green, 488
Alexa Fluor); nuclei were counterstained
with Hoechst 33342 (blue) (5x magnifica-
tion and Scale bar = 200 pm. Cells cultured
in GTX-coated TCPS were used as positive
control for both a) and b) analyses. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)
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Fig. 6. Integrins and HYPPO pathway target gene expression. a) RT-qPCR analysis of indicated integrins subunits in hiPCSs cultured for 6 days on GTX-coated P
(BSNS) and P(BSBPripol). Expression of all genes was represented as relative increase compared to the initial state (day 0). Cells cultured in GTX-coated TCPS were
used as positive control. Data are representative of >2 independent experiments and expressed as mean + SD). b) RT-qPCR analysis of HYPPO pathway genes in
hiPCSs cultured for 6 days on GTX-coated P(BSNS) and P(BSBPripol). Expression of all genes was represented as a relative increase compared to the initial state (day
0). Cells cultured in GTX-coated TCPS were used as positive control. Data are representative of >2 independent experiments and expressed as mean + SD). In a) and
b) symbols indicate statistical significance vs. day 0 (¥), vs TCPS (°), vs P(BSNS) (§), and ns = not significant (* or ° or §: p < 0.5; ** or °° or §§: p < 0.01; *** or °°°p <

0.001; **** or °°°° or §§66: p < 0.0001).

(6885 p < 0.0001) and p5 (§8§ p < 0.001) and as well as a significant
upregulation of 3 in P(BSBPripol) (§ p < 0.05) (Fig. S4). Next, we
investigated whether cells binding to the PBS-based copolymer scaffold
could support and modulate the HIPPO pathway in hiPSCs (Fig. 6b). The
HIPPO signaling cascade is an important pathway in adhesion-
dependent stem cell proliferation, self-renewal, and differentiation
[33,73,74]. The pathway is a kinase cascade involving mammalian
STK3, STK4, LATS1 and LATS2. When activated, phosphorylation of
STK3 and STK4 activates LATS1/2 kinases, which directly inactivate the
Yes-associated protein (YAP) and the transcriptional coactivator with
PDZ binding motif (TAZ), the two main functional outputs. The phos-
phorylated forms of YAP and TAZ are located in the cytoplasm, where
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they are degraded. In contrast, when no phosphorylated, YAP and TAZ
migrate into the nucleus and regulate the expression of many target
genes, including CTGF, ANKRD and CYR61. YAP and TAZ act as sensors
and mediators of mechanical inputs from the extracellular matrix and
their nuclear localization is drastically altered by matrix rigidity
[75,76]. In particular, YAP/TAZ show a preferential cytoplasmic local-
ization when cells can sense cell-to-cell contact, while moving into the
nucleus when single cells are seeded on stiff substrates. Numerous
studies have reported YAP/TAZ activation in diseased heart tissue,
suggesting a potential role in heart repair and regeneration [77,78]. In
addition, in vitro stimuli, including substrate rigidity and nanostructure
topography trigger and control cardiomyocyte migration and
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proliferation through YAP activation, although the underlying molecu-
lar mechanisms remain poorly characterized [79-81]. Regarding the
pluripotency regulation, the exact role of YAP is unclear, complex and
controversial and could be related to the versatile interaction of YAP
with other intracellular components [78,82,83]. Different studies have
proven that human ESCs also display great YAP/TAZ activity [78,84,85]
and that its downregulation is correlated with differentiation in the
neuroectoderm lineage [86]. However, there are several works showing
that YAP/TAZ behaviour is related to the type of matrices in which the
cells are cultured. However, even in this case, the data are sometimes
conflicting: some works have demonstrated that on soft substrates hESCs
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express pluripotency markers, but the expression of YAP does not
correlate directly with the pluripotency [55]; others showed that on
rigid substrates YAP is active and localized in the nucleus, where it in
turn enables the maintenance of self-renewal and stem cell proliferation
[86]. In this study, we observed a drastic down-regulation of several
YAP target genes in both GTX-coated (Fig. 6b) and uncoated (Fig. S5)
scaffolds on respect to day 0 and compared to TCPS. The CTGF gene was
significantly downregulated in cells cultured on both copolymer scaf-
folds under GTX (Fig. 6b) and uncoated conditions (Fig. S5), but no
differences were observed between P(BSNS) and P(BSBPripol). Simi-
larly, the level of ANKDR was reduced on respect to day O and if

Fig. 7. Cardiac markers differentiation in hiPSCs-

derived cardiomyocytes differentiated on GTX-
coated P(BSNS) and P(BSBPripol). a) Time-course
§ relative expression of genes involved in pluripo-
tency (OCT4) and cardiac differentiation are shown.
Expression of all genes was represented as relative
increase compared to day O of differentiation. Data
are representative of >2 independent experiments
and expressed as mean + SD (symbols indicate

statistical significance vs. day 0 (* p < 0.05), vs
TCPS (° p < 0.05), vs P(BSNS) (§ p < 0.05)). b)
Representative images of immunofluorescence
staining to detect the early cardiac progenitor
marker NKX2.5 (red) and the later-stage car-
diomyocyte marker ACTN2 (green); nuclei were
counterstained with Hoechst 33342 (blue) (10x
magnification and scale bar = 100 pm). Cells
cultured in GFR-coated TCPS were used as positive

control for both a) and b) analyses. (For interpre-
tation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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compared to TCPS, but again with no significant variation between the
two copolymer scaffolds (Fig. 6b and S5). The notable difference be-
tween the random-PBS scaffolds was observed in the expression of
CYR61, which was downregulated in P(BSNS) compared to P(BSBPripol)
in the GTX condition (§§ p < 0.01, Fig. 6b) but not in the uncoated
cultures (Fig. S5). CYR61 gene expression was significantly lower in P
(BSNS) compared to day 0 and on respect to TCPS, both with GTX (* p <
0.05 and ° p < 0.05, respectively, Fig. 6b) and without GTX (** p < 0.01
and °° p < 0.01, respectively, Fig. S5). An interesting observation is that
this finding was associated with lower expression of STK3, normally
involved in the inactivation process of YAP, compared to day O, on both
TCPS and P(BSBPripol) in GTX cultures (Fig. 6b). In P(BSBPripol), the
level of CYR61 was not altered in the GTX-coated material than at day
0 and in comparison to TCPS (Fig. 6b), whereas it was significantly
decreased when the material was analysed without GTX (** p < 0.01 and
°° p < 0.01 vs day 0 and TCPS, respectively, Fig. S5). Collectively these
findings prove the involvement of HYPPO target genes as a transcrip-
tional mediator (or mechano-sensors) for cellular responses to PBS-
based copolymer scaffolds, although this engagement might play a
different role (pro-pluripotency or pro-differentiation) depending on the
presence or absence of GTX coating.

3.3.3. hiPSCS cardiac differentiation assessment onto PBS-based scaffolds

Subsequently, the time course of specific cardiac genes in human
iPSCs differentiated into cardiomyocytes was studied (Fig. 7a). As ex-
pected, OCT4 gene expression decreased during differentiation and
remained low on both substrates and control (day 0 vs day 15: * p <
0.05). Notably, the expression level of OCT4 was significantly higher for
P(BSNS) than for P(BSBPripol) and TCPS at day 15 (§ p < 0.05).
Compared to day 0, although there was upregulation of all cardiac dif-
ferentiation genes examined over time, some differences were observed.
BRACH, a gene of early mesoderm differentiation [87], was significantly
increased at day 2 in TCPS, P(BSNS) and P(BSBPripol) compared to day
0 (* p < 0.01). Furthermore, at day 2, BRACH was significantly upre-
gulated in P(BSBPripol) compared to P(BSNS) (§ p < 0.05). When
compared to day 0, GATA4, an early cardiac differentiation gene [88],
was significantly higher in both TCPS and P(BSBPripol) until the end of
the differentiation time (* p < 0.05), whereas no significant increase was
detected in P(BSNS). Remarkably, GATA4 expression was significantly
increased in P(BSBPripol) compared to P(BSNS) (§ p < 0.05) as early as
day 2 until day 8 of differentiation. Likewise, an overall increase in
NKX2.5, another early cardiac differentiation gene [89], was observed
in both TCPS and P(BSBPripol) compared to day 0 (* p < 0.05 at day 8
and day 15). The expression of this gene was found significantly lower in
P(BSNS) than TCPS (° p < 0.05) and P(BSBPripol) (§ p < 0.05) at both
day 8 and day 15, respectively. The expression level of MYHC and
TNNT2, both involved in the later stages of cardiac differentiation [90],
was shown to be also upregulated on both surfaces of the copolymer
scaffold, as well as in TCPS in comparison to day 0. In detail, MYHC was
found to be significantly higher in cells cultured on P(BSNS) and P
(BSBPripol) at day 15 of differentiation than day 0 (* p < 0.05), but with
a difference: the gene’s expression resulted significantly higher on P
(BSBPripol) compared to P(BSNS) (§ p < 0.05). Finally, significantly
enhanced expression of TNNT2 was found on P(BSBPripol) at day 8 and
15 on respect to day 0 and if compared to P(BSNS) (* p < 0.05and § p <
0.05). In general, these results show that the properties of the material
profoundly influence the activation of cardiac genes. Indeed, cells
cultured on P(BSBPripol), and not those on P(BSNS), exhibited increased
expression of cardiac genes, although not at the same extent as cells
cultured on TCPS (° p < 0.05). This was further confirmed by the im-
munostaining. Indeed, immunofluorescence analysis showed the pres-
ence of differentiated iPSC-CMs expressing the early cardiac progenitor
marker NKX2.5 (red, within the nuclei) and the later-stage car-
diomyocyte marker ACTN2 [91] (green, in the cytoplasm/cell mem-
brane) on both copolymer scaffolds under investigation. However, the
protein expression levels of ACTN2 in the scaffold-differentiated cells
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appeared to be less pronounced than in cells differentiated under control
conditions (Fig. 7b), presumably, because it was harder to reach the later
differentiation stages on the scaffolds under the conditions adopted.

3.3.4. Integrin and HYPPO pathway gene expression in iPSCs-derived
cardiomyocytes differentiated onto scaffolds

Here, the gene expression analysis of some o and p integrins in car-
diomyocytes derived from iPSCs differentiated on P(BSNS), P(BSBPri-
pol) scaffolds and control (TCPS) was observed (Fig. 8). RT-qPCR data
revealed a down-regulatory trend in the expression of a6, a7 and 5
subunit genes in both differentiated cells on P(BSNS) and P(BSBPripol)
scaffolds compared to day O (* p < 0.05, Fig. 8a). Notably, the expression
of a5 was more significantly induced in the P(BSBPripol) scaffolds
compared to P(BSNS) (§ p < 0.05) and day O (* p < 0.05) samples during
the differentiation period, suggesting that the former copolymer scaffold
better supported cardiac differentiation (Fig. 8a). These data are in line
with the expression of cardiac genes (Fig. 7a), which resulted more
highly expressed on P(BSBPripol) rather than on P(BSNS). Furthermore,
at day 4, the expression of integrin p3 was significantly increased
compared to day 0 on the surface of P(BSBPripol) scaffold (* p < 0.05),
even than on P(BSNS) (§ p < 0.05). Although the physiological relevance
of the increase in integrin 3 in cardiomyocytes is unknown, we may
hypothesize that focal contact through integrin p3 may facilitate cell
adhesion and mediate the physical cues of the random-PBS scaffolds to
modulate the function and differentiation of iPSCs. As stated previously,
HYPPO signaling plays an important role during cardiac development
[92]. We then assessed the gene expression of some HIPPO pathways
components (Fig. 8b). Notably, along the cardiac differentiation time,
like TCPS (day 15 vs day O: * p < 0.05), a significant upregulation of
YAP/TAZ expression was detected on P(BSBPripol) scaffold (day 15 vs
day O: * p < 0.05) but not on the P(BSNS) one. Of note, hiPSCs grown on
P(BSNS) showed a lower LAT62 (at day 8), YAP (at day 8), TAZ (at day 8
and day 15) expression than on TCPS and P(BSBPripol) scaffold (° and §
p < 0.05, respectively). As well as of YAP-target genes level (CTGF,
ANKD3 and CYR61) was shown to be significantly higher on P
(BSBPripol) scaffold with respect to day 0 (* p < 0.05) and CYR61 was
noticeably greater from day 4 up to day 15 compared to TCPS (° p <
0.05). Compared to TCPS and P(BSBPripol), the expression of CTGF,
ANKD3 and CYR61cells on P(BSNS) scaffold resulted significantly lower
(° or § p < 0.05, respectively), once again highlighting how substrate
nature can be crucial in activating specific biological responses. Since
increased expression of cardiac genes was observed in particular on P
(BSBPripol), we speculate that in differentiating cells the HYPPO
signaling pathway may be engaged in cardiac differentiation of pro-
genitor cells on this material by promoting the translocation of YAP/TAZ
in the nucleus and thereby the expression of target genes.

4. Conclusions

Two new ad-hoc designed random PBS-based aliphatic copolyesters,
one containing short ramifications (neopentyl glycol), the other long
ramifications and PE-like segments (Pripol 1009), have been success-
fully synthesized to evaluate their possible use for the treatment of CVD,
and in particular MI. As a known substrate, with appropriate mechanical
properties (i.e., low rigidity, elasticity, and features similar to those of
cells) ECM is necessary to ensure a healthy outcome. In this view, the
chemical design, as well the processing was optimized to modulate the
physicochemical properties of the starting homopolymer. Indeed,
through copolymerization and even more by realization of fibrous
scaffolds by electrospinning, it was possible to reduce PBS stiffness, the
main limitation for applications in soft tissue engineering.

The introduction of Pripol 1009 moiety along PBS chain led to obtain
a thermoplastic elastomeric scaffold with elastic modulus and elonga-
tion at break comparable to those of cardiac tissue. Conversely, the
presence of neopentyl glycol moiety is responsible for a stiffer me-
chanical behaviour of the final material (P(BSNS)) with respect to P
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Fig. 8. RT-qPCR analysis of integrins subunits and HYPPO pathway genes in iPSCs-derived cardiomyocytes differentiated on GFR-coated P(BSNS) and P(BSBPripol).
a) Time-course relative expression of indicated integrin genes is shown. Expression of all genes was represented as relative increase compared to day 0 of differ-
entiation. Data are representative of >2 independent experiments and expressed as mean + SD). b) Time-course relative expression of indicated genes is shown. Cells
cultured in GTX-coated TCPS were used as positive control for both a) and b) analyses. Expression of all genes was represented as relative increase compared to day
0 of differentiation. Data are representative of >2 independent experiments and expressed as mean + SD). Symbols in a) and b) indicate statistical significance vs.

day 0 (* p < 0.05), vs TCPS (° p < 0.05), vs P(BSNS) (§ p < 0.05)).

(BSBPripol). This evidence was supported by DSC and WAXS results,
which indicated that P(BSBPripol) is characterized by the lowest T and
crystallinity degree, as a result of the plasticizing effect of the long
aliphatic segments present in Pripol moiety. Conversely, in P(BSNS)
copolymer, a reduction of crystallinity but also an increase of chain ri-
gidity, i.e. an increase of Tg, was observed and is attributable to the steric
hindrance effect of short side groups of neopentyl glycol.

Then, hiPSCs were cultured on both copolymeric scaffolds to eval-
uate their ability to support stem cell proliferation, maintain stemness
and promote cardiac differentiation, knowing that the behaviour of cells
is strictly related to physical cell-ECM interactions, as well as to sub-
strate stiffness, topography, and chemical features. It should be
emphasized that for the first time it was possible to successfully apply a
cardiac differentiation protocol on hiPSCs cultivated on two non-
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commercial synthetic copolyesters. The results are very interesting.
First, on both copolymeric scaffolds a high cell viability of hiPSCs and a
correct proliferation in round and confluent colonies was observed.
However, the viability and maintenance of cell stemness on both scaf-
fold surfaces were only achieved if a softer extracellular matrix coating
(the GTX) was added to mask the rigid structure of both random-PBS
materials. At the same time, it was observed that their different me-
chanical properties and the presence of the GTX coating profoundly
influenced the gene expression of certain integrins and target genes of
the HYPPO pathway. After the application of a proper differentiation
protocol into cardiomyocytes, the P(BSBPripol) scaffold promoted a
significant upregulation of cardiac markers involved in both early and
mesoderm differentiation compared to P(BSNS) one, together with a
simultaneously upregulation of a5 integrin and HYPPO pathway gene
expression during the differentiation period. From a general perspective,
these data would suggest that the signs raised from PBS-based scaffolds
may influence the expression of cardiac genes in the progenitor cells
with signals, arguably involving the activation of HYPPO pathways. In
general, additional studies (such as phosphorylation of HYPPO kinases,
quantification, and localization of YAP/TAZ) are paramount to verify
the observations arising from this study and clarify exactly the biological
response that is activated at the level of the two random-PBS materials
here synthesized. In conclusion, we confirmed that the proper chemical
design and, in turn, the matrix mechanical properties, play a key role
both in supporting cell stemness, stem cell adhesion and proliferation,
and in regulating cardiac progenitor behaviour and differentiation.
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