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Abstract In myocardial tissue engineering the use of
synthetically bioengineered flexible patches implanted in
the infarcted area is considered one of the promising
strategy for cardiac repair. In this work the potentialities of
a biomimetic electrospun scaffold made of a commercial
copolymer of (L)-lactic acid with trimethylene carbonate
(P(L)LA-co-TMC) are investigated in comparison to elec-
trospun poly(L)lactic acid. The P(L)LA-co-TMC scaffold
used in this work is a glassy rigid material at room tem-
perature while it is a rubbery soft material at 37°C.
Mechanical characterization results (tensile stress—strain
and creep-recovery measurements) show that at 37°C
electrospun P(L)LA-co-TMC displays an elastic modulus
of around 20 MPa and the ability to completely recover up
to 10% of deformation. Cell culture experiments show that
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P(L)LA-co-TMC scaffold promotes cardiomyocyte prolif-
eration and efficiently preserve cell morphology, without
hampering expression of sarcomeric alpha actinin marker,
thus demonstrating its potentialities as synthetic biomate-
rial for myocardial tissue engineering.

1 Introduction

Myocardial infarction (MI) is the most common cause of
death and disability in the developed countries. Current
pharmacological and surgical therapies are unable to ade-
quately prevent disease progression. Apart from heart
transplantation, there is no standard procedure that can
adequately prevent disease progression [1]. Owing to
shortcomings of current methods, the search for new
strategies to repair the injured myocardium continues.
Biomaterial approaches intend to take advantage of the
ability of an elastomeric biomaterial sheet to act as a
flexible patch sized to fit the infarcted area, while enabling
direct apposition of exogenously introduced cells. With this
approach, cells would remain intact beneath the patch
directly over the infarct site, preventing cell loss and pro-
viding a more site-directed repair. Three essential bioma-
terial criteria include: (i) long term elasticity that matches
and responds to the dynamic working conditions of heart
muscle; (ii) adaptable biodegradation, which would avoid
the detrimental effects of a persisting foreign structure; and
(iii) the ability to deliver and retain beating cells at the
location of patch attachment [2].

Many efforts by the scientific community in the field of
myocardial tissue engineering (MTE) are dedicated to
identify materials possessing specific mechanical proper-
ties [3]. First of all, it is desirable that the mechanical
performances of bioengineered scaffolds match as much as

@ Springer



1690

J Mater Sci: Mater Med (2011) 22:1689-1699

possible those of the heart extracellular matrix in terms of
stiffness, since the scaffold should be flexible enough to
promote the contraction of the growing cells [4-6]. In
addition, since the myocardial tissue is subjected to cycli-
cal and constant deformation, materials are requested to
show elastomeric properties and possibly long-term
elasticity.

To date, both natural and synthetic polymers have been
proposed as candidates to fabricate three-dimensional (3D)
scaffolds for the application in MTE. Since the scaffold
should initially act as adhesive substrate for the cells,
natural polymers are commonly considered particularly
promising. Collagen [7-11], alginate [12—-15] and gelatin
[16, 17] have been extensively employed in MTE. How-
ever, despite the successful results in terms of cell attach-
ment and proliferation, these highly hydrophilic polymers
are mainly employed in the form of gels, with limited
possibility of designing devices with specific 3D architec-
ture and mechanical properties.

Synthetic elastomeric scaffolds for MTE are desirable as
their mechanical conditioning regimens have shown to
promote tissue formation along with gradual stress transfer
from the degrading synthetic matrix to the newly formed
tissue [18, 19]. Synthetic aliphatic polyesters such as
polycaprolactone (PCL), poly(glycolic acid) (PGA),
poly(lactic acid) (PLA), and their copolymers are popular
materials used in the biomedical sector thanks to their
clinically confirmed biocompatibility associated with con-
trolled biodegradation rate. They can also be easily pro-
cessed into 3D structures with defined morphology and
thermo-mechanical properties. PGA and PLGA are among
the first synthetic biomaterials used for MTE [20-23].
However, the above cited polyesters are generally rigid
material under physiological conditions [24]. Biodegrad-
able polyurethanes are another class of synthetic polymers
used for MTE that, depending on their chemical structure
and macromolecular flexibility, can display an elastic
behavior [25-28]. In recent times, new materials for MTE,
possessing both suitable mechanical properties and the
ability to support cell growth, are developed by following
two main approaches: (i) the combination of natural and
synthetic polymers, where the natural component is
responsible of enhancing cell attachment while the syn-
thetic one acts as the supporting phase with proper
mechanical properties [29-31]; (ii) the synthesis of new
polymers specifically developed to possess mechanical
performances suitable for MTE [3, 32-37].

Co-polymerization is a well known effective approach
to synthesize new material with tuned physical properties
and controlled hydrophylicity, which in turns determines
the rate of hydrolytic degradation. In the context of soft
tissue engineering, random copolymers of lactic acid with
trimethylene carbonate (PLA-co-TMC) have been
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described as materials possessing attractive thermal and
mechanical properties, as well as an interesting hydrolyti-
cal degradation behavior. Indeed, by varying the compo-
sition of the two co-monomers it is possible to change the
polymer thermal and mechanical properties, providing
materials that at room temperature range from hard and
brittle or moderately tough solids to rubbery and highly
elastic solids [38—40]. Porous scaffolds made of P(p,L)LA-
co-TMC copolymers, obtained by particulate leaching,
have been successfully employed by Pego et al. for cardiac
tissue engineering [41, 42]. Moreover, when P(b,L)LA-co-
TMC films were implanted in the back of rats only a mild
tissue reaction was observed [43].

In designing scaffolds for MTE, the selection of proper
polymeric material must be coupled with a suitable scaf-
fold structure that is capable of mimicking much of the
natural extracellular environment. The fibrillar structure of
extracellular matrix can be effectively addressed by using
electrospinning technique to fabricate micro- and nanofi-
brous biomimetic porous scaffolds, with interconnected
pore structure. Electrospun scaffolds made of synthetic
polymers, either coupled with natural polymers or as plain
materials, have been used for cardiac tissue engineering in
several studies [44-48].

In this study, the potentialities of electrospun P(L)LA-
co-TMC scaffolds for MTE are presented and discussed for
the first time, in comparison with scaffolds of the corre-
sponding homopolymer P(L)LA. A commercial P(L)LA-co-
TMC copolymer was processed into sub-micrometric fibers
by electrospinning and scaffold thermo-mechanical prop-
erties were investigated. The capability of the scaffold to
act as substrate for cardiomyocyte cell growth was assessed
in order to explore the feasibility of engineering a com-
patible heart patch from P(L)LA-co-TMC electrospun
fibrous scaffolds.

2 Materials and methods
2.1 Scaffold fabrication

Poly(L-lactide-co-trimethylene  carbonate) (P(L)LA-co-
TMC, Resomer LT 706, LA:TMC 70:30 weight ratio,
inherent viscosity 1.2-1.6 dl/g) was purchased from
Boheringer Ingelheim, Germany. Poly(iL-lactic acid) (P(L)LA,
Lacea H.100-E, M,, = 8.4 x 10* g/mol, PDI = 1.7) was
supplied by Mitsui Fine Chemicals (Dusseldorf, Germany).
Dichloromethane (DCM) and dimethylformamide (DMF)
were purchased by Sigma-Aldrich and were used without
any further purification. The electrospinning apparatus,
made in house, was composed of a high voltage power
supply (Spellman, SL 50 P 10/CE/230), a syringe pump
(KD Scientific 200 series), a glass syringe, a stainless-steel
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blunt-ended needle (inner diameter: 0.84 mm) connected
with the power supply electrode and a grounded aluminum
plate-type collector. The polymer solution was dispensed
through a Teflon tube to the needle that was vertically
placed on the collecting plate. P(L)LA-co-TMC solution
was prepared at room temperature (RT) by dissolving the
polymer in DCM:DMF = 70:30 v/v at a concentration of
12% wlv. P(L)LA-co-TMC electrospun scaffolds were
fabricated using the following conditions: applied volt-
age = 16 kV, needle to collector distance = 15 cm, solu-
tion flow rate = 0.01 ml/min, at RT and relative humidity
RH = 40-50%. P(L)LA scaffolds were fabricated from a
solution of P(L)LA in DCM:DMF = 65:35 v/v, at a con-
centration of 13% w/v, by using the following conditions:
applied voltage = 12 kV, needle to collector dis-
tance = 15 cm, solution flow rate = 0.015 ml/min, at RT
and RH = 40-50%. All the electrospun mats obtained
were kept under vacuum over P,Os at RT overnight in
order to remove residual solvents.

2.2 Scaffold morphology

SEM observations were carried out by using a Philips 515
SEM at an accelerating voltage of 15 kV, on samples
sputter-coated with gold. The distribution of fiber diame-
ters was determined through the measurement of about 250
fibers by means of an acquisition and image analysis
software (EDAX Genesis) and the results were given as the
average diameter + standard deviation.

2.3 Scaffold thermal characterization

Thermogravimetric analysis (TGA) measurements were
performed with a TA Instruments TGA2950 Thermo-
gravimetric Analyzer from RT to 600°C (heating
rate = 10°C/min, nitrogen purge gas). Differential Scan-
ning Calorimetry (DSC) measurements were carried out
using a TA Instruments Q100 DSC equipped with the
Liquid Nitrogen Cooling System accessory. DSC scans of
electrospun scaffolds were performed in helium atmo-
sphere from —50 to 180°C. A rate of 20°C/min was used
during heating scans whereas the cooling scans were per-
formed at a rate of 10°C/min. The glass transition tem-
perature (1) was taken at half-height of the glass transition
heat capacity step, while the crystallization temperature
(T.) and the melting temperature (7,,,) were taken at the
peak maximum of crystallization exotherm and melting
endotherm, respectively.

2.4 Scaffold mechanical characterization

Tensile stress—strain measurements and creep-recovery
tests were performed by using a Dynamic Mechanical

Thermal Analyzer (DMTA, TA Instruments Q800 series)
equipped with tension-film clamps. All the analyses were
performed on rectangular strips cut from electrospun mats
(width = 5 mm; gauge length = 10 mm). Mat thickness,
measured by microcaliper, was: P(L)LA: 23 £ 6 um;
P(L)LA-co-TMC: 30 &= 1 pm (about 15 replicate mea-
surements were performed for each sample and results are
given as the average value =+ standard deviation). Stress—
strain measurements were carried out both at RT and at
37°C. In the latter case the sample was heated to 37°C and
it was allowed to equilibrate for 5 min prior to beginning
the test. Tensile stress—strain measurements were carried
out by applying a preload force of 0.001 N and using a
cross-head speed of 5 mm/min. Tensile elastic modulus
was determined from the initial linear slope of the stress—
strain curve. Eight replicate specimens were run for each
sample and results were given as the average value &
standard deviation. The creep-recovery measurements were
carried out at 37°C. The sample was instantaneously sub-
jected to a stress hold at a constant value for 2 s. After
removal of the applied stress the sample recovery was
followed for 2 min with no additional force other than the
preload force of 0.001 N. The recovery process was
monitored by plotting the strain as a function of time.

2.5 Cardiomyocyte isolation and culture

Cardiomyocytes were freshly isolated from adult New
Zealand rabbit hearts, as per institution guidelines. The left
ventricle of the heart was cleaned thoroughly with Phos-
phate Buffer Saline (PBS) (1st base) containing antibiotics
(Sigma-Aldrich) for removal of fat tissue and clots and it
was minced into fine pieces. The processed tissue was
treated with 5 mg of collagenase (Sigma-Aldrich) for
20 min at 37°C. Freshly isolated cardiac cells were cul-
tured in DMEM media supplemented with 10% FBS and
1% antibiotic and antimycotic solutions (Invitrogen Corp,
USA)ina75 cm? cell culture flask. Cells were incubated at
37°C in a humidified atmosphere containing 5% CO, for
6 days and the culture medium was changed every 2 days.

2.6 Scaffold preparation and cell seeding

Each of the nanofibrous scaffolds was adhered to 15 mm
coverslip using silicon bioglue and was placed in 24-well
plate while being pressed with a stainless steel ring to
ensure complete contact of the scaffolds with wells. The
specimens were sterilized under UV light, washed three
times with PBS and subsequently immersed in complete
DMEM overnight before cell seeding. The trypsinised cells
from the culture flasks were centrifuged, counted by trypan
blue assay using a hemocytometer and seeded onto the
scaffolds at a density of 2 x 10* cells/well. These were
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allowed to adhere for 3 h before adding medium, which
was thereafter changed every 3 days.

2.7 Proliferation study

The adhesion and proliferation of cultured cardiomyocytes
on scaffolds and TCP used as control were determined
using the colorimetric MTS assay (CellTiter 96 AQueous
One solution, Promega, Madison, WI). The reduction of
yellow tetrazolium salt [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2(4-sulfophenyl)-2H-tetrazolium]
in MTS to form purple formazan crystals by the dehydro-
genase enzymes secreted by mitochondria of metabolically
active cells forms the basis of this assay. The formazan dye
shows absorbance at 492 nm and the amount of formazan
crystals formed is directly proportional to the number of
cells. In order to process the samples for the MTS assay,
they were rinsed with PBS to remove unattached cells and
incubated with 20% MTS reagent in a serum free medium
for a period of 3 h at 37°C. Absorbance of the obtained dye
was measured at 490 nm using a spectrophotometric plate
reader (FLUOstar OPTIMA, BMG lab Technologies).

2.8 Cell morphology

Morphological study of in vitro cultured cardiomyocyte
cells on scaffolds was performed after 7 and 14 days of cell
culture by processing them for SEM analysis. The scaffolds
were rinsed twice with PBS and fixed in 3% glutaraldehyde
(Sigma-Aldrich) for 3 h. Thereafter, the scaffolds were
rinsed in deionized water and dehydrated with upgrading
concentrations of ethanol (50, 70, 90, 100%) twice for
10 min each. Final washing with 100% ethanol was fol-
lowed by treating the specimens with hexamethyldisilazane
(Fluka). The hexamethyldisilazane was air-dried by keep-
ing the samples in fume hood. Finally, the scaffolds were
sputter-coated with gold (JEOL JFC-1200 finecoater,
Japan) and observed by SEM (FEI-QUANTA 200F,
Netherland) at an accelerating voltage of 10 kV.

2.9 Expression of cardiac specific protein marker

Cells cultured on different substrates were fixed using
100% chilled methanol and permeabilized with 0.1% Tri-
ton X 100 buffer. The non specific binding sites were
blocked using 3% BSA. Thereafter they were stained with
anti sarcomeric alpha actinin antibody (Sigma-Aldrich) and
FITC (Sigma-Aldrich) as secondary antibody. The nucleus
was stained using 4',6-diamidino-2-phenylindole, DAPI
(Invitrogen). Finally, the samples were washed to remove
unbound antibodies and mounted using Vectashield (Vec-
tor Laboratories). These samples were scanned under Laser
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Confocal Scanning Microscope (Olympus FV1000) and
checked for expression of alpha actinin using Argon laser.

2.10 Statistical analysis

All data are expressed as mean =+ standard deviation and
were analyzed using Student’s #-test for the calculation of
significance level of the data. Differences were considered
statistically significant at P < 0.05.

3 Results and discussion

3.1 Scaffold fabrication and thermo-mechanical
characterization

A commercial P(L)LA-co-TMC, containing 30 wt% of
TMC, was selected for the preparation of biomimetic
electrospun scaffolds for MTE. Thermal characterization of
the starting P(L)LA-co-TMC (Fig. 1) revealed that the co-
polyester is a partially crystalline material that melts at
166°C, with a melting endotherm of 34 J/g. In addition to
the melting region, a well defined single glass transition
was revealed, at a temperature (7, = 33°C) located
between the glass transition temperatures of the respective
P(L)LA (T, around 60°C [49]) and PTMC (T, between —26
and —15°C, depending on polymer molecular weight [50])
homopolymers, that indicates the presence of a miscible
amorphous phase due to the randomness of the copolymer
(Fig. 1a). It is noteworthy that during a controlled cooling
run from the melt (at 10°C/min) the sample did not crys-
tallize (Fig. 1b) and, upon a subsequent heating run from
low temperature, no exothermic peak ascribable to cold
crystallization was observed in the experimental conditions

A
“r 0.5
Wig
Endo B
C

-40 10 60 110 160
Temperature (°C)

Fig. 1 DSC curves of starting P(L)LA-co-TMC: (a) first heating
scan, (b) cooling scan and (c) heating scan after cooling from the melt
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Fig. 2 SEM micrographs of electrospun mats of P(L)LA-co-TMC (a, b) and P(L)LA (c, d) at two different magnifications. Arrows point out

fiber-fusion points. Scale bar = 20 um (a, c¢); scale bar = 2 um (b, d)

applied (Fig. 1c). This behavior is attributed to a slow
crystallization kinetics of P(L)LA-co-TMC. Results of
thermal characterization of the P(L)LA-co-TMC material
used in the present work are in line with earlier data on
TMC copolymers with a similar composition synthesized
by the group of Albertsson et al. [51].

Highly porous electrospun mats of P(L)LA-co-TMC and
P(L)LA, with micro-scale interstitial pores and a random
orientation of the sub-micrometric fibers were obtained, as
revealed by SEM analysis (Fig. 2) (P(L)LA-co-TMC mean
diameter distribution: 530 4+ 110 nm; P(L)LA mean
diameter distribution: 610 + 180 nm). Figure 2 shows that
a certain level of ‘fiber-fusion’ at the contact sites (arrows)
was originated during fiber deposition, for both polymers,
presumably due to the use of a high boiling point solvent
(DMF) during the spinning process. It is pointed out
however, that TGA analysis demonstrated the absence of
residual solvent in the desiccated electrospun scaffold (data
not shown).

Figure 3 shows the DSC curve of the as-spun P(L)LA-
co-TMC mat and of P(L)LA mat for comparison. The
calorimetric analysis revealed the presence of a T, around
34°C for P(L)LA-co-TMC and around 60°C for P(L)LA.
DSC curves of both polymers show a cold crystallization
exotherm peak followed by a melting endotherm peak of
exactly the same entity (P(L)LA-co-TMC: AH, = AH,, =
17 J/g; P@)LA: AH. = AH,, = 32 J/g). This result

P(L)LA-co-TMC

P(L)LA

05
Wig

Endo

-50 0 50 100 150
Temperature (°C)

Fig. 3 DSC curves of P(L)LA-co-TMC and P(L)LA electrospun mats
(first scan, heating rate: 20°C/min)

demonstrates that completely amorphous P(L)LA-co-TMC
and P(L)LA mats are fabricated through electrospinning
since during the process polymer chains have little time to
organize in a crystal structure before the occurring of fiber
solidification. It is pointed out that, in the case of P(L)LA-
co-TMC polymer, a certain level of molecular orientation,
that is likely originated by the high elongational stretching
of the fibers, explains the occurrence of the cold
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Table 1 Mechanical properties of P(L)LA-co-TMC and P(L)LA  temperature (37°C), whereas, Fig. 4 reports representative
electrospun mats measured at RT and at 37°C stress—strain curves of both P(L)LA-co-TMC and P(L)LA
Sample T(°C) E*(MPa) oa,* MPa) & (%) electrospun mats obtained at RT and at 37°C.
At RT, comparable elastic moduli were found for
P(LLA-co-TMC 25 108 +£10 98427 108+16  pyI A and P(L)LA-co-TMC. This finding can be justified
37 19+5 824£06 187+ 14 by the similarity of polymer molecular structures as well as
P(LLA 25 105+£19 34+04 101 £18 by the fact that fibers of both polymers are completely
37 126 £ 25 43 £ 0.7 102 + 13

% From stress—strain measurements

E tensile modulus, oy, stress at break, &, strain at break

crystallization phenomena during the DSC heating scan
which, on the contrary, did not occur for the starting
P(L)LA-co-TMC in the form of powder after cooling from
the melt, as previously mentioned.

Mechanical performances of electrospun mats were
analyzed by tensile stress—strain measurements. It is
pointed out that stress—strain data of electrospun materials
depend not only on single fiber features but, most of all, on
fiber arrangement in the mat and on the presence of ‘fiber-
fusion’ at the contact sites, that remarkably increase the
elastic modulus [52]. Moreover, fiber arrangement in the
mat is expected to change during the stress—strain mea-
surement. In particular, Lu et al. [53] demonstrated that
fibers tend to align in the direction of the applied force
before getting thinner and finally breaking. In this work
tensile stress—strain analysis of P(L)LA-co-TMC non-
woven mats were carried out in comparison with electro-
spun P(L)LA mats of similar thickness, having a fiber
diameter distribution comparable to that of P(L)LA-co-
TMC mat and, similarly to the latter, displaying fiber-
fusion at the contact sites (Fig. 2). Table 1 lists mechanical
data of the two electrospun materials measured by carrying
out stress—strain analysis both at RT and at physiological

10
P(L)LA-cO-TMC (RT)
P(L)LA-co-TMC (37°C)

8 4
g

6 4
=3
0
[72]
o 4] P(L)LA (37°C)
» P(L)LA (RT)

2 4

0 : : : :

0 40 80 120 160 200

Strain (%)

Fig. 4 Stress-strain curves of P(L)LA-co-TMC and P(L)LA electro-
spun mats at RT and 37°C
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glassy at RT. Moreover, as stated before, the non-woven
structure of the two electrospun mats is similar. The only
difference observed is that P(L)LA-co-TMC mat is slightly
tough than P(L)LA (higher stress at break value). The
copolymer, whose tensile strength increases until break,
shows a kind of strain hardening behavior, in agreement
with previous results obtained by Albertsson et al. on
copolymers composed of TMC and (L)LA [54], that might
be ascribed to a strain-induced crystallization.

From Fig. 4 and Table 1 it emerges that the mechanical
performances of P(L)LA electrospun mat do not change
upon temperature increase up to 37°C. On the contrary, the
copolymer is considerably more flexible at 37°C, with a
lower elastic modulus and a higher deformation at break
than at RT. This dramatic change of P(L)LA-co-TMC mat
mechanical properties is related to the fact that the poly-
mer, being completely amorphous and possessing a T,
around 34°C, is a glassy rigid material at RT while it is a
rubbery soft material at 37°C. Therefore, the glass transi-
tion at a temperature in between RT and the physiological
temperature makes the P(L)LA-co-TMC material used in
the present work particularly interesting: at RT the polymer
can be easily processed through electrospinning into glassy
fibers with stable morphology [55], while at physiological
conditions it behaves as a soft elastomeric materials.

The elastic properties of the currently investigated
materials were evaluated by assessing the ability of the
scaffold to recover its initial shape after being deformed to
a certain deformation for a short time. To this aim creep-
recovery tests were performed at 37°C on P(L)LA-co-TMC
and on P(L)LA electrospun mats for comparison. Samples
were strained to different values of deformation (g;,) by
applying, for a period of 2 s, different values of stress and
the deformation recovering was recorded as a function of
time after removing the stress (Fig. 5). Figure 5a shows
that P(L)LA-co-TMC mat displays a complete recovery of
its initial dimension within 10 s for initial deformations
(&,) lower than 6%. Moreover, when this scaffold is
strained at a ¢;, around 10%, a complete strain-recovery is
observed after 2 min from stress removal. Completely
different is the creep-recovery response of P(L)LA mat
(Fig. 5b) which displays a permanent residual deformation
even when it is modestly strained to a deformation of 3%.
Mechanical characterization results obtained in the course
of this investigation show that the P(L)LA-co-TMC mate-
rial in the form of electrospun mat displays interesting
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Fig. 5 DMTA creep-recovery experiments on electrospun mats of
a P(L)LA-co-TMC, b P(L)LA. Strain-recovery curves for different
values of initial maximum strain (g;,)

elastomeric behavior, thus it can be considered as a suitable
candidate for MTE applications.

3.2 Isolation of cardiomyocytes

Cells isolated from adult rabbit hearts were stained for
cardiac specific marker sarcomeric alpha actinin. Cells
maintained a rod shape after 1 day of culture in flasks, with
clear striations of sarcomeric alpha actinin and troponin T

(Fig. 6a). At day 5 few cells were seen to adhere, while the
majority of cells still appear to be rod shaped with light
striations of sarcomeric alpha actinin and troponin T
(Fig. 6b). At day 14, the earlier rod shaped floating cells
were no longer observable in the flask. Rather, a monolayer
was formed out of the plated cardiac cells containing
cardiomyocytes and co-isolated cardiac fibroblasts, which
were devoid of their striated appearance. The observation
that striations no longer prolonged upon monolayer for-
mation (after day 14, Fig. 6¢c)—even if cells continued to
express alpha actinin—may be attributed to loss of
cardiomyocytes myofibril assembly after cell division [56].
The monolayer expressed sarcomeric alpha actinin and
troponin T uniformly. These isolated adult cardiac cells
were used as a model to understand the cellular interaction
with electrospun scaffolds since the mixed cell type rep-
resents a more natural myocardium-like environment.
Indeed, the myocardium is an ensemble of different cell
types embedded in the complex well defined structures of
the ECM and arranged in nanoscale topographical and
molecular patterns.

3.3 Cell growth and proliferation

Traditionally, a cardiomyocyte is considered terminally
differentiated in response to injury. However, recent evi-
dence raises the possibility that a natural system of myo-
cyte repair exists. According to this study, less than 50% of
cardiomyocytes are exchanged during a normal life span.
Adult hearts have been shown to contain resident stem cells
which makes the idea of cardiac regeneration, through
ageing and post pathological traumas, plausible [57, 58].
The cytotoxicity of scaffolds and their effect on cell
proliferation were studied using the MTS assay. Figure 7
compares the growth profile of isolated cardiomyocytes on
P(L)LA-co-TMC, P(L)LA and TCP. The growth of
cardiomyocytes is always significantly better (P < 0.05) at
day 14 with respect to day 7. Interestingly, it is evident

Fig. 6 Freshly isolated cardiomyocytes on TCP stained for sarcomeric alpha actinin at a day 1, b day 5 and ¢ day 14. The expression of alpha
actinin is clearly observed in the form of striations (a and b) which disappear at day 14 (c). Scale bar = 10 pm (a, b); scale bar = 50 pum (c)
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Fig. 7 Cell proliferation assay using MTS. Cardiomyocyte growth at
day 7 and day 14 on P(L)LA-co-TMC is significantly higher than cell
growth on both TCP and P(L)LA. Moreover, a statistically significant
difference in cell activity between day 7 and day 14 is observed for
P(L)LA-co-TMC. (*P < 0.05)

from Fig. 7 that at both time points, the growth of
cardiomyocytes on P(L)LA-co-TMC is significantly higher
than the growth on both P(L)LA and TCP (P < 0.05). Our
results indicate that incorporation of TMC units in P(L)LA
macromolecular chain has significant influence on cell
growth on nanofibrous scaffolds.

3.4 Cell-material interaction

The interaction of cells with substratum forms the basis of
tissue organization. Therefore, in order to explore the
potential of our scaffolds in promoting cell-to-cell inter-
action, we analyzed the different scaffolds at time intervals
of 7 and 14 days by means of SEM. Figure 8 depicts the
resultant morphological arrangement of cardiomyocytes on
P(L)LA-co-TMC and P(L)LA at different culture times. It is
evident from Fig. 8 that the cells start to stabilize and
align themselves by day 14 on P(L)LA-co-TMC, whereas
on P(L)LA cellular arrangement is rather random and

Fig. 8 SEM images of cardiomyocytes grown onto P(L)LA (a,
b) and onto P(L)LA-co-TMC (¢, d) after 7 (a, ¢) and 14 (b, d) days of
cell culture. Cardiomyocytes cultured onto P(L)LA-co-TMC show
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Fig. 9 Immunofluorescence shows cardiomyocytes on random
nanofibers of P(L)LA-co-TMC and P(L)LA stained for cardiac specific
protein sarcomeric alpha actinin at day 14. Cardiomyocytes remain
scattered and express alpha actinin in aggregates on P(L)LA (a, b) and

scattered. In particular, by day 14, P(L)LA-co-TMC shows
formation of cardiomyocyte monolayer interconnected by
intercellular junctions that are well aligned and guided in
evidently parallel fashion. The intercellular network on
P(L)LA-co-TMC was also observed to be superior to that
on TCP on day 14 (data not shown). These results indicate
that P(L)LA-co-TMC provides better adhesion at a nano-
scale level than P(L)LA.

From a clinical perspective, it is of utmost importance
that an implantable material integrates with the host organ
cells and this is initiated in the form of cell spreading. The
latter is also indicative of acceptance from the host. The
inability of a biomaterial to promote cell spreading and
integration limits its use at clinical level [59]. Lack of
suitable microenvironment in myocardium post MI is the
main cause of cell loss in cellular therapeutics. Our results
confirm that P(L)LA-co-TMC provides a suitable micro-
environment where cells can interact well with other cells
as well as with the nanofibrous scaffold.

Growth and morphology of cells is largely associated
with their normal functioning. These functions include
expression of characteristic proteins. To elucidate the
effect of the different substrates, we studied the expression
of the characteristic protein marker, sarcomeric alpha
actinin, in the cardiomyocytes grown onto the scaffolds.
Alpha actinin is an actin cross-linking protein that cross-
links two filaments of actin [60]. Our results show differ-
ences in the expression patterns of alpha actinin in

lack fibrillar pattern (c). However, P(L)LA-co-TMC shows intense
expression of alpha actinin and cell—cell and cell-material interaction
(d, e). Cells on P(L)LA-co-TMC show re-appearance of fibrillar
pattern of alpha actinin expression (f)

cardiomyocytes grown onto P(L)LA-co-TMC and P(L)LA.
Figure 9c, d shows expression of alpha actinin in cardio-
myocytes on P(L)LA-co-TMC in the form of reformed
striations. Such striations were seen on newly isolated
cardiomyocytes only up to 5 days of culture (Fig. 6a, b)
while at day 14 the striated appearance of alpha actinin
expression on TCP was not observed (Fig. 6¢). Cells grown
onto P(L)LA lack such striated appearance (Fig. 9a, b)
indicating that cardiomyocyte growth is functionally
enhanced on P(L)LA-co-TMC. Thus, our results indicate
that nanofibers of P(L)LA-co-TMC not only aid in inte-
grating cells with biomaterial but also maintain normal
morphology and functioning of cardiomyocytes.

4 Conclusion

We successfully fabricated nanofibrous scaffolds of
P(L)LA-co-TMC and we demonstrated that the introduction
of TMC units in P(L)LA chain confers elastomeric prop-
erties to the material and enhance cardiomyocyte prolif-
eration, cell morphology preservation and expression of
cardiac marker protein alpha actinin. Indeed, P(L)LA-co-
TMC has a lower glass transition temperature compared to
P(L)LA homopolymer and displays an elastic behavior at
37°C, with an elastic modulus a magnitude nearing to that
of native heart tissue, making this polymer attractive for
myocardial regeneration. This is supported by enhanced
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proliferation of cardiomyocytes isolated from adult heart
that preserve their ability to develop intercellular interac-
tions and impressively maintain morphology and expres-
sion of cardiac protein markers in the form of striations.
Thus, our results indicate that electrospun P(L)LA-co-TMC
performs excellently as a scaffold for cardiomyocytes, and
it is a highly potential synthetic biomaterial for MTE.
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