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Abstract

Three-dimensional (3D) tissue models offer new tools in the study of diseases. In the case of the engineering
of cardiac muscle, a realistic goal would be the design of a scaffold able to replicate the tissue-specific
architecture, mechanical properties, and chemical composition, so that it recapitulates the main functions
of the tissue. This work is focused on the design and preliminary biological validation of an innovative
polyester urethane (PUR) scaffold mimicking cardiac tissue properties. The porous scaffold was fabricated
by thermally induced phase separation (TIPS) from poly(e-caprolactone) diol, 1,4-butanediisocyanate, and
L-lysine ethyl ester. Morphological and mechanical scaffolds characterization was accomplished by confocal
microscopy, and micro-tensile and compression techniques. Scaffolds were then functionalized with
fibronectin by plasma treatment, and the surface treatment was studied by x-ray photoelectron
spectroscopy, attenuated total reflectance Fourier transform infrared spectra, and contact angle measure-
ments. Primary rat neonatal cardiomyocytes were seeded on scaffolds, and their colonization, survival, and
beating activity were analyzed for 14 days. Signal transduction pathways and apoptosis involved in cells, the
structural development of the heart, and its metabolism were analyzed. PUR scaffolds showed a porous-
aligned structure and mechanical properties consistent with that of the myocardial tissue. Cardiomyocytes
plated on the scaffolds showed a high survival rate and a stable beating activity. Serine/threonine kinase
(AKT) and extracellular signal-regulated kinases (ERK) phosphorylation was higher in cardiomyocytes
cultured on the PUR scaffold compared to those on tissue culture plates. Real-time polymerase chain
reaction analysis showed a significant modulation at 14 days of cardiac muscle (MYH7, prepro-ET-1),
hypertrophy-specific (CTGF), and metabolism-related (SLC2al, PFKL) genes in PUR scaffolds.

Introduction and new therapies in terms of drugs, medical devices, and
surgical solutions have been developed. One of the newest
Cardiovascular disease (CVD) is one of the major causes of supports to study CVD physiopathology is the in vitro
death in the world, and the set of related pathologies, as three-dimensional (3D) model, which can replicate the
hypertension, heart failure, and atherosclerosis, represents a cordiac structure by definition of tissue-specific architec-
huge cost for healthcare systems [1, 2]. Several ture and mechanical properties [3, 4], and  mimic
approaches to contrast these diseases have been studied, the myocardial extracellular matrix (ECM) through the
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incorporation of ECM molecules (e.g. laminin, fibronec-
tin, and collagen). This approach can ensure that a 3D

model is able to support cardiac cell attachment and
function [5].

Currently, the cell culture platforms for studying
cardiac physiology are systems based on the following:
(i) hydrogels, mainly constituted by ECM proteins
such as collagen, fibrin, and matrigel, organized as
ring- or strip-shaped microtissues with aligned cells
(namely, engineered heart tissues (EHT)); (ii) self-
organized cell aggregates made of cardiac stem cells
(namely, organoids); and (iii) pre-fabricated scaffolds,
generally made of synthetic biocompatible polymers,

with a well-defined structure in terms of fiber align-

ment and porosity. Each one has specific advantages
and limitations. EHTs show a high biocompatibility

through the use of natural polymers, but present lim-
ited mechanical properties and low oxygen/nutrients
diffusion [6]. Organoids are able to form compact tis-
sue-like systems with a strong cell-cell interaction,
and are able to mimic cardiac physiology [7];
however, their main limitation is their small size,
which creates a diffusion barrier for oxygen and
nutrients [8]. Lastly, 3D scaffolds obtained with
synthetic polymers, such as polyurethanes, can be
designed to recapitulate the architecture of the native
tissue in terms of structure and mechanical properties
[9]. In some cases their drawbacks are unfavorable
tissue responses, such as inflammation and initiation
of the foreign body reac-tion due to polymer
degradation products (e.g. aro-matic diammines
derived from aromatic diisocyanate)[10], and material
surface properties (hydrophobicity and the absence of
biomolecules that interact with cell receptors) [11].

Cardiac muscle shows a Young’s modulus of about
10-20 kPa at the diastole initial stages (strain < 10%)
that increases up to 50 kPa in healthy myocardium
and 200-300 kPa in failing heart at the diastole end
(strain ~ 15%—22%) [12]. Cardiac tissue tensile stress
and strain are in the ranges of 3-15 kPa [12] and
22%-90% [13], respectively. Furthermore, scaffolds
for cardiac tissue engineering have to bear the
contractile and expansive forces produced at each
cardiac cycle. For this purpose, scaffolds with
elastomeric properties are more suitable: elastomeric
polymers, such as polyurethanes, may serve as appro-
priate raw materials [14].

The scaffold’s requirements also include an appro-
priate porosity (to drive cell colonization and attach-
ment, and to facilitate the exchange of nutrients,
mainly oxygen and metabolites) and hierarchical
structure (pore orientation and anisotropy) [12, 15].
The adult mammalian heart is composed of several
cell types, the most abundant being cardiomyocytes,

fibroblasts, and endothelial cells. Since cardiomyo-

cytes, fibroblasts, and endothelial cells have dimen-
sions in the of ranges 10-100 pm, 10-15 pm, and

8-12 pm, respectively, the scaffold pore size should be
between tens to hundreds of micrometers [16]. The
myocardium bears mechanical loads along a preferred
direction [17]; this property results in an anisotropic
structure characterized by fiber alignment along the
direction of the applied stresses. Scaffolds with control of
fiber alignment can be obtained by electrospinning onto a
rotating mandrel or by excimer laser ablation; how-ever,
these techniques have some limitations in terms of pore
size [16] or correct connectivity [18]. Thermally induced
phase separation (TIPS) has been employed to fabricate
oriented scaffolds. This technique allows pore size and
morphology tuning to be achieved by modulat-ing
polymer concentration, quenching temperature, thermal
gradient, and solvent type [16]. Fiber alignment supports
cardiomyocytes in the generation of a tissue-like structure
also acting on cell function in terms of cal-cium handling,
action potentials, and conduction velo-cities, thus
influencing the cardiac maturation in neonatal
cardiomyocytes [19, 20] and the differentiation process in
human embryonic stem cells [21].

As previously stated, in addition to the morph-
ology and mechanical properties described above, an
effective cardiac model should incorporate growth
factors, ECM proteins (i.e. laminin, fibronectin, and
collagen) or their epitopes (i.e. Arg-Gly-Asp peptide,
Ile-Lys-Val-Ala-Val peptide, and Tyr-Ile-Gly—Ser—Arg
peptide sequences). Regarding ECM proteins,
fibronectin content is important for cardiac tissue

engineering since it influences cell growth, develop-
ment, integration, adhesion, cytoskeletal organization,

and tissue remodeling [22, 23]. In our previous work

[24] we developed a family of biodegradable polyester
urethanes (PURs). In these series, the most promising
polymer for muscle tissue engineering (due to its low
Young’s modulus and elastomeric behavior) was that
synthesized from poly(e-caprolactone) (PCL) diol
(Mn = 2000 g mol "), 1,4-butanediisocyanate (BDI),
and L-lysine ethyl ester. This PUR was also used to
obtain porous scaffolds by TIPS [25]. The PUR scaf-
folds turned out to be suitable for cardiac tissue
engineering since their mechanical and structural
properties at both the macro- and nano-scale were in
accordance with the properties required for this
application. The PUR was synthesized with the same
building block described above (PCL diol (Mn = 2000
g molfl), BDI, and L-lysine ethyl ester), and was
processed by TIPS to produce porous scaffolds. Scaf-
fold functionalization was performed by plasma treat-
ment with acrylic acid, which led to the formation of a
polyacrylic acid layer, followed by the activation of

carboxylic groups and the grafting of fibronectin.

Plasma surface modification was conducted to alter
surface chemical functionalities of the scaffold with-

out affecting bulk properties [26]. Cardiomyocytes
constitute one-third of the cells in the myocardium
(80%—90% of the total volume) [27], representing the



key cell source to develop and validate cardiac models.
Primary neonatal cardiomyocytes deriving from
Sprague-Dawley rats were allowed to seed on the
biomimetic scaffold, and their adhesion, beating, and
survival were analyzed. Moreover, signal transduction
pathways involved in cell survival (extracellular signal-
regulated kinases (ERK)1/2 and serine/threonine
kinase (AKT)), as well as genes involved in apoptosis
(Bcl2-associated X protein, B-cell CLL/lymphoma),
structural development (natriuretic peptides system,
endothelin-1, actin alpha cardiac muscle 1, myosin
heavy chain 7, myosin heavy chain 6, troponin I type 3,
connective tissue growth factor), and the balance
between glucose and fatty acid metabolism (glucose
transporter 1, phosphofructokinase, glucokinase reg-
ulator, pyruvate dehydrogenase kinase, isozyme 4,
peroxisome proliferator-activated receptor 6, peroxi-
some proliferator-activated receptor «, peroxisome
proliferator-activated receptor <, coactivator 1 o),
were analyzed and compared to cardiomyocytes see-
ded on tissue culture plates (TCP).

Methods

Materials

Poly(e-caprolactone) diol (Mn = 2000 g mol ™), dibu-
tyltindilaurate (DBTDL), triethylamine, L-lysine ethyl
ester dihydrochloride, 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide, and N-hydroxysuccinimide were
purchased from Sigma-Aldrich, USA. 1,4-butanediiso-
cyanate was purchased from Molekula, Italy, and distilled
under reduced pressure before use. In order to remove
the residual water, poly(e-caprolactone) diol and L-lysine
ethyl ester dihydrochloride were dried overnight under
reduced pressure at 100 °C and 40 °C, respectively. The
glassware used in PUR synthesis was also dried under
reduced pressure at 100 °C overnight. All solvents were
purchased by Sigma-Aldrich (Italy) in the analytical
grade. 1,2-dichloroethane (DCE) was stored over acti-
vated 4 A molecular sieves under a nitrogen atmosphere
for at least 24 h before use in order to reduce the water
content below 20 ppm. Fibronectin (human) was pur-
chased by YO Proteins (YO Proteins AB, Sweden).

Synthesis of PURs
PCL was dissolved in DCE and azeotropically dried by
refluxing under nitrogen over molecular sieves for at least
8 h. BD% was then ad%ed to the solution (2:1 molar ratio
with respect to PCL diol), and reacted with the macrodiol
in the presence of the catalyst (DBTDL) to form the
%re—ﬁolymer.. At the end of this first step (150 min, 80 °
), the “L-lysine ethyl ester dihydrochloride was dissolve
in  anhydrous DCE and added ata I:1
molar ratio with  respect to the macrodiol at room
temperature. Triethyla-mine was also added to induce
chain extender (L-lysine ethyl ester) neutralization. The
chain extension reaction was stopped after 16 h by
addition of methanol. The polymer was then collected by
precipitation in petroleum

ether and purified by dissolution in dimethylformamide
followed by precipitation in methanol. The dissolution-
precipitation step was repeated twice. Finally, the
polymer was dried under vacuum at 60 °C for 24 h.

Scaffolds production

PUR was processed into scaffolds by TIPS according to
the following procedure. The polymer was dissolved in
dimethyl sulfoxide (DMSO ACS Reagent, Sigma-Aldrich,
Italy) (8% w/v) at 50 °C. The solution was poured in
parallelepiped stainless steel molds (50 mm x 25 mm X
30mm) and quenched at —80 °C for 3 h. The frozen
solution was then washed in ethanol/water (70/30 v/v)
for three days, and finally lyophilized.

Scaffolds functionalization

Cylindrical scaffolds (8 mm diameter, 2 mm thick-
ness) were obtained by cutting the specimens after
freezing in liquid nitrogen. Argon plasma activation
was performed in a plasma reactor (Pico, Diener
Electronic, Germany) operating at a gas pressure of
0.7 mbar and a power of 70 W. The plasma treatment
time was 60s. Thereafter, acrylic acid vapors were
allowed to flow in the process chamber until the final
pressure of 0.05 mbar was reached; the plasma treat-
ment was performed for 15 min. The scaffolds were
then washed with distilled water three times to remove
unreacted monomers. We will refer to these scaffolds
as PUR-PAA. Fibronectin immobilization was per-
formed according to the following protocol. PUR-
PAA scaffolds were placed in 5 mg ml~' of an aqueous
solution (pH 5.0) of 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide in the presence of 1.25 mgml ™"
N-hydroxysuccinimide at 4 °C for 20 h, washed, and
immersed in fibronectin solution at 4 °C for 20 h.
Concentration and pH of the fibronectin solution
were 100 mg ml~ ' and 5.0, respectively. Scaffolds were
finally washed three times with distilled water to
remove not covalently bound protein. We will call
these scaffolds PUR-PAA-fibronectin; only this type of
scaffold was tested for biological evaluation.

Infrared spectroscopy

Attenuated total reflectance Fourier transform infra-
red spectra (ATR-FTIR) of PUR was obtained at room
temperature in the spectral range of 4000 to 400 cm ™"

d using a PerkinElmer Spectrum 100 equipped with an

ATR accessory (UATR KRS5) with diamond crystal.
The spectra, obtained as a result of 16 scans with a
resolution of 4 cm™', were analyzed using the Perki-
nElmer Spectrum software. The same procedure was
used to analyze the surface of PUR, PUR-PAA, and
PUR-PAA-fibronectin scaffolds, but with a germa-
nium accessory instead of a diamond one.



Molecular weight and distribution: size exclusion
chromatography (SEC) analysis

PUR number-average and weight-average molecular
weights (M,, and M), and molecular weight distributions
(M,,/M,), were estimated by SEC (1200 Series, Agilent
Technologies, Santa Clara, CA, USA). The instrument
was equipped with a refractive index detector and two
Waters Styragel columns (HT2 and HT4) conditioned at
35 °C. Tetrahydrofuran (THF; inhibitor free, for high-
performance liquid chromatography, 99.9%; Sigma-
Aldrich, Italy) was used as the mobile phase at a flow rate
of 0.5mlmin~". M, and M,, were determined by the
Agilent ChemStation Software relative to the universal
calibration curve. The latter was constructed based on ten
narrow polystyrene standards ranging in M,, from 740
to 18 x 10*gmol™". PUR was dissolved in THF

(2 mgml~") and filtered through a 0.45 yzm syringe filter
(Whatman) before analysis.

X-ray photoelectron spectroscopy (XPS)

XPS and electron spectroscopy for chemical analysis
were performed with a PHI 5000 Versa Probe Instru-
ment (Physical Electronics, Chanhassen, MN, USA) in
a high vacuum chamber at a power of 25.6 W and
voltage of 23.5¢V, with a scanning area of 500 X
500 zm’. Analysis of XPS spectra was performed using
XPSPEAK 4.1 software. The aliphatic carbon (C-C,
C-H) at a binding energy of 285 eV (C 1 s photoline)
was used to determine the charging.

Morphological characterization
To quantitatively assess the scaffold’s porosity and wall
thickness, confocal laser scanning was performed using a
confocal laser microscope LEXT400 (Olympus).

The scans were performed on 80 um thick sam-
ples, which were obtained by sectioning samples kept

at low temperature and fixed on glass slides by means

of a viscous fluid (killik, Bio-Optica). Sections were
made by means of a criotome (HM 525, MICROM).

All sections were deposited on a slide and let the killik
evaporate.

The images where taken using a 20x objective
lens, and six adjacent images were stitched together to
cover the central area of the samples. Height maps
were acquired for all sections through the laser scan-
ning. A thresholding algorithm was applied with the
purpose to quantify porosity, average pore radii, and
wall thickness.

Tensile characterization
The micro-tensile characterization was performed by
means of an micro-tensile developed in-house. The
equipment featured a 5N load (Honeywell Model,
maximum error 0.1%) and a displacement actuator
with a resolution of 50 nm.

Five samples of PUR scaffolds were obtained by
cutting the original parallelepiped scaffold, pull out

from the molds, with a cutting blade. Sample width
was 2.0 mm, and sample length was greater than
7.5 mm to ensure a proper gripping region at the two
ends of the samples; the distance between the gripped
regions was 7.5 mm.

Displacement tests were performed ata 1 yum s~
loading rate until rupture of the sample occurred.

1

Microcompression characterization

Unidirectional quasi-confined compression tests were
carried out on PUR scaffolds in dry and wet conditions
at room temperature. Samples were cut taking care
that the sample size was suitably larger than the probe
size to avoid size or boundary effects. Sample thickness
was about 7 mm, one order of magnitude larger than
the maximum penetration depth. Stainless steel flat
circular punches with a diameter of 2 mm were used.
The wet conditions were obtained by soaking the
sample in water for 24 h before testing and holding
the samples in a liquid cell throughout the test. The
displacement-controlled tests were performed by
applying 20 incremental steps of 10 um at a constant
displacement rate (50 nm s~ ') with a holding phase of
10 s and partial unloading of 5 um at 100 zzs~ " at each
step; @ maximum penetration depth of 2100 ym was
achieved at the end of the test. At least five repetitions
of the compression tests were performed on different
locations of the scaffold. The unloading branches were
used to estimate the slope of the force—displacement
curve S = dF/du. The unloading slope was estimated
through linear fitting of force—displacement data
within 80% and 20% of the current maximum load.
The reduced modulus was obtained as E_r = S/2R,
with R being the punch radius. Under the assumption
of linearized isotropy, the reduced modulus is related
to the Young’s modulus and Poisson’s ratio as
E_r=E/(1—v"2). Since a comparison with the elastic
modulus obtained through the tensile tests is of
interest, the elastic modulus in compression was
evaluated at the same equivalent strain (¢ ~ 10%); this
was achieved by estimating S at a penetration depth
u_c of approximately u_c=¢_tH, where H is an
effective thickness here assumed tobe H = 2R.

Contact angle measurements

Static contact angle measurements were carried out on
scaffolds (three points for each sample) using a KSV
CAM2000 (KSV Instruments LTD, Finland) system
equipped with aliquid dispenser, video camera, Attension
Theta software, and the sessile drop method in advancing
mode. Distilled water drops of 5 1l were gently deposited
onto five regions of the sample surfaces. Attension Theta
software performed automated curve fitting of the drop
profile based on the Young—Laplace equation.



Scanning electron microscopy (SEM)

SEM was performed using a LEO 1420 microscope
(Zeiss, Germany) at 20 kV and a working distance of
15 mm. Longitudinal and cross sections were obtained
by cutting the specimens after freezing in liquid
nitrogen. Micrographs of these sections were recorded

with magnifications of 150, 250, 1000, and 1500 x.

Primary cardiomyocytes isolation and culture

The procedure of cardiomyocytes isolation was in
agreement with the Guide for the Care and Use of
Laboratory Animals published by the US National
Institutes of Health, and was approved by the Animal
Care and Use Committee of Turin University. Neonatal
rat ventricular myocytes were isolated from 2 or 3-day-
old Sprague-Dawley rat hearts by several rounds of
digestion with collagenase type II (Worthington Bio-
chemicals, Lakewood, NJ, USA) and pancreatine (Sigma-
Aldrich, Italy) as previously described [28]. Briefly, hearts
from neonatal rats were collected, atria excised, and the
ventricles minced in Hank’s Balanced Salt Solution
buffer (116 mM NaCl, 20 mM HEPES, 1 mM NaH,PO,,
5.4 mM KCl, 5.5 mM glucose, 0.8 mM MgSO,, pH 7.35)
containing 432 ugml ™' collagenase type II and
666 pigml ' pancreatine. Six rounds of digestion were
performed at 37 °C for 10 min each. Fibroblasts were
removed by two rounds of pre-plating for 1 h each on

plastic TCPs. Cardiomyocytes were seeded on fibronec-
tin-coated plastic TCPs (n = 6) and on PUR-PAA-

fibronectin scaffolds (n = 6) placed in a 48-well plate
and allowed to adhere for two days. Cardiomyocytes

were maintained in Dulbecco’s Modified Eagle Med-
ium-M199 medium, 10% horse serum (Gibco, Italy),
and 5% new calf serum (Gibco, Italy). During the third
and fourth days of culture, cardiomyocytes were main-
tained in the presence of 1 ugml ™" of Ara-C to inhibit

fibroblast proliferation.

Viability assay

CellTiter Blue was mixed with the cell culture medium
at a concentration of 20% (v/v). At each time point,
cardiac constructs cultured in 48-well plates were
washed with phosphate buffered saline (pH 7.4) to
remove the medium, and then 500 ul of the assay
mixture was added to each sample. After 1h, 100 ul
was removed from the plates, and fluorescence was
measured in a 96-well plate using a GloMax-Multi-
detection System (Promega, Milan, Italy) at Ay =
525 nm and A, = 580—640 nm.

Analysis of scaffold colonization and beating
activity

Immunofluorescence staining was performed on pri-
mary cultures to assess the percentage of cardiomyo-
cytes and fibroblasts. F-actin was revealed with
fluorescein isothiocyanate-labeled phalloidin (F432,
Thermo Fisher Scientific, USA) diluted to 1:400;

sarcomeric «-actinin was stained using the mouse
monoclonal Ab (EA-53, ab9465, Abcam, UK) diluted
to 1:50. Alexa Fluor 488 goat anti-mouse (Thermo
Fisher Scientific, USA) and Alexa Fluor 546 goat anti-
rabbit (Thermo Fisher Scientific, USA) were used
as secondary antibodies. DAPI (4',6-diamidino-2-
phenylindole, Sigma-Aldrich, USA) at 1:1000 was
added to highlight nuclei of each sample. For beating
activity, cardiomyocytes were stained with CellTracker
Orange (Invitrogen, Milan, Italy) following the manu-
facturer’s instructions. Next, I x 10° cardiomyocytes
were plated on each scaffold. Video microscopy
acquisitions were performed using Zeiss Observer Z1
microscopy equipped with AxioVision 4.8 software.

Western blot

Hearts were lysed in Tris-buffered saline with 1%
sodium dodecyl sulfate, containing Roche complete
protease inhibitor cocktail, 10 mM NaF, 1 mM phe-
nylmethylsulfonyl fluoride, and 1 mM Na;VO,. Pro-
tein extracts were prepared as previously described
[29]. Western blot band quantifications were per-
formed with Quantity One software (Bio-Rad Labora-
tories Inc., Hercules, CA, USA). For Western blot
analysis antibodies against the following proteins were
used: phospho-T202/Y204 ERK1/2 (Cell Signaling,
Danvers, MA, USA), total ERK1 (Santa Cruz Biotech-
nology, Dallas, TX, USA), phospho-S473-AKT, and
total AKT (Cell Signaling, Danvers, MA, USA).
Western blot band quantifications were performed
with Quantity One software (Bio-Rad Laboratories
Inc., Hercules, CA, USA).

RNA extraction and reverse transcription for real-
time quantitative polymerase chain reaction (PCR)
analysis

After 14 days in culture, cardiomyocytes were recov-
ered from the scaffolds and tissue culture dishes by
repeated flushing with TRI Reagent (Sigma-Aldrich,
Milan, Italy) on ice. Total RNA was extracted using the
acid guanidinium thiocyanate-phenol-chloroform
method by RNeasy Mini kit (Qiagen S.p.A, Italy, MI).
The RNA concentration and purity were spectro-
photometrically determined, and 1 ug of total RNA
was reverse-transcribed in ¢cDNA according to the
manufacturer’s protocol (Thermo Fisher Scientific,
USA). Probes and primer pairs specific for all genes
analyzed and for housekeeping genes were designed
with specific software (Applied Biosystems Primer
Express Version 2.0) and are reported in table 1.
Reaction conditions of all primer pairs or probes were
optimized, and real-time PCR analysis was performed
in triplicate following accurate and standardized
protocols.



Table 1. Designed primer/probe set for structural, apoptosis,
glucose, and fatty acid metabolism, natriuretic peptides, and
biological receptors, endothelin-1 genes, as well as housekeeping
genes. TBP: TATA box binding protein; PPIA: peptidylprolyl
isomerase A (cyclophilin A); RPL13a: ribosomal protein L13a;
ACTCI1: actin alpha cardiac muscle 1; MYH7: myosin heavy
chain 7, cardiac muscle beta; MYH6: myosin heavy chain 6,
cardiac muscle alpha; TNNI3: troponin I3, cardiac type; CTGEF:
connective tissue growth factor; BAX: BCL2-associated X,
apoptosis regulator; BCL2: BCL2 apoptosis regulator; SLC2A1:
solute carrier family 2 member 1; PFKL: phosphofructokinase,
liver type; GCKR: glucokinase (hexokinase 4) regulator; PDK4:
pyruvate dehydrogenase kinase, isozyme 4; PPAR-6: peroxisome
proliferator-activated receptor delta; PPAR-«: peroxisome
proliferator-activated receptor alpha; PGC1-a: coactivator 1
alpha; ANP: atrial natriuretic peptide; BNP: B-type (or brain)
natriuretic peptide; CNP: C-type natriuretic peptide; NPR-A:
natriuretic peptide receptor A; NPR-B: natriuretic peptide
receptor B; Prepro-ET-1: endothelin-1 gene.

Gene GenBank, accession # Amplicon length
TBP NM_001004198 75 bp
PPIA NM 017101 149 bp
RPL13A NM_173340 66 bp
ACTC1 NM_019183.1 79 bp
MYH7 NM_017240.2 76 bp
MYH6 NM_017239.2 71 bp
TNNI3 NM_017144.2 59 bp
CTGF NM_022266.2 59 bp
BAX NM_017059.2 57 bp
BCL2 NM_016993.1 104 bp
SLC2A1 NM_138827.1 73 bp
PFKL NM_013190.4 60 bp
GCKR NM_013120.2 67 bp
PDK4 NM_053551.1 76 bp
PPAR-§ NM_013141.2 94 bp
PPAR-« NM_013196.1 98 bp
PGCl-a NM_031347.1 94 bp
TBP NM_001004198 123 bp
PPIA NM 017101 135 bp
RPL13A NM_173340 130 bp
ANP NM_012612 118 bp
BNP NM_031545 187 bp
CNP NM_053750 201 bp
NPR-A NM_012613 81 bp
NPR-B NM_053838 89 bp
Prepro-ET-1 NM_012548 98 bp
Statistical data analysis

Differences between more than two independent
groups were analyzed by Fisher’s test after ANOVA or
by Bonferroni’s test when indicated. Results are
expressed as mean + SEM, and the p-value was
considered significant when < 0.05. GeNorm software
was used to define the most stably expressed gene set
(TATA binding protein (TBP), peptidylprolyl isomerase
A (PPIA), and ribosomal protein L13a (RPL13a); the
geometric mean of the latter was used for normalization
of real-time PCR results. Relative quantification of each
target gene studied was calculated by the ACt method
using Bio-Rad CFX96 manager software (CFX96 Real-
Time PCR detection systems, Bio-Rad Laboratories
Inc., Hercules, CA, USA). Differences between more
than two independent groups were analyzed by Fisher’s

test after ANOVA using Statview 5.0.1 software released
for Windows Statistical Analysis System (SAS Institute,
Inc., Cary, NC, USA). The results are expressed as

mean + SEM, and the p-value was considered signifi-
cantwhen < 0.05.

Results

Polyurethane characterization

PUR was successfully synthesized as confirmed by
ATR-FTIR spectroscopy and SEC analysis. The forma-
tion of urethane linkages was evidenced by the
appearance of two absorption bands, one at
1629 cm ™!, due to C=0 stretching (amide I), and the
other at 1535 cm™ " attributed to N-H bending vibra-
tions (amide II). The urethane group also showed
absorption at 3330 cm !, which was ascribed to N-H
stretching. The strong absorption at 1725 cm ™' was
attributed to the stretching of the carboxyl group in
the macrodiol (PCL). Another strong peak was
observed at 1160 cm ™' and was due to the stretching
of the C-O-C linkage. The PUR number-average
molecular weight (M,,) measured by SEC was
70.5 KDa, and the polydispersity index D (M,,/M,,)
was 1.3.

Scaffold characterization

Morphological, tensile, and microcompression scaffold
characterization

The morphological characterization of the porous
scaffold performed though confocal laser microscopy
showed an average porosity of 37 £ 3%. The average
radius of the pores was similar for all samples:
37.2 4+ 3.0 um. The wall thicknesses were 10.7 + 3.9

pm and 6.0 £ 1.5 um (figure 1).

All measures presented a standard deviation
within 10% with the exception of wall thickness, for
which the standard deviation was up to 38%.

Under uniaxial tensile load, the PUR scaffold
showed an elastic modulus in dry state in the order of
1 MPa, while the maximum stress achieved was
0.28 MPa.

The stress—strain curves showed a scattered
response; however, the standard deviation estimated
on the elastic modulus was within 25% of the average
values. The unloading branches of microcompression
tests were used to assess the elastic modulus upon
compression. The elastic indentation moduli esti-
mated under compression at approximately 10%
of compression strain were 0.62 + 0.16 MPa and
0.34 £ 0.19 MPa for dry and liquid environments,
respectively. The difference in indentation moduli
between dry and liquid conditions was statistically sig-
nificant (p < 0.05). The elastic modulus of the sample
tested in the wet environment was about 50% of that
of the sample tested in the dry state; this behavior can
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Figure 2. ATR-FTIR spectra of PUR, PUR-PAA, and PUR-PAA-fibronectin scaffolds.

be ascribed to the plasticizing effect of the aqueous
environment [30].

The stiffness of myocardial tissue was evaluated in
the range of 10-20kPa at the beginning and
200-500 kPa at the end of diastole [12]. Hence, the
properties found in this work are consistent with those
of the myocardial tissue. It should be observed that
similar scaffolds studied in a previous work [25]
showed an elastic modulus under tension of 1.5 MPa
and 0.3 MPa in dry and wet conditions, respectively.

These values are consistent with those found in the
present study.

ATR-FTIR studies
Figure 2 shows the ATR-FTIR spectra of PUR, PUR-
PAA, and PU-PAA-fibronectin scaffolds in the range
of 2000-900 cm ™.

This range was selected to better elucidate the
slight variation in the three spectra. The ATR-FTIR

spectra of the PUR-PAA and PU-PAA-fibronectin
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Figure 3. Deconvolution of XPS core level Cls spectra of (a) PUR, (b) PUR-PAA, and (c) PUR-PAA-fibronectin scaffolds.

Table 2. XPS atomic composition of PUR, PUR-PAA, and
PUR-PAA-fibronectin scaffolds.

Table 3. Relative intensity data of the deconvoluted C1s core level
spectra of PUR, PUR-PAA, and PUR-PAA-fibronectin scaffolds.

Sample C (%) O (%) N (%)
PUR 71.6 21.6 5.4
PUR-PAA 67.0 27.5 2.4
PUR-PAA-fibronectin 63.4 22.0 11.8

scaffolds showed characteristic absorptions of both
polyurethane and polyacrylic polymers, indicating an
average coating thickness below the one measured by
this method (about 0.65 pm). The spectra of PUR-
PAA and PUR-PAA-fibronectin scaffolds were very
similar. The main differences between these spectra
and that of the PUR scaffold can be observed in the
region of the C=O0 stretching. The spectrum of the
PUR scaffold showed a strong absorption at 1725 cm
~1, attributed to the ester group of the poly-urethane
backbone, and a weak peak at 1629 cm ™' due to the
urethane linkage. The spectra of PUR-PAA and PUR-
PAA-fibronectin scaffolds showed the main peak and
a broad shoulder at lower frequencies; this was due to
signal overlapping of urethane, carboxyl, and amide
groups. Moreover, compared to the PUR scaffold, the
functionalized scaffolds showed a higher intensity of
the C-O-C stretching peak (1160 cm™'), which can
be ascribed to the presence of carbonyl groups.

XPS

In table 2, the concentrations of the main elements
present on the scaffold surfaces are summarized.
These concentrations were obtained through XPS.

XPS analysis (figure 3) confirmed the surface

immobiliza-tion of fibronectin by the observed
changes in both chemical composition and Cls signal

deconvolution shape of samples before and after the
functionalization step. The O/C ratio showed the
highest value on the PUR-PAA surface, which was
due to the presence of a layer rich in carboxyl groups.
However, the PUR-PAA surface had an oxygen
composition lower than the theoretical value (27.5%
instead of 40%) and an abnormal presence of
nitrogen, probably due to two different reasons: (a)
plasma-induced graft polymer-ization generated a
cross-linked layer of poly(acrylic acid) instead of a
linear polymeric chain, and (b) the PAA layer had a
thickness that was below the XPS

C
c-C, CO, COOH,
Scaffolds C-H C-N CONH COOR
PUR 15.6 29.6 — 54.9
PUR-PAA 14.2 26.4 — 59.4
PUR-PAA-fibronectin 8.4 35.7 12.3 43.6

sampling depth, including the PUR substrate, as
observed in our previous work [31].

The highest N/C ratio was observed in the PUR-
PAA-fibronectin sample, which is in agreement with
the presence of the protein. The deconvolution of the
core level Cls peaks on pristine PUR and PUR-PAA
surfaces (table 3) showed three contributions at 284.5,
286.0, and 288.5 eV, which may be assigned to the ali-
phatic C-H and C-C, to the C-O and C-N bond, and
to the COOR and COOH groups, respectively.

The peak at 288.5 eV had higher values in virgin
PUR and PUR-PAA surfaces, which was due to the
presence of several ester groups in the macrodiol
component of PUR and the carboxylic groups in the
poly(acrylic acid) acid layer. The relative intensity of
COOH-COOR groups in the PUR-PAA surface was
14.2%, lower than the theoretical value of pure PAA

(close to 33%); this confirmed that the thickness of
the PAA layer is less than the XPS sampling depth (a

few nanometers). The PUR-PAA-fibronectin sample
showed an additional peak at 287.4 eV, which can be
assigned to the amide carbon. Compared to PUR and
PUR-PAA scaffolds, the PUR-PAA-fibronectin sam-
ple exhibited a higher percentage of C bonded to N
and O, and lower percentages of C bonded to C and
H of ester and carboxylic groups; this was due to the
pro-tein chemical composition. However the atomic
com-position differed from the theoretical one
calculated from the amino acid composition of

fibronectin, as provided by the fibronectin supplier

(data reported in the supplementary information file
is available online at stacks.iop.org/

BMM/13/055006/mmedia). For instance, the XPS

analysis of PUU-PAA-fibronectin exhibited an
amount of N lower than the theoretical value of pure

fibronectin (11.8% versus 17.59%) and a quantity of
O higher than the theoretical one (22%versus

18.90%), thus indicating that the underlying
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Figure 4. Micrographs of (a) PUR scaffolds, (b) PUR-PAA scaffolds, and (c) PUR-PAA-fibronectin scaffolds.

Table 4. Scaffold contact angle results.

Scaffold Angle (°)

PUR 113.3 + 3.7
PUR-PAA 113.0 &+ 3.3
PUR-PAA-fibronectin 109.8 + 2.5

PUU-PAA layer is partly detected. This leads to the
assumption that the fibronectin layer is thinner than
the XPS sampling depth. Similar observations were
reported in a former publication [31]. In conclusion,
XPS analysis (figure 3) confirmed the success of fibro-
nectin immobilization in a layer with a few
nanometer thickness.

Contact angle

Table 4 summarizes the water contact angle measure-
ments. The water contact angle values on PUR and
PUR-PAA scaffolds were around 113°, indicating that
the surfaces were hydrophobic.

The corresponding value for the PUR film is
around 79.3°. The higher hydrophobicity of scaffolds

compared to the film can be explained by the
different surface morphologies and roughness [32]:

the scaffold has an aligned fiber-like structure, as
evidenced by the SEM micrographs described below,
and this is expec-ted to strongly affect the
hydrophobicity of samples [33]. No significant
differences can be observed after fibronectin
immobilization; this result is in agreement with the

hydrophobic nature of fibronectin surfaces [34].

SEM
Figure 4 shows the micrographs of PUR scaffolds,

PUR-PAA scaffolds, and PUR-PAA-fibronectin
scaffolds.

The figure shows an oriented parallel pore
structure resembling the histoarchitecture of the

myocardium. PUR-PAA and PUR-PAA-fibronectin
micrographs show the pores’ inner morphologies,
which exhibit a

lamellar  substructure. A similar morphology
was observed by Guan and colleagues [35].
Characterization of primary cardiomyocyte
population

Once structurally and mechanically characterized, the
capacity of scaffolds to support primary cardiomyocytes
was assessed. This is described in the subsection
‘Primary cardiomyocytes isolation and culture’.
Immunofluores-cence analysis with an anti-sarcomeric
actinin antibody and phalloidin was performed to
characterize the cell population and to determine the
ratio of myocyte to non-myocyte cells. Our analysis
demonstrated that the percentage of cardiomyocytes was
higher than 80%during the 14 days of experiment

(figure 5).

Cardiomyocytes colonization and survival on the
PUR-PAA-fibronectin scaffold

Primary cells colonized the scaffold surface and
remained adherent to it for more than 50 days (figure
6(a)). Furthermore, the histological analysis with
haematoxylin and eosin staining, performed on
constructs after 14 days of culture, showed the
presence of multiple cell layers on the scaffold surface

(white arrows in figure 6(b)). Moreover, cell viability
remained high and stable until day 14 (figure 6(c)).

Cardiomyocytes beating activity

Video microscopy acquisition demonstrated that
cardiomyocytes seeded on the scaffolds beat synchro-
nously for over 50 days (see supplementary material
movie S1). These results demonstrated that cardio-
myocytes survived and showed an intense beating
activity on scaffolds.

Signal transduction activity of cardiac constructs As

shown in figure 7, the activation of two important
signaling pathways, the PI3K/AKT and MAPK path-
ways, was analyzed. Results demonstrated that the
phosphorylation of AKT and ERK1/2 was higher in
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Figure 5. Characterization of primary cardiomyocytes population. Purity of primary neonatal heart cell culture. (a) Primary neonatal
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cardiomyocytes present in the culture from day 2 (D2) to day 14 (D14). No significant difference was found across the percentages of
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cardiomyocytes or fibroblasts at the different time points (p > 0.05). Instead, significant differences ("“p < 0.001) were found
between fibroblasts and cardiomyocytes at each time point. Statistical analysis was performed using one-way ANOVA followed by

Bonferroni post test.

cardiomyocytes cultured on the scaffold compared to
those cultured on plastic plates.

Gene expression profiling
The global mRNA expression changes between TCP

and scaffold groups of natriuretic peptides (ANP,
BNP, and CNP) together with their specific guanylate
cyclase receptors (NPR-A and NPR-B) and endothe-
lin-1 (prepro-ET-1) are reported in figures 8 and 9.

No statistical differences were observed for the
expression of the three natriuretic peptides in TCP
compared with scaffolds (figures 9(a)—(c)). Mean-
while, natriuretic peptides (NP) receptors were coun-
ter-regulated with respect to their related biological
ligands, significantly only for NPR-A expression (p =
0.018) (figure 8(a)). In the same samples, a statis-tical
significance was observed for prepro-ET-1 mRNA
expression (figure 8(b)), which was higher

(p = 0.035) after 14 days of culture on the scaffold
surface.

Cardiac muscle- and hypertrophy-specific genes,
involved in heart development and function were
modulated between cell grown for 14 days on
scaffolds and on TCPs. In particular, MYH7 was

significantly upregulated on scaffolds compared to
plates (figure 8(c)). ACTCl (figure 10(a)) and
apoptotic genes (i.e. BAX, BCL2) did not show any
statistically significant difference (figure 10(b)).

The hypertrophy-related gene (CTGF) was upre-
gulated on TCPs at 14 days compared to scaffolds
(figure 8(d)). Metabolic-specific genes were differen-
tially regulated between cells grown on scaffolds and
on plates. Glucose metabolism showed a statistically

significant upregulation (SLC2al and PFKL genes in
figures 8(e) and (f), respectively) in cells on scaffolds
compared to TCPs. Conversely, fatty acid oxidation

was not significantly modulated (PGC1-«, PPAR-q,
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(a) Primary cells were stained with Acridine orange and then

seeded on the scaffolds and allowed to adhere for two days. From four days after cell seeding, constructs were analyzed using
fluorescence microscopy to evaluate the scaffold colonization. (b) Serial sections from cardiac constructs after two weeks of culture
were obtained and stained with haematoxylin and eosin. White arrows indicate cardiomyocytes, while black arrows mark scaffold
fibers (bars = 10 pm). (c) Results of CellTiter Blue assay performed from day 4 (D4) to day 12 (D12) on the cardiac constructs

(n = 3). Differences were not statistically significant. Cell count analyses from day 8 to day 12 (D8-D12) were also performed on

s

cardiomyocytes cultured on the scaffolds. Significant differences (
Bonferroni post test.

and PPAR-6 genes in figures 10(c)—(e), respectively) in
cells grown on scaffolds compared to TCPs.

Discussion

The development of efficient cardiac models is a
challenge in tissue engineering because of the muscle’s

particular characteristics; furthermore, the tissues are
continuously subjected to several stimuli (neural and
hormonal signals, ion currents, changes in preload
and afterload) and able to modify their cellular
responses. The use of classic two-dimensional cell

ok

P < 0.001) were found using one-way ANOVA followed by

cultures of rat cardiomyocytes has greatly advanced
cardiac cell function knowledge [36]. However, the
lack of their tissue-level organization characterized by
cell interactions with the ECM and mechanical forces,
which are important to maintain cell morphology,
maturity, and function [37, 38], have led to researchers
reproducing the 3D environment. In fact, 3D engi-
neered tissues have been demonstrated to (i) induce or
recreate pathological situations, (ii) provide measur-
able indicators to monitor damaging or healing
processes, (iii) supply accurate evaluation of drug
safety, and, therefore, eliminate toxic and ineffective
compounds at an earlier stage, and (iv) reproduce the
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Figure 7. Signal transduction activity of cardiac constructs.
Western blot analysis of P-ERK, total ERK, P-AKT, and total
AKT on primary cells grown on scaffolds or on TCP for 14
days. The graph shows densitometry quantification of wes-
tern blot bands (n = 5)

ECM properties at different aging levels to better
understand the effects of age and/or pathological
conditions on tissue properties and functionality [39].
The tissue engineering approach used in this work
allowed us to build an in vitro model able to recapitu-
late various physiological functions of the myocardial
tissue. The present PUR-based 3D in vitro model was
characterized to ensure the replication of the cardiac
structure from the morpho-mechanical and biological

point of view: the first goal was obtained by

mimicking the tissue-specific architecture and
mechanical properties [3, 4], and the second goal was

realized by the use of appropriate cell types (primary
cardiomyocytes) and the integration of ECM proteins.

Tensile tests showed that the scaffold elastic mod-
ulus in the dry state is about 1 MPa, while the com-
pression elastic moduli in dry and wet conditions were
620 KPa and 340 KPa, respectively. These mechanical
properties are consistent with those of the myocardial
tissue [12].

ATR-FTIR, contact angle, and XPS analysis con-

firmed the formation of a nanometric fibronectin
layer after plasma treatment. This result is important

since the low thickness of the modified surface is cru-
cial to avoid affecting the scaffold mechanical proper-
ties, such as elastic modulus, tensile strength, and %
elongation-to-break.

Finally, the scaffold microstructure was analyzed.
SEM images showed an aligned pore structure, and
confocal images revealed the average diameter and
porosity (around 75 pm and 37%, respectively) to be
similar to those of the heart. The pore size and porosity
percentage are appropriate [16], and once the scaffold
is implanted in situ, it is expected to promote the

regeneration of blood vessels [40, 41] as well as fibro-
blast proliferation. These are crucial steps for the

regeneration of a cardiac-like tissue [42].

The functionalized scaffold proposed as a myo-
cardial model is highly hydrophobic, as shown by con-
tact angle measurements. Several studies report that
hydrophilic surfaces are suitable for cell attachment
[43]. However, these observations are only valid in
cases of flat or relatively smooth surfaces; in the case of
porous scaffolds the correlation between hydro-
philicity and cell adhesion is more complex. Several
publications demonstrate that substrates from a
hydrophobic material showing submicron roughness
turn out to be highly hydrophobic [44, 45]. The high
hydrophobicity of the proposed scaffolds can then be
attributed to their fiber-like structure, but this surface
property does not negatively affect cell adhesion.

The biological characterization of PUR-PAA-
fibronectin scaffolds was carried out using primary
cardiomyocytes from rat neonatal hearts as a reference
system. Cardiomyocytes showed good surface coloni-
zation, as well as high and stable viability, which is
comparable to the results observed by Rockwood [46].
Notably, cardiomyocyte beating activity was still pre-
sent after seven weeks of culture, while cardiomyo-
cytes cultured on TCPs did not survive more than
three weeks.

Signal transduction is crucial for cardiomyocytes
to sense mechanical stretch as well as humoral stimuli
leading to hypertrophic growth, cardiomyocyte survi-
val, and metabolic adaptation. In particular, our focus
was directed at two main pathways: PI3K/AKT and
MAPK. Their activation protects cardiomyocytes
from damage and apoptosis induced by myocardial
infarction [47-49], pressure overload [50], hypoxia
[51], or hypoglycemia [52]. Notably, AKT and ERK1/
2 phosphorylation in cardiomyocytes cultured on
scaffolds was higher than in cells cultured on culture
plates, thus providing a molecular explanation for the
increased survival and functionality of cardiomyocytes
cultured on scaffolds.

Biological characterization of scaffolds also
involved the analysis of cell behavior correlated to
important cardiac endogenous mediators, the cardiac
natriuretic peptides. These are constituted by a family
of peptide hormones and neurotransmitters, includ-
ing ANP, BNP, and CNP. NPs play a role during phy-
siological growth of the heart, and, mainly ANP/BNP,
are able to stimulate proliferation and differentiation
of fetal cardiomyocytes into mature ones [53, 54]. In
this study, NPs were monitored to evaluate the poten-
tial maturation phenotype of cardiomyocytes. A trend
in ANP reduction and an increase in both BNP and
CNP expression in scaffolds was observed; this is in
line with the fetal action of NPs and their guanylate
cyclase-linked receptors NPR-A and NPR-B, which
are known to be functionally redundant during early
cardiovascular development [55]. In this paper, a dif-
ferent behavior of the three cardiac natriuretic
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peptides in modulating cardiomyocyte proliferation
by a counter-balancing of the two NP receptors (NPR-
A and NPR-B) was observed. In fact, they increased
(NPR-A) or decreased (NPR-B) in cardiomyocytes

seeded on scaffolds compared to TCPs, thus confirm-
ing their down regulation with respect to their biologi-
cal ligands (BNP and CNP, respectively). Moreover,
for the first time a modulation of CNP, whose
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cardiomyocytes grown on scaffolds and on TCP for 14 days. Results are the mean + SEM. No statistical significance was found.

expression reflects that of BNP, was observed, there-
fore underlining that during cardiomyocyte matura-

tion NPs are modified in a different manner. These
results are in line with a previous study where it was
hypothesized that their trend during phenotype
differ-entiation is probably caused by differences in
sequence genes, rate of transcription, and differential
stabiliza-tion of the mRNA [56].

Analysis of cell response to scaffolds involved also
the evaluation of prepro-ET-1, a peptide secreted by
many cell types (endothelial and epithelial cells, mac-
rophages, fibroblasts) [57, 58] with potent vasocon-
strictor and growth factor activity for a variety of cells,
including cardiomyocytes [59, 60]. Prepro-ET-1 is
involved in regulating cell cycle, and in cardiomyo-
cytes induces a premature cardiomyocyte transition in
the developing heart [57]. Our results suggested that
prepro-ET-1 could promote a premature transition of
fetal cardiomyocytes to a more mature phenotype.

A further biological characterization of the cardio-
myocytes that colonized scaffolds was performed, analyz-
ing specific apoptotic, cardiac muscle, hypertrophy- and
metabolism-related genes. A non-significant modulation
of apoptosis-related genes (BAX, BCL2) was observed
between scaffolds and TCPs, showing a cell behavior that
is in line with data from the literature [61, 62]. Cardiac

muscle (MYH?) and hypertrophy-specific (CTGF) genes
were, on the other hand, significantly modulated in scaf-
folds, in accordance with normal cardiac development

and function [63—66], thus confirming an incipient pro-
cess of cardiomyocyte maturation. Interestingly, glucose

metabolism genes (SLC2al, PFKL) were upregulated on
scaffolds compared to plates while no statistically sig-
nificant differences could be observed for
fatty acid meta- bolism genes (PGCl-o, PPAR-c, and
PPAR-6). After 14 days on scaffolds, the absence of
upregulation of fatty acid oxidation-related genes
suggested a permanence of the myocardial cells in a fetal-
like phenotype, still relying on glycolytic metabolism for
their energy demand, and a delayed differentiation toward
the adult phenotype [67, 68] that is instead characterized
by a switch to the fatty acid S-oxidation route as a major
source of energy [69]. Hence, the maintenance of high
glycolytic rates in our developing cardiomyocytes grown
on scaffolds seems to reflect cellular wellness, as they
indeed maintain a good survival and proliferative state as
previously observed [70-72].

Conclusion

In this work the feasibility of functionalized PUR-based
scaffolds as a cardiac tissue model has been
demon-strated, with a particular focus on the structural
and mechanical mimicry offered by the biomaterial and
on the biological behavior showed by seeded cells. In

fact, success of plasma treatment to graft fibronectin on
PUR scaffolds was observed via XPS analysis. Structural

analysis showed a pore-aligned scaffold configuration,
with mechanical properties and histoarchitecture
resembling the myocardium. The biological character-
ization highlighted a stable viability for 14 days of
experimentation, including good beating activity and



cell adhesion of cardiomyocytes. The increased levels of
phosphorylation of AKT and ERK1/2 explained the
prolonged cell survival and consequential beating activ-
ity of cardiomyocytes cultured on scaffolds versus TCPs.
The modulation of cardiac muscle (prepro-ET-1,
MYH7, CTGF) and glucose metabolism (SLC2al,
PFKL) genes indicates a transition phase in cardiomyo-
cyte maturation, with an initial evolution to an adult
phenotype as indicated by the former, and a permanence
of some fetal characteristics shown by the sustained
expression of the latter. These results represent the initial
step to develop a new generation of tissue model systems
with tunable structural and mechanical characteristics
that are able to reproduce basic functional parameters of
the entire heart, and to study cardiac physiology and
pathophysiological mechanisms.
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