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Abstract—Porous electrospun nanofiber materials are very
promising as matrixes for heart valve tissue engineering. The
perfect material for this purpose has to be both mechanically
strong and deformable at the same time.

Materials from gelatin, polyurethane (PUR), polylactic acid
(PLA) and polycaprolactone (PCL) made in several density
variants were analyzed using uniaxial tensile tests and
compared to mechanical properties of porcine aortic valve (AV)
leaflets in radial and circumferential directions.

In circumferential direction modulus of elasticity (E) of AV is
9.7#1.3MPa and - 1.03#0.2MPa in radial. Ultimate strain and
stress is 44.845.9% and 2.3#0.6MPa in circumferential and
95.6431.4% and 0.54).2MPa in radial direction for AV. Closest
of the materials to native AV in circumferential direction was
PUR with area density 6.2 g/m? showing E of 3.940.5 MPa,
ultimate stress and strain - 5.3#1.68MPa and 141.8443.9%
respectively. Closest to radial direction was gelatin with area
density 5.7 g/m? showing E of 0.6440.14 MPa, ultimate stress
and strain - 0.3820.05MPa and 82.53+10.20% respectively.

Native AV leaflets have a non-linear and anisotropic
response to stress in uniaxial tensile tests. To model their
mechanical properties we suggest using a combined material
made of gelatin and PUR with their fibbers predominantly
orientated in perpendicular directions.

Index Terms —Heart valve, mechanical properties, nanofiber
materials, tissue engineering.

. INTRODUCTION

Heart valve prostheses, both mechanical and biological,
have saved lives and increased quality of life to millions of
patients all over the world since their introduction in 1960’s.
However, despite all the benefits offered by prosthetic heart
valves, there are serious drawbacks for both types of
prostheses in the long run, namely the often very serious and
even fatal side-effects of prolonged anticoagulation required
for mechanical prostheses and structural degeneration of
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bioprosthetic valves [1]. Tissue engineered heart valves made
using autologous stem cells could provide an answer to these
problems offering a viable substitute for an individual’s
diseased heart valve which would require no anticoagulation
and, being living tissue, would be resistant to structural
degeneration. Even further, tissue engineered heart valves
raise new hopes for valve replacement in children and
adolescents as potentially having the capability to grow
together with the patient to adapt to its hemodynamic needs.

There are several options for tissue engineering of
complex biological structures like a heart valve but all of
them involve a sort of “pre-made” scaffold — working as a
matrix for autologous stem cells to be seeded on, which
allows the formation of the complex three dimensional
structure specific for heart valve leaflets. Two types of
scaffolds are used most often — decellularized heart valve
leaflets of human or animal origin and synthetic polymer
material scaffolds [2]. Decellularized material comes with all
the difficulties of a foreign biological material, namely
immunogenicity requiring chemical treatment of the tissue
which again negatively influences repopulation of this
material with cells as well as impedes further biodegradation
of the scaffold. Polymeric scaffolds hence hold a great
promise as matrices for tissue engineering. Electrospun
nanofiber materials are especially promising as matrixes,
because their fiber diameter, material thickness, porosity and
even fiber orientation can be easily controlled. There are
many biocompatible polymeric materials which can be used
for creating a scaffold with well-known properties and well
known degradation times in vivo which have been used for
surgical implant production for many years. Albeit not only
biocompatibility is important for this material but also the
mechanical features:

It has to be strong enough to withhold the pressure after
implantation; deformable enough for better distribution of
shear stress along its surface and for stimulation of fiber
production by connective tissue cells on these matrices.

As it is well known and has been demonstrated
experimentally heart valve interstitial cells produce
extracellular matrix (ECM) components including fibers
much more effectively when receiving an appropriate
mechanical stimulus [3]. This is one of the reasons why heart
valve tissue engineering is moving more towards
cellularization of scaffolds in vivo, after implantation, not in
specially constructed bioreactors for weeks before actual
implantation. Such strategy not only guarantees perfect
conditions for cell growth and ECM production on the valve
leaflet scaffolds, but also dramatically reduces the time
required for preparing a heart valve substitute, as well as
reduces costs of such a valve. On the other hand, if the
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material is implanted in the patient immediately or just a few
hours after initial seeding with autologous stem cells, it is
clear that the scaffold used has to be mechanically strong
enough to withstand the blood pressure in the aortic root and
it has to degrade slower than the newly recruited interstitial
cells manage to produce a new ECM fibrous structure. In
principle the mechanical properties of the polymer material
scaffold have to confirm to those of the native aortic valve. It
can be mechanically stronger, but not for the price of
deformability, because it is crucial for ECM production by
valve interstitial cells.

Native aortic valve cusps are an anisotropic material with
differing mechanical properties in the radial and
circumferential directions. Which are determined by collagen
fibers predominantly aligned and forming bundles in
circumferential direction, whereas elastin fibers are
orientated mainly in a perpendicular — radial direction [4].

Il. THE AIM

Objective of our study was to find an ideal polymer
nanofiber material for use as a matrix for heart valve tissue
engineering purposes with mechanical properties matching
those of the native aortic valve leaflets as close as possible.

I1l. MATERIALS AND METHODS

Electrospun nanofiber materials produced as nanofiber
material sheets (custom-made by Elmarco s.r.o., Liberec,
Czech Republic) from gelatin, polyurethane (PUR),
polylactic acid (PLA) and polycaprolactone (PCL) in several
density variants were analyzed using uniaxial tensile tests.
Data were compared to mechanical properties of native
porcine aortic valve (AV) leaflets in radial and
circumferential directions. Native porcine AV has been
shown to differ from human AV, but its mechanical
properties are still comparable with those of the human AV
[5]. We determined their mechanical properties using
uni-axial tensile tests with a universal testing machine
Zwick/Roell BDO-FBO0.5TS (Zwick GmbH & Co, Ulm,
Germany) equipped with test Xpert software (see Fig.1). The
tested nanofiber scaffold and valve leaflet material was cut
into 3.5 mm wide and 15 - 20 mm long specimens. Leaflets
were cut in circumferential and radial directions (Fig. 2). The
thickness of all specimens was measured using a
cathetometer MK-6 (LOMO, Saint Petersburg, Russia) with
a precision of #0.01 mm. Data are presented as means =+
standard deviation.

Fig. 1. The setup for uni-axial tensile tests with a universal testing machine
Zwick/Roell BDO-FB0.5TS (Zwick GmbH & Co, UIm, Germany) equipped
with test Xpert software. Analyzed material sample marked with an arrow.

Materials tested are as follows:

« PUR —poliurethane — 6.2 g/m* and 10.4 g/m?

« PCL - polycaprolactone — 3.86 g/m? and 12 g/m? and
15.7 g/m?

« PLA — polylactic acid — 5.2 g/m? and 11 g/m?

« Gelatin - 5.7 g/m?

» Samples from 5 porcine aortic valves, obtained from a
slaughterhouse within 24h after animals death.\

radial

circumferential

Fig. 2. Definition of the testing directions of aortic valve leaflets.

IV. RESULTS

Results of the mechanical properties testing of different
nanofiber materials are summarized in Table | which also
includes corresponding data on porcine aortic valve leaflets.
In circumferential direction modulus of elasticity (E) of
native porcine aortic valve is 9.7+1.3MPa and - 1.040.2MPa
in radial. Ultimate strain and stress is 44.845.9% and 2.340.6
MPa in circumferential and 95.6+31.4% and 0.530.2MPa in
radial direction for native leaflets. Closest of the materials to
match the mechanical properties of porcine aortic valve in
circumferential direction was PUR with area density 6.2 g/m?
showing E of 3.94.5 MPa with ultimate stress and strain -
5.3+1.68MPa and 141.8443.9% respectively (shaded in
Table I). The stress-strain curves of PUR 6.2 g/m2 samples in
comparison with native porcine aortic valve in
circumferential direction can be seen in Fig. 3, from which
we can appreciate that PUR as a synthetic material has nearly
linear stress-strain response, but nevertheless its slope and
numerical values are comparable with those of native porcine
valve. Closest to match radial direction was gelatin with area
density 5.7 g/m® showing E of 0.6420.14 MPa, ultimate
stress and strain - 0.3840.05MPa and 82.53+10.20%
respectively (shaded in Table I). The stress-strain curves of
gelatin with area density 5.7 g/m? samples in comparison
with native porcine aortic valve in radial direction can be
seen in Fig. 4, where we can observe nearly exact match of
the material properties. Although, as mentioned before,
elastin fibres are predominantly oriented in the radial
direction, not collagen from which gelatin is manufactured.

TABLE I: SUMMARY OF MECHANICAL PROPERTIES TESTING OF VARIOUS
POLYMER NANOFIBER MATERIALS, SHOWING THEIR RESPECTIVE MODULUS
OF ELASTICITY (E), ULTIMATE STRESS (£ M) AND ULTIMATE STRAIN (= X))

E (MPa) 6 M (Mpa) 6 X (%)
Ei‘;;fj';‘;;‘;ﬁ;ica}’a"’e' 97413 2.340.6 44.8459
fa‘gica'lne Al e, 1.040.2 0.540.2 95.6431.4
PCL 3.86 g/m’ 0.8840.25 0.240.03 42.845.08
PCL 12 g/m? 0.4840.12 0.0040.02  20.7943.31
PCL 15.7 g/m? 1.330.2 0.340.05 37.942.46
PLA 5.2 g/m’ 3.3540.48 05540.03  41.9443.67
PLA 11 g/m’? 0.2340.03 0144001  54.9448.15
Gelatin 5.7 g/m? 0.6440.14 0.3840.05  82.53+10.20
PUR 6.2 g/m? 3.940.5 5.3+1.68 141.8+43.9
PUR 10.4 g/m? 4.5540.78 7654165  181.06439.83
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Fig. 3. Stress - strain curves of porcine aortic valve in circumferential
direction (A) and PUR 6.2 g/m?(B). Inset - scanning electron microscopy
image of PUR nanofibers.

A

Fig. 4. Stress - strain curves of porcine aortic valve in radial direction (A) and
gelatine 5.7 g/m?(B). Inset - scanning electron microscopy image of gelatine
nanofibers.

V. DISCUSSION

To our best knowledge there are no published reports on
mechanical properties of nanofiber materials directly
comparing them to native aortic valve leaflets. Several
polymer materials are tested for tissue engineering purposes
for more than a decade now, such as polyglactin [6],
polyglycolic acid (PGA) [7], polylactic acid (PLA) [8],
polycaprolactone (PCL) [9], etc [2]. There is a notion that the
mechanical properties of scaffolds used in heart valve tissue
engineering should mimic the native valve tissue and there
have been attempts to reproduce that [10], comparing their
results to the native pulmonary valve leaflets.

In our study we have found that two polymers very
commonly used in tissue engineering and for surgical
implants, namely PCL and PLA both lack mechanical
strength as well as deformability required for valve leaflet
scaffolds. Both PCL and PLA ultimate stress values were
more than 4-fold smaller than that of the native porcine aortic
valve in circumferential direction and maximum strain near
2-fold smaller than that of the native valve in radial direction
which renders these two materials not perfectly suitable as a
matrix for heart valve leaflets. In contrast PUR has the
mechanical strength required for circumferential direction to
withhold the pressure loading during diastole of the heart
cycle, but it is rather too stiff when compared to native valve
tissue in radial direction. Gelatin is deformable enough and
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not too stiff as judged by modulus of elasticity and maximum
strain (see Table I), but lacks the mechanical strength with a
maximum stress of only 0.38 MPa. For this reason we have
developed an idea of using a composite nanofiber scaffold
combining both PUR and gelatin fibers in a single material
mainly orientated in perpendicular fashion, like depicted in
Fig. 5, with two gelatin layers on the outside because of
superior biocompatibility and a PUR layer in the middle.

gelatin
PUR

gelatin

i |
i L ISE!
AR Wi

Fig. 5. A schematic view of a proposed combined nanofiber matrix, showing
a transsectional view (top) and a view from above (bottom).

-

i

VI.

Native AV leaflets have a non-linear and anisotropic
response to stress in uniaxial tensile tests. Hence to model as
precisely as possible their mechanical properties we suggest
to use a combined material made in a sandwich fashion with
layers of gelatin on the outside and PUR in the middle with
their fibers predominantly orientated in perpendicular
directions (Fig. 5).

The other tested materials PLA and PCL either lacked
strength to mimic leaflets in circumferential direction or
deformability required for the radial direction.

CONCLUSION
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