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1. INTRODUCTION 

Polyurethanes are the most commonly used materials in the production of 
blood contacting devices such as heart valves or artificial veins and arteries. 
They comprise a large family of materials with the only common 
characteristic of the presence of urethane linkages along the large molecular 
chains. In general urethane linkages form by the reaction of isocyanates and 
alcohols. During the preparation and the curing processes of polyurethanes, 
besides the formation of urethane linkages, many other reactions take place 
and lead to formation of various bonds such as allophanate, biuret, acylurea 
or isocyanurate and these bonds may lead to further branching or 
crosslinking affecting the whole physical, chemical and mechanical 
properties as well as the biocompatibilities of the resulting polymers l,2. 

The synthesis of polyurethanes was first achieved in the 1930's and the 
polymers obtained by the reaction of diisocyanates with glycols possessed 
interesting properties as plastics and fibers. During World War II, 
polyurethanes found many applications such as rigid foams, adhesives, 
resins, elastomers and coatings. 

Development of polyurethane elastomers3 and flexible foams4 based on 
polyesters was achieved in 1950's and' shortly thereafter they came into 
commercial production. Polyur~tlianes developed for industrial purposes 
demonstrated very good long term mechanical properties when exposed to 
static or dynamic loads, and therefore, they also found various application 
areas in medical technology. 

Biomaterials: From Molecules to Engineered Tissues, edited by 
N. Haslfel and V. Hamel, Kluwer AeademielPlenum Publishers, 2004 83 
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The flrst generation of polyurethanes used for implant studies were 
industrial grade and commercially available. But it was reported that, when 
implanted into the muscle of dogs or when used as monocusp valvular 
prosthese polyester urethanes degraded rapidli. 

This type of degradation and calcification limited the use of these 
polyurethanes in medical applications. On the other hand, it was reported 
that polyester-polyether polyurethanes demonstrated good blood 
compatibility, particularly with regard to long term stability and 
thromboresistance in intravascular replacement6• 

The initial observations showed that it was not easy to reach a general 
conclusion about the biocompatibility of polyurethanes since they cover a 
very wide range of compositions and structures in this family of polymers. 
Polyurethanes differ in their interactions with blood, their tendencies to 
calcify and their propensity toward biodegradation. This is the reason that 
many research groups began to search new compositions and new methods 
to produce new polyurethanes and to modify available ones to improve their 
properties to obtain materials with the desired properties for medical 
applications and biocompatibilities. 

1.1 Types of Polyurethanes 

The urethane linkages usually represent a small component in the total 
chain, with the greatest number of linkages contributed by the macro glycol. 
Therefore, many of the properties are derived from the macroglycol portions 
of the chain, and depending on the choice of macroglycol, the polyurethanes 
have been found to perform differently in varying clinical applications 7-9 

The basic classification can be given as follows: 
1. Polyester-based polyurethanes undergo rapid hydrolysis when 

implanted in the human body, and thus are not preferred in 
medical applications. 

2. Polyether-based polyurethanes are the polymers of choice in 
medical applications because they are virtually insensitive to 
hydrolysis, and are thus very stable in the physiological 
environment. 

3. Polycaprolactone-based polyurethanes, due to their quick 
crystallization, can be used advantageously as medical, solvent
activated, pressure-sensitive adhesives. 

4. Polybutadiene-based polyurethanes have been evaluated, but 
limited medical applications has been found to date. 

5. Castor oil-based polyurethanes can be used as potting and 
encapsulating compounds, but due to their poor tear resistance, 
find limited use in medical applications. 

As it can be seen polyurethanes are a very diverse family of polymers 
capable of exhibiting a wide range of properties varying from smooth 
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elastomeric membranes to porous or smooth rigid bulk structures depending 
on their molecular compositions. 

Segmented polyurethane elastomers are the ones used in the production 
of blood contacting devices like heart valves and artificial arteries or veins. 
Segmented polyurethanes are composed of soft and hard segments where 
hard segments are stiff blocks composed mainly of isocyanate groups while 
soft segments are flexible high molecular weight chains of polyether or 
polyesters. These segments form some domains distributed in the three 
dimensional structure of the polymer. Physical and mechanical properties are 
directly related to chemical structure of these domains as well as their ratio 
in the resulting polymeriO,'I. 

Even for a certain well defined type of polyurethane, it is possible to find 
contradictory results and disagreements in literature, and this might be 
associated with a specific application and related to various parameters such 
as blood flow rate, device type, time of implantation, etc. 

1.2 Phase Separations of Polyurethanes 

Soft and hard domains distributed in segmented polyurethanes cause 
phase separation and control the properties of the resultant polyurethanes. 
The type and the ratio of hard and soft segments are generally examined by 
spectrophotometric methods. Small-angle X-ray scattering was used by 
Garrett et al. to examine phase-separated microdomain morphology of the 
multiblock copolymers, synthesized from 4,4'-methylene di(p-phenyl 
isocyanate), poly(tetramethylene oxide), ethylenediamine, and/or 1,4-
diaminocyc1ohexane. The hard segment content was in the range of 14 to 47 
wt percent and it was reported that copolymers have relatively low overall 
degrees of phase separation contrary to the common notion that these 
copolymers are well phase separated materials. The introduction of the 
second diamine reduced phase separation; presumably as a consequence of 
disruption of hydrogen bonding in hard segment domains 12. The phase 
separated morphology affects the blood compatibility properties of 
polyurethanes. It was claimed that hydrophilicity creates surfaces resembling 
the natural tissue and decreases thrombus formation. In the literature it was 
given that at a certain surface concentration of soft segments the number of 
adhered and deformed platelets on the surface of polyurethanes was 
minimized 13-15. But it was also shown that the percentage of soft segments on 
the surface did not relate to the blood compatibility ofpolyurethanes'6. 

2. BIOMEDICAL APPLICATIONS 

Polyurethanes, having extensive structure/property diversity, are one of 
the most bio- and blood-compatible materials known today. These materials 
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played a major role in the development of many medical devices ranging 
from catheters to total artificial heart. One very important point is the 
medical purity of the materials. There should be no leachable toxic solvent, 
monomers, chain extender or other chemicals, which may cause toxic effects 
in the bodyI7. Properties such as durability, elasticity, elastomer-like 
character, fatigue resistance, compliance, and acceptance or tolerance in the 
body during healing, became often associated with the chemical composition 
of polyurethanes. Furthermore, propensity for bulk and surface modification 
via hydrophiliclhydrophobic balance or by attachments of biologically active 
species such as anticoagulants or bio-recognizable groups are possible via 
chemical groups typical for polyurethane structure. These modifications are 
designed to mediate and enhance the acceptance and healing of the device or 
implant. Many innovative processing technologies are used to fabricate 
functional devices, feeling and often behaving like natural tissue. The 
hydrolytically unstable polyester polyurethanes were replaced by more 
resistant but oxidation-sensitive polyether polyols based polyurethanes and 
their copolymers containing silicone and other modifying polymeric 
intermediates. 

The first biomedical grade golyether polyurethane was synthesized by 
two groups. Boretos and Pierce ,19 introduced the biomedical application of 
segmented polyether polyurethanes containing hard segments of urea and 
soft segments of polyether linked by the urethane group. These materials 
sustained high modulus of elasticity, biocompatibility, resistance to flex
fatigue and excellent stabili~ over long implantation periods. 

Lyman and associates2 based on their previous experience in the 
synthesis of polyurethanes for dialysis membranes, introduced a segmented 
polyether polyurethane which demonstrated very good thromboresistance. 

Nylias, the developer of AvcothaneR, synthesized a copolymer of 
polyurethane and polydimethyl siloxane21 which is blood compatible and 
used in the making of heart assist balloon pumps. Lelah et.al.22 reported that. 
materials having higher surface soft segment concentration are more 
thromboresistant, but in contrast Hanson23 reported that platelet 
consumption decreased as the percentage of surface carbon atoms forming 
hydrocarbon bonds increased. 

Research on the artificial heart (carried out at Termedics, Inc., U.S.A.) 
has stimulated interest in the segmented polyurethane elastomers. The 
polymers exhibit high flexure endurance, high strength, and inherent non
thrombogenic characteristics, and therefore, have a maximum impact in 
medical prostheses, the most immediate and promising applications appear 
to be in the cardiovascular area, where chronic, nonthrombogenic interfacing 
with blood is of paramount importance24• 

The armory of cardiac surgeons would not be as impressive as it is 
without the outstanding contribution of polyurethanes in intra-aortic 
balloons, blood sacs for ventricular assist devices, catheters, pacemaker 
leads to name the most important. Results of PUs as blood conduits have still 
not found a niche because of the unresolved lack of long-term resistance to 
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degradation. Breast implants covered with PU foam are part of a scientific 
controversy. The use of PU in contraception is limited but these materials 
present some interesting features. Wound dressings and scaffolds for tissue 
engineering could permit new developments. 

On the other hand polyurethanes are also prepared in the form of 
microspheres as carriers for drug or bioactive substances, or can be used as 
liners in dentistry, coatings for metallic heart assist devices, membranes or 
tubes for hemodialysis systems, scaffolds for tissue engineering purposes, 
etc2S•27• Table 1 shows the general applications of polyurethanes in the 
biomedical area. 

Table I: Current biomedical application areas of polyurethanes 
Blood bags, closures, fittings Leaflet heart valves 
Blood oxygenation tubing Mechanical heart valve coatings 
Breast prostheses Orthopedic splints, bone adhesives 
Cardiac assist pump bladders, tubing, coatings Percutaneous shunts 
Catheters Reconstructive surgery materials 
Dental cavity liners Skin dressing and tapes 
Endotracheal tubes Surgical drapes 
Heart pacemaker connectors, coatings, Suture materials 
Hemodialysis tubing, membranes, connectors Synthetic bile ducts 
Lead insulators, fIXation devices Vascular grafts and patches 

The human body's acceptance of synthetic polymers is highly complex, 
and most polymers have a tendency to form surface thrombus. A good 
biomaterial would have wide range of applications, including as an 
prosthesis device material or as coating material for components of various 
devices such as components of dialysis units, extracorporea1 circuits, blood 
pressure monitors, sensors or catheters. Polyurethane elastomers are known 
as inherently thromboresistant. Although compatibility and non
thrombogenicity are subject to many complex factors, among which are 
polymer surface composition, device configuration, and blood-flow 
characteristics, in general the polyurethanes have performed well in 
numerous device configurations. Therefore, several methods have been 
developed for evaluating the blood interactions of polyurethanes. 

3. MODIFICATIONS OF POLYURETHANES , 

The applications of polyurethanes are almost limitless in the medical 
industry. However, one should ascertain that polyurethanes are indeed the 
best materials to manufacture devices for specific applications. The capacity 
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of polyurethanes to undergo modifications increase their suitability for 
biomedical applications. 

3.1 Modifications for Blood Compatibility 

When an artificial substance or an implant is exposed to blood some 
interactions such as protein deposition, platelet adhesion and activation, and 
initiation of coagulation and thrombi formation occurs. It is believed that 
when blood comes in contact with an artificial surface, the first reaction is 
the adsorption of plasma proteins on the surface. This forms a layer 100-
200A thick. It is also believed that the first adsorbed protein plays an 
important role in blood compatibility and adsorption of serum albumin 
greatly reduces, or totally prevents platelet adhesion reaction, thus 
passivating the surface toward the formation of mural thrombus28. The 
apparent thromboresistance of polyurethanes is thought to reside in the 
polyurethanes, ability to preferentially adsorb albumin. However, not all 
polyurethanes are equally biocompatible. 

One short-term approach for the case of an implant application has been 
the use of a systemic anticoagulant such as heparin to prevent thrombus 
formation on the polymer surface, but this has serious drawbacks, in some 
cases it may cause hemorrhaging, and even death. To circumvent this 
problem, and localize the anticoagulant effect, heparin has been coated and 
chemically combined with the blood-contact surfaces of the polymers. This 
approach can be used succesfully, but after the heparin has been eluted from 
the coated surface, thrombotic episodes can be expected. 

Some scientists prepared polyurethane and ethylene vinylacetate 
copolymers by adding heparin in the system during preparation, and 
examined the thermal stability and biological activity of the released 
heparin29. Modification by heparin grafting was studied since heparin was 
inexpensive and rapidly neutralized by the administration of protamine. But 
one drawback was that it may induce thrombocytopenia and that may lead to 
massive thromboembolism. Due to decrease of the amounts of c10ttinf 
factors, high risk of excessive bleeding is exists in heparin applications3 . 
Some scientists examined the effects of anticoagulants coated or 
immobilized on the surfaces of polyurethanes. The most commonly 
examined proteins were heparin31, albumin32,33 , hirudin34 or conjugates of 
heparin-albumin3s 

Studies for improving blood compatibility also include the use of more 
biocompatible hydrophobic polymers36, endothelial cell seedint7, 
fibrinolytic enzymes38 and self-assembly strategies39. Polyethylene oxide 
coupling is one method to increase hydrophilicty'lO,41 and prevent thrombus 
formation. Static blood compatibility and hemocompatibility was studied in 
in vitro tests under a shear of blood flow by using various stearyl 
poly(ethylene oxide) coupled polyurethanes42. 

To modify the surfaces of polyurethanes by using negatively charged 
ions to resemble the endothelium layer of veins is another approach for 
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blood compatibility. Chen et.a1.43 prepared polyurethane structures by using 
sulfonated or carboxylated chain extenders. and it was reported that 
especially for carboxylate group the degree of platelet adhesion and platelet 
activation was significantly reduced. 

Modification with ionic functional groups such as poly(sodium vinyl 
sulfonate44, propyl sulfonate45 were also achieved and increase in 
biocompatibility was observed. For MDI-based polyurethanes it was 
reported that, at the same ionic content, sulfonate incorporation significantly 
reduced platelet deposition compared to carboxylate incorporated ones46• In 
contrast, it was also reported that sulfonate containing polyethylene surface 
had much higher platelet adhesion than the carboxylic acid containing 
ones47• Presence of charged groups decrease the contact angle of the surfaces 
by increasing hydrophilicities and it was shown that contact angle dropped 
from 70° to 43° for Biospan ™ (Segmented poly(ether urethane urea) linear 
block copolymer of 4,4' -diphenylmethane diisocyanate extended with a 
mixture of ethylenediamine, 1,3-cyclohexanediamine and polytetra 
methylene oxide) when it was modified and covalently coupled with p
aminosalicylic acid and the ratio of absorption of albumin to fibrinogen 
increased with drug content on the surface48• 

Modifications of segmented polyurethanes with methacryloyloxyethyl 
phosphorylcholine by forming semi-interpenetrating polymer networks49 or 
by forming alloys50 increased the anti thrombogenic property of the surfaces. 
Phospholipid layers51,52 or sulfoammonium zwitterionic molecules also 
demonstrated lower platelet aggregation on segmented polyurethanes53 

Use of hydrophobic materials which exhibit slow NO release is another 
way to create a nonthrombogenic surface since endothelial cells produce NO 
and it is known that this prevents platelet adhesion and activation. NO 
releasing polymers can be prepared by incorporating some diazeniumdiolate 
molecules, which donates NO onto polymeric substances54• Movery eta1.55 

prepared solid and stable several diazeniumdiolate NO donors and 
incorporated them into polymers by uniform dispersion, covalent attachment 
or ion-pairing. These molecules spontaneously react with water and produce 
NO and residual di- or poly-amines. Enhanced thromboresistance compared 
to conventional polymers was reported and in vitro platelet adhesion 
decreased significantly 

Polyurethanes were modified by L-cysteine by covalent immobilization 
and treated with S-nitroso-bovine serum albumin to supply NO in order to 
decrease platelet aggregation56• The control of release rate of NO is very 
important since high release may lead to toxic effects while insufficient 
release may not be effective to prevent platelet aggregation. 

Immobilization of functionalized dextrans or biological compounds57 or 
nonsteroidal antiinflammatory drugs such as salicilic acid and their 
derivatives58 also increase antithrombogenic effects. 

It was shown that, grafting the surfaces of vascular PU scaffolds (Estane, 
made of polyester type polyurethane), with biomacromolecules increased 
their biocompatibility. For this purpose, surfaces were aminolyzed by using 
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1,6-hexanediamine and the produced free amino groups were reacted with 
gelatin, collagen or chitosan via glutaraldehyde coupling. A drop in surface 
contact angle from _83° to -40°, and enhanced cell-material interaction and 
faster cell proliferation were observed on modified surfaces comrared to 
control PU scaffolds in the carried out with human endothelial cells5 • 

However upto date none of these mentioned methods have been 
completely successful platelet activation and coagulation and thrombi 
formation occurs on the interface when a polymer based medical device in 
come to interaction with blood in vivo. Therefore there is still and will be 
more intense research ion chemical and surface properties of implant 
materials. 

3.2 Modifications for Gas Permeability 

Permeability of polyurethanes is an important feature for a broad range of 
applications including packaging, bio-materials (e.g. for controlled release or 
encapsulating membranes, catheters, dialysis membranes or wound 
dressings, etc.), barrier materials, high performance impermeable breathable 
clothing and membrane separation processes. The gas permeation rate of PU 
membrane could be modified by controlling the ratio of hard domain to soft 
domain. The gas permeation property is dependent on the type, amount and 
molecular weight of polyols and chain extenders. The effect of chemical 
composition on the gas permeability might be through the degree of phase 
separation and the nature of chain packing. 

For the PU films prepared from different isocyanate and glycol 
components (such as toluene diisocyanate and 1,4-butanediol hard segments; 
and hydroxyl terminated polybutadiene, hydroxyl terminated 
polybutadienelstyrene and hydroxyl terminated polybutadiene/acrylonitrile 
soft segments), it was reported that free volume size and fractional free
volume decreased with the increase of hard segment content. A direct 
relationship between the gas permeability and the free-volume has been 
established based on the free-volume parameters and gas diffusivity 
measured60• 

In vivo and in vitro stabilities of modified poly(urethaneurea) (BioSpan 
MS/O.4) blood sacs were reported in literature. Blood sacs were utilized 
primarily in left ventricular assist devices that were implanted in calves for 
times ranging from 5 to 160 days. In vitro cyclic testing was also conducted 
on similar sacs. Various analytical methods were employed to characterize 
the properties of the sacs after in vivo or in vitro service. The methods 
included ATR-FTIR spectroscopy, scanning electron microscopy and gel 
permeation chromatography. In general, the characteristics of implanted and 
in vitro cycled sacs were similar to their control sacs. It was reported that 
thermal and microtensile properties were unchanged after testing. The same 
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was true for the ATR-FTIR spectra, indicating relative chemical stability for 
the time frames explored here. The only significant changes occurred in 
molecular weight and gross surface morphology. A modest increase in 
weight average molecular weight was observed for most implanted blood 
sacs, indicating some type of chain extension or branching reaction in vivo. 
Although the surface morphologies of implanted blood sacs were often 
similar to their control, sometimes limited pitting was observed on the 
nonblood contacting surfaces in regions that experience maximum bending 
during service61 . 

Polyurethaneurea-polyether (PEUU) multiblock copolymers were 
synthesized to elicit lower permeability to water vapor and gases. For this 
purpose, polyisobutylene (PIB) segments were linked to the PEUU 
copolymer as combs. By using macromonomers with two hydroxyl sites, 
amphiphilic copolymers, with a polyurethaneurea-polyether multiblock 
backbone and polyisobutylene combs, were synthesized by condensation 
reaction. PIE incorporation varied between about 2 and 30%, with comb 
lengths ranging from around 3000 to 29 000 glmol. Characterization of this 
new multiblock multicomb copolymer was performed by GPC, FTIR, solid 
state C-13 NMR, and Soxhlet extraction62. 

A nanocomposite approach for biomedical poly(urethane urea)s, that 
results in a significant reduction in gas permeability without sacrificing 
mechanical properties was reported. PUU/alkylammonium modified 
montmorillonite nanocomposites were prepared containing relatively low 
volume fractions of the layered silicate. X-ray diffraction experiments 
showed a silicate gallery spacing increase, indicating the fonnation of 
intercalated PUU/silicate structures. With higher silicate content, modulus 
and strength increased with no loss of ductility. Water vapor permeability 
was reduced by five times at 6 vol% silicate, as a result of polymer/inorganic 
composite formation. It was proposed that, these concurrent property 
enhancements are well beyond what can be generally be achieved by 
chemical modification of PUU polymers63. 

A series of polyurethanes with varying hard/soft segment ratio were 
prepared from toluene diisocyanate and polypropyleneglycol, and oxygen 
permeabilities were examined. It was reported that increase in the amount of 
soft segment increased oxygen permeation while addition of chain extender 
caused a drop in permeability64. 

It was reported that, for separation of gases such as 02/N2 and CO2/N2, 
the small addition of PDMS into polyether-based PU matrices led to both 
higher gas permeabilities and selectivities of 02/N2 and C02/N2. This might 
be because the incorporation of PDMS leads to the phase separation in both 
hard segment (MDIIBD) and soft segment (polyethers) due to the difference 
in solubility parameter, and the dispersed PDMS phases serve to produce a 
more tortuous route for diffusing molecules. While the small addition of 
polyethers into PDMS-based PUU matrix decreased gas permeability and 
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did not affect the selectivity of 021N2. It, however, increased the selectivity 
ofC021N265 • 

Chronic in vivo instability, however, observed on prolonged 
implantation, became a major roadblock for many applications. Presently, 
utilization of more oxidation resistant polycarbonate polyols as soft 
segments, in combination with antioxidants such as Vitamin E, offer 
materials which can endure in the body for several years. The applications 
cover cardiovascular devices, artificial organs, tissue replacement and 
augmentation, performance enhancing coatings and many others. In situ 
polymerized, cross-linked systems could extend this biodurability even 
further. The future will expand this field by revisiting chemically controlled 
biodegradation, in combination with a mini-version of RIM technology and 
minimally invasive surgical procedures, to form, in vivo, a scaffold, by 
delivery of reacting materials to the specific site in the body and 
polymerizing the mass in situ. This scaffold will provide anchor for tissue 
regeneration via cell attachment, proliferation, control of inflammation, and 
healing66• 

3.3 Modifications for Calcium Deposition 

Calcification of polyurethane prosthetic heart valves is a major problem. 
Solidification leads to deterioration of the prosthesis and at the same time 
formation of tears and cracks in the prosthesis. Calcification, defined as the 
deposition of calcium compounds, occurs in a wide spectrum of medical 
devices. 

The actual mechanism of calcification is not completely understood and 
is associated with practically all the soft implants such as bioprosthetic heart 
valves, polymeric blood pumps and heart valves, contact lens, etc. It is 
related to host metabolism as well as to the chemistry and structure of the 
implant. It is known that the implanted medical devices lead to the most 
dystrophic calcification, where the tissues are necrotic or otherwise altered in 
normocalcemic subjects. The glutaraldehyde (GA) treatment of tissues for 
crosslinking would be the major cause by deteriorating the tissue structure, 
while fresh tissues do not calcify. In addition, glycoaminoglycan 
components in the tissues are extracted during the GA treatment to provide 
the sites for the initial nucleation of calcium compounds. Blood components 
or lipids deposited would have a contribution, too. There have been a 
number of approaches to prevent the calcification, and aminooleic acid, 
after-treatment or heparin coupling, etc. is a representative one. 

Decrease in calcification was reported when the bioprosthetic tissue (BT) 
was coupled with sulfonated PEO derivative via glutaraldehyde crosslinking. 
Such a decreased calcification might be explained by several effects as 
following; the amino end groups of NH2-PEO-S03 were coupled to the 
residual GA groups to remove the possible contribution of GA residues for 
the calcification. PEO-S03 segments would have filled the space in the 



Polyurethanes in Biomedical Applications 93 

collagen matrix which was reported as nucleating sites for calcification. The 
enhanced blood compatibility of PEO-S03 might decrease the adhesion of 
blood or cellular components. This method can be a useful anti calcification 
treatment for implantable tissue valves and pericardium tissue patch67• 

In several reports, the complexation of calcium ions with PEO chain 
segments was hypothesized for the calcification of PU as in the case of PEO
polybutylene terephthalate containing PEO main chain68 • 

Calcification properties of polyurethane composites made from biaxially 
drawn ultrahigh molecular weight polyethylene were examined by 
incubating the samples in calcium phosphate metastable solution. The results 
demonstrated that the membranes were susceptible to extrinsic calcification 
that was closely related to the matrix polyurethane material used. 
Calcification was postponed for composites compared to solution cast 
polyurethane membranes69• 

Polyurethane composite membranes were prepared by solution casting 
and then subjected to heat-compaction. It was reported that the heat 
compaction induced distortion of macromolecules and physical changes on 
microstructures and demonstrated higher affinity to calcium ions than the 
non-heat compacted samples70 

Ventricles made from segmented polyurethane membranes and used in 
the fabrication of a totally implantable artificial heart are known to undergo 
biomaterial-associated calcification. As there is no effective method 
currently available to prevent such biomaterials from calcifying, a practical 
solution is to use only materials with a relatively high resistance to 
calcification to extend ventricular durability and ensure a longer functional 
life for the manufactured device. In this study, an in vitro calcification 
protocol was used to determine the relative resistance to calcification of six 
different polyurethanes, namely, Carbothane (R) PC3570A, Chronoflex (R) 
AR, Corethane (R) 80A, Corethane (R) 55D, Tecoflex (R) EG80A, and 
Tecothane(R) TTI074A. The results demonstrated that all six polyurethanes 
became calcified during the 60-day incubation period in the calcification 
solution. The degree of calcification was found to be related with the surface 
chemistry of the particular polyurethane, with the Tecothane TTl074A 
exhibiting the highest level. The Corethane 80A and 55D polymers showed a 
relatively low propensity to calcify. These two membranes can, therefore, be 
considered as the most appropriate materials for the fabrication of ventricles 
for a totally implantable artificial heart. In addition, since the calcification 
occurred primarily at the surface of the membranes, without affecting the 
bulk microphase structure, the issue of modifying the surface chemistry to 
reduce the incidence of calcification is discussed71 • 

Some scientist examined the calcification and apatite formation on 
porous polyurethane foams. The foams were used as matrices for the 
production of hydroxyapatite-based calcium phosphate ceramics, which are 
important as bone defect fillers 72. 
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4. PLASMA SURFACE MODIFICATION 

Surface modification of vascular and cardiac implants as well as other 
medical devices by use of glow discharge plasma application is a concept 
studied in the last decades. The process has many consequent steps and 
depends on various factors including the geometrical shape of the reaction 
chamber, type and power of electrical discharge, type and flow rate of gas 
used, and properties of substrate. In glow discharge surface modifications 
generally radio frequency energy is applied at low pressures. 

The generated plasma contains free electrons, radicals, excited atoms and 
neutral particles. Constant bombardment of the substrate surface with these 
active particles leads to breaking some bonds of the surface molecules, and 
react with them by forming new bonds. Therefore, a chemical change on the 
surface about 30 A occurs while the bulk structure of the substrate stays 
intact. 

Depending on the type gas used, it becomes possible to change 
hydrophilicity of the surface or create a coat having completely different 
structure than the bulk. Most generally used gases are oxygen, nitrogen, 
argon, or various monomeric substances. Previous studies have shown that it 
is even possible to coat a very porous substrate such as activated charcoal 
granules. by polymerisation of hexamethyldisiloxane and create a 
biocompatible surface73• Various properties of polyurethanes prepared by 
using different diisocyanate compounds (such as diphenylmethane-, 
hexamethylene-,2,6-toluene- and 2,4-toluene-diisocyanates) and different 
glycols (such as polypropylene-ethyleneglycol, polypropylene glycol) were 
examined along with their biocompatibilities. 

Plasma application by using monomers such as hydrophilic hydroxyethyl 
methacrylate or hydrophobic hexamethyl disiloxane changed the surface 
properties. 

When the segmented polyurethanes prepared from toluene diisocyanate 
and polypropylene-ethyleneglycol were subjected to oxygen and argon 
plasmas it was observed that the adsorbed protein levels decreased upon 
treatment and the adsorption was the lowest for oxygen plasma treated 
samples where albumin levels were higher than fibrinogen and 
gammaglobulin74. 

Polyurethane elastomeric films which were prepared from 
toluenediisocyanate and poly(propylene-ethylene)glycol did not cause any 
blood cell aggregation or fibrin formation (except the one which contained 
high amount of glycol). Aging or accelerated aging did not demonstrate any 
change in mechanical properties7s,76. 

For polyurethanes prepared from 2,4-2,6-toluene diisocyanate, and poly 
propylene glycol, it was observed that tensile strength and ultimate 
elongation values were both increased in the presence of chain extender, 
propanediol, in the structure. Oxygen permeabilities of the prepared 
elastomers increased as the soft segment content increased 64,77,78. 
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For polyurethane elastomers prepared from diphenylmethane 
diisocyanate (MDI) or hexamethylene diisocyanate (HDI) and 
poly(propylene glycol)ll, and from toluenediisocyanate (TDI) and polyoC9, 

without using any other ingredients such as chain extender, catalyst or 
solvent, it was shown that the ratio of the ingredients used initially affected 
the mechanical properties. An increase in the amount of MDI, HDI or TDI 
led to production of stiffer membranes. When MDI and HDI containing 
polymers were brought in contact with blood no clotting was observed even 
after 1 hour of contact. 

Surface modification by oxygen plasma application increased surface 
hydrophilicity of the TDI containing membranes and the contact angle 
values decreased from 67 to 46 degrees. Such a surface modification is 
reported to affect cell attachment capability of the membranes. For Vero 
cells, it was observed that as the applied power increased, number of 
attached cells increased for 10 watt but decreased for 100 watt power applied 
samples. This observation indicated the hydrophobic nature of adhesion of 
the cells on polyurethanes8o• 

The attached cell numbers were about 42-45 cells per cm2 for the pristine 
membranes depending on the preparation composition. The highest 
attachment numbers were obtained for membranes modified with 10 watts 
and the cell densities were in the range of 62-70 cells per cm2• The lowest 
values were observed with the samples modified with 100 watts and were in 
the range of 27-40 cells per cm2• These results showed that a certain level of 
hydrophilicity is needed for cell attachment. Figure 1 shows the adhered 
Vero cells on pristine and plasma modified polyurethane membranes. 

All these experiments showed that, the mechanical properties, physical 
forms, as well as biocompatibilities and hemocompatibilities of 
polyurethanes all depended on their chemical compositions (types and 
amounts of diisocyanate and glycol components), preparation conditions 
(types and amounts of solvents, chain extenders, catalysts, reaction type and 
temperature, curing conditions, etc), and modification parameters (by 
chemical molecules, irradiation by UV or gamma, or by plasma glow 
discharge applications). 
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Figure 1. Attachment of Vero cells on segmented polyurethane surfaces. A) Untreated 
polyurethanes, B) Treated with 10 Watt oxygen plasma, C) Treated with 100 Watt oxygen 
plasma 
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5. CONCLUSION 

Polyurethanes have very high importance in the production of medical 
devices or systems because of their excellent mechanical properties high 
biocompatibilities and the availabilities in different forms changing from 
elastomeric membranes to porous sponges. Still an intense research is going 
on to synthesize new formulations, to modify the existent ones with various 
techniques in order to increase their bio and blood compatibilities. Most of 
the research is concentrated on understanding the interactions between 
chemical structure and cell attachment, thrombus formation or calcification 
under stress applications. At the moment polyurethanes are the only family 
of polymers used in cardiovascular applications because of their inherent 
hemocompatibilities. 
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