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Abstract

Cytocompatibility of nickel-free austenitic stainless steel manufactured by nitrogen adsorption treatment, Fe—Cr-Mo—N, was evaluated
and compared with a conventional austenitic stainless steel, 316L, and nickel-free ferrite stainless steel, Fe~Cr—Mo, before nitrogen
adsorption treatment. Two types of cytotoxicity tests were performed; static and dynamic conditions. In static conditions, human normal
diploid fibroblast HEL299 was cultured on the disks of the three materials and cell growth was examined. In dynamic conditions, the disks
were rotated in extracting medium with zirconia balls at 37 °C for 14 days, and the collected extracting medium was added into HEL299
culture to examine its inhibitive effect on cell growth. Quantification of metallic elements in collected extracting medium was also performed,
As a result, Fe-Cr—Mo-N had higher cell growth than 316L in static and dynamic conditions. Nickel was detected in the extracting media of
316L and Fe-Cr-Mo, whereas no nickel was detected in that of Fe-Cr-Mo—N. These facts indicate that Fe-Cr-Mo-N has higher
cytocompatibility than 316L and that the nitrogen adsorption treatment contributes to the higher comrosion resistance of Fe-Cr~Mo—N in the

presence of wear.
© 2004 Elsevier B.V, All rights reserved.
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1. Introduction

Stainless steel is one of the representatives of metallic
biomaterials and is widely used as dental and orthopedic
devices as well as cardiovascular stents because of its low
cost, good mechanical property, and high contrast in X-ray
images. Metallic biomaterials implanted in the human body
are exposed to aggressive environments, including a body
fluid containing chloride ion, amino acids, and various
proteins, at lower partial pressure of oxygen than in air [1].
Therefore, the implanted devices of stainless steels are
sometimes reported to be corroded [2-5]. When stainless
steels are corroded inside the human body, they may
release metal jons into surrounding tissues, which may
cause toxic effects on the tissues. Since 316L austenitic

* Comesponding author. Tel.: +81 29 860 4169; fax: +81 29 860 4714.
E-mail address: yamamoto.akiko@nims.go,jp (A. Yamamoto).

0928-4931/3 - see front matter © 2004 Elsevier B.V. All rights reserved,
doi:10.1016/j.msec.2004.08.017

stainless steel contains about 12% of nickel as a
component element, it.is ofien reported the release of
nickel ion from the stainless steel specimens [2,3,6]).
Nickel and its compounds are classified to the substances
which cause cancer to humans by IARC [7], and their
chromosomal effect is easily detected [8,9). Nickel and its
compounds are one of the major causes for metal allergic
contact dermatitis [10],

To avoid the toxic effect of released nickel ion
and compounds from the conventional stainless steels,
nickel-free austenitic stainless steels, such as Fe—(19-
23)Cr—~(10-12)Mn—(3-6)Mo—(0.85-1.1)Ni (BioDur®
108), Fe-15Cr-(10-15)Mn-4Mo-0.9N, Fe-18Cr—18Mn—
2Mo-0.9N, Fe—(15-18)Cr—(10-12)Mn—(3-6)Mo-0.9N,
and Fe-23Cr-2Mo-1.5N in mass% are developed
[11-15]. However, these nickel-free austenitic stainless
steels are hard to work to form fine foils and wires [16].
To conquer this, a new manufacturing process was
developed to produce nickel-free austenitic stainless steel
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by nitrogen adsorption treatment [16]. This manufacturing
process enables us to produce fine wires by working
corresponding ferric stainless steel and then applying
nitrogen adsorption treatment for austenitization. However,
the biocompatibility of the nickel-free austenitic stainless
steel manufactured by nitrogen adsorption treatment has
never been evaluated in vitro or in vivo.

Recently, biocompatibility of materials is increasingly
evaluated using cultured cells because of their lower cost,
shorter term, higher reproducibility, and reliability than in
vivo evaluation, Cytotoxicity evaluation has been performed
for the specimens of pure metals and alloys [17-24], metal
salts [25-27], particulate metals [28-31], and metallic debris
[32,33]. In this study, the cytocompatibility of nickel-free
austenitic stainless steels manufactured by nitrogen adsorp-
tion treatment is evaluated using human normal diploid
fibroblasts in static and dynamic conditions. In dynamic
conditions, . the nickel-free austenitic stainless steel was
soaked into cell culture medium with zirconia balls and
rotated at 300rpm to cause wear. Then, the cell culture
medium was collected for cytotoxicity test as well as
quantification of metallic elements by high resolution
inductively coupled plasma mass spectroscopy(ICP-MS).

2. Materials and methods
2.1. Sample preparation

The materials used are 316L austenitic stainless steel
(JIS G4303 1988), and Fe-24Cr-2Mo (mass%) alloy. The
chemical compositions of 316L steel and the ingot of Fe-
24Cr-2Mo alloy are summarized in Table 1. The Fe-
24Cr-2Mo specimens were prepared and applied to the
nitrogen adsorption treatment as described in the previous
study [16]. Briefly, the ingot of the Fe-24Cr-2Mo alloy
was prepared by a vacuum high-frequency induction
melting process, and applied 64% hot-forging followed
by 46% cold forging to be a cylinder as a diameter of 12
mm. The cylinder was sliced into the thickness of 1.5mm.
Then, the specimens were polished with #600 SiC paper in
water and ultrasonically rinsed in acetone. The specimens
were separately located onto a 304 steel reticular stage and
inserted into the nitrogen adsorption furnace. The pressure
of the inside of the fumace was reduced to 2-Pa, and
nitrogen gas flew into the fumnace to be the pressure of
101.3 kPa. The temperature of the furnace was kept at
1473 K for 86.4 ks, and then, the specimens were
quenched into water. The scale generated on the specimen

was removed with #600 SiC paper in water and rinsed
with acetone as described above. The Fe-24Cr-2Mo
specimen after nitrogen adsorption treatment is abbreviated
as Fe-Cr—Mo-N. The disks of Fe-24Cr-2Mo alloy before
nitrogen adsorption treatment (abbreviated as Fe-Cr-Mo as
the followings) are also applied to the cytocompatibility
evaluation. The specimens of 316L stee! (abbreviated as
316L) were prepared from the commercial 316L cylinder
as the diameter of 12 mm by slicing into the disks with the
thickness of 1.5 mm, Then, the disks were polished with
#600 SiC paper in water and rinsed with acetone as
described above. '

2.2. Cytotoxicity test in static conditions

The disks of Fe~Cr-Mo, Fe-Cr—-Mo—N, and 316L were
sterilized by the irradiation of ultra-violet light (UV) for
Smin or autoclaving at 121 °C for 20 min. Then, these
disks were separately located into the bottom of 24-well
microplate. Human normal diploid fibroblast HEL299 was
cultured onto each disk at the concentration of 4000 cells/
well in 1 mL culture medium; Eagle’s minimum essential
medium (E-MEM) with non-essential amino acid(NEAA),
0.1 M sodium pyruvate (N-Pyr), 0.1% lactalbumin hydro-
lysate(LAH), and 10% fetal bovine serum(FBS). The cells
were cultured at 37 °C in CO; incubator for 1, 4, and 7
days. Then, the cells were fixed by 25% glutaraldehyde
solution for 10 min and stained by 10% Giemsa’s staining
solution for 10 min. The stained cells were observed by
microscope and their images were captured via CCD
camera onto a Power Macintosh 8500 computer as an
image of 640x480 pixels.

2.3. Cytotoxicity test in dynamic conditions

The disks of Fe-Cr—-Mo, Fe—Cr-Mo—N, and 316L were
sterilized by autoclavirig at 121 °C for 20 min. Then, two
disks of each material were separately attached to the glass
weight to control their total weight as 2.00+0.05 g in sterile
condition. Then, two disks were placed into a Teflon vessel
which was filled with 2 mm (7 zirconia balls as a single
layer on its bottom and sterilized by autoclaving in advance.
Then, 20 mL of the extracting medium, E-MEM with
NEAA, 0.1 M Na-Pyr, 0.1% LAH and 20 mM HEPES,
were poured into the vessel. The vessel was rotated at 300
rpm being kept at 3742 °C over a sheet-type heater for 14
days. The extracting medium was collected aseptically and
used for the cytotoxicity test and quantitative analysis of
metallic elements. In advance to the cytotoxicity test, the

Table 1
Chemical composition of 316L steel and Fe-24Cr-2Mo alloy (mass%o)

C Si P 8 Ni Cr Mo o] N Fe
SUS316L 0.019 1.18 0.038 0.13 12.1 16.72 2.05 - - Bal,
Fe-24Cr-2Mo 0.002 <0.01 <0.002 0.0002 <0.01 25.80 2.04 0.016 <0.001 Bal,




