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CYTOCOMPATIBILITY OF PRESSURELESS SINTERED POROUS B,C-CERAMICS ASSESSED /N VITRO
Chepeleva EVE, Kozyr KV, Vaver AA, Khakhalkin VW
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The materials used to restore bone defets have a number of systemic limitations. The metal implants showing high mechanical strength have an insufficient
osseointegration capability, while ceramic and polymer materials have better biocompatibility, but do not meet the requirements of mechanical reliability in the
zones of considerable load. In this regard, the study of new classes of materials combining the strength characteristics with the osseogenic potential seems to be
a promising area. The study aimed to assess cytocompatibility of the boron carbide (B,C)-based porous ceramic material to confirm the possibility of its use for
bone defect replacement. The B,C semi-finished products were manufactured by pressureless sintering at 1900-2100 °C; ultrastructure of the resulting sample
surface was examined by atomic force and scanning electron microscopy. Citotoxicity of the B,C samples was estimated by an indirect method relative to human
mesenchymal stem cells. The following cell survival rates were reported: 102.1% (24 h) and 99.1% (72 h) for the samples autoclaved; 110.0% (24 h) and 94.4%
(72 h) for those treated with ethylene oxide. No significant intergroup differences were revealed (Mann-Whitney U-test). The findings allow us to consider B,C
ceramics as a promising solution for bone grafting. However, further research is required to assess its clinical potential, including the development of sterilization
protocols for larger and complex-shaped samples.
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LMTOCOBMECTUMOCTb CBOBEOAHOCMNEYEHHOW NMOPUCTON B,C-KEPAMUKN
NnPU NCCNEOQOBAHUWN IN VITRO

E. B. Yenenesa =, K. B. Kosbipb, A. A. Basep, B. B. XaxankvH

VIHCTUTYT aKcneprMeHTanbHOM 61onorim 1 MeauUmHbl, HaumoHanbHbIi MeanUMHCKUIA MCCneaoBaTeNbCKuin LLIeHTP Mvenn E. H. MewankuHa, HoBocnbupcek, Poccus

MaTepuans!, pUMeHsieMble NPY BOCCTAHOBIEHMI KOCTHbIX AE(DEKTOB, MEIOT P, CUCTEMHbIX OrpaHn4eHni. MeTannm4eckme MMnaaHTbl, BEMOHCTPUPYS BbICOKYO
MEXaHMNYECKYIO MPOYHOCTb, 06nafatoT HeLOCTATOMHON OCTEOUHTErPaLMOHHOM CNOCOBHOCTBIO, B TO BPEMSI Kak Kepamuyeckue 1 MonavMepHble MaTepuvianbl
MMEIOT NyYLLYO BUOCOBMECTUMOCTbL, HO HE YAOBMETBOPSIOT TPEOOBAHUAM MO MEXaHWHEeCKOW HaLeXHOCTU B 30HaX 3Ha4UTENbHOM Harpysku. B aToi cBssm
NepPCNeKTVBHbIM HanpasieHeM NMPEACTaBASeTCA UCCNEA0BaHNE HOBbIX KTACCOB MaTepuasioB, COYETAIOLLMX MPOYHOCTHbIE XaPaKTEPUCTVKN C OCTEOrEHHbIM
noTeHuyanom. Liens necnenosaHyis — OLEHWTL LIMTOCOBMECTVIMOCTbL MOPUCTOrO Kepammn4ecKoro MaTepuana Ha ocHose kapbraa 6opa (B,C) ans noarsepxaeHns
BOBMOXHOCTV €r0 VICMob30BaHVs Mpu 3amMelLeHii KOCTHbIX fedekTos. 3arotosku B,C varoTasnvieani METONOM CBOGOAHOMO criekaHus npy 1900-2100 °C,
NCCNeAoBaHVe yNsTPACTPYKTYPbl MOBEPXHOCTU MOMyHYEHHbIX 06Pa3LI0B NMPOBOAMIN METOAAMM aTOMHO-CUIOBON 1 CKaHUPYIOLLEN SMEKTPOHHON MUKPOCKOMMM.
LutoTokeniHocTb 06pasuos B,C oLeHnsant HenpsaMbIM METOLOM MO OTHOLLIEHUIO K ME3EHXVIMaIbHbIM CTBOJIOBbLIM KNeTkam Yesioseka. [onyyeHbl cneayroLmve
riokasaTenn BbKMBAEMOCTU KNETOK: A/ 06pa3uoB nocne astoknasnposaHus — 102,1% (24 1) n 99,1% (72 4); nocne obpaboTku atuneHokenaom — 110,0%
(24 1) 1 94,4% (72 4). CTaTUCTUHECKN 3HAYVMBIX PA3ANHNIA MEXIY rpynnamy He BbisBieHO (U-kputepuii MaHHa—YuTHW). [ony4eHHble pesdynsTarsl MO3BONSIOT
paccmarprisaTth B,C-kepamiky Kak NepCrneKTMBHOE PeLleHe ANst KOCTHOM NAACTVIKY, OHAKO [191 OLIEHKI € KIMHUHECKOTrO NOoTeHLyana TpedytoTes fanbHenwve
NCCNeaoBaHns, BKloHas padpaboTky MPOTOKOOB CTepunmaaLyin Ans 06pasLioB 60MbLLero paamepa 1 CIoXKHoM opmbl.
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The today’s traumatology and orthopedics face the challenge
of reconstructing the large bone defects resulting from
injuries, tumor resection or degenerative disorders [1]. The key
approach to treatment of bone defects is the use of implantable
materials for replacement. An ideal bone grafting material
must be biocompatible, it must ensure osteoconduction (the
process, when the bone replacement material serves as a
structural matrix for osteoblast migration and proliferation),
osteoinduction (the process, though which mesenchymal stem
cells and osteoprogenitor cells are activated to differentiate in
the osteogenic direction), as well as preserve the structural and
mechanical properties of the regenerated bone [2]. There is
currently no universal approach to bone grafting, and selection
of the optimal material should be based on the specific clinical
situation, defect size, and functional requirements. The range
of materials widely used for bone defect replacement includes
polymer matrices, bioceramics, and structural metal alloys;
bone autografts and allografts are used in certain clinical
situations [2—-4]. The analysis of the effectiveness of available
solutions shows systemic limitations that vary depending on
the material class (Table 1) [3-11].

Today, the approaches to bone tissue restoration are focused
on overcoming the current limitations through the development of
fundamentally new solutions, among which several key directions
can be distinguished. Tissue engineering allowing one to produce
biomimetic structures by combining biocompatible matrices,
progenitor cells, and bioactive molecules for targeted stimulation of
osteogenesis is one of the most promising [4, 12—14]. A significant
potential arises from the use of additive technologies (3D printing,
selective laser melting), ensuring fabrication of implants having
the complex architecture, controllable porosity and showing full
compliance with the defect anatomy, which is impossible when
using conventional methods [3, 15, 16].

Boron carbide is conventionally used as a structural material
due to high hardness (up to 48.5 GPa), relatively low density
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(~2.52 g/cm?), and chemically inert nature [17]. The properties
of B,C as an independent implantable material are currently
poorly understood, and the scarse research is focused mainly
on its role as an auxiliary component (modifying additives,
protective coatings).

The study aimed to assess biocompatibility of the boron
carbide-based ceramic samples by assessing their cytotoxic
effects on mesenchymal stem cells.

METHODS

The boron carbide semi-finished products were fabricated
using the proprietary technology (patent No. RU 2 836 825 C1)
[18]. During the technological process the source boron carbide
powder (UNICHIM & EP, Russia) together with the adhesive
agent was loaded into the XLB-3 atomizer dryer (Oriental
Development Limited, China) for 1 h. Then the moulding powder
was pressed using the SOROKIN 7.50 hydropneumatic press
(Lekht, Russia) by cold pressing in order to produce a semi-
finished product, from which parts of appropriate shape were
fabricated by mechanical processing. To remove the adhesive
agent, the moulded part was put in the EKPS-50 muffle furnace
(Smolensk SKTB-SPU, Russia). Then the semi-finished product
was placed in the HP W 250 hot pressing device (FCT Systeme
GmbH, Russia), in which pressureless sintering occured at at
temperature of 1900-2100 °C in 14 phases involving heating,
interim passage, and evacuating. The source semi-finished
products were cut into samples sized 5 x 5 x 30 mm using
the diamond blades and cleaned of the dust formed during
cutting in the CD-4830 ultrasonic bath (Codyson, China) in
the ethanol medium, then triple washed with distilled water for
40 min. Samples of the same size made of the BT 1-00 titanium
(TNMK, Russia) were used as a reference material.

The structure of the surface of boron carbide-based
samples was examined using the KYKY-EM6900LV scanning

Table 1. Comparative analysis of the major classes of materials for bone grafting [3—11]

Material class | Examples

Benefits Limitations

Biomaterials

No risk of rejection,

Limited material volume, additional surgical

Bone tissue Autograft s . - intervention and the associated risk of
osteoconductivity, osteoinductivity o
complications
No material volume limitation Risk of immune rejection, risk of viral ot
Allograft ’ bacterial infection transmission, additional

osteoconductivity, osteoinductivity

steps required for processing

Proteins (collagen, fibrin, gelatin);
polysaccharides (hyaluronic acid,
chondroitin sulfate, alginate, chitosan)

Natural polymers

Biocompatibility, biodegradability

Low mechanical strength, natural
impurities, variability of properties

Natural minerals Corals

Biocompatibility

Limited availability, slow resorption

Synthetic materials

Titanium and alloys, tantalum, stainless

High mechanical strength and wear

Low biodegradability, risk of toxicity due
to release of metal ions, low resistance to

Non-biodegradable (polyethylene,
polyurethane)

Biocompatibility, versatility

Metals steel, magnesium and alloys resistance, biocompatibility cyclic loads
Bioinert (ceramic aluminum oxide); Blocomp_at|b|llty, structural su_’m_lanty Brittleness, low bending and torsional
. . X N . . to bone tissue, osteoconductivity/ o . .
Bioceramics biodegradable (hydroxyapatite, B-tricalcium ) o ) strength, difficulty controlling the resorption
) osteoinductivity (depending on the
phosphate, bioglass) " rate
structure and composition)
Biodegradable (polycaprolactone, polylactic | Biodegradability, biocompatibility,
acid, polyglycolic acid) versatility Low mechanical strength, risk of
Polymers

inflammation due to degradation products

Composite materials

Hydroxyapatite-collagen matrices, calcium
phosphate coatings on metals

Combination of mechanical
properties and biocompatibility

Production complexity, high cost, possible
structure heterogeneity
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electron microscope (KYKY Technology Co., Ltd., China) at an
accelerating voltage of 20 kV and electron beam amperage of
120 pA. The sample surface topography was assessed with
the NTEGRA Il atomic microscopy system (NT-MDT Spectrum
Instruments, Russia) in the semi-contact mode using the
HA_FM A silicon ultra-sharp cantilever (NT-MDT Spectrum
Instruments, Russia) at the scan frequency of 0.7 Hz. The
Nova-Px software (NT-MDT Spectrum Instruments, Russia)
was used to produce the 3D topographic images.

Two methods widely used in laboratory and clinical practice
were chosen for sample sterilization: physical (autoclaving) and
chemical (ethylene oxide) ones. Before using in the experiment,
a half of boron carbide samples and titanium samples were
sterilized in an autoclave (Youjoy BES-12L-B-LED, China) at a
temperature of 121 °C, pressure of 1.1 atm. for 45 min. The
remaining samples were subjected to ethylene oxide sterilization
in the Steri-Vac 5XL gas sterilizer/aerator (3M, USA) with the
ethylene oxide concentration of 750 mg/L, temperature in the
chamber 37°C, 70% humidity for 3 h. Aeration was carried out
at the sterilization temperature for at least 8 h.

Cytotoxicity of samples was estimated by an indirect
method involving assessment viability of the MSC-DP-1 human
mesenchymal stem cells, MSCs (the shared research facility
“Vertebrate Cell Culture Collection”, Institute of Cytology RAS),
in the extract obtained by incubation of the test samples in
the DMEM/F12 culture medium (Servicebio, China) at 37 °C
in the humid atmosphere with 5% CO, throughout 72 h in
accordance with GOST ISO 10993-12-2023 [19]. Since MSCs
are osteoblast progenitors that play a key role in bone tissue
regeneration, the use of these makes it possible to estimate the
extent, to which the test material would be compatible with the
target biological medium in vivo.

The MSC-DP-1 cells were cultured in the DMEM/F12 medium
(Servicebio, China) supplemented with 10% fetal calf serum
(PanEco, Russia), 100 U/mL penicillin (Thermo Fisher Scientific,
USA), 100 U/mL streptomycin (Thermo Fisher Scientific, USA),
and 2 mmol/L L- glutamine (PanEco, Russia) at 37 °C in the humid
atmosphere with 5% CO,. To assess cytotoxicity of the extracts,
the cells were sown on the flat bottom 96-well culture plates,
2 x 10* cells per 200 pL of medium in each well, and incubated
throughout 24 h. Then the medium was replaced with 200 L
of the extract. After incubation in extracts at 37 °C in the humid
atmosphere with 5% CO, under standard conditions throughout
24 and 72 h, cell viability was measured using the EZcount™ XTT
Cell Assay Kit for cell proliferation assessment (HiMedia Labs,
India). Optical density of the well content was measured at the
wavelength of 450 nm and reference wavelength of 690 nm using
the Stat Fax-2100 microplate photometer (Awareness Technology,
Inc., USA). The cells cultured in the DMEM/F12 complete medium
were used as a control. The number of repetitions per group was
5. Cell viability was calculated as a ratio between optical density in
experimental groups and the control group (A):

Cell viability = (A /A

experimental group control

) x 100%.

The sample was considered non-toxic when the cell viability
index was greater than 70% (GOST ISO 10993-5-2023) [20].

Fig. 1. Overall appearance of the B,C ceramics samples produced by pressureless
sintering

Statistical data processing was performed using the
Statistica 10.0 software (StatSoft, USA). The data distribution
was tested for normality using the Shapiro-Wilk test. The Mann—
Whitney U-test was used to identify intergroup differences. The
study results are presented as Me (25%; 75%), where Me
is the median, and interquartile range represents the values
of the 25" and 75" percentiles. Bonferroni correction was
applied to adjust for multiple comparisons; after adjustment the
significance level was as follows: a = 0.0125; the intergroup
differences were considered significant at p < 0.0125.

RESULTS

The overall appearance of the boron carbide-based porous
ceramic samples sized 5 x 5 x 30 mm is presented in Fig. 1. The
material main technical characteristics are provided in Table 2.

Microphotographs of the surface of the sintered boron
carbide-based samples show a typical polycrystalline structure
with the pronounced granular organization, the average granule
size is 40 pm (Fig. 2). The granules that are located tightly,
without significant gaps, are mostly of angular morphology with
rounded margins. The margins have a complex configuration,
including twin structures and areas of incomplete fusion. The
surface has a highly porous structure of the interconnected
pores that are mostly roundish or oval with the average size
of 30 um. The analysis of interconnections between pores
revealed the branched channels and chains forming the
interpore communication system. The distribution of pores in
the material volume is relatively even, with local clusters and
the zones of increased porosity. The pore walls have a smooth
surface with microroughness and partial fusion of adjacent
structures.

Topographic analysis of the test sample structure
demonstrates complex morphology of the relief showing the
pronounced mucrostructure heterogeneity; the root-mean-
square roughness of the samples is 0.203 + 0.037 pm, the
elevational gradient is 1.563 + 0.607 pm (Fig. 3). On the surface

Table 2. Characteristics of the B,C ceramics samples produced by pressureless sintering [18]

Technical characteristics Value
Raw material particle size 3 um
Density 1.8 g/cm®
Bending strength 250-300 Mpa
Open porosity of the semi-finished product 50-60 %
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Fig. 2. Microstructure of the surface of the B,C ceramics produced by pressureless
sintering. Scale bar — 70 pm

the elements can be seen represented by both submicron-sized
elevations and shallow depressions of various configurations.
Uneven distribution of the altitude characteristics with formation
of local hilly structures and the areas of increased roughness is
reported.

When assessing viability of the MSCs cultured with the
boron carbide sample-derived extracts, no toxic effects were
revealed in both experimental and comparison groups (Fig. 4).
The semi-finished products made of the BT 1-00 titanium
were used as negative controls, which confirmed the method
reproducibility and compliance of the biological response in the
test system with the specified requirements. No effect of the
sterilization method on the cell viability was also reported (Fig. 4).

DISCUSSION

The findings showing the lack of significant cytotoxic effects
of moulded boron carbide on the MSCs are consistent
with the data of previous studies focused on the material
biocompatibility. However, in these studies boron carbide was
tested as a powder or single particles. It was earlier shown
that the B,C nanoparticles produced by solvothermal synthesis
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Fig. 3. AFM image of the relief of the surface of the B,C ceramics produced by
pressureless sintering. Field size 10 x 10 pm. Scale of the Z axis: 0-0.74 ym

have no toxic effect on the Hel a (cervical cancer) and HEK-293
(human embryonic kidney) cells in the concentrations of 100-
800 ug/L [21]. Biocompatibility of amorphous boron carbide
powder when contacting both somatic (Hs680 fibroblasts) and
immune (RAW 264.7 macrophages) cells was also reported
[22]. The lack of significant differences in cell viability between
groups subjected to autoclaving and ethylene oxide sterilization
suggests stability of the B,C sample properties and tolerance of
samples to sorption of toxic compounds during processing. It
should be noted that in this study small boron carbide samples
(5 x 5 x 30 mm) were used. In the future, further research may
be required to select the conditions for sterilization of the larger
and/or more complex-shaped samples, since the material
porous structure can hinder diffusion of the sterilizing agents
and contribute to accumulation of condensate in deep zones.
Currently, the vast majority of papers in the field of the boron
carbide medical use are focused on using the B,C nanoparticles
as the highly effective carriers for targeted boron-10 isotope
delivery within the framework of the boron neutron capture
therapy of malignant neoplasms [23]. In contrast to the
extensively studied therapeutic use, the issues related to the
use of B,C as a biocompatible material for implants are poorly
undestood. The use of B,C as an additive when making porous
ceramic matrices of aluminum oxide results in improvement of
their mechanical properties and cytocompatibility [24], but the

W Ti-A
HTi-E
W B4C-A

B4C-E

72h

Fig. 4. Viability of the MSC-DP-1 mesenchymal stem cells after culturing for 24 and 72 h with the extracts obtained from the boron carbide (B,C) and titanium (Ti)
samples sterilized by autoclaving (A) or with ethylene oxide (E). Me (25%; 75%), Mann-Whitney U-test
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detailed mechanisms underlying these effects require further
investigation.

When constructing porous ceramic matrices for bone
replacement, the main task is to optimize their architecture
that must ensure both mechanical stability and the conditions
contributing to effective diffusion of nutrients and oxygen
[25]. Based on the results of a number of studies, the optimal
percentage of porosity is within the limits of 40-90% [3]. A
fundamental contradiction emerges: on the one hand, the
material porosity contributes to adhesion, proliferation, and
differentiation of MSCs into osteoblasts, but on the other hand
high porosity limits mechanical strength, which results in the
need to search for the compromise between these parameters
[6]. As for the dense matrix made of hydroxyapatite, the most
common ceramic-based alloplastic material, the bending
strength limits are within 38-250 MPa; as for the porous
matrix, the bending strength limit depending on the pore
shape and concentration is 2-11 MPa, which is considerably
lower compared to that of the bone tissue (135-193 MPa)
[26]. Despite the fact that there numerous methods to
modify the calcium phosphate ceramics, this material is still
inferior to the bone tissue in flexibility, elasticity, and strength.
Due to brittleness, such implants are not used to restore
the bones that bear a significant load [6]. In such cases (for
example, when manufacturing the components of the hip joint
endoprosthesis), the class A ceramic aluminum oxide (Al,O,)
can be used as an alternative material [27]. The boron carbide-
based porous ceramics can theoretically be used for implants
as an alternative to the ceramic aluminum oxide-based
materials in order to reduce the load on the joint, since it has
lower density (approximately 1.8 g/cm?), which is comparable
with the cortical bone tissue density, while the density of the
aluminum oxide-based ceramics is 3.94 g/cmé [6]. It should
be noted that the ceramic aluminum oxide bending strength is
higher than that of the sintered boron carbide-based ceramics
(500 MPa and 250-300 MPa, respectively). One technological
solution to improve the porous B,C matrix strength can be
the aluminum impregnation accomplished through application
of metal powder on the matrix and repeated sintering at the
temperature above the aluminum melting point (above 660 °C).
The ceramic composite produced in this way has a specific
gravity of 2.2-2.6 g/cm?® and the bending strength of at least
600 MPa [18].
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