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THE EFFECT OF STERILIZATION METHODS ON THE CYTOTOXICITY OF CERAMIC MEDICAL IMPLANTS
Bilyalov AR, Piatnitskaia SV, Rafikova GA, Akbashev VN, Bikmeyev AT, Akhatov ISh, Shangina OR, Chugunov SS, Tikhonov AA
Bashkir State Medical University of the Ministry of Health of the Russian Federation, Ufa, Russia

The choice of the sterilization method for ceramic implants is critically important, as it can affect the chemical and physico-mechanical properties of the material
and its biocompatibility. Higher cytotoxicity, which is a possible side effect of sterilization, hinders osseointegration. This study aimed to determine the cytotoxicity of
porous ceramic samples after sterilization using the most common methods. Samples of hydroxyapatite (HA), tricalcium phosphate (TCP), and aluminum oxide (AO)
were prepared by stereolithography, and bone allograph samples were made using the DLP method. The annealing lasted for 4 hours, with a peak temperature of
800 °C and the temperature increment of 3 °C per minute; the sintering temperature was up to 1200 °C. We used the following sterilization methods: autoclaving
at 1 atmosphere, 120 °C, for 45 minutes; radiation sterilization, 25 seconds with an absorbed dose of 25 kGy; plasma peroxide sterilization, 42 minutes; dry heat
sterilization at 180 °C, for 60 minutes. Cytotoxicity was determined with the help of an MTT assay (24-hour exposure in a CO2 incubator). The results of the study:
for HA, high porosity means growth of values in transition from autoclaving (0.1115) to plasma peroxide sterilization (0.2023). Medium and low porosity show similar
results, with peaks in dry-heat sterilization (0.4954 and 0.4505). As for for AO, it exhibited high viability when subjected to this method. The TCP samples have
shown stable results, but their low-porosity variation had the values growing after autoclaving (0.078 to 0.182, dry-heat sterilization). The study forms the basis for
optimizing the ceramic implants manufacturing technology and sterilization methods to ensure their high biocompatibility.
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BINVUAHWE METOOOB CTEPUTN3ALIMA HA LUTOTOKCUNYHOCTb KEPAMUYECKUX
MEONLUNHCKUX UMIMJIAHTOB
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Bbibop MeTofa cTepunmaauimn KepamMMHECKIX UMMIAHTOB UMPaeT KIKOHEBYIO POb, MOCKOMBKY MOXET OKa3blBaTb BIIVSHME Ha XUMUHECKME U (IN3VKO-MEXaHNHECKE
CBOWCTBa MaTepuana 1 ero 6oCOBMECTVMOCTb. BO3MOXXHOE NOBbILLEHNE LIMTOTOKCUHHOCTY MOCE CTEPUNM3ALIM HEFaTUBHO BNSET HA OCTEOVHTErpaLmio.
Llenbto nccnenoBaHys 6b10 ONPEAenTh LUTOTOKCUYHOCTL KepamMmYecKix 06pasLioB C MOpUCTON CTPYKTYPOI NOCHe NPOoBeAeHst Hanboree pPacnpoCTPaHEHHbIX
METOAOB CcTepunmaaumn. Metonom crepeonmtorpadmv Gblin NOAroTOBNEHb! 00pasLbl 13 MMapoKcHanaTuTa, TpukaneLmdocdara 1 okcraa amnoMmHng. Obpasupl 13
KOCTHOrO anniorpadita 6biim n3rotosneHbl MetogoM DLP. Omxur mposogunm npy 800 °C 1 ckopoctt Harpesa 3 °C B MUHYTY 4 4, a CriekaHre npy Temneparype oo
1200 °C. Vcnonb3oBanu cneaytoLvie MeToAbl CTepunmaaLimn: asToknasmposaHue npu 1 atm, 120 °C, 45 MyH; pagualmoHHas cTepunmndauyisi, 25 ¢ C MormoLLEeHHON
[0301 25 KIp; NnasMeHHo-MepeKrcHas cTepunmnsaums, 42 MuH; ctepuamnsaums cyxum xxapom npu 180 °C 60 MyH. LinToTokcmiHocTb onpeaensnv MTT-TecTom
¢ akcnosuupen 8 CO, uHkybatope 24 4. Pesynstathl ccnegosaHus: Ans MA BoiCOKas MOpUCTOCTb YBENHMBAET 3HAYEHS NPV NEPEXOfe OT aBTOK/IaBMPOBaHIA
(0,1115) kK Nna3ameHHo-NepekncHol ctepunmaaumm (0,2023). CpeaHsist 1 HM3Kas MOPUCTOCTb MOKa3bIBaKOT aHanorMyHoe NoBefeHre, C NKamm Npu CyxXoxapoBoi
ctepunmadaumn (0,4954 n 0,4505). Ana OA xapakTepHa BbICOKast »KM3HECTIOCOBHOCTL MU CyXOXKapoBoW cTepunmadaunn. Peadynstatsbl ans TK® ctabunbHbl, HO
MPU HU3KOW MOPUCTOCTU 3aMeTeH POCT noce asToknasnposaHus (0,078 go 0,182 npu cTepunmaaumn cyxum xxapom). ccnenosanme (opMmpyeT OCHOBY A1st
ONTUMMU3ALNM TEXHONOT N N3rOTOBAIEHNS 1 METOLIOB CTEPUNM3ALN KEPAMUHECKNX MMMIAHTOB A1 06eCneYeHnst X BbICOKOM BUOCOBMECTUMOCTY.
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Porosity and density of ceramic materials are key parameters
that determine their mechanical and biological properties. These
characteristics play a crucial role in the design of materials for
medical implants.

Porosity, as an indicator of the number of voids in a material,
significantly affects its ability to interact with surrounding tissues
[1]. High porosity improves biological compatibility, creating
conditions for the invasion of osteogenic cells and the formation
of blood vessels in the implant structure [2]. This process,
known as osseointegration, is critically important for implant
survival. In addition, high porosity promotes free circulation
of biological fluids, which restores metabolism in surrounding
tissues and accelerates the process of bone regeneration [3].

However, high porosity has disadvantages. It reduces the
mechanical strength of implants, which is especially critical
when they are constantly under high cyclic loads, as is the
case for supporting surfaces of joints or the spine. At the
same time, low porosity can hinder osseointegration, limiting
the development of bone tissue and slowing down the healing
process [4].

Density affects mechanical properties of a material,
including strength, elastic modulus, impact viscosity, wear
resistance, yield strength, and fatigue. High density materials
usually have high strength, as the distances between atoms
in them are shorter, which translates into stronger interatomic
bonds. Consequently, such materials are more resistant to
mechanical stress. At the same time, the solidity of high-
strength non-biological materials disallows penetration of cells
into the structures made of them, which can negatively affect
biological compatibility of implants, hindering osseointegration.
To have control over mechanical properties of the implants, in
some cases, they are designed as composite products from
well-known materials in use [5]. Employing of composites
and composite coatings, which are a mixture of the source
metal and a bioresorbable material, yield a porous structure
that is gradually populated by body cells and simultaneously
provide a structural matrix for bone tissue growth [6].

Materials based on hydroxyapatite (HA), tricalcium
phosphate (TCP), and preserved bone allograft possess a
unique combination of mechanical and biological properties,
which makes them indispensable in restorative and regenerative
medicine. Their porosity is essential for osteogenesis: it creates
an optimal environment for the formation of new bone tissue
and integration of the implant with the bone structure. The
surfaces of ceramic implants made of HA and TCP have
pronounced osteoconductive properties and create optimal
conditions for adhesion and proliferation of osteogenic cells.
Unlike bone allo- and xenoimplants, ceramics possesses no
biological factors that induce osteogenesis, but its microporous
structure promotes the formation of bone tissue through
passive osteoconduction. As for osteoinduction, it is enabled
by the gradual release of calcium and phosphate ions into the
environment, which stimulates osteoblast proliferation and
mesenchymal stem cell differentiation. In addition, mechanical
properties of porous ceramic implants play an important role
in bone regeneration: they render structural support for new
bone formation and vascularization. The optimal size of pores
(100-300 um) ensures favorable conditions for osteogenic cell
adhesion and vascularization [7, 8]. In particular, such pores
improve the interaction of the material with bone tissue, which
promotes formation of new bone [9].

The osteoinductive properties of materials reflect their ability
to stimulate the formation of new bone tissue. Bioceramics
based on HA and TCP is highly biocompatible and offers good
osteoconductivity. Implants made of such bioceramics have

a structure that promotes the growth of bone tissue on their
surface. However, ceramics, as a rule, are not outstandingly
osteoinductive, like some other materials; it is more of a
framework for bone tissue, a mechanical support. Allogeneic
implants obtained from donors of the same species often have
pronounced osteoinductive and osteoconductive properties.
They can be both mineralized and demineralized, and it is
the latter type that is more osteoinductive. Xenoimplants
of animal origin may offer good osteoconductivity, but their
osteoinductivity is limited. Due to differences in cellular
components and proteins, xenoimplants may not always
interact effectively with human bone tissue, which limits their
osteoinductive potential compared to alloimplants. They can be
used to replace bone tissue in certain situations, but their new
bone growth stimulation potential is more modest [10].

The choice of the method of sterilization is especially
important from the viewpoint of the safety and effectiveness
of medical devices and implants. There are many sterilization
methods available to medical professionals, and each of
them has a different effect on implantable biomaterials.
Physical methods rely on thermal treatment, filtration,
and radiation. Chemical methods involve use of chemical
agents to kill microorganisms (sterilization with gas or liquid)
[11, 12]. Combined methods, like hydrogen peroxide gas
plasma sterilization and generation of active oxygen species
under ultraviolet, show high efficiency [13, 14].

Previous studies have shown that sterilization alters
physico-chemical properties of implants made of porous
bioceramic materials, but they did not compare the biological
effects produced by different methods of sterilization on the
said materials [11, 15].

This study aims to determine the cytotoxicity of porous
ceramic samples sterilized using common methods, with the
goal of applying the findings to further improve the materials
and manufacturing technology for ceramic implants.

METHODS
Sample preparation
Preparation of the digital model

At the first stage, we designed the geometry of the samples
in the Kompas-3D software (ASCON Group Proyektirovaniya,
Russia): cylinders 2 mm high and 4 mm in diameter. The size
of the samples was adapted to the standard trays used for
MTT (methyl thiazolyl tetrazolium) assay, which ensured full
conformity of their shapes to the regulatory requirements. The
shrinkage during heat treatment and binder annealing was
about 20%, which is typical for ceramic materials undergoing
high-temperature sintering. Figure 1 shows a cylindrical 3D
model of a ceramic sample (diameter 4 mm, height 2 mm), built
with the 20% shrinkage factored in.

Printing samples of hydroxyapatite, tricalcium phosphate,
and aluminum oxide

Before starting the 3D printing, we conducted a preliminary
polymerization test, thus establishing parameters such as the
wavelength of the laser radiation and the thickness of the layer of
the photopolymerized paste. The test yielded optimal values of
these parameters, which were used for printing. The technology
employed to make samples of hydroxyapatite, tricalcium
phosphate, and aluminum oxide was laser stereolithography.
We used a Ceramaker 900 printer (3D Ceram Sinto, France),
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and photopolymerized ceramic paste with a 355 nm laser,
which ensured high accuracy and uniformity of the structure of
the samples (Figure 2).

Cleaning of samples

After the printing, the samples were cleaned mechanically in a
Cerakleaner system (3D Ceram Sinto, France). Figure 3 shows
printed samples cleaned of unpolymerized paste residues.
The cleaning was necessary to prepare the samples for heat
treatment.

Next, the samples were put into a high-temperature furnace
Kittec CLL15 (KITTEC GmbH, Germany) for annealing at 800 °C.
The heating rate was 3 °C per minute; the total time of exposure
equaled 4 hours. These parameter values ensured uniform
heating of the sample, which reduced the likelihood of cracking
and completely removed moisture as well as the polymer binder.

At the final stage, the samples were heat-treated and
sintered in an L15/14/C450 laboratory furnace (Nabertherm GmbH;
Germany). The temperature conditions of sintering were
selected individually for each type of ceramic material in order
to prevent undesirable structural changes. For AO, we opted for
higher temperatures, since this material retains its structure even
under intense heat. For TCP and HA, the sintering temperatures
were lower, since high heat can alter their structure: TCP is
subjects to phase transformations, and HA can be partially
transformed into TCP. Taking these specifics into account, we
selected optimal temperature conditions to avoid undesirable
changes and produced three types of ceramic samples with
different porosities: high, medium, and low [16]. Figure 4 shows
the final samples after heat treatment under different sintering
conditions.

Printing of samples from bone allograft suspension

To perform 3D printing with the DLP (Digital Light Processing)
technology, we prepared a suspension from bone allograft
powder grounded to a fraction of 0-5 microns. The samples
were polymerized from the suspension in an Elegoo Mars 4 3D
printer (ELEGOO, China); the layer thickness was 25 pm (Fig. 5).

3D printing yielded "green body" samples; the next stage
was to subject them to two-stage heat treatment. The first
stage, in which the samples were heated to a temperature of
700 °C at arate of 3 °C per hour, produced weakly consolidated,
highly porous (up to 42.3%) samples (Fig. 6). The second stage
involved sintering at 1300 °C for 1 hour with the heating rate
of 120 °C per hour, and yielded relatively durable and dense
samples.

Determination of porosity and density

In our study, the porosity and density of each sample were
determined using data on mass, volume, and theoretical
density of the respective material.

The mass of each sample was measured with the help of
analytical scales (accuracy 0.001 g).

The volume was calculated from the samples' geometric
parameters (cylindrical shape) using the following expression:

V=mxr2xh,

where V is the volume of the sample, r is the radius of the
cylinder base, and h is the height of the sample.

The density ( sample) of each sample was determined in
accordance with:
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Fig. 1. Cylindrical 3D model of ceramic samples, 20% shrinkage factored in

Fig. 2. Printing samples of hydroxyapatite on a Ceramaker 900 3D printer
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Fig. 3. 3D printed ceramic samples after mechanical cleaning
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Fig. 4. Ceramic samples from HA and TCP after annealing and sintering

m sample
p sample = ——™—,
V sample
where m sample is the mass of the sample, V sample is the
volume of the sample.
Porosity (P) was determined by the following expression:

p sample

Porosity (%) = (1- )x 100,

p theoretical
where p theoretical is the theoretical density of the material
without pores.

Having measured the mass, volume, density, and porosity
of the samples, we found that the selected parameters produce
significant variations depending on the type of ceramic material
and the sintering mode (see Table). These variations stem from
the peculiarities of phase transitions during heat treatment,
which affect the degree of compaction of the material and the
formation of pores.

Electron microscopy

Scanning electron microscopy (SEM) was used to evaluate the
microstructure, average particle size, and degree of sintering
under various temperatures. Before scanning, the samples
were precisely fractured to obtain sections showing internal
structure and allowing to thoroughly analyze microstructural
changes after sintering. The microscope used for the

Fig. 5. Printing of ceramic samples from a bone allograft in an Elegoo Mars 4
3D printer

purpose was a Quattro S environmental scanning electron
microscope (Thermo Fisher Scientific, the Netherlands); the
level of magnification was x10,000. We paid special attention
to determining the average size of the particles and the degree
of their compaction during sintering (Figure 7).

Cytotoxicity assessment method

To assess cytotoxicity, we used the MTT test, which determines
the total metabolic activity of living cells by the ability of
mitochondrial succinate dehydrogenase to reduce MTT
(8-(4.5-dimethylthiazol-2-yl)-2.5-diphenyl-tetrazolium bromide),
which has a yellow color, to dark purple formazane, the crystals
of which dissolve in dimethylsulfoxide (DMSO).

For the MTT test, we diluted the cells to a concentration
of 50,000 cells/ml, and plated 200 pl per well in a 96-well
plate, with or without prepared implants. The plate was then
placed in a CO, incubator for 24 hours. During the plating, the
suspension was mixed by repeated pipetting (3 times).

According to regulatory documents, a negative control sample
is a piece of material that, when tested under the respective
standard, does not exhibit cytotoxicity. A positive control sample
is a piece of material that, when tested under the said standard,
exhibits cytotoxicity, and the results of such a test are reproducible.

For negative control, we used cells without the studied samples
of materials, cultivated on polypropylene. The positive control
was a DMSO solution at a final concentration of 10% in the well.

Fig. 6. Ceramic samples from bone allograft after annealing and sintering
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Fig. 7. The microstructure of the additive material made from hydroxyapatite (A1-3), tricalcium phosphate (B1-3), aluminum oxide (C1-3)

There were five samples of each material. To control the
reagent, we allocated three wells of the plate, filled them with a
complete culture medium, but not the cells.

MTT test protocol

The MTT test was conducted after 24 hours of cultivation. At the
end of the cultivation, the serum-containing medium was replaced
with a serum-free culture medium, and each well received 20 pl of
MTT solution with a concentration of 5 mg/ml in saline solution,
which made the ultimate concentration 0.5 mg/ml. After 3.5 hours,
we observed intense formation of formazane crystals through a
microscope. Then, the medium was carefully removed from all the
wells, without affecting the bottom with cells and samples.

DMSO was added in a volume of 100 pl, half of the volume of
the medium in each well during cultivation. After 60 minutes, 100 i
of the purple solution were transferred to a new 96-well plate in
the same order, and analyzed in a Tecan Spark 10M plate reader
(Tecan, USA) at 530 nm, with a reference wavelength of 620 nm.

To assess viability, we normalized the results by subtracting
the average value as a reagent control measure. The relative
viability was assessed using the following expression:

Vb = M x 100,

D...~D

530 620
where Vb is the relative viability, D
the sample at 530 nm, D, is the optical density of the sample
at 620 nm, D,,, is the average optical density at 530 nm for
negative control, D, is the average optical density at 620 nm
for negative control.

s I8 the optical density of
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Sterilization methods

Steam sterilization under pressure (autoclaving) was conducted
in a NUT-2540EKA autoclave sterilizer (Tuttnauer, Israel) at 1 atm.,
120 °C, for 45 minutes.

For radiation sterilization, we used a complex built on the
LU-7-2 linear resonance accelerator (Russian Federal Nuclear
Center — Russian National Experimental Physics Research
Institute, Russia), following the medical devices radiation
sterilization protocol "Alloplant Surgical Allografts TR-119-
RS-2007". The beam was positioned perpendicular to the
conveyor, the frequency was 5 Hz. The movement speed was
6 mm/s, the time of exposure — 25 seconds, and the absorbed
dose — 25 kGy. The absorbed dose was measures using SO
PD(F)-5/50 detectors (All-Russian Scientific Research Institute
for Physical-Engineering and Radiotechnical Metrology, Russia).

Plasma peroxide sterilization was conducted ina STERRAD®
100S system (Advanced sterilization products, USA); the time
of exposure was 42 minutes.

For dry heat sterilization, we used a Binder FD53 drying
oven (Binder GmbH, Germany), parameters of the process
were 180 °C and 60 minutes.

RESULTS

The results of the MTT test demonstrate that cell survival
directly depends on the sterilization method, degree of porosity,
and type of material.

The results presented in the table indicate that cell viability is
the highest after dry heat sterilization. Medium and low porosity,
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Table. MTT test results for the studied materials with different porosities

Positive control 0.025 + 0.019
Negative control 0.608 + 0.004
Negative control (alloplant) 0.881 + 0.008
Sample parameters Optical density of samples for different sterilization methods
Sample material Porosity level Porosity value (%) Autoclaving Fast electron flow Pla;Zraisaetrig):de Dry heat
High 35.11 0.167 + 0.049 0.096 + 0.043 0.122 + 0.024 0.567 + 0.70
Hydroxyapatite Moderate 26.91 0.256 + 0.046 0.440 + 0.074 0.372 + 0.050 0.541 + 0.051
Low 18.33 0.261 + 0.054 0.427 + 0.060 0.337 +0.046 0.531 £ 0.047
High 56.02 0.064 + 0.012 0.103 + 0.003 0.104 + 0.002 0.333 + 0.042
Aluminum oxide Moderate 22.13 0.058 + 0.003 0.097 + 0.005 0.103 + 0.005 0.372 + 0.052
Low 10.27 0.105 + 0.011 0.338 + 0.021 0.337 + 0.046 0.433 + 0.056
High 20.34 0.059 + 0.013 0.098 + 0.006 0.103 + 0.000 0.511 + 0.001
Tricalcium phosphate Moderate 15.57 0.070 + 0.007 0.073 + 0.008 0.103 + 0.000 0.519 + 0.002
Low 10.69 0.072 + 0.006 0.130 + 0.040 0.205 + 0.002 0.516 £ 0.010
Alloplant p0468 0.457 + 0.042 0.616 + 0.059 0.412 + 0.054 0.542 + 0.052
Alloplant p0476 0.435 + 0.038 0.494 + 0.053 0.485 + 0.048 0.638 + 0.045
Relative survival rate (%)
High 35.11 27.67 15.97 20.26 93.82
Hydroxyapatite Moderate 26.91 42.38 72.85 61.64 89.58
Low 18.33 43.14 70.64 55.79 87.95
High 56.02 10.54 17.05 17.23 55.18
Aluminum oxide Moderate 22.13 9.66 16.11 1741 61.62
Low 10.27 17.38 56.01 55.71 73.29
High 20.34 9.77 16.27 17 84.66
Tricalcium phosphate Moderate 15.57 11.59 12.14 17.08 85.84
Low 10.69 11.92 215 33.89 85.48
Alloplant p0468 51.87 69.92 46.77 61.52
Alloplant p0476 49.38 56.07 55.05 72.42

as a rule, provides optimal conditions for cell viability, combining
sufficient area for cell adhesion and mechanical strength.

The analysis of the subgroups indicates that for hydroxyapatite
implants, high porosity increases values in the context of a
switch from autoclaving (0.1115) to combined plasma peroxide
sterilization (0.2023) (Fig. 8). Medium and low porosity show
similar results, with peaks in dry-heat sterilization (0.4954 and
0.4505, respectively). As for aluminum oxide, the values are
moderate for all porosities, but they were pushed up by dry
heat sterilization. The test results for tricalcium phosphate are
relatively stable, but in low porosity, the values were growing
noticeably after autoclaving (0.078 to 0.182).

DISCUSSION

To date, there is no consensus on which of the methods of
sterilization of new materials is the safest in terms of the effect
on cell viability in the context of cytotoxicity [17].

Steam sterilization under pressure (autoclaving) is one of the
most common methods that ensures complete decontamination
of medical devices in a short time, but implant materials can
be sensitive to temperature and pressure. This method is
applicable to metals and bio-glass, but it is highly probable that
applying it to other materials will alter their physico-chemical
characteristics, resulting in a loss of operational properties [18].

In our study, autoclaving had a negative effect on ceramic
samples, which resulted in lower cell viability as shown by the
MTT test, especially for materials with low and high porosity.
The possible reason is modification of the surface of the

samples under the influence of temperature and pressure,
which complicates cell adhesion.

Sterilization by dry heat was the method that ensured
highest cell viability. One of the possible explanations is that this
treatment eliminates moisture absorbed into the hygroscopic
structure of porous ceramics from the air. However, this
assumption is based on the general mechanisms of thermal
effects on implants, and requires further confirmation using
materials science methods, such as X-ray phase analysis and gas
chromatography. In addition, we should not discard the possible
alteration of physical characteristics of the samples' surface after
dry heat sterilization, which could affect cell adhesion.

Thus, the dry heat method is promising for the sterilization
of ceramic implants, but additional studies are needed to
definitively assess its effect on the material's microstructure
and mechanical properties. Such studies would confirm
or deny the effect of sterilization by dry heat on the
characteristics of the materials. The effect of ionizing radiation,
a high-energy electron beam, can trigger formation of nano-
and submicropores, crystallization of amorphous calcium
phosphate, recrystallization of crystalline hydroxyapatite,
phase transformations (possibly the formation of tricalcium
phosphate with a monoclinic lattice and an amorphous
phase). In addition, high-energy electron irradiation can
modify the sample surface by coating it with thin nanoscale
particles of CaO, a-Ca3(PO,),, and hydroxyapatite. Despite
its effectiveness, this method may be not applicable in cases
where it is necessary to preserve the exact structure of the
material [19].
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Fig. 8. The dependence of cell survival in the studied samples on the degree of porosity when subjected to various sterilization methods

CONCLUSIONS

The results of the study showed that the viability of cells
depends both on the method of sterilization and on the degree
of porosity of the material. Sterilization by dry heat yielded better
cell viability figures; autoclaving and irradiation by fast electrons
had a more pronounced negative effect. Analysis of the effect
of porosity has shown that the dependence of cell viability on
this parameter is not linear. In some cases, materials with low
porosity demonstrated higher relative cell survival, which may
be due to the peculiarities of cell adhesion and interaction
with the biomaterial. At the same time, medium porosity
ensured an optimal combination of mechanical strength and
cellular viability. Thus, the choice of the sterilization method
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