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Abstract: The present work is aimed at studying the surface cytocompatibility of porous NiTi obtained
by self-propagating high temperature synthesis (SHS), and then annealed in air at 500-1000 °C. Using
cytotoxicity tests in vitro, it was found that the cells had attached to the oxidized surface in the
amount sufficient for their growth and proliferation on the substrate. The surfaces of the annealed
samples and the control sample were studied by XRD, SEM and optical microscopy. It was found
that there is a correlation between cell hemolysis and nickel-containing phases on the surface. Thus,
annealing at 500-700 °C worsens cytocompatibility compared to the control sample, but annealing at
800-1000 °C improves cytocompatibility.
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1. Introduction

The characteristic properties of titanium nickelide, such as the shape memory effect,
superelasticity, high corrosion resistance and damping ability make the alloy highly applica-
ble in various fields of medicine [1-4]. Porous materials are of particular importance due to
their integration into biological tissues and long-term functioning in a living organism [5-8].
Firstly, bone tissues grow into the pores of the implant and provide stable fixation. Secondly,
the rough surface of the porous implant increases the specific surface area of the interface
between the implant and the biological tissue, and reduces the contact loads at the interface.

One of the promising methods in powder metallurgy is self-propagating high-temperature
synthesis (SHS), whose advantages are high productivity and economy. In the NiTi implants
the SHS method is applied to obtain open interconnected pores which make it possible to
transport body fluids together with a new forming tissue through the implant, supporting
the growth of the tissue [9,10]. An important advantage of SHS is the formation of a
protective layer on the pore surface, which spontaneously forms from oxycarbonitrides and
protects the alloy from electrochemical corrosion in chlorine-containing solutions [11-14].
However, the influence of oxidation processes on the phase composition, structure and
cytocompatibility of the porous SHS-NiTi during short-term annealing in air has remained
insufficiently studied [15]. Due to a larger specific surface area, the annealing process of
the porous material occurs faster, which results in the disturbance of the balance between
mechanical properties and corrosion resistance.

While being manufactured the implants made of porous NiTi alloys are subjected to
short-time heat treatment in the temperature range of 700-1000 °C to give them their indi-
vidual shapes, which results in structural and phase changes in the surface and near-surface
layers, therefore the heat treatment process requires special control. Regarding creating
implants for prosthetics of the middle face zone from porous SHS-NiTi plates, the manu-
facturing technology includes heat treatment in air at temperatures of 700-900 °C [16,17].
The porous SHS-TiNi alloy is used to create endoprostheses of the temporomandibular
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joint with rubbing surfaces [16,18,19]. In the case of such endoprostheses with rubbing
surfaces [20,21], heat treatment in air is not used. New properties which characterize
the annealed surface are important for the biocompatibility of the implant [22-25], as,
for example, any change in the chemical composition of an implant affects the protein
adsorption [24].

There are a number of studies devoted to the oxidation mechanisms in cast NiTi
alloys during annealing [26-29]. It was concluded that within 1 h of heat treatment a
multilayer structure, in which the outer layer is TiO,, the middle layer is represented by
nickel-enriched Ni;Ti and Ni(Ti) phases and the inner layer is B2-NiTi [28,30-32], forms.
TiO, forming on the surface of NiTi implants acts as a barrier [26-28,31-35] protecting
the surrounding tissues from the toxic effect of the nickel ions which tend to leach from
the matrix in aggressive body conditions caused by alternating loads. In the literature
described above, the oxidation mechanisms of the cast NiTi were studied, but no studies
were found to have considered the short-time annealing of porous SHS-NiTi and its effect
on the cytotoxicity and hemocompatibility of the alloy.

The novelty of the work lies in considering the positive role of the surface layers of the
porous framework during oxidation in air. Oxidation is the result of forced heat treatment
in air during the manufacture of implants from porous SHS-TiNi plates. In this study,
the optimal temperature ranges of heat treatment in air for porous SHS-TiNi alloys will
be established for the first time. Structure studies, electrochemical methods for selective
investigation of the surface in porous alloys, the method of cell deposition on the surface of
a porous framework and the microscopic study of hemolysis used in this work will make it
possible to establish the optimal temperature ranges of heat treatment.

The aim of this work is to study the influence of short-time annealing in the temper-
ature range of 500-1000 °C on the structure, phase composition, cytocompatibility and
hemocompatibility of the porous NiTi produced by SHS.

2. Materials and Methods
2.1. Materials

Porous NiTi ingots with a porosity of 65% were obtained by self-propagating high-
temperature synthesis (SHS) [36]. Plates 2 mm x 10 mm x 10 mm in size were cut from
porous ingots electrical discharge machining. The whole experiment and the methods
applied are schematically shown in Figure 1. Annealing was carried out in air in the
temperature range of 500-1000 °C. Quartz tubes with samples were placed in a tubular
electric resistance furnace after reaching the required temperature in the furnace. The
exposure time of the samples was 5 min. The samples were taken out and cooled in air. For
convenience, some symbols were introduced where the number indicates the annealing
temperature, for example, NiTi500, NiTi600, however, the NiTi25 sample was not annealed,
and it is considered as a control sample.
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Figure 1. The scheme of the experimental testing.

2.2. Methods
2.2.1. Structural Investigations

The surface phase composition of the samples was studied by XRD in the grazing
beam mode using a XRD-6000 diffractometer (Shimadzu, Japan) with CuK-« radiation. To
identify the obtained X-ray diffractograms, the crystallography open database (COD) and
the materials project web-database and Profex full-profile analysis program were used.

The surface structure of the samples was studied by SEM TESCAN VEGAS3 (Tescan,
Brno, Czech Republic) and EDS in a secondary electron detection mode and by an optical
microscope Axiovert 40 MAT (Carl Zeiss Microscopy GmbH, Jena, Germany).

Fluorescence of the samples from the 10 mm x 10 mm surface areas was visualized
using the LSM-780NLO Confocal Laser Scanning Microscope, Carl Zeiss Microscopy GmbH
(Germany). Cells were visualized using double staining with acridine orange and ethidium
bromide. Before staining the samples were pre-washed from the medium and flooded with
the working dye solution for 10 min. Live cells were stained with acridine orange, and
dead cells were stained with ethidium bromide. Fluorescent acridine orange was excited
using a laser with a wavelength of 488 nm, and fluorescence was recorded in the range of
495-545 nm. Fluorescent ethidium bromide was excited using a laser with a wavelength of
561 nm, and fluorescence was recorded in the range of 580-690 nm. As a result, fluorescent
images of localizations of acridine orange (green) and ethidium bromide (red), and an
image obtained in transmitted light mode were superimposed. The number of viable cells
was calculated as the arithmetic mean in 3 or 5 view fields of the confocal microscope.

2.2.2. Determination of Ni Content in Solution

The studies were carried out in a 1 mass. % HCI solution after 1800 h of interac-
tion with samples at a temperature of 293 K. During corrosion tests, porous samples
1mm X 1 mm X 10 mm in size were half immersed in test tubes with a solution and her-
metically sealed. The tubes were periodically shaken during the entire test period. At
certain time intervals, the samples were removed, and the solutions were analyzed under a
standard procedure for maintaining the chemical purity of the experimental solutions.

After the samples were extracted from the solutions, the nickel content in those
solutions was determined by the colorimetric method using sodium diethyldithiocarbamate.
Sodium diethyldithiocarbamate forms a compound with nickel that is easily extractable
with isoamyl alcohol. The molar coefficient of light absorption of such a compound is
¢ =37,000 at a wavelength of incident radiation A = 325 pm. Based on the results of
colorimetric measurements of a series of standard solutions, the calibration dependence
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of their optical density on the nickel concentration was obtained, from which the nickel
concentration in the experimental solutions was determined.

2.2.3. In Vitro Bio-Testing

The annealed samples were washed first in an ultrasonic bath, then with distilled
water three times on a shaker for 60 min and autoclaved at 180 °C for one hour. Next, the
samples were washed three times with culture medium and placed in the 24-well plate to
study cytocompatibility.

2.2.4. Hemolysis Test

Healthy human volunteer donor blood containing sodium citrate (3.8 wt.%) in a ratio
of 9:1 was diluted with normal saline (4:5 ratio by volume). Intact and modified NiTi
samples were dipped into a standard tube containing 10 mL of normal saline that had been
previously incubated at 37 °C for 30 min. Next, 0.2 mL of diluted blood was added to
this standard tube and the mixtures were incubated for 60 min at 37 °C. Similarly, normal
saline solution was used as a negative control and deionized water as a positive control.
After the time period mentioned, all of the tubes were centrifuged for 5 min at 3000 rpm,
and the supernatant was carefully removed and transferred to a cuvette for spectroscopic
analysis at 545 nm. In addition, hemolysis was calculated using a Uniplan ultraviolet
spectrophotometer (Pikon Inc., RE, Tokyo, Japan). Hemolysis percent is the average of three
replicates and it is calculated as (Equation (1)):

ODjost — ODnegutive

Hemolisys = — control__ » 100% 1)
Dposztwe B ODnegatzve
control control

2.2.5. Cytotoxicity Test

MCEF-7 cells were used to evaluate the cytotoxicity of the samples. MCEF-7 cells
were cultured in the medium consisting of of DMEM/F12 (Paneco, RF, Tokyo, Japan)
supplemented with 10% fetal bovine serum (FBS), antibiotics (100 U/mL of penicillin and
100 mg/mL of streptomycin), and 2 mM L-glutamine at 37 °C in a 5% CO, and humid
atmosphere. The cytotoxicity tests were carried out by direct contact. The control groups
involved the use of DMEM as negative controls and 0.64% phenol DMEM as positive
controls. Cells were incubated for 24-72 h in 12-well cell culture plates with medium in
each well. Next, MTT was added to each well. The samples were incubated with MTT
for 4 h at 37 °C, the plates were centrifuged for 10 min at 1500 rpm, the supernatant was
carefully removed, and formazan solubilization solution (10% SDS in 0.01 M HCl) was
added to each well. The spectrophotometric absorbance of the samples was measured at
540 nm on a Uniplan spectrophotometer (Pikon Inc., RF) with a reference wavelength of
630 nm.

3. Results and Discussion
3.1. XRD Analysis of the NiTi Surfaces

XRD studies have shown that the NiTi25 control sample contains intermetallic phases
of the binary system Ti—Ni: NiTi, TipNi, NiTi3 and TizNiy4 at a depth of up to 500 nm from
the surface (Figure 2). After annealing at 500 °C, the titanium oxide phase TiO forms
on the surface. The qualitative composition of NiTi600 does not differ from the NiTi500
sample, but the quantitative content of the identified phases changed, since the intensity of
reflections from the TiO phase increased, and from the intermetallic phases (Ti;Ni, TizNis)
decreased. An increase in the annealing temperature stimulates the segregation of titanium
ions from the matrix to the surface, where they form titanium oxides of various oxidation
states [24,27,34]. COD and Materials Project databases IDs of the identified phases are
presented in Table 1.
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Figure 2. XRD diffractograms of the porous NiTi samples.
Table 1. COD and Materials Project IDs of the identified phases.
Database NiTi (B2) TipNi Ni;z Ti TiO TiO, Ni
CODID mp-23 1527848 1010452 1100042 1530150 tetragonal 1512526

Materials mp-571  mp-1808  mp-1409  mp-2664 mp-2657 tetragonal; mp-23

Project ID mp-554278 monoclinic

At the annealing temperature of 700 °C, the first crystals of titanium oxide TiO, were
formed in the rutile modification. At the same time, there was a significant decrease in
the intensity of reflections from intermetallic compounds of the Ti—-Ni system and from
TiO. The TiO, oxide in the rutile modification is stable at high temperatures, in contrast to
the metastable modifications of brookite and anatase [37]. For samples annealed at higher
temperatures compared to the NiTi700 sample, the intensity and number of structural
reflections from the TiO, phase increased significantly, which indicates an increase in the
quantitative content of this phase. NiTi%00 has two peaks of TiO, indicated at 27-28°. It can
be related to the different crystal systems: the first peak is TiO, with a monoclinic crystal
system and the second one is TiO, with a tetragonal crystal system. Free nickel was found
in the surface regions of NiTi800, NiTi900, and NiTi1l000 samples. Moreover, the intensity
and number of Ni structural reflections were found to increase with an increase in the
annealing temperature. Ni ions are insoluble in the TiO, phase [33]. Therefore, we assume
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that nickel did not come to the surface, but was concentrated under a layer of titanium
oxides. All 20 standard angles and Miller indices are presented in Table 2.

Table 2. Standard 20 angles and Miller indices of the identified phases.

NiTi (B2) Ti,Ni Ni;Ti TiO TiO, Ni
Tetragonal
27.1
42.721 39.141 42.382 42.134 35.877
s tar%gar d 62.009 41.622 43.556 61.108 53.793 éggg
78.23 45.509 46.603 77.012 55.886 ’
Monoclinic
27.466
Tetragonal
(110)
. (110) (422) (2021) (200) (101)
llr\f(ﬂlc‘;’; (200) (511) (0004) (220) (211) 8(1)(1)))
(211) (440) (2022) (222) (220)
Monoclinic
(111)

Thus, the oxidation mechanism occurring while annealing the porous NiTi is the same
as in the case of the cast Nili studied by the other authors [28,30-32]. Identical phases form
in the area close to the surface and the area consists mostly of TiO,, if the samples annealed
at 900 °C and 1000 °C are concerned.

3.2. SEM and EDS Investigations of the NiTi Surfaces

Images of the pore surface and the flat surface of the samples obtained by optical
microscopy and SEM are combined in Figure 3. In NiTi800, NiTi900, NiTi1l000 samples, an
oxidized white layer was found on the pore surface, which is absent in NiTi25 and NiTi500
samples. Visually, its amount increases with an increase in the annealing temperature from
800 °C to 1000 °C. With an increase in the annealing temperature, the volume fraction of
titanium oxides on the surface increases as well.

The temperature dependence of the weight fractions of the elements Ti, Ni and O, on
the polished surface before annealing is presented in the form of a graph in Figure 4. The
polished surface of NiTi25 consists almost entirely of titanium and nickel, found in equal
proportions. Furthermore, 8 wt.% oxygen was found in the surface, which can be explained
by the presence of adsorbed oxygen. With the growth of the annealing temperature, the Ni
content decreases because titanium ions have a better affinity to oxygen. Ti ions segregate
to the surface during annealing, where they form titanium oxide. This oxide layer becomes
thicker with the increase in the annealing temperature so the growth of Ti and O, weight
fraction can be seen. The decrease in the Ni content on the surface of the oxidized alloy at
temperatures of 600-900 °C is due to the growth of titanium oxides on the outer surface of
the porous framework which cover the underlying layers containing nickel.

Figure 5 shows crystals found on the pore surface of samples annealed at temperatures
above 700 °C. The shape of the crystals in the NiTi700 sample is predominantly filamentary,
while in the NiTi900 sample the crystals have a needle shape. In accordance with the
studies by the other authors, these crystals are the TiO, phase [38], which fully confirms
the XRD data, according to which the content of the TiO, phase increases with the increase
in the annealing temperature.
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Figure 3. Optical and SEM microscopy images of surfaces of NiTi porous samples.
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Figure 5. SEM crystals images grown up on the pore surfaces of the annealed samples.

3.3. Ni Content in Solution and Hemolysis Test

Before culturing the cells, the intensity of nickel release during the dissolution of
oxidized porous NiTi samples was studied, since the concentration of nickel in solutions
becomes toxic as it reaches its maximum allowed amount [39]. The data available in existing
literature show that NiTi alloys corrode in biological solutions and a certain precipitate
appears when nickel is dissolved [40]. At the early stages of the experiment (after 100 h)
the appearance of the green color trace of 1% mass. HCI solution was detected, which
points at the dissolution of nickel ions. At the later stages (after 860 h) a light precipitate of
unknown composition appeared. The nickel release content in annealed porous samples
when dissolved in in a 1 mass. % HCI solution for 1800 h is shown in Figure 6a.

The NiTi500 sample has a nickel ion concentration of 0.9 mg/L, which is 0.35 mg/L
higher than that of NiTi25. Heating to 600 °C and 700 °C increases the release of nickel
ions into the solution to 0.85 and 0.8 mg/L, respectively, compared to NiTi25. Heating NiTi
to temperatures in the range of 800-1000 °C made it possible to reduce the concentration
of leached nickel in in a 1 mass. % HCI. For NiTi800, NiTi900 and NiTi1000, nickel ion
concentrations of 0.45, 0.34, and 0.33 mg/L were observed, which is much lower compared
to NiTi25. Annealing of porous NiTi alloys in air at a temperature of 800-1000 °C leads to
the formation of an oxide layer on the surface of the pores, which successfully prevents the
nickel release to the surface. This agrees with the studies of other authors [26-28,31-35].
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RBC hemolysis on porous NiTi alloy samples after heat treatment is shown in Figure 6b.
A non-linear nature of the change in the hemolytic index is observed, while for the control
sample itis 1.7 & 0.3%, for NiTi500—8.6 £ 1.1%, for NiTi600—10.3 & 1.2% and for NiTi700—
6.9 £ 0.9%. These parameters exceed the allowed values of about 2% according to ISO
10993-4:2018 for hemolysis by biomaterials in contact with blood, which indicates the
unsuitability of these heat treatment modes. For NiTi800 alloys—1.5 = 0.3%, for NiTi900—
1.7 4 0.3%, for NiTil000—1.9 £ 0.3% (Figure 6b). The hemolysis index of samples with an
annealing temperature in the range of 800-1000 °C is significantly lower than 500-700 °C
and falls within the allowed range of ISO 10993-4:2018 standard up to 2%.

3.4. Cytotoxicity Test

MCEF-7 cells were incubated for 24 h on heat-treated porous NiTi samples and evalu-
ated by MTT assay in static culture. Figure 6 shows the comparison of morphological im-
ages of MCF-7 cells on porous NiTi alloy samples annealed at temperatures of 500-1000 °C.
Local surface areas with MCE-7 cells were found on the control sample, where live cells are
shown in green with red nuclei.

A high level of cytotoxicity equal to 61 & 7% in relation to MCF-7 cells was found
on the NiTi500 sample, which is higher than that on the control NiTi25 sample (Figure 7).
The highest level of cytotoxicity was found on the NiTi600 sample, where it was 74 & 7%.
On the NiTi700 sample, the level of cytotoxicity was 58 £ 6%. A low level of cytotoxicity
towards MCEF-7 cells was found on NiTi800, NiTi900, and NiTi1000 samples, where it was
14 £ 7%, 21 £ 4%, and 28 + 4%, respectively.

In the image of the NiTi500 sample, a large number of cells stained red as a result of
the release of chromatin from the nucleus and its staining with ethidium bromide can be
seen, which indicates a sharp decrease in the level of cell viability. At the same time, no
living cells stained green with acridine orange are on the surface of this sample. This fact
indicates the death of cells within 72 h after their attachment to the surface of the NiTi500
sample due to cytotoxic factors present on the surface of the sample.

In the image of NiTi600 and NiTi700 samples, a small number of viable green cells
attached to the surface and a large number of non-viable cells stained in yellow and red
are found. The nickel content on the surface is positively correlated with the level of
cytotoxicity. The level of cytotoxicity decreases as the outer layers of titanium oxide grow.
The growth of cytotoxicity index after annealing at 500-700 °C can be related to the TiO
formation because Ni can be freely dissolved in TiO [33] and provides a negative influence
on viable cells, which results in bad proliferation ability and further cell’s mortification
(red cells).
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Figure 7. CLSM images of various samples of NiTi after cell growth MCF-7 for 3 days, green color
used for visualization of viable MCF-7 cells; cytotoxicity level of the modified porous NiTi-based
alloy samples with MCEF-7 cells after 24 h of incubation, measured by the MTT test (red line).

The images confirm that the area occupied by green-colored cells attached to the
surface of the sample significantly increased in the samples annealed at temperatures of
800-1000 °C. The cells show numerous cytoplasmic structures and many of them have a
proliferative morphology.

Using confocal microscopy, similar changes were found in terms of cytocompatibility
with MCEF-7 cells. Based on these data, it can be concluded that in static culture, MCF-7
cells seeded on the control and heat-treated samples at a temperature of 800-1000 °C had
the highest proliferative activity.

In this work, the cytocompatibility control method fully correlates with the results ob-
tained by XRD, SEM, confocal and optical microscopy. We can conclude that the annealing
of porous NiTi alloy implants at 500-700 °C is not recommended because it leads to a worse
cell proliferation and high corrosion level. The recommended annealing temperatures
are 800-1000 °C because the samples heat-treated at these temperatures demonstrate the
highest corrosion resistance level, the highest cell proliferation ability and the greatest
number of the surviving cells.

4. Conclusions

To conclude, short-time annealing of porous NiTi in the temperature range of 500-1000 °C
causes changes in the surface phase composition. The weight fractions of the intermetallic
phases such as NiTi B2, Ti;Ni, TiNiz decrease along with an increase in the annealing
temperature, but at the same time new phases such as TiO, TiO, and Ni form due to Ti ion
segregation to the surface. An increase in the yield of nickel into the chlorine-containing
solution after short-time annealing from 500 to 700 °C is observed. At the same time,
short-time annealing from 800 to 1000 °C reduced the concentration of leached nickel in
the solution. This can be related to TiO, formation because this phase acts as a protective
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barrier against biological liquid tissues. These data directly correlate with the percentage
of erythrocyte hemolysis, the cytotoxicity index, and the number of detected cells. After
annealing at 800-1000 °C, a decrease in the percentage of hemolysis to normal values, a
decrease in the cytotoxic activity of porous samples, and an increase in the viability of cell
cultures were established.

Further investigation will be focused on the mechanical properties and martensitic
transformation of the annealed porous SHS-TiNi samples.
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