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Abstract: The porous NiTi (pNiTi) samples were produced by sintering evaporation using Ti—50.8Ni (at.%) gas-
atomized powders. The samples were analyzed by metallographic microscope and X-ray dispersive spectroscopy
(XRD). A comparison of nickel (Ni) release and cytocompatibility between pNiTi and dense NiTi (dNiTi) was made.
The results showed that the pNiTi has good mechanical properties. Ni releases from pNiTi in vitro and in vivo are more
serious than those form dNiTi. The proliferation and differentiation of cells cultured with the pNiTi extracting liquid are
significantly worse, and the rate of early apoptosis is higher. In conclusion, pNiTi is mechanically similar to bone, but
pNiTi releases more Ni and interferes with cell proliferation and differentiation. A significantly cautious approach

should be adopted when using it as a medical implant.
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1 Introduction

Nitinol (NiTi) shape memory alloy has been
extensively used for decades in bone tissue
engineering, stents, dental and orthopedic implants;
this is because of its unique functional properties,
specifically the shape memory effect, super-
elasticity, damping capacity, satisfactory
biocompatibility and biomechanics [1—3]. Notably,
the elastic modulus of dense NiTi (dNiTi) alloy is
between 40 and 75 GPa based on its transformation
temperature and crystallographic texture [4].
Normally, the elastic modulus of cortical bone is
between 17 and 20 GPa, whereas that of cancellous
bone is approximately 1.15GPa [5,6]. The
mismatch of elastic modulus between the implant
and the surrounding bone causes stress shielding,

i.e., the slow healing and reduction of bone density.
Stress shielding is minimized by using implant
materials with the elastic modulus close to that of
the surrounding bone.

Porous metal is a typical functional material
with specific properties. For instance, by increasing
the sintering temperature, the porosities of the
porous NiTi (pNiTi) gradually decrease and the
compressive strength increases first, reaching a
maximum value at 900 °C, and then decreases [7].
Thus, pNiTi resolves the stress shielding by
changing its porosity to adjust the engineering
elastic modulus and match that of the cortical
bone [5]. The unique bone-like properties of low
stiffness and superelastic behavior make them
promising for biomedical applications [8]. Besides
lowering the effective elastic modulus, pNiTi
dramatically improves boney ingrowth and surface
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friction. Notably, in vivo and in vitro experiments
have confirmed its efficient biocompatibility [9].
Nevertheless, the complex body environment may
introduce challenges of implant corrosion and
nickel (Ni) release control [10]. In our previous
work [11], we found a tiny amount of Ni release
from dNiTi material when implanted into the body.
pNiTi remains at a greater risk of corrosion and Ni
release in the body environment due to the
increasing active surface and presence of secondary
phases [12]. Of note, Ni-induced toxicity is of
significant concern for pNiTi implants. As an
immunotoxin and carcinogen, the accumulation of
Ni and its compounds in the body through chronic
exposure causes various adverse effects on human
health. Based on Ni ion concentration and the
exposure time, Ni-induced toxicity may be
responsible for various human diseases, including
contact dermatitis, allergy, cardiovascular disease,
kidney disease, asthma, lung fibrosis, lung and
nasal cancer [13].

Reports indicate that different fabrication
parameters including green density, preheating
temperature and heating rate affect the properties of
synthesized alloy, including the strength and
martensite transformation temperature [14—17]. The
elastic modulus of pNiTi primarily depends on
porosity [2], while the pore size has an impact on
the electrochemical corrosion of pNiTi and
corrosion resistance [18].

Despite these findings, studies on comparing
Ni release and cytocompatibility between pNiTi and
dNiTi have less been reported. In this study, the
microstructure and metallurgical features of
pNiTi produced by sintering evaporation method
were investigated. Besides, Ni release and
cytocompatibility between pNiTi and dNiTi alloys
were compared.

2 Experimental

2.1 Material and specimen fabrication

The pNiTi samples were produced by sintering
evaporation using Ti—50.8Ni (at.%) gas-atomized
powders and NaCl space-holders. The particle size
of Ti—Ni gas-atomized powders was less than
75 um. The particle size of NaCl space-holders was
between 150 and 355 pm. The mass ratio of Ti—Ni
gas-atomized powders to NaCl space-holders was
about 3:2. The powder mixture was vacuum hot

pressed at 780 °C for 4 h, with a pressure of
25MPa and vacuum of 1x107* Pa, followed by
sintering at 1050 °C for 4 h without pressure in the
vacuum condition to evaporate the NaCl. The
porosity of the porous NiTi alloy was (65+1.5)%.
The dNiTi samples were produced by the method
reported in our previous study [11]. pNiTi and
dNiTi used in this study have no surface treatment.

2.2 Material characterization

The morphological characteristics
observed by metallographic microscope and X-ray
dispersive spectroscopy (XRD).

The porosity of the porous NiTi alloy is
defined by

P=(1—-p/py)x100% (D)
where p is the density of pNiTi, calculated from the

Wwere

mass and theoretical volume, and p, is the
theoretical density of fully dense material
(6.45 g/em’).

The structure of dNiTi alloy was investigated
by X-ray diffraction (XRD) with Cu K, radiation on
Dmax-2500 diffractometer.

2.3 In vivo and in vitro comparison of Ni release
from pNiTi and dNiTi

Samples of pNiTi, dNiTi and Ti (as the control
group, Ti medical implant purchased from Ningbo
Cibei Company, China) were implanted into the
thigh bones of the left hind leg of mice. Eight
samples of each material type were separately
implanted into 8 mice. The implanted materials
were removed after 60 days. The de novo bone
tissues on the surface of the samples were scanned,
and then the amount of Ni in the fresh bone was
analyzed under a Sirion 200 scanning electron
microscope equipped with a GENESIS 60S energy
dispersive spectroscope.

The evaluation of the difference of Ni release
from pNiTi and dNiTi in vitro was based on the ISO
10993 for medical device biocompatibility Part 5.
Samples of pNiTi, dNiTi and Ti were immersed in
the simulated body fluid (SBF, 0.2 g/mL, pH 7.2) at
37 °C for 30 days under sterile conditions. Ni ion
concentration in the extracting liquid was measured
through  dimethylglyoxime  spectrophotometry
(722N spectrophotometer, Shanghai Yidian, China).
Each sample was replicated three times and the
average values were recorded.
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2.4 Comparison of cytocompatibility in pNiTi

and dNiTi

The cytocompatibility of specimens was
examined through a series of tests including cell
proliferation, alkaline phosphatase (ALP) test and
mitochondrial membrane potential assay. The
extracting liquid of every kind of materials was
re-used to culture preosteoblast MC3T3-El cells
(bought from Shanghai Institute of Biochemistry
and Cell Biology of Chinese Academy of Science).
Experiments were undertaken in triplicate. Nine
repeated tests were made for cell proliferation assay
and ALP activity, while six repeated tests for
apoptosis.

(1) Cell culture

Preosteoblast MC3T3-E1 cells were cultured
in the sterile extracting liquid with three kinds of
materials on 96-well plates, containing penicillin
(100 U/mL) and streptomycin (100 pg/mL)
supplemented with 10% fetal bovine serum and
kept at 37 °C in an atmosphere of 5% CO..

(2) Cell proliferation assay

For cell proliferation assay, preosteoblast
MC3T3-Elcells were cultured for 1, 3 and 7 days,
respectively. After incubation, CCKS8 enzyme-
linked immunometric meter method (Cell Counting
Kit-8, Dojindo, Japan) was performed following the
manufacturer’s instructions. Using the ELISA plate
reader, the optical density (OD) value was recorded
at 450 nm. The cell relative proliferation rate was
calculated.

(3) ALP activity test

ALP activity test was conducted to evaluate
cell differentiation. After 1, 3, and 7 days, cells
were lysed and assayed for their ALP activity using
an alkaline phosphatase assay kit (A059-2-2,
Nanjing Jiancheng, China).

(4) Apoptosis test

The decrease of mitochondrial membrane
depolarization (MMP) is a typical characterization
at the early stage of apoptosis. The measurement of
MMP was estimated using JC-1 dye (Mitochondrial
membrane potential detection kit, C2006, Shanghai
Biyuntian, China). Briefly, after being cultured for
1, 3 and 7 days, MC3T3-E1 cells were washed and
incubated with JC-1 working solution for 20 min at
37 °C in the dark, washed with cold JC-1 staining
buffer, placed on ice, and observed immediately by
fluorescence microscopy.

2.5 Statistical analysis

Results were expressed as the meantstandard
deviation on graphs. One-way ANOVA was used,
followed by the Bonferroni test for post hoc
analysis when multiple comparisons were
conducted. Statistical analysis was performed using
SPSS Graduate Park 19.0 software (SPSS, Inc.,
Chicago, IL, USA). A P-value of 0.05 or less
(P<0.05) was considered statistically significant.

3 Results and discussion

3.1 Microstructure and mechanical property of

pNiTi

pNiTi exhibits an irregular and interconnective
pore structure closely similar with the human bone
(Fig. 1(a)). The actual porosity of pNiTi is
(65£1.5)%. The pore size is between 100 and
355 pum. The pore distribution is relatively uniform,
and the pore morphology and size are similar to
those of original NaCl. The XRD pattern of pNiTi
is shown in Fig. 1(b). The main phases in the pNiTi
alloy include TiNi (B2), TiNi (B19’), Ti;Ni and
Ti3Niy. The compression strength of pNiTi is about
(12543) MPa (Fig. 1(c)). The strength of fabricated
pNiTi is higher than that of cancellous bone
(1-100 MPa for human). The Young’s modulus of
the pNiTi alloy is measured to be (10.6+£0.3) GPa,
which is an intermediate value between cortical
bone and cancellous bone [5,6]. Both porosity and
pore size of pNiTi are correlated and crucial to the
mechanical and biological properties, and may also
determine the performance after implantation [2].
Porosity and pore size are two of key parameters
that should be considered when pNiTi material is
used for medical implant.

3.2 Ni release of pNiTi and dNiTi alloys

Samples of pNiTi and dNiTi were coated with
de novo bone tissues after 60 days
post-implantation in mice thigh bones. The quantity
of Ni in the de novo bones was measured using a
Sirion 200 scanning electron microscope equipped
with a GENESIS 60S energy dispersive spectro-
scope (Fig.2). The Ni contents in the newly
formed bones on the surfaces of pNiTi materials
((1.95+0.87) wt.%; (0.47+0.21) at.%) are significantly
higher than those on the surfaces of dNiTi materials
((0.62+0.19) wt.%; (0.15+0.05) at.%) (P<0.05). The
results suggest the possibility of more Ni release



Ben-quan YU, et al/Trans. Nonferrous Met. Soc. China 31(2021) 3814-3820 3817

35 40 45 50 55 60 65
200(°)

(©)

Ju—

[\

(o))
T

—_

[

S
T

Compression stress/MPa
W ~
(e (3%
; .

N
(9,
T

02 4 6 8 10 12 14
Compression strain/%

Fig. 1 Microstructure and mechanical properties of pNiTi:
(a) Microstructure; (b) XRD pattern; (c) Compression
curve

from the pNiTi to the surrounding tissues than that
from dNiTi if implanted in human bodies. Moreover,
Ni release from pNiTi is much more than that from
dNiTi samples in SBF (Fig.3). Ni ion in the
extracting liquid of pNiTi is (890.69+£9.17) ng/L,
whereas that of dNiTi is (346.46£8.92) ug/L
(P<0.001).

XU et al [18] evaluated the impact of pore size
on electrochemical corrosion of pNiTi in SBF and
discovered that the corrosion resistance decreased
with increasing pore size. Moreover, Ni releases

P h

Fig. 2 Ni release of pNiTi (a, b) and dNiTi (¢, d) alloys

from the bare NiTi increased with exposure time,
reaching a maximum value at 72 h, while that from
TiN-coated NiTi alloy was kept at a significantly
low level. Although cells proliferation on bare NiTi
alloy within 72 h was similar to that on TiN-coated
NiTi alloy, the expression of physiologically
activity-related genes of cells on bare NiTi alloy
was remarkably different from that on TiN-coated
NiTi alloy [19,20], indicating that the released Ni
from NiTi had a cytotoxic effect. Generally, pNiTi
was reported to have a higher Ni release rate than
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bulk dNiTi because of the increasing active surface
and the presence of secondary phases [12]. Coating
of hydroxyapatite bioactive ceramic particles on
NiTi surfaces is a technique to prevent Ni release
into the body [4]. SAADATI and AGHAJANI [9]
reported that hydroxyapatite-coated pNiTi is also
porous but with less corrosion resistance compared
with pNiTi. This modified surface decreases the Ni
release rate of NiTi implants in the SBF solution.
This causes rapid absorption of additional proteins
and promotes cell adhesion, and especially,
osteoblasts potentially accelerate bone-implant
chemical bond generation [9]. Besides designing
appropriate porosity and pore size to decrease Ni
release, surface of pNiTi implants should be treated
or coated to improve the corrosion resistance.

3.3 Cytocompatibility of pNiTi and dNiTi

When MC3T3-E1 cells are cultured in
different extracting liquid, a significant difference
in cell proliferation is noted between the pNiTi and
dNiTi groups on the 1st day, 3rd day, and 7th day
(P<0.05). By extending the cell culture time, the
difference appears to expand. The cell relative
proliferation rates of the pNiTi group on the 1st day,
3rd day and 7th day are (79.15+12.26)%,
(70.95+£7.15)%, and (62.49+4.54)%, respectively
(Fig. 4). Cells of the pNiTi group show lower ALP
activity than that of the dNiTi group and control Ti
group (P<0.05) (Fig. 5). However, the difference in
ALP activity between dNiTi alloy and Ti samples is
nearly negligible. The ALP activity results show the
effect of the implant material on the differentiation
of preosteoblasts. A significant difference in cell
differentiation is observed between the pNiTi and
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Fig. 4 Relative proliferation rates of preosteoblast

MC3T3-E1 cells of pNiTi, dNiTi and Ti group (¥*P<0.05;

**P<0.01; ***P<0.001)
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Fig. 5 ALP activity of preosteoblast MC3T3-E1 cells of
pNiTi, dNiTi and Ti group (***P<0.001)

7 days

dNiTi groups. This implies that pNiTi material
inhibits cell differentiation.

The apoptosis of MC3T3-El1 cells in the
pNiTi group is significantly increased compared to
that in other groups (Fig. 6). SEVCIKOVA and
PAVKOVA [20] suggested that the evaluation of
implant materials should not be based only on cell
proliferation; instead, other aspects including cell
morphology, cellular expression and apoptosis
should also be considered. Notably, cytotoxicity is
an essential parameter of the
cytocompatibility of biomaterials. Cytotoxicity of
pNiTi alloy is a challenge for medical use unless the
material is surface treated or coated.

Studies on the biocompatibility of NiTi have
largely matured in the past decades [21,22]. NiTi
represents efficient in vitro cell compatibility and
in vivo biocompatibility [23]. The relationship
between the biocompatibility of NiTi and Ni release
remains controversial. Although excessive Ni ion

evaluation
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causes toxicity, allergic reaction and cancer [13],
some scholars believe that the release level of Ni
ions from NiTi is well tolerated [24] and the amount
of released Ni is too low to have an impact on
cytocompatibility [25]. In our experiment, we
examined the effects of pNiTi, dNiTi and Ti
extracting liquid on preosteoblast cell proliferation,
differentiation, and apoptosis. A significant
difference is noted among the three groups,
specifically pNiTi which demonstrates impaired
impact on cell bioactivity. This poses a significant
concern for the safety of pNiTi in clinical use.
Further studies are necessary to comprehensively
understand  the relationship  between  the
biocompatibility of NiTi and Ni ion.

4 Conclusions

(1) pNiTi prepared by sintering evaporation
method is mechanically similar to bone.

(2) Ni releases from the uncoated pNiTi in
vivo or in vitro are more serious than those from
dNiTi.

(3) There is a significant difference in
cytocompatibility between pNiTi and dNiTi. pNiTi
significantly interferes with the proliferation and

differentiation of bone cells, causing early apoptosis.

Thus, a significantly cautious approach should be
adopted when using it as a medical implant.
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