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Polyurethane (PU) elastomers are multiblock copolymers with hard segments based on urethanes or
urethane-ureas and soft segments based on macroglycols, such as polyesters, polyethers, and
polycarbonates.'® The mechanical and biological properties of PUs make them suitable for a diverse
range of implantable medical devices. In general, medical grade PUs demonstrate a unique combination
of toughness, flexibility, biocompatibility, and biostability."

PUs are generally prepared from three reactive components: a diisocyanate, a soft segment, and a chain
extender. Of all the isocyanates, diphenylmethane 4, 4-diisocyanate (MDI) and bis
(4-isocyanatocyclohexyl) methane (HMDI) are most commonly used for the preparation of
thermoplastic polyurethanes (TPU).

Soft segments are usually polyethers, polyesters, and polycarbonates, and the chain extenders are usually
diols (such as 1, 4-butanediol) and/or diamines (such as ethylene diamine).?
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PU elastomers typically show a two-phase structure in which hard segments are dispersed in a matrix of
soft segments. Hard segments mainly comprise the diisocyanate and the chain extender. Soft segments
are generally comprised of oligomeric diols of polyesters, polyethers, and polycarbonates. "

All TPUs contain hard and soft segments, and they are often referred to as segmented block copolymers.
PUs containing polyester soft segments are known as polyester urethanes,>®!*'>!° whereas polyether and
polycarbonate containing urethanes are known as polyether urethanes (PEUs),>** and polycarbonate
urethanes (PCUs),” %7 respectively.

A typical synthesis of polyether urethane (Pellethane® by Dow Chemical, now Lubrizol) is illustrated in
Figure 1.

Figure 1: Synthesis of Pellethane®*°
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Based on similar chemistry as Pellethane® using HMDI, Tecoflex™ was developed (Noveon, Inc., now
Lubrizol). The synthesis of Tecoflex™ is shown in Figure 2.
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Figure 2: Synthesis of Tecoflex™?°
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Aromatic isocyanate (MDI) is a rapid reacting isocyanate, but the resulting polyurethanes will turn
yellow upon exposure to ultraviolet radiation. The medical grade polyurethanes based on cycloaliphatic
isocyanate (HMDI) produce non-yellowing thermoplastic polyurethanes, but the physical properties are
somewhat inferior.*’

Biomer® (Ethicon) was extensively investigated for an artificial heart project. It is a segmented,
aromatic, polyether-based polyurethane, and ethylene diamine chain extended. The synthesis of Biomer®
is shown in Figure 3.

Figure 3: Synthesis of Biomer®*’
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PCUs have shown great promise as long-term biostable elastomers. PCUs exhibit excellent resistance to
hydrolysis and oxidative degradation. Bionate® (Corethane®), developed by The Polymer Technology
Group and now DSM, is a polycarbonate urethane prepared from a hydroxyl terminated polycarbonate,
MDI, and butane diol as shown in Figure 4.

Figure 4: Synthesis of Bionate® (Corethane®)
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Another commercially available polycarbonate urethane, Chronoflex® C (AdvanSource Biomaterials,

now Mitsubishi Chemical Performance Polymers, Inc.), is very similar to Bionate® in chemistry, except

in that it contains 0.1wt. % silicone. The synthesis of Chronoflex® C polymers is shown in Figure 5.
Figure 5: Synthesis of Chronoflex® C

o 0
I I
CN—@—CHQ—Q—NCO + HO*[CHJ%O*C*O*{CHJ;O*Cfof[CHQ]%»OH
n

Methyle ne Diisocya nate Poly(1,6-hexyl-1,2-ethyl)carbonate
(MD1) (PHEC D)

s ats [CHZ]% oty o b0 [CHZ]% AT mar
HO—CH,CH,CH,CH;—OH
1,4-Butane diol
H
CH~|:> —@— —Q —0— [CHZ]% —0—[CH,J;-©C —0— [CHZ]{|> —@— —@— %

Further modifications of polycarbonate segments in PCUs such as inclusion of silicone into the
backbone improved the biostability under some conditions. Silicone-based PCU, CarboSil, is a
thermoplastic silicone-polycarbonate urethane containing silicone as a soft segment. It is biocompatible
and biostable.
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Components of Thermoplastic Polyurethanes (TPUs)

Polyurethane | Type Isocyanate Macroglycols | Chain
Extenders

Pellethane® Polyether urethane MDI Polyether BDO

Tecoflex™ Polyether urethane HMDI Polyether BDO

Bionate® Polycarbonate MDI Polycarbonate | BDO
urethane (PHECD)

Chronoflex® C | Polycarbonate MDI Polycarbonate | BDO
urethane (PHECD)

CarboSil® Polysilicone carbonate | MDI Polysilicone BDO
urethane carbonate

Polyester urethanes are prone to hydrolytic degradation, and they are typically not used for any medical
devices designed for long-term implantation. PEUs, for example Pellethane®, are hydrolytically stable,
but undergo oxidative degradation including environmental stress-cracking and metal ion
oxidation.'"'>?!22 However, PCUs, such as Bionate® and Chronoflex® C, have shown excellent resistance
to hydrolysis, environmental stress-cracking, and metal ion oxidation, and have demonstrated a unique
combination of toughness, durability, flexibility, biocompatibility, and biostability.>'*!>*!

Biostability
Biodegradation of PUs can occur several ways, for example in polyester-based PU, aliphatic ester

linkages are susceptible to hydrolytic degradation. Polyether-urethanes are susceptible to oxidative
degradation, but partial substitution of the soft segment with poly(dimethylsiloxane), PDMS, improved
the oxidative stability.” However, the outstanding properties of polyether-urethanes are somewhat
compromised with PDMS substitution of polyether soft segment. When polyether soft segment is
replaced completely with polycarbonate soft segment, the resulting polyurethanes exhibited improved
biostability.

Enzyme-catalyzed Degradation
The presence of enzymes in the physiological environment can cause PU degradation. Santerre et al

proposed a mechanism of enzymatic degradation.’® Tang et al studied the effect of hard segment
chemistry and the microdomain structure generated by such chemistry on the cholesterol esterase (CE)
catalyzed hydrolysis of PCUs. The results indicate that CE catalyzed hydrolytic degradation, and the
extent of degradation was highly dependent on the nature of hard segment interactions within the
polymer and at the surface. It is concluded that the degree of hydrogen bonding when the PCU is
processed controls the enzyme-catalyzed degradation, and MDI-based polyurethane is significantly
better than HMDI-based polyurethane.?!

MDA Determination in the Biodegradation of PCUs
Vermette et al examined the biodegradation behaviors of two commercial polyurethanes, Pellethane®

and Corethane®™ by incubating with CE and/or with phosphatidylcholine (PC) for 28 days.”® Extractions
were carried out using different solvents. Analysis of incubation solutions by HPLC failed to show the
presence of methylene dianiline (MDA) or any of its derivatives from various polymer incubation
solutions. However, a methanol extract of Corethane® sample did show the presence of MDA when it
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was incubated in cholesterol for 28 days. The results do not reveal definite degradation sites for the
polymers since no MDA was detected in other incubation solutions. MDA was not detected in
methanol-extracted Pellethane® sample and may reflect the differences in surface additives found for
this material versus the Corethane®. The detection of MDA in the extract of Corethane® is further
evidence that CE is acting directly on the polymer, but the diffusion of this enzyme and related products
appears to be limited by the additive containing surface layer. Hence, no MDA was found in any of the
incubation solutions. There is no direct evidence up to now that the use of polyurethane materials has a
detrimental and/or a pathological causality in the human body.

Hsu et al studied the biocompatibility and biostability of a series of polycarbonate urethanes and
reported that the micro-phase separation could influence the protein absorption, platelet activation, as
well as cellular attachment and growth. Polycarbonate urethanes (PCUs) exhibited superior
biocompatibility and biostability.®’

Imran Khan et al evaluated biomedical carbonate urethanes and found that Corethane® 80A (Bionate®
80A) displayed best overall resistance to hydrolysis, ESC, MIO and calcification, followed by
ChronoFlex AL 80A.'"'2

Christenson studied the biostability of silicone modified PEU and PCU and reported that the silicone
modified PCU increased the biostability while maintaining the thermoplastic elastomeric properties.
Inclusion of silicone into the backbone of polycarbonate appears to improve the biostability of the
resulting polycarbonate urethanes (PCUs).*”

ChronoFlex® C is a family of premium grade polycarbonate aromatic biodurable thermoplastic
polyurethane elastomers developed by CardioTech International (now AdvanSource Biomaterials).
ChronoFlex® C medical grade elastomers are manufactured under strict GMP conditions. ChronoFlex®
C polyurethanes have shown to exhibit all the excellent physical and biological properties of commercial
polycarbonate urethanes (PCUs). From the family of ChronoFlex® C polymers, the combination of 75 D
and 93A or 55D and 80A grade polymers yields toughness, durability and flexibility while maintaining
excellent biocompatibility and biostability.

Technical Data of Chronoflex® C Polymers

Properties ASTM Procedure | Typical values

Hardness (Shore Durometer) | ASTM D-2240%* 80A 55D 75D

Appearance Visual Clear to [Clear to |Clear to
slightly slightly slightly
cloudy cloudy cloudy

Ultimate Tensile Strength [ ASTM D-638* 5500-6500 [ 6000-7500 | 7000-80

(psi) 00

Ultimate Tensile strain (%) ASTM D-638* 400-900 365-440 255-320

100% Secant Modulus (psi) ASTM D-638* 770-1250 [ 1850-2000 | 5300-57

00
300% Secant Modulus (psi) ASTM D-638* 700-1400 [ 1700-2000 | 2700-32

00
Flexural Strength (psi) ASTM D-790 350 550 10,000
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Flexural Modulus (psi) ASTM D-790 5500 9300 300,000

Melt Index (g/10 min) 210°C; | ASTM D-1238 8 5 3

2.17 kg

Vicat softening point (F/°C) ASTM D-1525 160/70 180/80 | ---------

Water Absorption ASTM D-5170 1.2 1.0 0.8

Dielectric Strength (Volts/Mil) | ASTM D-149 360 520 420

Specific Gravity ASTM D-792 1.2 1.2 1.2

Coefficient of Friction | ASTM d-1894 1.5 0.8 0.64

(kinetic)

Abrasion Resistance (% loss [ ASTM D-1044 0.008 0.035 0.053

at 1000 cycles)

Melt Process. Temp (F/°C) 375-430/ | 375-430/ |375-430
190-220 190-220 190-220

Recommended  Sterilization Gamma Gamma Gamma

Method E-Beam E-Beam E-Beam
EtO EtO EtO

Class VI Biocompatibility | U.S.P. XXII Pass Pass Pass

Test

* Specimens conditioned for 7 days at room temperature and 50% R.H.

Conclusions:

Based on the literature, PCUs have excellent resistance to hydrolysis and oxidative degradation as well
as excellent physical properties. The chemistry of commercial PCUs such as Bionate®™ and ChronoFlex®
C is very similar, and both meet most product requirements for biostable medical devices.
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