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Abstract Stainless steel is a metallic alloy largely employed
in orthopaedics. However, the presence in its composition of
a high quantity of nickel, an agent known to trigger toxic
and allergic responses, is cause for concern. In this study,
we have investigated the in vitro biocompatibility of a new
nickel-reduced stainless steel, namely Bohler P558, in com-
parison to the conventional stainless steel AISI 316L. The
neutral red (NR) uptake and the amido black (AB) tests were
performed on 1929 fibroblasts and MG63 osteoblasts to as-
sess the cytotoxicity, while cytogenetic effects were evalu-
ated on CHOKI1 cells by studying the frequency of Sister
Chromatid Exchanges (SCE) and chromosomal aberrations.
Ames test was used to detect the mutagenic activity. The
expression of selected markers typical of differentiated os-
teoblasts, such as alkaline phosphatase activity (ALP), type
I collagen (CICP) and osteocalcin (OC) production, were
also monitored in MG63 cells cultured on the tested materi-
als. Our results indicate the absence of significant cytotox-
icity and genotoxicity for both test alloys. ALP, CICP and
OC analyses confirmed that both materials support the ex-
pression of these phenotypic markers. Overall, these data
show that this Ni-free alloy possesses good in vitro bio-
compatibility and could have a potential for orthopaedic
applications.
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Introduction

Stainless steel (AISI 316L ASTM F55 in prevalence) is
a metallic alloy largely used in orthopaedics, where it is
employed in the manufacture of fracture fixation devices to
a great extent [1]. The main advantages of the use of this ma-
terial are its low cost, good mechanical properties, and ease
of handling [2]. Nevertheless, the tendency of this metallic
alloy (above all in variants with low contents of nitrogen and
molybdenum) to corrode, with consequent release of metal
ions, is well known [3].

Some of the released metal ions such as iron can easily en-
ter in its specific metabolic pool and thus be utilised by phys-
iologic mechanisms, while others (especially chromium,
nickel and cobalt) tend to accumulate in target organs (e.g.
lungs, liver, kidneys and spleen), as indicated by several sys-
temic toxicity studies [4, 5]. Although all these elements are
essential in the human diet, when their quantity increases over
physiological levels, the biochemical balance is altered, with
consequent toxicity [6-8]. Clinical experience has revealed
that severe and prolonged corrosion processes can lead to
toxic reactions and tissue alterations with resultant clinical
failure of the implant [9].

In this context, of particular concern is the presence in
nickel content. It is indeed known that this element can cause
allergic sensitisation especially in females. In fact, it is esti-
mated that 30% of women have skin allergy to objects con-
taining nickel [10, 11]. Furthermore, stainless steel has been
proved to induce lung cancer in welders inhaling aerosols
containing nickel as elemental compound [12, 13].

All this evidence shows how important it is to develop and
use steels that do not corrode in the human body and whose
nickel content is as low as possible. Recently, modern met-
allurgic processes have enabled the production of stainless

@ Springer



268

J Mater Sci: Mater Med (2006) 17: 267-275

steels with controlled addition of nitrogen, which, besides
its role in stabilizing non-magnetic austenite, imparts higher
resistance to pitting corrosion in the biological environment
[14].

Bohler P558 is a new type of austenitic and amagnetic
stainless steel alloyed to nitrogen in protective gas at high
pressure with negligible amounts of nickel. Although this
steel appears to be very interesting because it has good me-
chanical properties, elasticity, and resistance to general and
local corrosion [15, 16], at present, there are not exhaustive
confirmative biocompatibility data available on it.

The purpose of this study was to assess the in vitro bio-
compatibility of Bohler P558 and to compare it to conven-
tional stainless steel AISI 316L. Two different cytotoxicity
tests, respectively the neutral red (NR) uptake and the amido
black (AB) staining techniques, were performed to assess the
influence of the material extracts on the integrity of cell mem-
brane and on the cell proliferation [17-19]. These tests have
been performed using mouse 1929 fibroblasts and human
MG63 osteoblasts; the 1.929 cell line is an established cell
line recommended in cytotoxicity determinations [20], while
the MG63 cell line exhibits many osteoblastic traits which
are characteristic of bone forming cells and is frequently uti-
lized in in vitro experimental models aimed at exploring the
interactions between osteoblast-like cells and biomaterials
[21, 22].

Furthermore, some specific functional characteristics of
MG63 osteoblasts cultured directly onto the materials have
been determined. In fact, for the success of an orthopaedic
implant, beside being chemically atoxic, the material should
be able to support proliferation and differentiation of the os-
teoblastic cells in the surrounding tissue during the phases
of repair and regeneration after implantation. The expression
of selected biochemical markers typical of differentiated os-
teoblasts, such as alkaline phosphatase activity (ALP), type
I collagen (CICP) and osteocalcin (OC) production , were
monitored.

Finally, possible cytogenetic effects were evaluated by
studying the frequency of Sister Chromatid Exchanges (SCE)
and chromosomal aberrations, while the Ames test was used
to detect the mutagenic activity [23-26]. SCE and the evalua-
tion of chromosomal aberrations were performed on Chinese
hamster epithelial-like CHO K1 cells which are a secondary
cell line that is widely used for genotoxicity screenings [27].

Materials and methods

Materials

Stainless steel Bohler P558 (Bohler Edelstahl Gmbh & CO
KG through Bohler Sales Division of Bohler Uddeholm Italia
S.p.A) and stainless steel AISI 316L (Goodfellow Cambridge
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Table 1 Percentage of elements in the analyzed alloys

Chemical composition (%) of AISI 316L and P558

Element AISI 316L P558

C 0.002 0.18
Mn 1.31 9.85

P 0.035 <0.005
S 0.007 0.007
Si 0.39 0.47

Cr 17.00 16.50
Ni 11.00 <0.02
Mo 2.01 3.24

Fe Balance Balance

Limited, Huntingdon, England), cut into discs 33 mm in
diameter, were the test materials (see Table 1). Surface rough-
ness of the discs was determined by a Mahr Perthometer
PGK120. The disks were measured to obtain an average
roughness value (Ra) that was always < 0.2um. Ra was not
determined for the tissue culture plastic surfaces used as con-
trols. However, in previous studies they were found to have
Ra values of less than 0.2 um. Samples were sterilised by
y-rays.

For cytotoxicity and genotoxicity testing, the material
was prepared as an aqueous extract in Minimum Essen-
tial Medium (MEM) with Earle’s salts (Gibco Laboratories,
Grand Island, N.Y.)), (3 cm?/ml of medium). The extrac-
tion was performed at 37 £ 1 °C for 72 £ 2 hours. At the
end of extraction, the extracts were aliquoted and frozen at
—80 % 15 °C until tested.

Cytotoxicity

Human osteoblast-like MG63 cells (ATCC, USA) and mouse
fibroblast L 929 cell line (Sandoz Institute, Vienna) were
used. The cells, cultured in MEM supplemented with 10%
heat inactivated foetal calf serum (FCS, Sigma), 20 mM
glutamine 1% (Sigma), vitamins (BME vitamins, Gibco),
non-essential amino acids (Gibco), penicillin 100 U/ml
and streptomycin 100 pg/ml (Sigma), were plated 1 x
10* /200 pl/well into 96 multiwell plates (Costar, Cambridge,
MA,USA) and incubated for 24 hours. Then, the medium was
replaced with 200 ul/well of extracts.

Prior to adding to the cells, all the extracts were sup-
plemented with the above mentioned additive for MEM.
The negative control of the extract was obtained by pouring
an amount of MEM into a cell culture-treated polystyrene
flask and the positive control was obtained by dissolving at
each run phenol (MW 94.11) 0.64% in polystyrene-extracted
MEM.

The plates were reincubated for 24 hours and then assayed.

NR uptake assay: NR is a vital dye, which is actively
engulfed into the lysosomes of viable cells and provides an
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index of cell viability. A stock solution of 0.4% NR dye
(C.1.50040, cell culture grade) in distilled water was prepared
and was diluted 50 pg/ml in culture medium when used (NR
solution).

In this study, after treatment with the extracts, the medium
was replaced with 100 pl/well of NR solution and the plates
were reincubated for 2 hours at 37 °C. At the end of in-
cubation time, the cells were rinsed with 100 pl/well of
Dulbecco’s Phosphate Buffered Solution (D-PBS) and 100
ul/well of lysing solution (1% glacial acetic acid, 50%
ethanol, 49% distilled water) were added. After gently shak-
ing the plates for 1 min, the colour intensity of each well was
read in absorbance at 540 nm wavelength by a spectropho-
tometer Multiskan-Ex (Labsystems). Mean and standard de-
viation of the optical density (O.D.) values obtained for 3
to 5 replicates of controls and samples, respectively, were
calculated.

AB staining assay: AB is considered a rapid and sensitive
marker of the number of cultured cells and can be used as
a marker of cell growth after contact with biomaterials in
vitro. AB staining assay is based on the binding of an acid
solution of the AB dye to the cellular proteins after fixation
of cells. The bond is relatively weak, so the dye can be eluted
by alkaline solution.

After treatment with the extracts, the cells were washed
with 100 ul/well of D-PBS and fixed with 1% glutaralde-
hyde in D-PBS for 15 min. The fixative was replaced by 100
ul/well of AB 10B dye (C.1.20470) diluted 0.1% in sodium
acetate buffer (pH 3.5). The plates were incubated for 30
min. The protein-bound AB was released by treating cells
with a lysing solution (50 nM NaOH) and the colour in-
tensity was read at 620 nm and 405 nm wavelengths (the
maximum and minimum absorbance of AB, respectively).
Results were expressed as the difference between the optical
densities recorded at two wavelengths. Mean and standard
deviation of the O.D. values obtained for 3 to 5 replicates
of controls and samples, respectively, were calculated. The
medium was regularly replaced twice a week.

Data management: the viability and growth of cells using
NR uptake and AB staining were calculated as indexes: %
viability or % growth = (A/B) x 100, where A is the O.D.
of cells challenged with the material and B is the O.D. of
the negative control cells, i.e. cultured without material in
polystyrene-treated MEM. The sample was considered as
cytotoxic if the index was < 70. Final results were expressed
as the arithmetic mean = standard deviation of three separate
experiments.

Genotoxicity
Chinese hamster epithelial-like CHO K1 cells (ATCC, USA)

were used. The cells were routinely cultured in medium HAM
F12 (Sigma) with the addition of 10% FCS and penicillin 100

U/ml and streptomycin 100 pg/ml (Sigma), under standard
culture conditions. The medium was regularly replaced twice
a week.

SCE: SCE are the cytologic manifestation of the breaks
and repair of DNA at the homologous sites of two chromatids
of a single chromosome which occur during replication. In
this work, CHO K1 cells at confluence were detached with
trypsin/EDTA, seeded in 2 ml of medium in 12-well tissue
culture plates at a density of 3 x 10° cells/well (2 replicates)
and maintained at 37 &= 1 °C. After 24 h, 500 ul of sample
extracts for each ml of culture medium were added, with or
without 200 p1/ml of LS-9 mix. In fact, to highlight also the
damage induced by pre-mutagenic substances, a metabolic
activator is added to the system (Mol Tox LS-9 mix), made
up of enzymes extracted from rat liver treated with Aroclor
1254. Using LS-9 mix, the metabolic transformations that the
examined substance could undergo in the mammalian body
are simulated.

The negative control was the extraction medium (MEM).
The positive control for the tests performed without
metabolic activation was a solution of mitomycin C (30.0
wpg/ml of cell suspension). Positive controls used in the tests
with metabolic activation were prepared with a 10.0 pg/ml
solution of cyclophosphamide. After 90 min, the medium
was discarded and the cells were cultured for a further 22 h
with 12.5 pug/ml of Bromodeoxyuridine (BrdU), an analogue
of thymidine, which is incorporated into replicating DNA.
Cells were then treated with 2 pg/ml colchicine in order to
stop mitosis at metaphase. Slides with chromosomes on plate
were prepared according to the traditional methods for the
study of the metaphases.

Then a solution of 15mg/100 ml H,O of bis-benzimide
(Hoechst 33258) was added: this compound specifically
binds cell DNA with great affinity for A-T site and polyA
sequences. The slides were then exposed to ultra-violet light
so that a photolysis reaction could take place. Finally, Giemsa
staining was performed; one of the sister chromatids which
were coupled during the second metaphase was blue and the
other one was not coloured.

Microscope observation was carried out with an oil ob-
jective at 100 x magnification. On each slide a longitudinal
scanning was performed, recording each visible metaphase
and classifying it as first, second or third metaphase, based
on the dye affinity of the chromatids.

Only the metaphases of type 2° were counted, and the
number of exchanges among sister chromatids occurring on
the total chromosomes was evaluated. The observation was
performed to score at least 20 metaphase plates of type 2°
whenever possible.

Chromosomal aberrations: the evaluation of chromoso-
mal aberrations permits demonstration of the in vitro effect
of genotoxic substances on chromosomes. A certain number
of chromosomal aberrations occur spontaneously in culture,
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but exposure to mutagenic agents in vitro markedly increases
this number. The ratio between spontaneous aberrations and
the induced ones provides the genotoxicity index.

CHO K1 cells were seeded in 2 ml of medium in 12-
well tissue culture plates at a density of 300.000 cells/well
(2 replicates) and maintained at 37 £ 1°C. After 24 hours,
500 w1 of sample extract for each ml of culture medium were
added, with or without 200 x1/ml of S9 fraction. The negative
and the positive controls were prepared as in SCE assay.

After 90 min the medium was discarded, the cells were
cultured for further 22 hours and then treated with 2 pg/ml
colchicine. Slides with chromosomes on plate were prepared
and stained with Giemsa. Microscope observation was car-
ried out with an oil objective at 100 x magnification; each
slide was scanned longitudinally, recording each metaphase
with good chromosome distribution. Whenever possible, the
observation was performed to score at least 20 mitotic cells;
chromatidic and chromosomal gaps as well as breaks fol-
lowed by deletions and inversions were recorded. To each
aberration the score assigned was: 1 for single and double
gaps, chromatidic breakage and fragments; 2 for isochro-
matidic breakage, dicentric and centric translocation; 4 for
complex figures.

Data management: in SCE evaluation, the average number
of exchanges among sister chromatids in twenty-two chro-
mosomes was calculated. The test was considered positive
if, by Student’s #-test, a statistically significant increase of
the number of SCE vs the negative control was found (p <
0.05).

In the evaluation of chromosomal aberrations the average
value of aberrations in twenty-two chromosomes was calcu-
lated. The test was considered positive if, by Student’s #-test,
a statistically significant increase of the value of chromo-
somal aberrations vs the negative control was found (p <
0.05).

Ames test

This test is a microbial assay for the detection of chemi-
cally induced gene mutations. In this test, special apathogenic
strains of Salmonella (histidine defect mutants) were used,
which under the influence of mutagens will undergo a muta-
tion back to the wild strain, which is capable of synthesising
histidine.

The following Salmonella strains were used in the test:
TA 98 and TA 1538 (which primarily respond to frameshift
mutagens), TA 100 and TA 1535 (which respond to base-pair
substitution mutagens). All strains were uvr B- (they had lost
DNA excision repair system) and rfa- (they had partially lost
their lipopolysaccharide barrier so they were more permeable
to macromolecules).

TA 98 and TA 100 strains also have an incorporated plas-
mid (pKM101) that causes an increased error-prone DNA
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repair. The genetic identity of the strains, their sensitivity
to UV radiation (uvr B) and crystal violet (rfa-), and their
resistance to ampicillin (pKM 101) were regularly checked.

Test strains were thawed from a frozen stock kept at —80°C
in nutrient broth containing 9% dimethyl sulfoxide (DMSO)
and overnight cultures were grown in incubator for 16 h at
37 £ 1°C in Oxoid 2 nutrient broth. Final cell density was
approximately 103-10° cells/ml.

In this study, upon a layer of histidine-free agar (minimal
glucose agar), a second layer of top agar containing 0.6%
Noble Agar (Difco), 0.5% NaCl, 0.5 mM L-histidine, 0.5
mM biotin, 0.5 ml of phosphate buffer, 0.1 ml of Salmonella
suspension and 0.1 ml of test substances or control (positive
or negative) was placed.

The negative control used was MEM from the same batch
used for the extraction. Positive controls used in the tests
without metabolic activation were 4 nitro o-phenylendiamine
(20.0 g per plate) for strains TA 1538 and TA 98, sodium
azide (1.5 pg per plate) for strain TA 1535 and sodium azide
(1.0 ng per plate) for strain TA 100. Positive controls used
in the tests with metabolic activation were 2-anthramine (1.0
g per plate) for all strains.

The trace of histidine present in the top agar allowed the
logarithmic division of the histidine-requiring Salmonellae;
this period of bacteria proliferation is essential for the mu-
tagenic lesions of DNA to take place and results in the for-
mation of a lawn of histidine-requiring bacteria whose fur-
ther division is prevented by exhaustion of histidine. Only
the fraction of bacteria which have reverted to histidine- in-
dependence (either spontaneously or by the action of the
test substance) will continue to divide and will form visible
colonies.

In the assays with metabolic activation, 0.5 ml of phos-
phate buffer were replaced by 0.5 ml of Mol Tox LS-9 mix.
After 48 hours of incubation, the revertant colonies were
counted. Each experiment was repeated twice, with and with-
out metabolic activation. The test resulted positive, that is the
assayed material was considered genotoxic, if both the fol-
lowing conditions were met: the number of revertant colonies
was at least double than negative control for strains TA 98
and TA 100 or at least three times for strains TA 1535 and
TA 1538.

Cytocompatibility studies

For the cytocompatibility studies, MG63 cells were plated at
a density of 1 x 10* cells/cm? on material samples placed in
6-well polystyrene plates (Costar Corp., Cambridge, MA).
A volume of 500 ul of cell suspension was seeded on the
entire top surface of each test sample (8.55 cm?). For the
controls, the cell suspension was distributed on an equivalent
area in empty wells of 6-well plates. Once the cells had ad-
hered, 5 hours following seeding, 3 ml of fresh medium were
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Fig. 1 Viability evaluation of MG63 and L929 cells challenged with
the P558 and AISI 316L extracts using NR assay. The negative control
(control—) is represented by the extraction vehicle with no material and

carefully added to each well. Atday 10, the supernatants were
collected and stored frozen at —80 °C until assayed for osteo-
calcin and type I collagen measurements. At the same time
point, cells were harvested from control wells and from test
samples for alkaline phosphatase activity and protein quan-
tification.

Alkaline phosphatase activity and protein determination:
the analyses were performed on cell lysates using a freeze-
thaw technique. At harvest, cell layers were washed twice
with phosphate buffered saline solution (PBS, Gibco). A vol-
ume of 950 ul of distilled water was added to each well. 50
ul of 1% Triton X-100 were added to each well and the cell
layers were carefully scraped and stored at -80°C. Just be-
fore assay for alkaline phosphatase activity, cell lysates were
thawed and treated by sonication on ice for 5 min. Complete
cell lysis was checked under light microscopy and, eventu-
ally, the treatment was repeated. Alkaline phosphatase activ-
ity of cell lysates was assayed using a commercially available
kit (Metra™ BAP EIA kit, Quidel Corporation, USA). The
measurements were performed using 20 ul of lysates and
the enzymatic activity was finally expressed as wmoles of
Pi released per minute per mg of cellular proteins. Protein
determination was performed by the commercially available
Micro BCA™ Protein Assay Reagent kit (Pierce Chemical
Co, Rockford Illinois, USA) and the content was expressed
as mg/well.

Type I collagen determination: the assay was performed
measuring type I C terminal propeptide released in the
medium by the MG63 cells.

Collagen is synthesized as procollagen that consists of ma-
ture collagen with extension peptides at both the amino and
carboxy termini. These extension propeptides are cleaved
from the collagen molecule by specific proteases prior to in-
corporation of collagen into a growing collagen fibril; the

the positive (control+) by a 0.64% phenol solution of the same medium.
The data mean valuse at least of three replicates £ standard deviation
of three independent experiments; **p < 0, 01.

release of these peptides into the medium provides a sto-
ichiometric representation of the production of collagen.
The assay was performed using the Metra™ CICP EIA kit,
Quidel Corporation, USA, according to the directions of the
manufacturer. The collagen concentration was expressed in
ng/ml.

Osteocalcin assay: the free osteocalcin released in the
medium by the MG63 cells was measured using the Metra™
Osteocalcin kit, Quidel Corporation, USA. Each single stan-
dard and sample was assayed in duplicate. The osteocalcin
concentration was expressed in ng/ml. Cytocompatibility re-
sults were expressed as mean values + standard deviation.
Statistical significance was considered at p < 0.05.

Results
Cytotoxicity tests

The results of NR and AB tests are shown in Figs. 1 and
2. The cell viability and growth for Bohler P558 and AISI
316 L extracts were comparable to those of the negative con-
trol (polystyrene extract) and significantly higher (p < 0.01)
than positive controls (solution 0.64% phenol). The extracts,
which were tested undiluted, did not cause any reduction in
viability or inhibition of cell growth. Therefore, they had no
toxic effects. The results from the cytotoxicity tests carried
out on both cell types were also in good agreement with each
other.

Genotoxicity tests

No significant increase in the average number of SCE in
twenty-two chromosomes and no significant increase in
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Fig. 2 Growth evalution of MG63 and L929 cells challenged with the
P558 and AISI 316L extracts using AB assay. The negative control
(control—) is represented by the extraction vehicle with no material and

the positive control (control+) by a 0.64% phenol solution of the same
medium. The data are mean values of at least three replicates + standard
deviation of three independent experiments; **p < 0, 01.
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Fig. 3 Number of sister chromatid exchange (SCE) per cell in the
CHO-k1 cells treated with varying dilutions of amalgam extracts pre-
pared using complete culture medium. The negative control (control—)
is represented by the extraction medium with no material while he posi-
tive control (control+) used for the system with or without S9 mix were

chromosomal aberrations were observed after exposure of
the Bohler P558 and AISI 316L extracts as compared to the
solvent control, either with or without metabolic activator
(Figs. 3 and 4). None of the assays (with or without metabolic
activation) of the Ames test showed a mutation factor that was
significantly higher in any of the four Salmonella strains. The
Bohler P558 P558 and the AISI 316L extracts and the nega-
tive controls showed similar results (Table 2).
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P 558 AISI 316 L

a 10.0 ng/mL solution of cyclohosphamide and a 30.0 umL solution
of mitomycin C, respectively. The data are mean values of at least 40
observations of metaphase plates of type 2° & standard deviation of two
independent experiments; **P < 0, 01.

Cytocompatibility studies

Table 3 shows the results concerning the biochemical param-
eters of osteoblastic phenotype. The amount of osteocalcin
released into the medium by the osteoblasts seeded on Bohler
P558 was significantly higher than on plastic (p < 0.01)
and on AISI 316L (p < 0.05). Moreover, the cells grown on
the nickel-free stainless steel showed an increase, albeit not
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Fig. 4 Number of chromosomal aberrations per cell in the CHO-K1
cells treated with varying dilution of amalgam extracts using com-
plete culture medium. The negative control (control—) is represented
by the extraction medium with no material while the positive con-
trol (control+) used for the system with or without S9 mix were a

significant, in alkaline phosphatase activity and type I colla-
gen production.

Results from the total protein content, an indirect refer-
ence parameter of the number of cells in culture, indicated
that at 10 days the cells grown on P558 appeared to be signif-
icantly fewer with respect to AISI 316L and the polystyrene
control.

Table 2 Ames test results.

P 558 AISI 316 L

10.0 png/mL solution of cyclophosphamide and a 30.0 ug/ mL solu-
tion of mitomycin C, respectively. The data are mean values of at least
40 observation of metaphase plates of type 2° =+ standard deviation of
two independent experiments; **p < 0, 01.

Discussion

The most important pathologic aspects of nickel-containing
medical biomaterials are the hypersensitive reactions [28]. In
fact, the slow dissolution of nickel from prosthetic implants
may act as sensitising agent and previously sensitised persons
may react to the introduction of such metal into the body.

Test sample Strain TA 98 Strain TA 100 Strain TA 1535 Strain TA 1538

—S9 +S9 -S9 +S9 -S9 +S9 —-S9 +S9
Negative control 13.5+1.9 15.3£1.5 107.8+5.5 111.34+8.8 12.8+2 134+2.4 12+£2.6 11.3£2.6
Positive control >1000 >100 >400 >400 >500 73+5.5 >1000 85.3+13.1
AISI 316L 15+2.8 15.7£2.2 105.7£8.9 107.74£9.1 12.7£3.1 11.3+£2.6 10.8+3.1 12+2.7
P558 14.8+1.7 16.242.1 104.54+7 108+6.9 13.243.7 13.3£3.4 11.3£2.8 12.341.7

The results are expressed as colony forming units (CFU). Values are means + standard deviation of 6 measurements from two independent

experiments performed with and without metabolic activation (S9).

Table 3 (Expression of

phenotypical markers in MG63 Biochemical markers Polystyrene Bohler P558 AISI 316L
cells). ALP

MG63 osteoblasts were cultured (nmol pNPP/min/mg protein) 3.15£0.29 3.62 +£0.20 3.33£0.71
on Béhler P558, on AISI 316L Osteocalcin

and on polystyrene control for (ng/mg protein) 72.25+ 8.38 91.83+ 6.27 77.47+ 8.32
10 days. Significance level with Type I collagen

respect to polystyrene: * (j1g mg protein) 1.1240.13 1.184+ 0.09 1.13+£0.17
p < 0.005;* p < 0.01. Totla protein content

Cross-comparision of Bohler (mg/well) 141+ 0.14 0.894 0.07 1.09+ 0.14

P558 and AISI 316L: Tp, 0.05.
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Both urticarial and eczematous nickel dermatitis have been
associated to implanted prostheses and it is a controversial
question whether the aseptic loosening of the implants among
nickel-sensitive patients is caused by sensitisation or vice
versa [29, 30].

Despite the large number of studies investigating the bi-
ological behaviour of stainless steel and the other nickel
containing alloys, current literature shows there is a lack of
data available with respect to the biocompatibility and the
possible implant applications of the new nickel-free stain-
less steels recently developed. These materials, in spite of
the absence of nickel, maintain their austenitic structure and
thus avoid to nickel sensitivity [31].

In this study, the in vitro biocompatibility of the nickel-
free stainless steel Bohler P558 was investigated in vitro by
means of cytotoxicity, genotoxicity and cytocompatibility
tests and compared to conventional AIST 316L.

In cytotoxicity studies, the results showed that the extracts
obtained by both the metallic alloys did not affect cell viabil-
ity (NR assay) and proliferation (AB assay); moreover, the
findings of the two tests were in agreement.

Genotoxicity was tested in 3 ways, two of which used
mammal cells as a target. The tests chosen covered three lev-
els of genotoxic effects: genic mutations (Ames test), damage
and repair of DNA (SCE) and chromosomal aberrations.

Bohler P558 and AIST 316L were not genotoxic in any test,
so it can be concluded that they did not induce any damage
to the DNA.

In the present study, we also assessed the effect of the
test materials on MG63 cells monitoring the expression of
some differentiation markers of osteoblastic phenotype, such
as alkaline phosphatase activity, type I collagen production
and osteocalcin release.

During the development of their completely differenti-
ated phenotype, the osteoblastic cells undergo a temporal
sequence of phases: proliferation, differentiation and min-
eralization [32]. Briefly, cells initially increase their num-
ber and produce extracellular matrix. The phase of differ-
entiation follows, which is characterised by the production
of high levels of alkaline phosphatase and modifications
of the matrix that lead to the deposition of hydroxyapatite
crystals. This phase of mineralization is also characterised
by the synthesis of osteocalcin, a calcium-binding polypep-
tide that plays a fundamental role in bone remodelling and
represents the specific marker of final differentiation of
osteoblasts.

When the osteoblastic cells were seeded directly onto
Bohler P558 and AISI 316L, cell proliferation occurred dif-
ferentially on all substrates, revealing after 10 days signifi-
cant differences between the two metallic alloys, as shown
by the total protein content. Differences in cell behaviour
were also evident considering the biochemical parameters
of cell differentiation. Cells grown on Bohler P558 showed
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a higher but statistically non-significant activity of alkaline
phosphatase and collagen production, in comparison with
cultures grown on AISI 316L and polystyrene. Both the
metallic test materials exhibited the same cell behaviour stim-
ulating the osteocalcin production, but for osteoblastic cells
on Bohler P558 the increase of this marker of final differen-
tiation was more pronounced and significantly greater than
that observed for AISI 316L.

In the literature, it is well known that the behaviour of
osteoblasts is influenced not only by the chemical nature but
also by the physical characteristics of the substrate on which
the cells are cultured. A number of studies using MG63 cells
suggest that cell adherence, attachment, spreading, growth
and differentiation are influenced by surface roughness [33—
35]. In general, when compared to MG63 cells cultured on
smoother surfaces, cells grown on rougher surfaces exhibit
decreased levels of cellular proliferation and attributes of
more differentiated osteoblasts.

However, the optimal surface roughness, that is to say
where proliferation is reduced but not blocked and pheno-
type differentiation is enhanced, appears to be that with Ra
values around 4 um and surfaces with Ra < 0.2 wm are con-
sidered, as far as their effect on cell behaviour is concerned,
smooth surfaces, comparable to tissue culture plastic [36]. In
this study, all the samples examined had an average rough-
ness value (Ra) that was always < 0.2 um; for this reason the
different performance of Bohler P558 with respect to con-
ventional stainless steel and polystyrene, as far as osteocalcin
production was concerned, was unlikely to be related to the
topology of the steel specimens, but rather to their chemical
composition.

In conclusion, our results show that Bohler P558 is an
interesting material, which does not cause direct cytoxicity
and genotoxicity, allows osteoblast adhesion and growth, and
supports the expression of the typical phenotypic markers, to
the same extent or even better than AISI 316L. These results
should stimulate further studies in vivo considering systemic
toxicology, tissue reaction and osseointegration, necessary
to confirm that this new nickel-free steel could represent a
valid or even better alternative to other conventional steel
alloys.
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