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ABSTRACT: In order to reduce infections, porous NiTi alloys with 62% porosity were obtained by
self-propagating high-temperature synthesis with the addition of 0.2 and 0.5 at. % silver nanoparticles.
Silver significantly improved the alloys’ antibacterial activity without compromising cytocompatibility.
An alloy with 0.5 at. % Ag showed the best antibacterial ability against Staphylococcus epidermidis. All
alloys exhibited good biocompatibility with no cellular toxicity against embryonic fibroblast 3T3 cells.
Clinical evaluation of the results after implantation showed a complete absence of purulent-
inflammatory complications in all animals. Even distribution of silver nanoparticles in the surface
layer of the porous NiTi alloy provides a uniform antibacterial effect.

B INTRODUCTION

The choice of osteoreplacement material depends on various
factors, including specific applications, desired mechanical
properties, and biocompatibility. Implants must not interfere
with the natural physiology of bone regeneration and must also
be able to withstand cyclic loads, ensuring the internal
functionality of the skeletal system. It is known that metals,
polymers, and ceramics are used as orthopedic biomaterials,
but most metals are capable of providing the necessary support
due to their mechanical properties."”” Some studies indicate the
limited strength of ceramic implants, especially under high
loads. Ceramics are more brittle and less flexible than other
materials, making them difficult to shape and adapt to a
patient’s specific anatomy.”* Despite their lightness, flexibility,
and biocompatibility, polymer implants have limited strength
under high loads and can wear and degrade over time,
especially with long-term use.” The most common types of
metal implants used in bone fractures are titanium alloys,
stainless steel, and cobalt—chromium alloys due to their
biomechanical and biochemical compatibility.®™ "
Nickel—titanium (NiTi) porous alloys are the preferred
materials for bone implants. Despite porous NiTi alloys being
around for many years, their use in medical materials science
continues due to fundamental properties, such as mechanical
and biological compatibility, increased wear and corrosion
resistance in biological environments, and large reversible
deformation.'' ™'® These alloys are constantly undergoing
various modifications in terms of composition, surface
modifications, and thermomechanical treatment.'*™'¢
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Technological parameters of the self-propagating high-
temperature synthesis (SHS) determine the implants’ porosity
and microstructure. The porosity can be adjusted to match the
bone tissue and allow its growth into the pores, which
promotes bone formation. The protective surface layer
spontaneously formed on the surface of porous NiTi alloys
during SHS increases its biological compatibility and corrosion
resistance.’” The morphology of the porous NiTi permeable
structure is similar to that of bone tissues. Porous NiTi strong
superelastic framework retains the support function for bone
tissue ingrowth and allows for withstanding alternating
physiological loads in the body for a long time.

Despite the obvious advantages of porous NiTi alloys in
terms of biochemical and biomechanical compatibility with the
body, there is another important area of research dealing with
increased antibacterial activity in order to counteract infections
at the implant-biological tissue interface.'*™*° Bacteria
adhesion to the surface of biomaterials is an important stage
of infection development. Infections are accompanied by
severe inflammatory processes, leading to bone tissue
destruction and implant rejection. Silver is distinguished
among noble metals and is bactericidal against a wide range
of microorganisms. Silver can be added by different methods,
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including doping, ion implantation, and coating.”'~** Nano-
sized silver has been studied in recent years, including possible
mechanisms of silver action in the form of nanopar-
ticles.” >~

There are mainly studies of monolithic NiTi alloys including
NiTiAg. In, 73! NiTi composite surface films were doped
with 3—10 at. % Ag, which increased the mechanical strength,
biocompatibility, and corrosion resistance of implants.
However, the alloy's antibacterial properties deteriorated
when Ag concentration exceeded 5 at. %. Therefore, doping
with lower silver concentrations is of particular interest. The
antibacterial activity of the coatings on the NiTi substrates was
studied for the 0.2—0.4 wt % Ag range.”> Coatings containing
>0.3 wt % Ag showed excellent antibacterial activity. The
antibacterial effect was weak at 0.2 wt % Ag concentration. In
addition to the concentration, the Ag particle size is also
important.

Optimal antibacterial activity, biocompatibility, and corro-
sion resistance were achieved for the 20—30 nm Ag particle
size.”> ™ Ag nanoparticles induce strong antibacterial activity
against pathogens in human osteoclasts. It is important that
silver nanoparticles in antibacterial concentrations do not have
a cytotoxic effect on cells.”>*’ It has been demonstrated that
silver nanoparticles provide high antimicrobial efficacy with
low cytotoxicity, but cause cellular stress at higher concen-
trations.”® For this reason, there must be a balance between
antibacterial properties and possible risks to the cells.

There are sporadic studies of the addition of Ag during the
sintering of porous NiTi alloys and modifying their surface
using Ag. No studies of Ag addition in the preparation of
porous NiTi alloys by self-propagating high-temperature
synthesis were found. The addition of Ag reduces Young’s
modulus of the porous NiTi alloys, thereby bringing it closer to
Young’s modulus of human bones and increasing the
maximum deformation of the alloy.39’40 Thus, this work aims
to create a biocompatible antibacterial surface of porous NiTi
alloys by adding silver nanoparticles. This research and
development will lead to the creation of a class of medical
osteoreplacement materials with properties that are superior to
existing analogs.”'

B MATERIALS AND METHODS

NiTi alloys with a 62% porosity were obtained by the SHS
method in an argon atmosphere from nickel PNK OT-4
powder, titanium PTOM-2 powder, and silver nanopowder
with an average particle size of 8 nm with a concentration of
0.2 and 0.5 at. % Ag. For a more uniform distribution of the
dopant, silver nanopowder was mixed with nickel powder in
amounts close in weight, and then the main part of the nickel
and titanium powders was added in portions to the resulting
mixture and thoroughly mixed. Samples of the SHS NiTiAg
alloy were obtained in a flow reactor with argon to prevent
oxidation of the mixture during heating and the synthesized
alloy during cooling. The synthesis was initiated by an electric
arc after heating the reactor to 420 °C. After the synthesis
reaction, the reactor with the resulting porous alloys was
cooled by immersion in water at room temperature.

To determine the bactericidal activity, the standard bacteria
incubation method in liquid broth was used, followed by
seeding on solid media and counting colonies. A daily culture
of Staphylococcus epidermidis was prepared by transferring 10
UL of a pure culture of microorganisms from agar slant to
nutrient broth (400 mL) followed by incubation for 24 h at 25

°C. A day later, 50 uL of the daily culture was placed onto a
solid nutrient medium to determine the number of micro-
organisms in 1 mL of culture. SHS NiTi alloy samples were
incubated in a nutrient broth containing a microbial
suspension of Staphylococcus epidermidis for 72 h at 25 °C.
100 uL aliquot of a whole suspension of microorganisms, at
1076 dilution, was sown on plates with a dense nutrient
medium, followed by incubation for 72 h at 25 °C and
counting the colony forming units (CFU). In the control, 100
UL of saline was added to the broth. The experiment was
carried out three times. Statistical processing was carried out
using Microsoft Office Excel 2013, and the significance of
differences between the values in the groups was assessed by
the Student’s t test.

To study the cytocompatibility of porous materials, the
method of counting stained cells incubated directly on the
surface of the implants was used. The method is standard in
histology. This approach makes it possible to estimate the
number of cells in the top layer of a porous material.
Measuring optical density is more suitable for smooth surfaces,
since it requires washing off the cell suspension from the
surface, which is very difficult for porous materials. NiTi
samples were in the form of porous plates 2 X 10 X 10 mm? in
size with 0.2 at. % and 0.5 at. % concentration of silver
nanoparticles. Before the study, the samples were sterilized at
180 °C for 60 min in a dry oven. In the study of
cytocompatibility, a standard cell line 3T3 (embryonic
fibroblasts) was used. 3T3 cells were cultured in a CO,
incubator for 72 h under standard conditions at 37 °C, 5%
CO, and humidified atmosphere. The complete nutrient
medium consisted of DMEM/F12 (Paneco, Russia) supple-
mented with 10% fetal bovine serum (Paneco, Russia), 40 ug/
mL gentamicin, and 250 mg/L glutamine. The cells were
stained with orange acridine to differentiate live and dead cells.
A ZEISS LSM 780 NLO confocal laser scanning microscope
was used to count cells in the cytocompatibility experiment.
The experiment on each sample was carried out three times by
counting cells in 200 X 200 ym? areas.

The cells were visualized by using a TermoFisher Axia
(USA) scanning electron microscope. Samples were washed
with a phosphate-buffered saline (PBS) solution and fixed with
2.5% glutaraldehyde for 1 h. The sample was washed three
times with PBS for 15 min, fixed in 1% osmium tetroxide
(SIGMA) for 1 h, and washed again three times with PBS for
1S min. Then, it was dehydrated by successive changes in the
volume concentration of ethanol (30, 50, 70, 90, and 100%)
for 15 min in each solution. The samples were dried.

The experimental study was carried out in the vivarium of
the Ural State Medical University (Stukova N.A., head of the
vivarium) in accordance with the “European Convention for
the Protection of Vertebrate Animals used for Experimental
and Other Scientific Purposes” (Strasbourg, France, 1986).
Experiments aimed at studying the NiTi alloys, approved by
the local ethics committee of the Ural State Medical
University, extract from protocol No. 6 dated 06/17/2022.
All animals were kept following sanitary requirements No.
1045—73 of 04/06/1973. The experiment was carried out on 9
sexually mature female white laboratory rats, weighing 400—
600 g. Rats were divided into 3 groups of 3 individuals, and all
animals were implanted with NiTi with silver additives in the
form of porous granules. The granules were obtained by the
mechanical grinding of porous ingots. The first group was the
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control group, the second with 0.2 at. % silver, and the third
group with 0.5 at. % silver.

B RESULTS AND DISCUSSION

The phase and elemental composition, along with mechanical
properties of NiTiAg alloys with a silver concentration of 0,

a

NiTi 0.2%Ag-NiTi 0.5%Ag-NiTi

200
150
100
50
0

Colony forming units

Control

10cm

Figure 1. Antibacterial activity against Staphylococcus epidermidis: (a)
colony forming units; (b) examples of inoculations on solid agar from
the left to right: NiTi, NiTi + 0.2 at. % Ag, NiTi + 0.5 at. % Ag,
control without a sample. Error bars represent the standard deviation

in (a).

0.2, and 0.5 at. % were studied in earlier work.”” X-ray
diffraction (XRD) and energy dispersive spectroscopy (EDS)
data showed limited silver solubility up to 0.1 at. % in the
TiNi(B2) intermetallic phase. It was also shown that an
increase in the silver concentration leads to the crystallization
of silver nanoparticles mainly in the zones of peritectic
crystallization of the Ti,Ni intermetallic compound, increasing
the porous NiTi alloy plasticity from 7 to 27% while
maintaining 70 + 4 MPa compressive strength. Studies of
the structure and mechanical properties of porous NiTi alloyed
with silver have shown positive prerequisites for these studies.
Therefore, in this work, the biocompatibility and antibacterial
action of porous NiTiAg alloys were studied, which are
important characteristics for the use of these alloys for medical
purposes.

Antibacterial Properties and Cytocompatibility
Study. Staphylococcus epidermidis was chosen as the bacteria
in the antimicrobial experiment. The indicators of antibacterial
activity of samples with different silver contents are shown in
Figure 1. Bacteria suspension without a sample was used as a
control. Since silver is a biocidal additive, it is advisable to
study the antibacterial properties of NiTi alloys with silver
compared to NiTi without silver (Figure 1, NiTi) and a
suspension of bacteria without a sample (Figure 1, Control) as
a control for bacteria experiments in order to demonstrate that

the active substance is Ag. The antibacterial effects of the
samples against Staphylococcus epidermidis gradually increased
with Ag concentration. The significance of the differences
between the experiment and the control was confirmed by
Student’s test p < 0.05, while the sample not containing Ag and
the control did not differ significantly. Thus, it can be
concluded that the NiTiAg alloys have bioactive properties due
to the Ag addition. An alloy with 0.5 at. % Ag concentration
showed the best antibacterial ability against Staphylococcus
epidermidis in Figure la.

A cytocompatibility study was performed using porous NiTi
samples with different silver content and visualization of cells
using a scanning electron microscope. Different densities of
cell cultures are observed on the surface of the studied alloys,
as shown in Figure 2. It should be noted that the addition of
0.5 at. % Ag leads to a decrease in the number of cells on the
surface of the porous NiTi alloy, while more cells were found
on the alloy with 0.2 at. % Ag.

The obtained data are in good agreement with the results of
other authors. Current literature reports the antibacterial and
antiviral effects of silver nanoparticles. Silver has bactericidal
activity at concentrations up to 35 ppb without toxic effects on
mammalian cells. Silver concentrations >0.01 mmol/L have
been reported to be cytotoxic.*’ In another study, there was no
evidence of silver toxicity in a fibroblast cell line until silver
concentration reached 1200 ppb.** In vivo testing has shown
that toxic side effects such as argyrosis, leukopenia, and liver
and kidney damage occur when silver concentration in blood
exceeded 300 ppb.** All of these critical concentrations causing
toxicity are higher than the Ag concentration used in this work.
It was found that the silver addition up to 3 at. % leads to
improved NiTi tribological properties, cytocompatibility, and
biocompatibility.**” Toxicological studies have shown the
safety of small concentrations of silver nanoparticles in humans
and the environment. NiTiAg alloy with a 0.5 at. % silver
concentration has improved properties, including cytocompat-
ibility and antibacterial ability, along with increased yield
strength and tensile strength.”*~>* Ag addition to NiTi alloys
shows obvious inhibition of bacteria growth.

According to the experimental data, the average number of
living cells differed significantly in the samples and the control,
as shown in Figure 3. Here, the average number of cells was
counted in three 200 X 200 um® inspection regions for each
sample. The number of dead cells is the same in all groups.
Also, in all three groups, there are significantly more living cells
than dead and apoptotic cells (p = 0.05).

Thus, all three alloys are cytocompatible. The Ag content
increases the number of cells in apoptosis, but the number of
dead cells in all samples is equally low, which may indicate a
moderate cytotoxic effect. However, analysis of the top layer
and cell morphology showed that the surface of the alloy was

Figure 2. Scanning electron microscopy images of the porous alloys’ surface after cells cultivation: (a) NiTi; (b) NiTi + 0.2 at. % Ag; (c) NiTi + 0.5

at. % Ag.
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Figure 3. Quantitative analysis of cell viability on the porous NiTi alloys’ surfaces. Error bars represent the standard deviation.

Figure 4. Macro-operation of the femur of a laboratory rat implanted
with NiTi with 0.5 at. % Ag in the distal part 75 days after
implantation.

covered with a dense monolayer. The porous material allows
the cells to develop an extracellular matrix, in contrast to the
flat surface, which mimics the conditions of growth in a cellular
environment in body tissues. Cells had an irregular shape,
typical for the 3T3 cell line. In the analysis of cytocompat-
ibility, all alloys retained good biocompatibility and did not
show cellular toxicity against embryonic fibroblast 3T3 cells.
In Vivo Tests. Surgical treatment of laboratory rats was
carried out under sterile conditions and general anesthesia.
Anesthesia was administered by an intramuscular injection of
Zoletil 100 at 10 mg/kg of body weight. After preparation of
the surgical table, hair removal, and treatment with antiseptic
solutions, operative access was made by cutting the skin to 2

Figure 6. 3D CT image of a laboratory rat. The site of implantation in
the bone and surrounding soft tissues is highlighted. 75 days after
implantation.

Figure 5. Sagittal CT scan of a laboratory rat. Selected material was installed in the medullary canal of the femur. 75 days from implantation.
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Figure 7. Distribution of Ag in the NiTi + 0.5 at. % Ag sample: (a) TEM cross-section; (b—e) EDS elemental mapping.

cm along the outer surface of the right thigh. The femur was
isolated, and using an engraver with a sterile club-shaped tip, a
refinement hole was made in the proximal meta-diaphyseal
region of the femur with 0.3 X 0.3 cm® dimensions. In the
process of accessing the femur, the sharp way with a scalpel
was used to dissect dense tissues (skin, fascia, periosteum), and
the blunt way with a mosquito clamp to separate loose tissues
(subcutaneous fat and muscles), since the muscles dissected in
the hip area will entail a sharp decrease in the rat’s activity in
the postoperative period, affecting the purity of the experiment.
At this stage, a model of the cavity formation of a tubular bone
was obtained. Then, using a Volkmann spoon, a fine powder of
NiTi was implanted into the formed bone cavity depending on
the group. The material was tightly packed into the bone;
however, part of the material got into the soft tissues near the
bone, which is acceptable. The operation was completed with
layer-by-layer sutures of the wound and treatment of the main
access area with brilliant green. The postoperative period was
uneventful, and anesthesia was performed with Flexoprofen
2.5% at 2.5 mg/kg of body weight. When alloys with a silver
concentration of 0.5 at. % were used, the healing process
proceeded faster. On the 75th day, all animals were withdrawn
from the experiment by an overdose of the anesthetic drug,
followed by the sampling of the femurs for further histological
examination of the bone-implant interface and electron
microscopy in Figure 4. 75 days from the bone tissue damage
is double the time for consolidation and the appearance of the
callus of the femur (30—35 days average consolidation time).
This time period was chosen due to the special type of
modeling of the pathological process. This is not just a bone
fracture but the formation of a pathological bone cavity
thinning of the cortical layers from the inside. It was also taken
into account that the bone tissue damage area here is greater
than with a normal fracture, and there is also interaction with
foreign material.

When conducting a clinical evaluation of the results, there
was a complete absence of purulent-inflammatory complica-
tions in all animals at all stages of the experiment. Before the
animals were removed, there were no signs of inflammation in
the area of material implantation during a clinical examination;

palpation was painless; the local temperature was not elevated;
and the movement of animals in the cage was not difficult. On
the 75th day, the animals underwent computed tomography
(CT), which showed a good filling of the bone defect, and the
absence of a dystrophic effect in the area of contact of the bone
and soft tissues with the material, as shown in Figures S and 6.

Spongy tissue formation requires from 4 to 12 weeks, while
the presence of postoperative infectious complications does
not allow the newly formed bone tissue to fill the formed
spaces in a timely manner, and increases the rehabilitation
time.”*™>* CT control of all groups of animals showed that the
osseointegration of alloys with 0.5 at. % Ag begins immediately
after implantation and ends 2 weeks earlier than in the control
group. To confirm the rate of material osseointegration, a
comparative assessment of the Hounsfield scale was used,
which determines the material density from the gray scale of
each pixel in the image. The intact cortical bone tissue density
of a laboratory animal is 250—350 HU. The bone tissue
density at the bone-implant interface was assessed along the
axial projection perimeter during CT characterization. The
alloy density with 0.5 at. % Ag was higher (210—270 HU)
compared with the control group (110—170 HU), which may
indicate a lower osseointegration degree and rate.

To understand the mechanisms of antibacterial activity,
improved cytocompatibility, and survival, transmission electron
microscopy (TEM) studies of the porous alloys with 0.5 at. %
Ag were carried out, as shown in Figure 7.

Based on the TEM results of NiTi samples with 0.5 at. % Ag
in the cross-section geometry, silver was found in the form of
nanoparticles up to 10 nm in size evenly distributed in the
Ti,Ni,O surface layer in Figure 7. The presence of silver
nanoparticles provided the antibacterial effect due to the
standard mechanism described in several references”> >*
demonstrating the release of pure silver ions from the surface
into the adjacent liquids.

On the one hand, uniformly distributed nanostructured
silver ensures a uniform antibacterial effect due to the low
solubility of silver in NiTi. Silver dissolves in the TiNi(B2)
phase of the porous alloy up to 0.1 at. %, while other authors
found that the solubility of silver in the cast alloy does not
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exceed 0.26 at. %.°°~°" On the other hand, the Ti,Ni,O surface
layer on porous NiTi alloys obtained by the SHS is very active,
as it adsorbs light impurities as a getter.ﬁz’63 Therefore, as
pointed out in several references, the mechanism of silver
action on a microbial cell is achieved by the absorption of silver
ions by the microbial cell membrane, and as a result, the cell
remains alive, but its division is disturbed and a bacteriostatic
effect is achieved.

B CONCLUSIONS

The biocompatibility and antibacterial effects of the surface of
porous NiTi alloys with silver nanoparticles have been
experimentally confirmed under in vitro and in vivo conditions.
It has been established that with an increase in the
concentration of silver nanoparticles to 0.5 at. % the
antibacterial activity increases. The porous NiTi alloy with
0.5 at. % silver turned out to be the most antibacterial and
cytocompatible. Clinical experimental evaluation on laboratory
rats of all groups of animals showed that the osseointegration
of alloys with 0.5 at. % Ag begins immediately after
implantation and ends 2 weeks earlier than in other groups.
The observed positive effect is related to the uniform
crystallization of silver nanoparticles in the Ti,Ni,O surface
layer.
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