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Abstract: Nickel-titanium alloy (Nitinol) is a metallic bio- control cultures. The proliferation of OB was 101% (Nitinol),
material that has a unique thermal shape memory, superelas- 100% (Ti), 105% (Stst), and 54% (C) (p , 0.025) compared to
ticity, and high damping properties. Nitinol is potentially the controls. Initially, Nitinol released more nickel (129–87
very useful in orthopedic surgery, for example. At present, mg/L) into the cell culture media than Stst (7 mg/L), but
there are not enough confirmative biocompatibility data after 2 days the concentrations were about equal (23–5 mg/L
available on Nitinol. The aim of our study was to clarify the versus 11–1 mg/L). The titanium concentrations from both
primary cytotoxicity and corrosion rate of Nitinol in human Nitinol and Ti samples were all ,20 mg/L. We conclude
cell cultures. Comparisons were made with stainless steel that Nitinol has good in vitro biocompatibility with human
(Stst), titanium (Ti), composite material (C), and control cul- osteoblasts and fibroblasts. Despite the higher initial nickel
tures with no test discs. Human osteoblasts (OB) and fibro- dissolution, Nitinol induced no toxic effects, decrease in cell
blasts (FB) were incubated for 10 days with test discs of equal proliferation, or inhibition on the growth of cells in contact
size, 6 3 7 mm. The cultures were photographed and the with the metal surface.  1997 John Wiley & Sons, Inc. J Biomed
cells counted. Samples from culture media were collected on Mater Res, 35, 451–457, 1997.
days 2, 4, 6, and 8, and the analysis of metals in the media was
done using flameless atomic absorption spectrophotometry. Key words: biocompatibility; nitinol; shape memory alloy;
The proliferation of FB was 108% (Nitinol), 134% (Ti) (p , corrosion; human cell cultures
0.02), 107% (Stst), and 48% (C)(p , 0.0001) compared to the

INTRODUCTION alloys without being plastically deformed. Superelastic
alloys undergo a thermoelastic martensic transforma-
tion, which is also a prerequisite for the shape memoryNickel-titanium alloys of near equiatomic parts of
effect. Althought Nitinol is flexible in its lower-temper-nickel and titanium, known as Nitinol, exhibit three
ature form (martensite), it resumes its original shapecharacteristic properties not commonly observed in
and stiffness when heated to its higher-temperaturemetallic materials: thermal shape memory, superelas-
form (austenite). The temperature at which the alloyticity, and high damping properties.1–3 All these prop-
regains its high-temperature form when heated can beerties seem to suggest that it is an excellent surgical
adjusted by slight changes in the alloy compositionimplant material.
and through heat treatment. These properties can alsoThe word ‘‘superelasticity’’ refers to the ability of
be modified by mechanical working. The austenite-an alloy specimen to return to its original shape upon
to-martensite phase transformation causing the shapeunloading after substantial deformation. Nitinol can
recovery is a result of the need of the crystal latticebe strained several times more than ordinary metal
structure to accomodate to the minimum energy state
for a given temperature. In these particular alloys, the
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relative symmetries between the two phases lead to aContract grant sponsor: Academy of Finland
highly ordered transformation, where the displace-
ments of individual atoms can be accurately predicted
and eventually lead to a shape change on a macro-

 1997 John Wiley & Sons, Inc. CCC 0021-9304/97/040451-07 scopic scale.1,4–6 Nitinol also has suitable mechanical
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properties for surgical implantation, as well as good Both cell lines were plated on three 60 3 15-mm-
diameter culture flasks (Nunclonw; Dern Intermed,corrosion resistance.1–3,7–10

Nitinol could open up completely new prospects Denmark). The culture medium used was Dulbecco’s
modified Eagle’s medium (DMEM) (Life Technologiesin the field of biomedical engineering and surgery.

However, its in vivo performance and biocompatibility Ltd., Paisley, Scotland) containing 5% newborn calf
serum, 1% ascorbine (Merck, Darmstadt, Germany),must be very well confirmed before it can be safely

used as an implant material. At present, there are not 100 IU/mL penicillin, 100 mg/mL streptomycin, 1%
L-glutamine, and 0.1% amphotericine B (Fungizonew;enough confirmative biocompatibility data available

on Nitinol. Life Technologies Ltd.). The cultures were maintained
in an atmosphere of humidified air and 5% carbonThe purpose of this study was to assess the primary

acute cytotoxic effect of Nitinol in cell cultures of hu- dioxide at 378C. They were passaged routinely with
medium changes every second day. They were allowedman fibroblasts and osteoblasts. We also wanted to

determine the rate of metal dissolution of this alloy in to reach confluency before subculturing. Cells between
the sixth and 10th passages were used for the study.a simulated physiologic environment in vitro and to

compare it to stainless steel and titanium. Cells from the three flasks were removed with trypsin
(Life Technologies Ltd.), collected in one plastic tube,
and counted. Equal amounts of cells (1 3 105 cells)
were then seeded to 40-mm- diameter test flasks, each
containing one test disc applied in the middle of theMATERIALS AND METHODS
plastic flask and glued to the bottom by using sterile
white soft paraffin. There were also control flasks with-

Test materials out test discs and flasks with only sterile white soft
paraffin of the same size as the test discs. Each flask

The materials tested were vacuum-melted, drawn, contained 1 mL of culture medium as described in
and fully annealed Nitinol (54 wt % Ni, 46 wt % Ti, detail above. The incubation conditions were also the
Af 5 2108C; Unitec), stainless-steel AISI 316 LVM (12% same as above. The cells were then allowed to grow
Ni, 18% Cr, 68% Fe, 2% Mo; Sandvik, Sweden), ASTM with medium changes every second day. At the end
Grade 2 commercially pure titanium (TISTO GmbH; of the study, the cells were trypsinised and counted
Düsseldorf, Germany), white soft paraffin (a semisolid using a hemocytometer. The total number of cell cul-
mixture of hydrocarbons obtained from petroleum and ture flasks was 18 for fibroblasts and 18 for osteoblasts.
bleached), and a composite material known as Silux The culture flasks were also photographed after a
Plusw (Bisfenol-A-diglysidylmetacrylate 15–20%, trie- week of incubation, using a Wild MPS 51 camera (Heer-
tylglycoldimetacrylate 15–20%, aluminoxide ,1%, burg, Swizerland) and a photoautomat MPS 45. The
amorphic siliconoxide 50–60%, 3-metacryloxidepro- magnification was 3108.
pyltrimetoksisilan ,7%; 3M).

Metal test discs 6 3 7 mm in size were taken from
Determination of corrosion ratesa large bar, using a lathe. The composite material was

prepared using a rubber mold. The surface preparation
was made following the manufacturers’ instructions: Media collected every second day were stored in
electrolytic polishing for stainless steel and water sand- plastic tubes and kept at 2208C until analysis. The
ing (Orfix Ltd., Raahe, Finland) for titanium and Niti- media were collected from three flasks containing the
nol (waterproof silicon carbide paper FEPA P No. 2400; same type of test material and mixed in a single tube.
Struers, Denmark). The test discs were degreased with Corrosion analysis was done from this sample. Before
70% ethanol, washed with an ultrasonic vibrobath, the sample was analyzed, the media were burned with
and autoclaved. acid. Both nickel and titanium concentrations were as-

sessed from the Nitinol media. Nickel was determined
from the stainless steel and titanium from the titanium

Cell cultures flask media.
The analyses were performed using a flameless

atomic absorption spectrophotometer (GFAAS; PerkinThe cells used for the assessment of the materials
were human fibroblasts taken from a healthy palatal Elmer SIMAA 6000, Rautaruukki oy, Raahe, Finland).

Atomic absorption is a technique based on the uniquegingiva and osteoblasts taken from an alveolar bone.
Both cell lines had been derived in our laboratory. spectrum of each element. For every element analyzed,

characteristic wavelengths are generated in a dischargeHistochemical analysis of osteoblasts was done by
staining them for alkaline phosphatase using Sigma lamp (hollow cathode lamp) and then absorbed by a

cloud or vapor of that element. The amount of absorp-Diagnostics Procedure No. 85, in which only osteo-
blasts stained blue.11 tion is proportional to the concentration of the element
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that is vaporized into the light beam. The resolution the composite material flasks it was only 53.6% (p ,
0.025) (Fig. 1).with nickel was 0.7 mg/L, and with titanium, 7 mg/L

(1 SD). Microscopy revealed that the cells had grown very
close to the surfaces of titanium and Nitinol, but
slightly less close to stainless steel. Inhibition of cell

Statistical analysis growth around the composite was also prominent
[Fig. 2(a–f)].

The data were analysed using a two-sample t test.

Corrosion rate

In the fibroblast cell culture media, the amount ofRESULTS
nickel in the Nitinol group was 129 mg/L on the second
day (first analysis), 23 mg/L on the fourth day (second

Cell proliferation and contact to test material analysis), 9 mg/L on the sixth day (third analysis),
and 8 mg/L on the eighth day (fourth analysis). The
titanium concentration was below 20 mg/L in all cases,In the control group flask of fibroblast cultures, the
and there were no measurable concentration varia-number of cells at the end of the study was 1.6 3 105

tions.(SD 1.2 3 104). The average proliferation of fibroblasts
Nickel release from stainless steel was 7 mg/L onwas 134.1% (p , 0.02) in the flasks containing titanium,

the second day, 3 mg/L on the fourth day, 2 mg/L oncompared to the control flasks. It was 108.3% (p ,
the sixth day, and 2 mg/L on the eighth day (Fig. 3).0.136) and 106.8% (p , 0.174) in the Nitinol and stain-

The titanium concentrations assessed from the tita-less-steel flasks. The proliferation of cells was only
nium cell culture media were below 20 mg/L in all63.2% (p , 0.002) in the white soft paraffin flasks and
samples and showed no variations.48.3% (p , 0.0001) in the composite material flasks,

Metal dissolution measured from osteoblast mediacompared to the control group (Fig. 1).
correlated quite well with the results of the fibroblastLight-microscopic examination revealed no clear dif-
media. Again, the most pronounced increase in nickelferences in the cell growth behavior near the surfaces
ion concentration in the media of the osteoblast cul-of different metallic test discs. Marked inhibition of
tures was observed in the first Nitinol medium analy-cell growth was seen near the white soft paraffin. Near
sis: 87 mg/L. It then decreased rapidly: 14 mg/L (sam-the composite material discs, inhibition was even
ple 2), 5 mg/L (sample 3), and 5 mg/L (sample 4). Thestronger.
titanium concentrations were all below 20 mg/L inThe proliferation of osteoblasts in the control group
both the Nitinol and the titanium medium samples.was 1.7 3 105 (SD 1.6 3 104). The values for titanium,
The nickel concentrations in stainless steel–exposedNitinol, and stainless steel were almost the same as
culture media were 7 mg/L (sample 1), 1 mg/L (samplethose for the control group: 99.5% (p , 0.483), 100.5%
2), 11 mg/L (sample 3), and 1 mg/L (sample 4) (Fig. 3).(p , 0.475), and 104.7% (p , 0.334), respectively. In

Although the amount of nickel in both fibroblast andthe white soft paraffin group, the number of cells was
osteoblast cell culture media was found to be higher81.5% (p , 0.058), compared to the control group. In
in the Nitinol than in the stainless-steel cell culture
media at the baseline, it had no effect on, or correlation
to, cell proliferation or cell growth near the implant
surface at the concentration levels measured in this
study.

DISCUSSION

At present, there are few biocompatibility data avail-
able on Nitinol. These in vitro and in vivo animal studies
have so far revealed few or no biocompatibility prob-
lems.2,8,12–17 Nitinol has also been successfully used in

Figure 1. Final amount of osteoblasts and fibroblasts (cells some prefatory experimental clinical studies.18–20

per milliliter) at the end of the trial (10th day) in different In this study, we investigated the in vitro response oftest disc groups: mean 6 1 SD. control 5 no test disc; Ti 5
human fibroblasts and osteoblasts to Nitinol. Althoughtitanium; NiTi 5 Nitinol; Stst 5 stainless steel; Wsp 5 white

soft paraffin; C 5 composite material Silux plusw. cell culture studies cannot directly mimic the cellular
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(a) (b)

(c) (d)
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Figure 2. Growth of osteoblasts near the test discs after 1 week of incubation: (a) Nitinol, (b) control, (c) titanium, (d)
stainless steel, (e) white soft paraffin, and (f ) composite. Black areas at the corners of the photographs are the borders and
shadows of the test discs (original magnification 3108).

response and environment in vivo, the toxic effects of There is a clear advantage in using human mesen-
chymal cells in cultures, because they are the cells pres-different metals can be well quantified in vitro, because

the cell culture method is a sensitive method for toxic ent at the site of implantation. As far as we know,
Nitinol has been tested only once with human fibro-screening.21 We were interested in finding out whether

the amount of nickel dissolved from the alloys in this blasts. The results of that study showed that Nitinol
was well tolerated.12 To the best of our knowledge,study was high enough to affect cell proliferation in a

cell culture. Nitinol has never been tested with human osteoblasts.
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of responsiveness to oral exposure (oral tolerance) to
nickel is due to the action of these suppressor cells.26,27

This is also presumably why sensitization and immune
disorders from metallic prostheses are very unusual,
although, for example, the stainless steel used for im-
plants contains perceptible amounts of nickel.28,29

Titanium is the other main component of Nitinol. It
was chosen as one of the experimental materials be-
cause it has been widely used in traumatology and
orthopedics. It is known to be well tolerated by nonos-
seous tissue and it forms a close connection with
bone.30,31

The composite material is known to have shown
some toxicity in in vitro studies. It is used as a tooth-
filling material in dentistry.32 In this study, it was cho-

Figure 3. Nickel release from Nitinol and stainless-steel test sen to serve as a toxic-positive control of the other
discs (micrograms per milliliter) due to corrosion in osteo- tested materials.blast (OB) and fibroblast (FB) cell culture media. The first, Various studies have shown that some metallic com-second, third, and fourth samples were measured on the

ponents of the alloys used in orthopedics are toxicsecond, fourth, sixth, and eighth days from the beginning of
and dissolve in body fluids owing to corrosion.33 Thethe assay.
corrosion resistance of the alloy and the toxicity of
individual metals in the alloy are the main factors de-
termining its biocompatibility. The physical propertiesOsteoblasts were used as an in vitro model to determine

the cytotoxicity of Nitinol as an orthopedic material. of the metal surface and the microparticles that dis-
solve from it also have an important role.34–36We also wanted to compare the behavior of fibroblasts

and osteoblasts in the presence of test materials. The corrosion properties of metals depend on the
surface reaction taking place in the respective environ-Our study showed that fibroblasts appear to be more

sensitive to the growth-inhibiting effect of composite ments. In many practical applications, corrosion resis-
tance is due to passivation of the metal surface, i.e.,material and white soft paraffin or the growth stimula-

tion of titanium than osteoblasts. The responses of both the metal atoms at the surface react with the oxygen
(and nitrogen) present in the environment to form acells were similar, however. Parallel findings have been

made in another study, where certain polymers in or- stable, nonreactive surface layer of oxide. This in situ
process protects the metal from further reaction. In thethopedic use were tested with both fibroblasts and os-

teoblasts.22 presence of oxygen, rapid self-healing takes place if
the surface film is mechanically damaged.37,38Stainless steel is the most commonly used implant

material in surgery. It has good mechanical and corro- Oxides with a high dielectric constant have been
hypothesized to cause less protein denaturation thansion properties. It is very well tolerated by human

tissues, although it contains nickel (10–14 wt %). At surfaces with a low dielectric constant. Titanium,
which forms a stable oxide with a high dielectric con-high concentrations, nickel itself is known to have toxic

effects in cell cultures and in tissues, but less so than stant and exhibits intimate bonding to bone, is consis-
tent with this suggestion.39 The surface layer of stainlesscobalt or vanadium, which are also routinely used in

implant alloys.23 As Nitinol also contains nickel, we steel is mainly composed of Cr and Ni oxides.
The surface characteristics of Nitinol have not beenwanted to determine the way in which it dissolves in

a simulated physiologic environment comparable to properly studied. It is evident that the surface of Niti-
nol is composed of titanium and nickel oxides, whilestainless steel.

Nickel is the major cause of allergic contact derma- nickel-titanium constitutes the inner layer. Nickel may
dissolve more easily than titanium because its oxidetitis.24 Allergic contact dermatitis is caused by Ni21 ions,

which bind with a carrier protein. This nickel–protein is not as stable. Surface layers of nickel-titanium arch-
wires have been observed to have irregular featurescomplex activates Langerhans cells in the skin, which

present an antigen to T lymphocytes. Memory T cells characterized by lengthy islandlike structures where
selective dissolution of nickel may occur. The surfaceare developed. When circulating in the body, these

memory cells can start cell-mediated immune reactions can also be electrochemically modified to selectively
etch nickel away, leaving a titanium-enriched surfaceupon meeting the same allergen again. Control of the

allergic reaction also requires inhibitory systems which layer and forming a uniformly distributed porous
surface.40prevent the immune response from causing systemic

damage. To control the reactions, several kinds of sup- Our study revealed that nickel concentrations in
both osteoblast and fibroblast cell culture media werepressor T cell are generated at different levels.25 Lack
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significaly higher for Nitinol than for stainless steel in study, Nitinol caused no inhibitory or stimulatory ef-
fect with fibroblasts.the first samples (second day), but decreased rapidly

to the same levels in the later samples (fourth, sixth,
and eighth days). Titanium concentrations were at the
same level in both the Nitinol and the titanium media.

CONCLUSIONSIt may thus be that after some initial dissolution of
nickel from the surface, the nickel-titanium alloy may
form a surface containing mainly titanium oxides in

We conclude that Nitinol has good in vitro biocom-the outer layer and nickel-titanium in the inner layer.
patibility with human osteoblasts and fibroblasts. InThis may be a rapid process, and the decreasing con-
the beginning, Nitinol releases more nickel in cell cul-centration might have been found earlier in our study
ture media than stainless steel, but after 2 days theif the first sample had been taken earlier than on the
concentration decreases to about the same level. Thesecond day.
amount of dissolved nickel is so low that no toxicIn our study, the surface preparation was different
effects or decrease in cell proliferation can be observedfor stainless steel and Nitinol. Nitinol was polished by
with this sensitive method. Nor is there any inhibitingmechanical water sanding, while stainless steel was
effect on the growth of cells in contact with the metalelectrochemically prepared. Electrolytic polishing is
surface. Further studies are needed to show whetherknown to have a strongly passivating effect on stainless
electrochemical passivating treatment or another sur-steel and is always applied in the manufacturing of
face treatment as a finishing treatment in nickel-tita-implants. The difference in surface preparation may
nium implant fabrication can be used to minimizecause some difference in the corrosion behaviors of the
nickel release at the beginning.alloys. Mechanical polishing also leaves some micro-

On the basis of the present study, Nitinol appearsscopic roughness, which increases the effective surface
to have an excellent potential for clinical use, as itsarea in contact with the surrounding. Consequently, it
biocompatibility is very good.may be assumed that electrochemical polishing can be

used to minimise the initial release of nickel from the
surface of Nitinol specimens, i.e., to passivate the metal References
surface. In other words, the performance of Nitinol in
physiologic environment is likely to be even better if

1. W. J. Buehler and F. J. Wang, ‘‘A summary of recentan electrochemical polishing method applicable to this research on the Nitinol alloys and their application in
alloy can be developed. ocean engineering,’’ Ocean Eng., 1, 105–120 (1968).

2. L. S. Castleman, S. M. Motzkin, F. P. Alicandri, andAnother way to improve corrosion resistance could
V. L. Bonawit, ‘‘Biocompatibility of Nitinol alloy as anbe, for example, thermal oxidation or some coatings.
implant material,’’ J. Biomed. Mater. Res., 10, 695–731It has been demonstrated that titanium nitride coatings
(1976).of nickel-titanium alloy can improve corrosion resis- 3. F. Baumgart, G. Bensmann, and J. Haasters, ‘‘Memory

tance.41 Considerably more studies are needed to clar- alloys–new material for implantation in orthopedic sur-
gery. Part 1,’’ in Current Concepts of Internal Fixation ofify their possible effects on mechanical or shape mem-
Fractures, H. K. Uthof (ed.), Springer-Verlag, Berlin,ory behavior.
1980, pp. 122–127.The higher nickel concentrations observed for Niti-

4. G. F. Andreasen and J. L. Fahl, ‘‘Alloys, shape memory’’nol at the beginning of the test had no effect on the in Encyclopedia of Medical Devices and Instrumentation,
proliferation and the total amount of fibroblasts and Vol. 2, J. G. Webster (ed.), Wiley, New York, 1987,

pp. 15–20.osteoblasts. Cells formed in quite close connection with
5. K. Bhattacharya and R. V. Kohn, ‘‘The behavior of poly-the Nitinol test discs, which is also a sign of good

crystalline shape-memory materials, ‘‘ in Mechanics ofbiocompatibility. A clearly different reaction was seen
Phase Transformations and Shape Memory Alloys: 1994 In-in the case of composite material and white soft paraf- ternational Mechanical Engeneering Congress and Exposi-

fin. The observed toxic influence of white soft paraffin tion, L. C. Brinson and B. Moran (eds.), American Society
of Mechanical Engineers, Chicago, 1994, pp. 1–10.on cultured cells was surprising.

6. E. Hornbogen, ‘‘Alloys with shape memory–new mate-We found that the osteoblast proliferation with tita-
rials for the technology of the future?’’ in Progress innium was not higher than that of Nitinol, stainless
Shape Memory Alloys, S. Eucken (ed.), I R Publications,steel, or control, but it provided some proliferatory München, Germany, 1992, pp. 3–19.

stimulus to fibroblasts. The same phenomenon has 7. P. P. F. Kuo, P. J. Yang, Y. F. Zhang, H. B. Yang, Y. F.
Yu, K. R. Dai, W. Q. Hong, M. Z. Ke, T. D. Cai, andbeen reported previously in some other studies. En-
J. C. Tao, ‘‘The use of nickel titanium alloy in orthopedichanced fibroblast proliferation is not always good. It
surgery in China,’’ Orthopedics, 12, 68–74 (1989).may contribute to the fibrous membrane, which may

8. J. O. Sanders, E. A. Sanders, R. More, and R. B. Ashman,act as a conduit for the transport of polymeric debris ‘‘A preliminary investigation of shape memory alloys
producted at the articulating surface of hip prostheses in the surgical correction of scoliosis,’’ Spine, 18, 1640–

1646 (1993).and contribute to loosening or osteolysis.34 In our



BIOCOMPATIBILITY AND CORROSION BEHAVIOR OF NITINOL 457

9. J. P. Randin, ‘‘Corrosion behavior of nickel-containing type IV,’’ in Immunology, I. M. Roit, J. Brostoff, and D.
K. Male (eds.), Mosby, St. Louis, 1993.alloys in artificial sweat,’’ J. Biomed. Mater. Res., 22, 649–

666 (1988). 26. I. M. van Hoogstraten, D. Boden, M. E. von Blomberg,
G. Kraal, and R. J. Scheper, ‘‘Persistent immune toler-10. J. W. Edie, G. F. Andreasen, and M. P. Zaytoun, ‘‘Surface

corrosion of Nitinol and stainless steel under clinical ance to nickel and chromium by oral administration
prior to cutaneous sensitization,’’ J. Invest. Dermatol., 99,conditions,’’ Angle Orthodont., 51, 319–324 (1981).

11. L. Rifas, L. R. Halstead, W. A. Peck, L. V. Avioli, and 608–616 (1992).
27. N. Ishii, N. Morigushi, H. Nakajima, S. Tanaka, andH. G. Welgus, ‘‘Human osteoblasts in vitro secrete tissue

inhibitor of metalloproteinases and gelatinase but not F. Amemiya, ‘‘Nickel sulfate-specific suppressor t-cells
induced by nickel sulfate in drinking water,’’ J. Dermatol.interstitial collagenase as major cellular products,’’ J.

Clin. Invest., 84, 686–694 (1989). Sci., 6, 159–164 (1993).
28. D. J. Gawkrodger, ‘‘Nickel sensitivity and the implanta-12. J. L. M. Putters, D. M. K. S. Kaulesar Sukul, G. R. de

Zeeuw, A. Bijma, and P. A. Besselink, ‘‘Comparative tion of orthopaedic prostheses,’’ Contact Dermatitis, 28,
257–259 (1993).cell culture effects of shape memory metal (Nitinol),

nickel and titanium: A biocompatability estimation,’’ 29. A. Bjurholm, N. A. al-Tawil, J. A. Marcusson, and P.
Netz, ‘‘The lymphocyte responce to nickel salt in pa-Eur. Surg. Res., 24, 378–382 (1992).

13. M. R. Grimsdottir, A. Hensten-Pettersen, and A. Kull- tients with orthopedic implants,’’ Acta Orthop. Scand.,
61, 248–250 (1990).mann, ‘‘Cytotoxic effect of orthodontic appliances,’’ Eur.

J. Orthodont., 14, 47–53 (1992). 30. G. Meachim and D. F. Williams, ‘‘Changes in nonosse-
ous tissue adjacent to titanium implants,’’ J. Biomed.14. S. J. Simske and R. Sachdeva, ‘‘Cranial bone apposition

and ingrowth in a porous nickel-titanium implant,’’ J. Mater. Res., 7, 555–572 (1973).
31. C. M. Serre, G. Boivin, K. J. Obrant, and L. Linder,Biomed. Mater. Res., 29, 527–533 (1995).

15. W. Cwikiel, R. Willen, H. Stridbeck, R. Lillo-Gil, and C. ‘‘Osteointegration of titanium implants in the tibia,’’
Acta Orthop. Scand., 65, 323–327 (1994).S. von Holstein, ‘‘Self-expanding stent in the treatment

of benign esophageal strictures: Experimental study in 32. M. Peltola, T. Salo, and K. Oikarinen, ‘‘Toxic effects
of various retrograde root filling materials on gingivalpigs and presentation of clinical cases,’’ Radiology, 187,

667–671 (1993). fibroblasts and rat sarcoma cells,’’ Endod. Dent. Trau-
matol., 8, 120–124 (1992).16. T. Nakamura, Y. Shimizu, T. Matsui, N. Okumura, and

Y. Takimoto, ‘‘Novel airway stent using a thermal 33. A. B. Ferguson, Jr., P. G. Laing, and E. S. Hodge, ‘‘The
ionization of metal implants in living tissues,’’ J. Boneshape-memory Ti-Ni alloy,’’ ASAIO Trans., 37, 319–

321 (1991). Joint Surg., 42-A, 77–90 (1960).
34. W. J. Maloney, R. L. Smith, F. Castro, and D. J. Schur-17. A. H. Cragg, S. C. De Jong, W. H. Barnhart, S. K. Landas,

and T. P. Smith, ‘‘Nitinol intravascular stent: Results of man, ‘‘Fibroblast responce to metallic debris in vitro,’’
J. Bone Joint Surg., 75-A, 835–844 (1993).preclinical evaluation,’’ Radiology, 189, 775–778

(1993). 35. A. S. Shanbhag, J. J. Jacobs, J. Black, J. O. Galante, and
T. T. Glant, ‘‘Macrophage/particle interactions: Effect18. M. Simon, C. A. Athanasoulis, D. Kim, F. L. Steinberg,

D. H. Porter, B. H. Byse, S. Kleshinski, S. Geller, D. E. of size, composition and surface area,’’ J. Biomed. Mater.
Res., 28, 81–90 (1994).Orron, and A. C. Waltman, ‘‘Simon nitinol inferior vena

cava filter: Initial clinical experience. Work in progress,’’ 36. M. Kononen, M. Hormia, J. Kivilahti, J. Hautaniemi,
and I. Thesleff, ‘‘Effect of surface processing on theRadiology, 172, 99–103 (1989).

19. M. Bezzi, F. Orsi, F. M. Salvatori, F. Maccioni, and P. attachment, orientation, and proliferation of human gin-
gival fibroblasts on titanium,’’ J. Biomed. Mater. Res., 26,Rossi, ‘‘Self-expandable Nitinol stent for the manag-

ment of biliary obstruction: Long-term clinical results,’’ 1325–1341 (1992).
37. J. Kruger, ‘‘Fundamental aspects of the corrosion ofJ. Vasc. Intervent. Radiol., 5, 287–293 (1994).

20. W. Cwikiel, H. Stridbeck, K. G. Tranberg, C. S. von metallic implants,’’ in Biomaterials in Reconstructive Sur-
gery, L. R. Rubin (ed.), C.V. Mosby, St. Louis, 1983,Holstein, G. Hambraeus, R. Lillo-Gil, and R. Willen,

‘‘Malignant esophageal strictures: Treatment with a self- pp. 145–157.
38. S. A. Brown, ‘‘Biomaterials, corrosion and wear of’’ inexpanding nitinol stent,’’ Radiology, 187, 661–665 (1993).

21. T. Rae, ‘‘Tissue culture techniques in biocompatibility Encyclopedia of Medical Devices and Instrumentation, Vol.
2, J. G. Webster (ed.), Wiley, New York, 1987, pp.testing’’ in Techniques of Biocompatibility Testing, Vol. 2,

F. D. Williams (ed.), CRC Press, Boca Raton, FL, 1986, 351–361.
39. T. Albrektsson, P. I. Branemark, H. A. Hansson, B. Ka-pp. 81–93.

22. C. Morrison, R. Macnair, C. MacDonald, A. Wykman, semo, K. Larsson, I. Lundström, D. H. McQueen, and
R. Skalak, ‘‘The interface zone of inorganic implants inI. Goldie, and M. H. Grant, ‘‘In vitro biocompatibility

testing of polymers for orthopaedic implants using cul- vivo: Titanium implants in bone,’’ Ann. Biomed. Eng., 11,
1–27 (1983).tured fibroblasts and osteoblasts,’’ Biomaterials, 16, 987–

992 (1995). 40. Y. Oshida, R. C. L. Sachdeva, and S. Miyazaki, ‘‘Micro-
analytical characterization and surface modification of23. H. Gerber and S. M. Perren, ‘‘Evaluation of tissue com-

patibility of in vitro cultures of embryonic bone,’’ in TiNi orthodontic archwires,’’ Biomed. Mater. Eng., 2,
51–69 (1992).Evaluation of biomaterials, G. D. Winter, J. L. Leray, and

K. de Groot (eds.), Wiley, New York, 1980, pp. 307–314. 41. K. Endo, R. Sachdeva, Y. Araki, and H. Ohno, ‘‘Effects
of titanium nitride coatings on surface and corrosion24. L. Peltonen, ‘‘Nickel sensitivity in general population,’’

Contact Dermatitis, 5, 27–32 (1979). characteristics of Ni-Ti alloy,’’ Dental Mater. J., 13, 228–
239 (1994).25. R. Barnetson and D. Gawkrodger, ‘‘Hypersensitivity–




