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ABSTRACT: A series of biostable polyurethane (PUR) for-
mulations, including a composite containing a clay as filler,
were prepared as new biomaterials for cardiovascular appli-
cations. Poly(dimethyl siloxane) and poly(tetramethylene
oxide) were selected as macrodiols because of their mechan-
ical properties and the high hydrolysis resistance they con-
fer to PURs. 1,6-Diisocyanatohexane and 1,4-cyclohexane
dimethanol were used as a diisocyanate and chain extender,
respectively. The polymeric products were chemically, ther-

mally, and mechanically characterized. Thermomechanical
characterizations highlighted that some of the obtained for-
mulations are promising materials for applications in the
cardiovascular field, in particular, for the realization of
annuloplastic rings in mitral valve repair. © 2011 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 122: 3661-3671, 2011
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INTRODUCTION

Polyurethanes (PURs) belong to the class of thermo-
plastic elastomers and constitute a very large family
of polymers. They can be defined as segmented
block copolymers and offer high versatility in terms
of formulation design. They generally show a partic-
ular morphology, characterized by the presence of
two microseparated phases, called the soft and hard
phases. The former comprises low glassy transition
or low melting soft segments, whereas the latter is
made of segments showing a glass-transition tem-
perature (T) or crystalline melting temperature (T,,)
well above room temperature. This morphology is
strictly connected with their excellent mechanical
properties, including their high tensile strength and
good tear and abrasion resistance. Therefore, PURs
have found application in the realization of cardio-
vascular implantable devices, such as cardiac pace-
makers, catheters, prostheses, cardiac assist devices,
heart valves, and vascular graf’cs.l‘3
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For biomedical applications, where material stabil-
ity is required, poly(dimethyl siloxane) (PDMS)-
based PURs present interesting properties. Silicones
are a class of polymers that show a low surface
energy, hemocompatibility, low toxicity, excellent
thermal, oxidative, and hydrolytic stability, and high
flexibility. Accordingly, the use of PDMS-based
PURs has been proposed in several areas of medical
devices, in particular, in the field of cardiovascular
prostheses, where blood compatibility and elasticity
are the primary requirements. However, if only si-
loxane is incorporated, the resulting PURs are char-
acterized by very poor mechanical properties.””

In silicone-containing PURs, it has been observed
that remarkable phase separation is not effective in
improving mechanical properties: it was reported
that the tensile strength and toughness of PDMS-
based PURs were lower than those of polyester-
based PURs.* This behavior can be attributed to the
inability of the soft segments to crystallize under
strain and to the poor interfacial adhesion between
the polar hard regions and the nonpolar soft phases.”

Materials with advanced properties can be
achieved by the incorporation of both polyether and
PDMS as macrodiols in PUR synthesis. The poly
(ether)urethane-PDMS elastomeric materials com-
bine the good biocompatibility and mechanical re-
sistance of poly(ether)urethane with the good blood
compatibility and long-term biostability of PDMS.
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Figure 1 Chemical structures of the reagents used for synthesis of the PDMS/PTMO-based PURs.

The compatibilizing effect between the siloxane-
rich soft-segment domains and the urethane-rich
hard domains of PURs is attributed to the poly-
ether.’ Polyether-based PURs have long been consid-
ered ideal for many implantable devices, such as
blood pump diaphragms, pacemaker lead insulation,
and shunts. They are known to have a high biocom-
patibility and mechanical properties ranging from
soft and flexible to hard and rigid. Poly(tetramethy-
lene oxide) (PTMO) is the most common polyether
in conventional medical formulations, although it is
susceptible to biological oxidation and environmen-
tal stress cracking.® For this reason, the mechanical
properties of PTMO-based PURs can be affected by
this degradation process. Nevertheless, it was
reported that replacing part of the polyether with
polysiloxane seemed to reduce its susceptibility to
metal ions” and stress cracking.®

Further improvements in the mechanical proper-
ties were also obtained by the incorporation of a
clay filler into the polymeric matrix.”*°

In this work, a series of PDMS-PTMO-based PUR
formulations are proposed, including a composite
containing a clay as a filler, as new biomaterials for
cardiovascular applications. In particular, the prepa-
ration of a clay composite having a PDMS-PTMO-
based PUR as a matrix has never been explored
before.

The synthesized PURs were characterized by dif-
ferent molar ratios of PDMS to PTMO in the soft
segment. The variation of the chemical composition
and the insertion of a clay filler were both aimed at
modulating mechanical properties of the polymers
to find the proper formulation suitable for biostable
cardiovascular devices.

Because it is known that PURs meet the mechani-
cal demands of force-generating contractile tissue,
such as the mitralic valve, this work was focused on
the development of PUR-based biomaterials to be
used in devices showing both elastic and plastic
behaviors. A challenging example is given by annu-
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loplastic rings, which have to be capable of accom-
modating an anatomical saddle shape (plastic
response) during surgical implant and mimicking
the physiological three-dimensional motion (elastic
response) of the native mitral annulus during use."

The PURs were synthesized starting from an ali-
phatic diisocyanate, namely, 1,6-diisocyanatohexane
(HDI), because of its low cost and negligible toxicity of
the biodegradation products of its urethane derivates.'?
With regard to the clays used for the preparation of the
composites, they were commercial, organomodified
montmorillonites. Their organic modifiers are charac-
terized by the presence of long hydrophobic chain(s),
often highly effective against a broad spectrum of
microorganisms, and widely used as antimicrobial
agents.”” Several studies conducted on these kind of
clays have shown their antimicrobial activity, a feature
that can turn out to be very useful for implantable
devices.

EXPERIMENTAL
PUR synthesis and composite preparation

The PURs were synthesized with a two-step proce-
dure."* Two kinds of macrodiols were used: PDMS
diol or PDMS [Tegomer H-5i-2311, Evonik (Essen, Ger-
many), number-average molecular weight (M,;) = 2500
g/mol] and poly(tetramethylene oxide) (PTMO; Ter-
ethane, Aldrich (St. Louis, MO), M,, = 2000 g/mol; Fig.
1) in different molar ratios: 100 : 0, 80 : 20, 60 : 40, 40 :
60, and 20 : 80. They were dissolved in tetrahydrofuran
(THF; Aldrich), and the solution was azeotropically
dried. HDI was allowed to react (at a 2 : 1 molar ratio)
with the soft segment at 70°C in anhydrous THF to
form the prepolymer. At the end of the prepolymer
reaction (150 min, with dibutyl tin dilaurate as a cata-
lyst, 1 mol % with respect to the soft segment), the
chain extender [1,4-cyclohexane dimethanol (CDM),
Aldrich, cis and trans mixture], azeotropically dried in
THF, was added at a 1 : 1 molar ratio with respect to
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the prepolymer. The chain extension reaction pro-
ceeded for 18 h at 25°C. At the end of the polymeriza-
tion, a given amount of methanol was added to convert
the isocyanate end groups to urethane groups. The
polymer was collected by double precipitation in dis-
tilled water. The second precipitation was performed
to remove low-molecular-weight impurities (mono-
mers and oligomers), as confirmed by size exclusion
chromatography. After the precipitation, the polymer
was washed, filtered, and dried at 40°C under reduced
pressure.

The composites were prepared with the solution-
intercalation film-casting technique.'® The clay (Cloi-
site 30B or Cloisite 20A, Southern Clay Products
(Gonzales, TX), 3 and 1 wt %), previously dried in
an oven at 100°C for 24 h, was mixed in THF for 8
h. Then, PUR containing 60% PTMO (PU_PTMO60),
previously dried in an oven at 40°C for 16 h, was
added to the clay solution. It was mixed for 8 h and
then cast in a glass Petri dish. The solution was
allowed to dry for 1 day. Once dry, the polymer/
clay film was placed in a vacuum oven at 40°C for
24 h.

The code used for all of the PURs synthesized is
PU_PTMOX, where X indicates the molar percent-
age of PTMO in the soft segment; the PDMS content
(100% — X) is omitted. The code name used for the
composites is PU_PTMOX-N% Y, where PU_PT-
MOX is the name of the particular PUR used as the
matrix and N% and Y are the percentage and type,
respectively, of clay used.

PUR and composite characterization

M, and molecular weight distributions (M,/M,,
where M,, is the weight-average molecular weight) of
the PURs were measured by size exclusion chroma-
tography with a Waters 1525 binary system equipped
with a Waters 2414 refractive-index detector (Milford,
MA). The measurements were performed with four
Styragel columns (range = 103-106 A) at ambient
temperature with THF as an eluent (1.0 mL/min);
narrow polystyrene standards were wused for
calibration.

The PUR films were prepared by solvent casting
and characterized by attenuated total reflection
(ATR)-infrared (IR) spectroscopy and differential
scanning calorimetry (DSC). The ATR characteriza-
tion was performed with a PerkinElmer Spectrum
GX Fourier transform infrared system equipped
with an ATR attachment (San Jose, CA). The DSC
analysis was carried out with a TA Instruments DSC
Q20 (New Castle, DE). The DSC curves were
obtained by the heating of a sample of about 7 mg
from —40 to 280°C at 10°C/min under a nitrogen
flow. "H-NMR spectra were recorded on a Bruke
Bruker AVANCE 400 (Billerica, MA) instrument
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operating at 400 MHz for 'H. The 'H chemical shifts
were referenced to SiMe, with the residual protio
impurities of the deuterated solvents as an external
reference.

Surface contact angle analysis was made with a KSV
CAM2000 (Linthicum Heights, MD) instrument and
water as a test liquid. Films of the precipitated PURs
were prepared by a hot-press apparatus for subsequent
mechanical tests, namely, stress—strain tests and
dynamic mechanical thermal analysis (DMTA). Tensile
tests at 30-37°C were performed with a TA Instruments
DMA Q800. Stress—strain measurements at room tem-
perature were performed with an MTS QTest/10 elite
controller (Eden Prairie, MN). The displacement rate
was 10 mm/min, and the load limit of the sensor was
500 N. The DMTA tests were performed by a TA
Instruments DMA Q800 in the temperature range —80
to +50°C at 1 Hz and at a heating rate of 3°C/min. We
performed the creep tests by holding a specimen (film)
at a constant uniaxial tensile stress (0.2 MPa) and meas-
uring the resulting compliance (the reciprocal of
Young’'s modulus) and the strain as a function of time
(roughly 2000 s) at fixed temperature (37°C). Stress for
the creep tests was automatically controlled with the
TA Instruments DMA Q800. Composites were charac-
terized by transmission electron microscopy (TEM) and
X-ray diffraction (XRD). TEM analysis was performed
with a Zeiss EM 900 microscope (Oberkochen, Ger-
many) with the application of an accelerating voltage of
80 kV. Ultrathin sections (ca. 50 nm thick) were
obtained with a Leica EM FCS cryoultramicrotome
equipped with a diamond knife (sample temperature =
—145°C, knife temperature = —60°C). XRD was per-
formed with an Philips X'Pert-MPD XRD diffractome-
ter (Almelo, Netherlands) (Cu Ko radiation, 26 range =
2-30°; A20 step = 0.02°, step time =2 s).

Cytotoxicity test: Agar diffusion test

In vitro cytotoxicity analysis was carried out on the
PU_PTMO60 sample. The NIH3T3 mouse fibroblast
cell line was used. Cells were cultivated in dishes
and grown for 24 h at 37°C and 5%CO,. After a sub-
confluent cell layer formed, the cells were stained
with a vital dye (Neutral Red, Sigma-Aldrich Pty,
Castle Hill, Australia) and incubated for 1 h at 37°C
and 5% CO,. Afterward, the staining medium was
removed and replaced by Dulbecco’s modified eagle
medium (DMEM) containing 1.5% agarose. Upon sol-
idification of the agarose, the materials (1 x 1 cm?)
were placed on the top surface of the agar and incu-
bated for 24 h at 37°C and 5% CO,. Live cells took up
the vital staining and retained it, whereas dead cells
progressively lost the staining when the viability
decreased. The toxicity of the material was evaluated
by loss of vital stain under and around the material,
and the viability was quantified by extraction of the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 ATR-IR spectrum of PU_PTMOA40.

dye with an ethanol (50%)/acetic acid (1%) solution,
and the absorbance at 540 nm was read.

RESULTS
PUR synthesis and composite preparation

PDMS-PTMO-based PURs were successfully synthe-
sized, as demonstrated by spectroscopic analysis. In
Figure 2, the ATR-IR spectrum of PU_PTMO40 is
reported. It shows the characteristic peaks of the
PURs containing PDMS and PTMO in the soft seg-
ment:®> 1683 cm ! (urethane C=0), 3330 cm ' (ure-
thane N—H, hydrogen bonded), 1530 cm ' (urethane
N—H, not hydrogen bonded). The presence of

SILVESTRI ET AL.

TABLE I
Experimental Data from the PUR Syntheses

Sample M, x 10 (g/mol) My/M,, Yield (%)
PU_PTMO20 20 1.4 81
PU_PTMO40 26 2.0 80
PU_PTMO60 24 1.5 85
PU_PTMOS80 26 1.6 90

PDMS was shown by the double peak of Si—O—Si
stretching at 1100 ¢cm™'. The C—O—C stretching
band was not visible because it was probably cov-
ered by the large and strong Si—O—Si stretching
band. Both vibrations occur at the same wave-num-
ber value. '"H-NMR was used to confirm the PTMO
presence in the polymer chain. In Figure 3, the 'H-
NMR spectrum of PU_PTMO40 is shown. The signal
at 3.4 ppm corresponded to the —O—CH,— group of
the polyether and was not present in the "H-NMR
spectrum of PUR containing PDMS only.

The experimental data concerning the molar com-
position, molecular weights, polydispersity index
(My/M,), and reaction yields of the obtained
PDMS-PTMO-based PURs are collected in Table L

The composites were obtained as shown by TEM
and XRD analysis. In Figure 4, TEM images of
PU_PTMO60-3% 30B are reported as an example.
The hard phase (gray) of the PUR matrix was high-
lighted by RuO, vapor, and the clay seemed to inter-
act preferably with the soft phase (white), showing a
low grade of intercalation. The preferential interac-
tion of the clay with the more apolar phase could be
explained by consideration of the organic nature of

b
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Figure 3 'H-NMR spectrum of PU_PTMOA40.
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Figure 4 Chemical structures of the organic cations of the
clays Cloisite 30B [bis(2-hydroxyethyl)methyl tallow am-
monium] and Cloisite 20A [dimethyl bis(hydrogenated tal-
low)ammonium]. The tallow composition was as follows:
~ 65% C18, ~ 30% C16, and ~ 5% C14.

the clay surface: Cloisite30B is a organophilic mont-
morillonite modified through the ionic exchange of
the sodium interlayer cation with an organic cation,
namely, a bulky alkylammonium [bis(2-hydroxye-
thyl)methyl tallow ammonium, where the tallow
composition was as follows: ~ 65% C18, ~ 30% C16,
and ~ 5% C14, which acted as a surface modifier.
By increasing the interlayer spacing and making the
clay more compatible with organic polymers, these
alkylammonium ions allowed the polymer chains to
diffuse between the layers. The nature of the organic
cation had a significant effect on the resulting mor-
phology of the nanocomposite (Fig. 5).'°

Because of the low grade of intercalation, the
obtained product could be defined as a microcompo-
site because the major part of the clay was present
in the form of microaggregates (<3 um). This result
was confirmed by XRD. In the XRD spectrum
reported as an example [Fig. 6(b)], one peak for Cloi-
site 30B at 20 = 5°, in the same position as for the
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single clay, and two broadened peaks relative to the
PUR matrix at 20 = 12 and 20° were observed.'® The
absence of a shift for the Cloisite peak indicated that
the clay layers were not affected by polymer interca-
lation, whereas the two broadened peaks were prob-
ably due to an increased disorder of the polymeric
chains with respect to the pure PUR [Fig. 6(a)].

Surface properties: Contact angle analysis

Contact angle measurements demonstrated the high
hydrophobicity of the synthesized PURs and the
prepared composites. In particular, the contact angle
values of the PURs, collected in Table II, decreased
with the reduction of siloxane content in the sample.

In the same table, the contact angle values of the
composites are reported. It could be observed that the
insertion of a clay filler slightly increased the hydro-
phobicity of the samples: for example, the composite
PU_PTMO60-3% 30B showed a contact angle
value higher than its correspondent pure matrix
(PU_PTMO60), which could have been an effect of
the nonpolar tails of the organic ammonium salt
modifier. The sample PU_PTMO60-1% 20A exhibited
the highest contact angle value among all of the com-
posites because of the higher hydrophobicity of Cloi-
site 20A with respect to Cloisite 30B (see Fig. 5).!”

Thermal and mechanical characterization
DSC and DMTA

From DSC and DMTA, it was observed that the
obtained PURs were characterized by a three-phase

- - -.E*‘N

Figure 5 TEM images of the composite PU_PTMO60-3% 30B. The soft phase (white) and hard phase (gray) were evidenced
by RuO, vapor. (a) Parts in which a microclay arrangement was observable. (b) Parts in which an intercalation process was
evident. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. com.]
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Figure 6 XRD spectra of (a) PU_PTMO60 and (b)
PU_PTMO60-3% 30B. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

morphology, typical of PDMS-PTMO-based PURs.
Generally, it is possible to detect the siloxane phase,
the hard phase, and a polyether-rich phase, which can
include some hard segments.'®'” This separation was
more evident in the polymers containing the higher
percentage of siloxane and tended to disappear with
increasing polyether content. In Figure 7, the thermal

TABLE II
Contact Angle Values of the PUR Formulations

Sample Contact angle (°)
PU_PTMO40 1129 + 0.4
PU_PTMO60 1029 = 0.4
PU_PTMOS80 1012 = 0.4
PU_PTMO60-3% 30B 1054 + 0.4
PU_PTMO60-1% 30B 103.5 = 0.4
PU_PTMO60-1% 20A 107.8 = 0.4

SILVESTRI ET AL.
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Figure 7 DSC thermograms of the synthesized PURs.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

curves of the synthesized PURs are reported. In these
curves, the glass transitions of the PDMS phases were
not visible, and the T, values relative to these phases
were obtained by DMTA and are collected in Table III.
By observing the thermal curve relative to
PU_PTMO20, we could detect T,, of the PTMO phase
at 19°C and T, and T,, of the hard phase at 46 and
77°C, respectively. The PU_PTMO40 curve showed a
similar trend to PU_PTMO20, but it was characterized
by a less marked melting peak for the hard phase. The
PU_PTMO60 curve showed a PTMO melting peak
(14°C) and T, of the hard phase (49°C). In the DSC
curve of PU_PTMO80, only T,, of PTMO was detecta-
ble, whereas T, and T, of the hard phase were not visi-
ble. Therefore, with decreasing PDMS content, the
transition ascribable to the hard phase became less
evident and disappeared in the polymer with the

TABLE III
Experimental Data from DSC and DMTA
T (°C) T, °O)
Hard Hard Soft
PTMO phase phase phase
Sample (DSC) (DSC) (DSC) (DMTA)

PU_PTMO20 19 77 46 —80
PU_PTMO40 20 119 60 —67
PU_PTMO60 14 — 49 —65
PU_PTMOS80 8.7 — — —63

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 DSC thermograms of PU_PTMO60 and its
composites.

highest PTMO content. The reduction of phase separa-
tion was also indicated by increasing PDMS phase T,
values (Table III). T, was influenced by the purity of
the phase; therefore, in the case of marked phase sepa-
ration, T, was found at a value that was very close to
T, of the respective soft-segment macrodiol.** With
decreasing siloxane content in the PUR chains, the cor-
responding T, became increasingly different from the
T, of the pure PDMS diol (-110°C, —80°C for
PU_PTMO20, —63°C for PU_PTMOS0).

DSC thermograms of the composites are reported in
Figure 8 and compared with the thermal curve of the
pure matrix, PU_PTMOG60. As previously mentioned,
this polymer exhibited the melting peak of PTMO at
14°C that was completely absent in the curves of all of
the composites. The absence of this signal was prob-
ably due to the presence of the clay, which hindered
the crystallization of the PTMO segments.

Stress—strain tests

The PURs were characterized by stress—strain tests,
and the results are reported in Table IV and Figure 9,
with the exception of PU_PTMO20, which was not
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Figure 9 Stress—strain curves of the synthesized PURs
with different percentages of PTMO in the soft segment.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

processable for obtaining measurable specimens.
From the stress—strain curves, it was observed that a
higher percentage of PTMO in the soft segment
improved the mechanical performances of PURs,
increasing Young’s modulus, the stress at break, and
the maximum strain.

In Table 1V, it is possible to observe that the inser-
tion of the clay into the PUR matrix (PU_PTMO60)
led to an improvement in the mechanical properties
only in the case of 1% Cloisite 30B. These data could
be explained by consideration of the nature of the
clay and its relative amount. Cloisite 30B is charac-
terized by a more polar ammonium cation than Cloi-
site 20A (see Fig. 5), which was expected to interact
better with the PUR PTMO-rich soft phase.'”> With
regard to the clay content, it was possible to assume
that a lower amount of the filler allowed it to have
better dispersion and intercalation.*!

In particular, Young’s modulus increased approxi-
mately 10 and 55% of the initial value when the ratio of
PTMO to PDMS shifted from 40/60 to 60/40 and from
60/40 to 20/80 in the soft segment, respectively, as
shown in Figure 10. Similarly, for the stress at break,
there were improvements of 80 and 33%, respectively,
of the initial value, which resulted from the increase in
the PTMO percentage from 40 to 60% and 60 to 80%,
respectively. The maximum strain percentage increase

TABLE IV
Mechanical Properties of the Synthesized PURs and Composites

Sample Young’s modulus at 30°C (MPa) Strain at break (%) Stress at break (MPa)
PU_PTMO20 — — —
PU_PTMO40 5.0 = 0.1 30 + 34 0.5 = 0.1
PU_PTMO60 55 *+04 555 09 =02
PU_PTMOB80 9.0 = 0.7 62 £ 8 1.2 £02
PU_PTMO60-1% 30B 83+ 0.3 30 £2 1.0 £ 0.1
PU_PTMO60-3% 30B 51 x0.3 52 =14 1.0 £ 0.3
PU_PTMO60-1% 20A 52+ 04 55 £ 55 1.2 £ 04

Journal of Applied Polymer Science DOI 10.1002/app
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ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

(ca. 80% of the initial value) was observed when the
amount of PTMO increased from 40 to 60%.

Time and temperature dependence of the
mechanical properties

Creep and stress—strain tests at 37°C were performed
to evaluate the viscoelastic properties of the PURs
and their composites at human body temperature.
During the creep test, the compliance (the reciprocal
of Young’s modulus) and the strain percentage as a
function of time at 37°C (physiological temperature)
were measured. The synthesized PDMS-PTMO
PURs and the composites were also found to exhibit
evident viscoelastic behavior. The compliance of the
synthesized PDMS-PTMO-based PURs and the com-
posites realized with PU_PTMO60 are shown in Fig-
ures 11 and 12, respectively.

The curves of Figure 11 show a very different
trend for PU_PTMO40, PU_PTMO60, and
PU_PTMO80. The compliance for the PUR with the
lowest amount of PTMO seemed to increase more
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Figure 11 Creep compliance as a function of time at
37°C. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 12 Creep compliance as a function of time at
37°C. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

quickly than for those for PU_PTMO60 and
PU_PTMOS80. Therefore, the better viscoelastic
behavior and the less pronounced decrease in
Young’s modulus as a function of time seemed to be
related to the highest percentage of PTMO. The
same trend can also be observed in Figure 12, which
shows the compliance as a function of time for
PU_PTMO60 and the composites realized with Cloi-
site 30B and 20A. There was an important improve-
ment in the compliance for PU_PTMO60 and for the
composite based on 3% Cloisite 30B with respect to
the same composite with 1% filler, as shown by the
slopes of the curves. This trend was also confirmed
by the results reported in Table V. Otherwise, the
compliance of the composite based on Cloisite 20A
showed a more pronounced improvement at the
highest creep times, as compared with PU_PTMO60.
Furthermore, the creep strain was analyzed for each
sample. The absolute creep strain (Ae) was equal to
the sum of the delayed elastic deformation (e;) and
the permanent elastic deformation (es; Fig. 13). In
Figure 14, the Ae percentage for each sample is
shown. These values seemed to confirm the trend
observed, in particular, that with the increase in the
PTMO content, the Aeg decreased. Moreover, the

TABLE V
Mechanical Properties of the Synthesized PURs
Decrease
in Young’s
Young's Young's modulus
modulus  modulus with
at 30°C at 37°C temperature
Sample (MPa) (MPa) (%)
PU_PTMO20 — — —
PU_PTMO40 50+ 0.1 4+03 25
PU_PTMO60 55*+04 43 *04 27
PU_PTMOS80 90*=07 78 *06 15
PU_PTMO60-1% 30B 83 =03 7.3 £ 0.3 13
PU_PTMO60-3% 30B 51*03 41=*01 25
PU_PTMO60-1% 20A 52 = 04 47 £05 10
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Figure 13 Schematic representation of a creep curve as a
function of time (g; = elastic deformation).

PUR containing 1% Cloisite 30B showed the lowest
creep value according to the results of the
compliance.

The behavior of the prepared PURs was found to
be temperature- and humidity-dependent, as was
reported in the literature.”? In this study, the influ-
ence of the temperature on Young’s modulus was
evaluated. In fact, the modulus was measured at 37
and at 30°C for samples with different PTMO and
filler contents (Table V).

Cytotoxicity test: Agar diffusion test

The use of an indirect cell contact test was chosen
to evaluate the eventual environmental toxicity due
to the presence of the material. An agar diffusion
test, performed with the NIH3T3 mouse fibroblast
cell line, showed that cell viability on the
PU_PTMOG60 after 24 h was about 61% respect to
the control (see Fig. 15). This indicated that after 24
h, the cells maintained a good viability with a weak
decrease with respect to the control cells.
PU PTMO60 was chosen as test material because
the mechanical analysis showed that this polymer
had suitable properties for the realization of the
annuloplastic device.

]II Ilt

PUPTMO &0

At (%)

PUPTMO 60+ PUPTMO 60+ PUPTMO 60+ PUPTMO 80
20A1% 30B3% 30B1%

PUPTMO 40

Figure 14 Ae percentage at 37°C. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

3669

DISCUSSION

The synthesized PURs showed Young’s modulus
values at 30°C to range between 5 MPa and roughly
9 MPa. An increase in the temperature from 30 to
37°C (human body temperature) resulted in about a
23% decrease in Young’s modulus (on average), as
shown in Table V. The creep test results showed an
important stability of Young’s modulus at 37°C,
especially for PU_PTMOS80. The insertion of the clay
filler improved the mechanical properties because
the elastic modulus and the stress at break
increased, especially for the sample containing 3%
Cloisite 30B. Also, in this case, a decrease in Young's
modulus at 37°C (16% on average, lower than that
of the PURs) was observed.

The composites showed a different viscoelastic
behavior, depending on the nature of the inorganic
filler. In particular, composites containing Cloisite
30B (1-3%) seemed to be more stable in terms of
Young’s modulus with respect to the same PUR hav-
ing Cloisite 20A as a filler.

The fine tuning of the mechanical properties is a
key issue in the design of materials for implantable
biomedical devices. The material has to comply with
the procedure used by the surgeon during implant
and with the mechanical solicitation of the sur-
rounding tissues. As already stated in the Introduc-
tion, cardiovascular applications have very strict
requirements that are difficult to fulfill.*®

The mechanical behavior of the prepared formula-
tions demonstrated that these biomaterials seem to
be suitable for annuloplastic applications. In fact, the
Young’s modulus values of natural mitral valve tis-
sue are roughly 6 MPa in the circumferential (paral-
lel to the annulus) direction and 2 MPa in the longi-
tudinal (perpendicular to the annulus) direction.*
Stress values measured in the elastic region were in
the range of those expected during heartbeat evalua-
tion in an in vivo study.”?*

Cell viability/Agar diffusion test

ctrl PU10

Figure 15 Agar diffusion test. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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The creep behavior showed a quite stable trend of
the elastic modulus and the absolute strain percent-
age at 37°C for several formulations.

Therefore, it is expected that the formulation pre-
pared will be suitable to realize devices whose shape
can be adapted to the anatomical shape when
implanted and will then show an elastic behavior
during use and maintain their dimensional stability
with time.

The mitral annulus is characterized by several
regions that are subject to different mechanical
forces. Therefore, it is important to modulate the me-
chanical response of the material used for this kind
of device.”” A thermoplastic polymeric material con
be molded into shapes with regions of different sec-
tions, to comply with the different solicitation that
they will undergo in vivo. So far, the best results in
this context have been obtained by the use of metal-
lic materials.” The polymeric biomaterials proposed
in this work provide an alternative approach that is
perceptively cheaper and more viable with respect
to existing technologies.

Moreover, these materials turn out to be innova-
tive respect with available commercial PUR formula-
tions because of the use of nonaromatic diisocya-
nate’ in the synthesis process. These aliphatic
components will allow us to obtain mechanical
properties very close to those of the native mitralic
tissue and, in the unlikely case in which the polymer
is affected by the degradation processes, will avoid
the production of highly toxic aromatic diamines.”

The prepared materials were designed to form the
soft inner core of the device (mitral ring) and to be
covered with a medical-grade polymer fabric [e.g.,
poly(ethylene terephthalate)] to ensure the suturabil-
ity and with a carbofilm layer to ensure hemocom-
patibility and antithrombogenicity and to minimize
inflammatory response.’® As they are not expected
to be in direct contact with cells, we chose to per-
form a toxicity analysis by an agar diffusion test.
This kind of test showed good results in terms of
fibroblast viability for PU_PTMO60, which was
selected for its suitable mechanical behavior.

CONCLUSIONS

In this study, a series of PDMS-PTMO-based PURs
and clay composites were successfully achieved, as
demonstrated by spectroscopic analysis. Thermome-
chanical characterizations of the obtained formula-
tions highlighted that the proposed formulations
seem to be suitable for mitralic applications, in par-
ticular, for annuloplastic rings. The Young’s modu-
lus values at 37°C were all included in the range
required for the realization of these kinds of devices.
In detail, it could be possible to choose two or more
materials characterized by different elastic modulus

Journal of Applied Polymer Science DOI 10.1002/app
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values to combine them in the realization of the
parts of the ring. Alternatively, the same material
could be molded in regions of different sections to
modulate the mechanical properties.

With the creep tests taken into consideration, the
best PUR-based formulations turned out to be the
PURs containing 60 and 80% PTMO in the soft seg-
ment (PU_PTMO60 and PU_PTMO80) and the com-
posites containing Cloisite 30B as a filler (1 and 3%).

Further works are in progress to test these materi-
als in cycling fatigue conditions and to demonstrate
their processability from the melt to produce proto-
types of PUR-based annuloplastic rings. Moreover,
the influence of the humidity on the mechanical
properties for these PURs will be evaluated and clari-
fied in a future work, together with a modeling study
for fitting the creep data with a viscoelastic model.

Additional investigation into the composites prep-
aration will be performed to improve the rate of
intercalation. The study should provide additional
information for the fine tuning of the functional
properties in the formulation.

The authors thank G. Colucci of Politecnico di Torino for his
technical support in XRD analysis.
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