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The leaching of nickel from the surface of porous Nitinol (PNT) is mainly dependent on its surface char-
acteristics, which can be controlled by appropriate surface treatments. In this investigation, PNT was
subjected to two surface treatments, namely, water-boiling and dry-heating passivations. Phosphate buffer
saline (PBS) solutions obtained from cyclic potentiodynamic polarization tests on PNT were employed to
assess the cytotoxicity of Ni contained therein on osteoblast cells by Sulforhodamine B (SRB) assay. In
addition, similar concentrations of Ni were added exogenously to cell culture media to determine cytotoxic
effects on osteoblast cells. The morphologies of the untreated and the surface-treated PNTs were examined
using SEM and AFM. Furthermore, growth of human osteoblast cells was observed on the PNT surfaces.
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1. Introduction

Implants prepared from equiatomic Ni-Ti alloy are known
for their psuedoelasticity, shape memory effect, superior
corrosion resistance, and increased osteointegration properties
in bone and dental implant applications (Ref 1-3). Porous
Nitinol (PNT) of 65% porosity is one such promising alloy.
However, there are concerns regarding the toxic and allergenic
effects of Ni release after implantation (Ref 4-7). Since PNT
has a larger surface area than a solid Nitinol implant of the
same size, the possibility of Ni ions releasing form the former is
of greater concern (Ref 5, 8, 9). Ni ion release is also dependent
on other factors such as initial composition of Nitinol and the
non-equiatomic chemical species present on its surface, such as
Ti2Ni, Ni3Ti, and Ni (Ref 10). The concentration of Ni released
in biological media in experiments by other researchers range
between 130 and 150 ppb under static and dynamic conditions
(Ref 7) in respect of the Ni concentration in human blood (25-
67 ppb) (Ref 11). Systemic accumulation of Ni ions takes place
mainly in the kidneys and lungs of the human body (Ref 12). In
addition, the presence of Ni ions in the human body poses
problems for the immune, cardiovascular, blood, and respira-
tory systems (Ref 13). Furthermore, nickel compounds, such as
NixSy, NixSey, and NixAsy (x and y are integers) act as
carcinogenic agents (Ref 14), which could result in the
formation of tumors. One method for reducing Ni release from

PNT consists of improving the surface chemistry of the
passivating oxide layer in such a way that the Ni release is
minimized. In this study, PNT was subjected to a combination
of various surface treatments such as water boiling, passivation,
and dry heating (Ref 1, 4, 5).

Surface characteristics, such as morphology, roughness (Ref
15-19), surface energy (Ref 18), corrosion resistance, and surface
layer chemical composition (Ref 19, 20), play an important role
in the interaction between Nitinol implants and cellular adhesion
and their proliferation in the human body (Ref 16, 21). It was also
observed that when Nitinol was subjected to various surface
treatments, the concentration of nickel in the surface oxide layers
was found to vary appreciably (Ref 8, 22). As a result, surface
treatment of Nitinol before implantation can be employed to
modify its chemical, physical, and biological interaction prop-
erties (Ref 23). In this investigation, a combination of three
treatments was employed to modify the surface of PNT.

2. Materials

PNT material (Actipore, Biorthex, Montreal, QC, Canada)
used in this research was prepared by Self Propagating High
Temperature Synthesis (SHS). The open porosity of the PNT
was about 65± 5% with a pore size of approximately
230± 130 lm, which lies in the conventional tissue integration
range of 50-500 lm (Ref 24). The specimens used were in the
form of circular disks with thicknesses of 1.0± 0.25 mm and
were cut from cylindrical ingots of [ = 12.5± 0.25 mm and
L = 30.0± 0.1 mm using a high-speed saw.

3. Methodology

3.1 Water Boiling

PNT was boiled in distilled water at 100 �C for 30 min.
During the water-boiling process, Ni ions are leached out, and a
TiO2 layer is produced on its surface (Ref 25). Simultaneously,
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as a result of water boiling, the ratio of Ti/Ni on Nitinol�s
surface increases substantially compared with an untreated
surface (Ref 26).

3.2 Dry Heating

The PNT was dry heated in a tube furnace at 132 �C with a
continuous supply of air. Dry heating enhances the formation of
a protective titanium oxide and the thickness of the surface
oxide layer (Ref 27).

3.3 Passivation

Passivation is a chemical dissolution process, where an
oxidant removes exogenous atoms present on the surface of a
metal (Ref 28-30). PNTsamples were passivated in a 20% Conc.
HNO3 medium at 80 �C for 20 min. Passivation of Nitinol
results in the reduction of elemental Ni and NiO from the surface
of the alloy, and increases the amount of TiO2 (Ref 28).

3.4 Pre-Cleaning

Localized corrosion of Nitinol can be triggered by the
presence of impurities and foreign particles attached to its
surface (Ref 31). This can be reduced by ultrasonic cleaning
with reagents such as acetone, ethanol, etc. (Ref 21, 23, 32).
The PNT samples were cleaned ultrasonically in both acetone
and ethanol for 5 min, to ensure that the hydrocarbon
contaminants were completely removed. Finally, the samples
were washed with distilled water for 5 min and air dried. All
the PNT samples were pre-cleaned before conducting surface
treatments, corrosion, and osteointegration studies.

3.5 SRB Assay

The PBS collected after corrosion tests were analyzed using
inductively coupled plasma mass spectroscopy (ICP-MS),
ELAN DRC-II for Ni content. The cytotoxicity of Ni ions
present in the PBS on human osteoblast cells (hFOB 1.19 cells,
ATCC, Manassas, VA, USA) was determined by performing
SRB assays. This is a simple, effective, and reproducible
method to determine the cytotoxicity of a given liquid on the
growth of a particular adherent cell line. It involves the
absorption of a negatively charged dye, sulforhodamine B
(SRB), by amino acids present in living cells. A measurement
of the optical density of the absorbed dye is directly propor-
tional to the number of proliferated cells in the given media or
to the cell density. In an effort to further assess the cytotoxicity
of the Ni on human osteoblast cells, various concentrations of
NiCl2Æ6H2O powder were added exogenously to the cell culture
media. Cytotoxic assays were then performed as previously
described.

3.6 Cell Growth

Human osteoblast cells, at a concentration of 40000 cells/
mL, were placed on pre-cleaned PNT samples and incubated at
37 �C and 5% CO2 for 48 h. After two days, cells were washed
with PBS (GIBCO 14190-144, Carlsbad, CA, USA) and then
fixed with 25% formalin solution (1:3 formalin and PBS,
Thermo-Shandon, 990244, USA) for SEM analysis (Ref 33).

3.7 AFM

The surface roughness of PNT was analyzed using a Veeco
Multimode Nanoscope IIIa Atomic Force Microscope (AFM).

Scan areas of 10 lm9 10 lm were analyzed on randomly
selected surfaces on the rims around the pores.

3.8 Ni Release from PNT Corrosion

The ASTM F 2129-08 (Ref 34) standard was utilized to
determine the corrosion resistance of PNT. A typical three-
electrode (working, counter, and reference) corrosion cell
interphased with a potentiostat (GAMRY) was used, in which
the PNT (working electrode) was placed in de-aerated PBS. A
saturated Calomel electrode was used as the reference elec-
trode, and carbon as the counter electrode.

An ICP-MS (Perkin Elmer Sciex, model ELAN DRC-II)
was employed to determine the concentration of Ni in PBS

Fig. 1 AFM pictures of different surface-treated PNTs: (a) UNT
PNT, (b) WB-PA PNT, and (c) DH-PA PNT

Journal of Materials Engineering and Performance Volume 20(4–5) July 2011—825



solution after each corrosion test. 5 mL of PBS was collected
for each analysis, and the average concentration of Ni in three
replicates of each sample was determined using ICP-MS, and
standard deviation (SD) was calculated.

Fig. 2 SEM photomicrographs of surface-treated PNTs before corrosion: (a) UNT PNT; (b) WB-PA PNT; (c) DH-PA PNT and after corrosion
(d) UNT PNT; (e) WB-PA PNT; and (f) DH-PA PNT

Fig. 3 Concentration of Ni released from surface-treated PNT

Fig. 4 Osteoblast cell viability (normalized fraction of live cells)
in. PBS and mixtures of PBS and solutions collected after corrosion
of PNTs: P (PBS before corrosion), and C (PBS after corrosion)
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4. Results and Discussion

Untreated (UNT) PNT was subjected to two surface
treatments, namely, water-boiling passivation (WB-PA) and
dry-heating passivation (DH-PA). Passivation was not con-
ducted as a stand-alone method; it was conducted after dry
heating and/or water boiling. Figure 1 shows the variation in
the surface roughness of PNT that was subjected to the
aforementioned surface treatments. The average roughness of

UNT PNT was 40 nm, whereas that of the surface-treated PNT
increased to 44 nm for WB-PA PNT and 64 nm for DH-PA
PNT. It should be noted that low surface roughness of Nitinol
alloys correlates well with a high resistance to pitting and
crevice corrosion (Ref 35).

The increase in surface roughness after surface treatment is
depicted in the SEM photomicrographs Fig. 2(a)-(c). Further-
more, the surface of the PNTs became pitted after corrosion
(Fig. 2d-f). It should be noted that the surfaces depicted in
Fig. 1 and 2 correspond to the ridges around the pores of the
PNT. The concentration of Ni in the PBS collected after each
corrosion test as per our previous study (Ref 36) is shown in
Fig. 3. Although the WB-PA PNT appears to be highly pitted,
the amount of Ni released (75 ppb) was less than that released
from DH-PA and UNT PNTs. This was attributed to the
leaching of Ni from the surface of the PNT during WB-PA,
which resulted in the formation of a Ni-free passivating oxide
layer. XPS analysis of Nitinol alloys subjected to WB-PA (Ref
7, 37) also confirmed the formation of a Ni-free passive layer.
In another research (Ref 26), aging of solid Nitinol in boiling
water promoted the diffusion of Ni atoms from the oxidized Ti-
based surface layers into the surface/water interface and
provided suitable conditions for enabling the Ni release.

It has been reported (Ref 29) that dry heating increases the
surface concentration of Ni through diffusion at higher
temperatures (Ref 28), whereas passivation results in the
removal of exogenous atoms from the surface of PNT. In an

Fig. 5 Osteoblast cell viability (normalized fraction of live cells)
vs. Ni concentration in cell culture media

Fig. 6 (a) WB-PA PNT without cell growth; (b) WB-PA PNT with cell growth; (c) Osteoblast cells on WB-PA PNT at lower magnification;
Osteoblast cells on (d) UNT PNT; (e) WB-PA PNT; and (f) DH-PA PNT

Journal of Materials Engineering and Performance Volume 20(4–5) July 2011—827



effort to reduce the release of Ni after implantation, a
combination of these two processes would enable the removal
of a Ni rich outer layer that is produced by dry heating.
Therefore, the high concentration of Ni (236 ppb) released
from DH-PA PNT indicates that the passivation time of 20 min
at 80 �C was insufficient to remove the Ni rich surface layer
from PNT. The high concentration of Ni released from the
corrosion of DH-PA PNT may be attributed to the high surface
area of PNT as compared with that (70 ppb) from the solid
Nitinol (Ref 35).

The concentration of Ni released from the untreated PNT
(manufactured by CF-HIP process) in FBS (fetal bovine serum)
in immersion tests (Ref 8) over a period of two weeks was
found to be in the range of 400-550 ppb. Therefore, Ni release
from Nitinol is dependent on its manufacturing process, the
type of surface treatment as well as the environment in which it
is placed.

The PBS solutions collected after corrosion tests were then
exposed to human osteoblast cells to assess Ni cytotoxicity by
SRB assay. A comparison of the cytotoxic effect of different
concentrations of Ni on human osteoblast cells is shown in
Fig. 4. On the X-axis, the highest concentration of Ni to which
the osteoblast cells were exposed ranged from 236, 75, and
85 ppb (in the PBS collected after corrosion of DH-PA PNT,
WB-PA PNT and UNT PNT respectively, as depicted in Fig. 3
and labeled 100% C in Fig. 4) to zero ppb in the solution
labeled 100% P. The Y-axis of Fig. 4 corresponds to the fraction
of live osteoblast cells relative to the quantity that would be
present in the absence of Ni in solution. It should be noted that
the superior response exhibited by WB-PA PNTwas because of
the lower concentration of Ni released in the PBS after
corrosion (75 ppb).

Figure 5 shows the SRB assay results, where an increase in
Ni concentration produced a decrease in viable cell growth, i.e.,
an increase in Ni cytotoxicity. In general, the cytotoxic effect of
Ni on human osteoblast cells was dependent on the concen-
tration of Ni to which they were exposed. It should be noted
that a similar trend in osteoblast cell viability was obtained
regardless of whether cells were exposed to Ni in PBS or Ni in
cell culture media. For example, when cells were exposed to
100% C (Ni concentration between 75 and 236 ppb as shown
in Fig. 4) as well as to cell culture media containing
exogenously added Ni (75-200 ppb as shown in Fig. 5), a
normalized cell proliferation of about 0.70-0.85 was obtained.

Human osteoblast cells were successfully cultivated on
untreated and surface-treated PNTs as shown in Fig. 6. These
cells are mononucleate cells that are responsible for bone
formation. However, no discernable difference in cell attach-
ment was observed on the different surface-treated PNTs after a
48-h-growth period. Elongated cell growth with the presence of
extended fibers between the pores of PNT can be observed in
Fig. 6. In order to gain an in-depth understanding of this cell
line response to different PNT surfaces, future study needs to be
performed on the cellular attachment rates.

5. Conclusions

The surface treatments conducted on PNT resulted in an
increase of surface roughness. Accelerated corrosion tests
produced pits on the surface of the PNT. The WB-PA PNT
exhibited the least Ni release during corrosion tests followed by

the UNT PNT. Ni exhibited some toxicity on human osteoblast
cells at concentrations greater than 50 ppb. A significant
toxicity was observed at a Ni concentration greater than
200 ppb. In general, cell viability was independent of the
source of Ni, but was dependent on Ni concentration exposure.
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