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Summary

A literature survey was performed to evaluate the current knowledge of the blood compatibility of metals or alloys
used for devices that come in contact with the blood. Results of straightforward blood compatibility studies such
as those proposed by the International Standardization Organization have not often been published. Also, com-
parisons between various metals and/or other materials have not been systemically performed, although more is
known about the blood compatibility of different polymers. After sifting data from various in vitro studies, animal
experiments and clinical reports, it is concluded that most metals seem to be less blood compatible than artificial
polymers. On the other hand, ceramics consisting of oxidized metals and carbon alloys appear to be as compati-
ble as or even better than polymers.
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aortic wall had extensive reactions to silver and copper
[7]. However, another study revealed the limitations of
gold by showing greater platelet adhesion and diffu-
sion, aswell as greater platelet microvesicle generation
on gold as compared to titanium [8]. Moreover, on
gold the expression of CD11b by polymorphonuclear
neutrophils increased continuously, indicating an
inflammatory reaction [9]. In contrast to gold, CD11b
expression on graphite was only transient. Taken
together, these results indicate that gold cannot be con-
sidered the most favorable metal to be used as a naked
surface, since induction of an inflammatory reaction
impairs healing and endothelial growth at the site of
implantation.

Silver

The poor biocompatibility of silver has been demon-
strated by the recent failure of silver-coated heart valve
textile to become incorporated by tissue ingrowth. The
antimicrobia properties of silver legitimated its use on
heart valve textile [10], although the cytotoxic effects
of silver were known [11]. Blood compatibility data
for silver islimited to surface microscopy of large bore
catheters for extracorporeal detoxification [12].
Importantly, silver may become chemically modified
after implantation to result in the formation of highly
thrombogenic silver nitrate. Notably, the latter product
has been used as the activator in model studies to
investigate antithrombotic compounds [13]. Because
of its cytotoxicity and possible thrombogenicity, silver
isnot ametal that should be used in direct contact with
blood.

Stainless sted|

Stainless steel (316L) is the most commonly used
metal for endovascular devices. Its mechanical proper-
ties significantly contribute to its applicability, but the
blood compatibility results also appear better than that
of some other metals. For instance, stainless sted
stents are more blood compatible than tantalum stents
[14]. However, stainless steel can also be further opti-
mized, since several studies showed that polymer coat-
ing of stainless sted stents reduced deposition of
platelets and thrombus mass by more than 60 %
[15,16]. Thereported reduction by stainless steel of the
partial thromboplastin time by 50 % or more, indicat-
ing activation of the clotting system, would be consid-

ered unacceptable in view of the requirements for
newly developed biomaterials.

Tantalum

After stainless stedl, tantalum was introduced as the
metal for the construction of stents. Due to tantalum's
high radiopacity, implantation of tantalum stents is
greatly facilitated. Initial studies showed similar blood
compatibility for tantalum and stainless steel [17],
although later studies indicated that stainless steel pos-
sesses superior blood compatibility [14]. Clinical stud-
ies indicated that a high incidence of thrombotic com-
plications could occur after tantalum stent implantation
if anticoagulation and anti-platel et therapy was insuffi-
cient [18]. Also, post-stent antithrombotic therapy was
required, including both anticoagulants and platelet
inhibitors or ticlopidine plus aspirin [19]. Polymer-
coating of tantalum stents with polyurethane or pary-
lene reduced the deposition of platelets by 5 to 50 %
relative to platelet deposition on uncoated stents [20].

Titanium

In the human body, titanium exists only for a short
period of time in its unmodified form, and relevant
blood compatibility data are therefore obtained with
titanium nitride or titanium oxide.

Titanium oxide appears to reduce fibrinogen deposi -
tion due to its semi-conductive nature. This effect is
explained by the similar electronic structures of fib-
rinogen and titanium [21]. In a comparative study with
low-temperature isotropic pyrolytic carbon (LTI car-
bon), not only reduced deposition of fibrin, but also a
50 % reduction in microscopicaly counted platelets
was observed for titanium oxide [21]. Transvenous
inferior-vena-cavafilters made of stainless stedl, titani-
um or titanium-nickel all showed approximately 25 %
early thrombosis in clinical use, measured via ultra-
sound scanning [22]. This incidence of early thrombo-
siswas unexpectedly high, and difficult to reduce with
the current devices, since antithrombotic medication is
often contra-indicated in patients requiring a vena cava
filter.

Titanium nitride has been tested for its blood compati -
bility with regard to leukocyte adhesion, and appeared
to retain no leukocytes [23]. Additionally, platelet
retention was as low as with silicone elastomer, but
comparisons to more blood compatible materials have
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not been made [24]. In vivo experiments with titanium
nitride heart-valves in shegp showed some depositions
of fibrin and platelets [25].

Nickel-titanium aloy (nitinol) has attracted special
attention due to its memory functions. It must be noted
that nitinol has an outer surface of titanium (oxide),
whereas nickel is not exposed to blood. Therefore, the
blood compatibility characteristics are expected to be
rather similar to those of titanium oxide. Based on the
hypothesis that a semi-conductor prohibits fibrin and
platelet deposition, nitinol is expected to be throm-
boresistant, unless its semi-conductive nature islost in
the aloy. In aclinical study with nitinol intravascular
clot filters, the effects on the clotting system and on
platelet adhesion were shown to be similar to those
induced by stainless steel [26]. An experimental study
with stented rabbits showed significantly more throm-
bus formation on stainless steel than on nitinol [27].
However, grafting of polyethylene oxide (PEO) on
nitinol reduced the fibrinogen adsorption by as much
as 99 %, and significantly reduced platelet adhesion,
which once more shows the superior thromboresistent
effects of polymers as compared to those of metalslike
nitinol [28].

Further evidence that nitinol, too, can only safely be
implanted during antithrombotic treatment was provid-
ed in experiments that included the use of platelet
inhibitors aspirin and clopidogrel in a porcine stent
model: combined treatment with these inhibitors
reduced stent thrombosis 95 - 98 % [29]. An effective
coating such as PEO could thus limit the use of sys-
temic treatment by medication.

Zirconium

Zirconium applied in an alloy with titanium or niobium
retained less fibrinogen than stainless steel, but the
activation of prekallikrein, indicating contact activa
tion, was significantly higher on zirconium alloys than
on stainless steel and pyrolytic carbon [30].

Aluminum

Aluminum alloys or oxide have been tested in an appli-
cation for implantable blood pumps. The aluminum
aloys react with platelets similarly to or better than
titanium. The adhesion of platelets to titanium-alu-
minum alloy as determined by the binding of Gpllla
antibody was less than to polyethylene [31]. This is

one of the few examples were a metal shows similar or
better blood compatibility than a polymer. In this study
silicon carbide was similar to titanium aluminum alloy
with respect to areduced platelet binding.

Carbon

Pyrolytic (LTI) carbon has been used as surface coat-
ing for artificial heart valves for more than 20 years.
However, platelet spreading on these surfaces has been
shown and the activation of the clotting system is con-
siderable, resulting in fibrin formation on the surface
[32]. This appeared to be mainly due to the electrical
interactions of the interface and the clotting proteins.
Carbon has more recently been applied in an alloy with
silicon by means of plasma enhanced chemical vapor
deposition (PECVD) process [33]. Similar to the find-
ings considering the semiconductor effects of titanium
oxide [21] the blood compatibility was improved con-
siderably after coating with silicon carbide, shown by
reduced fibrin formation and platelet deposition [34].
Tantalum stents coated with silicon carbide have been
applied successfully in patients, even without anti-
platelet medication during the implantation procedure
[35], while these silicon carbide coated tantalum stents
demonstrated significantly less platelet adhesion than
stainless steel stents[14].

Conclusion

No thorough comparisons between metals can be made,
since the reported studies have evaluated the blood
compatibility of different materials and no consistent
reference materials were included. Furthermore, most
studies report only limited blood compatibility tests.
Apparently, the possible induction of an inflammatory
reaction initiated by complement activation or granulo-
cyte activation is not frequently tested, although it isan
important contributor to intimal hyperplasia[36]. Still,
in general, it could be stated that the more noble metals
appear to be less blood compatible than ceramics and
silicon carbide products. Most naked metals had a poor
blood compatibility in direct comparison to polymers,
which was most often tested after polymer coating of
the metals, indicating that the mechanical properties of
metals are still considered essential for stent or valve
construction. A thorough evaluation of blood compati-
bility of metals is warranted to quantify their thrombo-
tic and inflammatory properties.
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