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Aim. To study spreading profile, cytoskeleton structure organization, and proliferation of bone 
marrow stromal cells in the course of cultivation on the glass-crystalline material (GCM) 
surfaces, with different chemical composition and solubility. Methods. GCMs with different 
CaO: P2O5 ratios were used. The actins cytoskeleton in cells was visualized using fluorescent 
TRITC-conjugated phalloidin. Cell proliferation was studied using MTT test. Results. The 
cell cultivation on highly soluble B series GCM (Ca/P = 5 superficial ratio) led to appearance 
of fibroblast-like cells, the actin cytoskeleton filaments of which were uniformly distributed 
within cytoplasm. In this case, proliferation dynamics was similar to that] under cultivation 
on plastic. Ca/P ratio reduction on the surfaces of A and C series of GCMs to 1.4 ÷ 2.58 re-
sulted in a decrease of spreading area and proliferation index (up to 2–3 times) relative to the 
control. Conclusions. Main factors, determining the cells interaction behavior with GCM are 
the materials solubility and Ca/P superficial ratio. 
K e y w o r d s: glass-crystalline materials, bone marrow stromal cells.

New possibilities for injured organs and tissues 
recovery are provided with one of the most up-
to date interdisciplinary area of medicine, name-
ly tissue engineering. It is based on the synthe-
sis of new bioactive materials, with a range of 
chemical properties that aimed to enhance the 
treatment efficiency, enhance regeneration or 
substitute damaged tissues and organs [1]. Bio-
reactive calcium phosphate scaffolds with cer-

tain CaO/P2O5 ratio such as glass, ceramics and 
glass-ceramic materials (GCM) are widely used 
for arthroplasty nowadays. GCMs based on 
crystalline calcium phosphate (CP) are the most 
promising for the orthopedic and dental im-
plants creation [2, 3, 4].

GCMs are much more durable and fraction-
resistant in comparison to hydroxyapatite ce-
ramics, which is determined by their crypto-
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crystalline structure (crystal size varies from 0.5 
to 1.0 µm) [5]. In the presence of biological 
fluids the surface dissolution, sedimentation and 
ion exchange occur on GCM, leading to the 
formation of biologically equivalent hydroxy-
apatite layer (HA) [6]. The extracellular matrix 
proteoglycans and GAGs interactions with the 
GCM inorganic superficial components lead to 
their inclusion in the polycrystalline HA layer 
and further on, to ontogenesis induction. The 
HA layer structure and composition are deter-
mined by the calcium and phosphate oxides 
equilibrium on the GCM surface, availability 
of the HA crystal nucleation centers and solubil-
ity of the material, providing the calcium and 
phosphate ions diffusion into biological media. 

The cell response is determined by the 
chemical composition, surface roughness [7] 
porosity [8], topography, grain size and crystal-
linity of the scaffolds [9]. However, the exact 
mechanism of interactions between the ionic 
dissolution products in such materials and hu-
man cells is not fully understood, which has 
prompted considerable research work on the 
biomaterials during the last decade.

The most promising biological component 
in the bio-engineering constructions are stro-
mal cells (SC), derived from bone marrow 
(BMSC). BMSC are more “multitasking”, 
unlike SC from other sources, they are capable 
to differentiate into the tissues of both mesen-
chymal and non-mesenchymal origin [10, 11]. 
The analysis of the spreading, cytoskeleton 
structure, proliferation dynamics of BMSC 
during cultivation on GCM with determined 
physical and chemical characteristics is one of 
the most up-to-date models to study cell inter-
actions whilst the tissue formation in vitro and 
in vivo [12].

This work is aimed at studying the sprea-
ding properties, cytoskeleton structure, pro li-
fera tion of BMSC under the cultivation on 
GCM of varying chemical composition and 
solubility.

Materials and Methods
GCM, obtained on the base of calcium silicon 
phosphate glasses system Na2O – K2O – 
Li2O – MgO – CaO – ZnO – ZrO2 – TiO2 – 
Al2O3 – B2O3 – P2O5 – SiO2 with different 
ratios of CaO/P2O5 (1.5; 2.3; 4) have been 
used. GCM were melt under 1250 – 1450 °C 
in corundum crucibles with further cooling on 
the metal sheet. Phase composition of GCM 
was chosen for durability purpose with resis-
tive crystalline phase (HA (Ca5(PO4)3OH (17 
÷ 30 v. %)), and for bioactivity purpose with 
resorption crystalline phase (rhenanite 
β-NaCaPO4 (23 v. %) and carbonatefluorine-
hydroxyappatite Ca5(PO4)3CO3 F1,5 (OH)0,5 
(42 v. %). 

Formation of apatite-like layer on the surface 
of designed materials was determined in vivo 
with the model of biological fluid (MBF) ac-
cording to ISO 10993-14:2001. MBF containing 
TRIS and HCL, Na+, K+, Mg2+ cations, C1-, 
HCO3

2-, HPO4
2- anions was used to recreate 

conditions in a living organism (in vivo) [13]. 
To determine solubility, an increase in the 
weight (%) of studied samples was measured 
within incubation in MBF at 37 °C for 180 days.

Elemental composition of a sample surface 
was determined with an electron-probe micro-
analysis on the scanning electron microscope 
REM Tescan Mira 3LMU with the energy dis-
persive spectrometer Oxford X-max 80mm.

Rat bone marrow stromal cell isolation 
and culture. BMSC were isolated from the 
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femurs and tibias of young male Wistar rats 
(75–100 g body weight). All manipulations 
with animals were carried out in accordance 
with the requirements of the Bioethics 
Committee of the Institute for Problems of 
Cryobiology and Cryomedicine of the National 
Academy of Sciences of Ukraine and the 
“General Principles of Experiments on 
Animals” accepted by the 1st National Congress 
on Bioethics (Kiev, Ukraine, 2004). These 
principles are based on the theses of European 
Convention for the Protection of Vertebrate 
Animals Used for Experimental and Other 
Scientific Purposes (Strasbourg, France 
(1986)). The culture medium consisted of 
Dulbecco’s modified Eagle’s minimal essential 
medium (DMEM-F12) (Sigma-Aldrich, USA), 
supplemented with 100 U/ml of penicillin 
(Sandoz GmbH, Austria), 100 mg/ml of strep-
tomycin («Kyivmedpreparat», Ukraine), 
1.25 mg/ml of gentamicin (Darnitsa, Ukraine), 
0.5 mg/ml of amphotericine B (Sigma-Aldrich, 
USA) and 15 % fetal calf serum (FCS). Bone 
marrow was flushed out under sterile condi-
tions with 10 mL of culture media using a 
syringe and 18-gauge needle. The collected 
marrow was homogenized and centrifuged at 
500 g for 5 min. The resulting cell pellets were 
re-suspended in 5 ml of culture medium and 
transferred to T-25 cell culture flasks. The 
medium was changed after 48 h to remove 
non-adherent cells and then changed every 
2–3 days over the course of each subculture 
period [14]. When the cell monolayer reached 
80 % confluence, the cells were removed en-
zymatically (with a solution containing 0.01 % 
trypsin and 0.05 % ethylenediaminetetraacetic 
acid (EDTA) (Gibco, USA)) and subcultured 
at a 1:3 ratio. The cells were passaged every 

5–7 days until the desired cell number was 
obtained for further cell seeding. All flasks 
were incubated under standard cell culture 
conditions (37 °C, 5 % CO2, 100 % relative 
humidity) in a CO2 incubator (Sanyo, Japan). 
The BMSC were used at the 3rd or 4th passage 
for all experiments [15].

BMSC seeding. Samples of GCM 
1.2×1.2×1.0 cm3 were preliminary sterilized with 
UV radiation λ=254 nm for 30 min, then placed 
in the 24 well plate and incubated in culture me-
dium during 24 h at 37 °C, 5 % CO2 and 100 % 
humidity. That was followed by the media re-
placement and cell seeding. Cell concentration in 
each well of 24-well plate was 0.7-1.0×105 cells/
ml. GCM with various CaO/P2O5 ratios were used 
(tabl.1) and were absent in control wells. 

Evaluation of cytoskeleton organization. 
The actin cytoskeleton of BMSC was visua li-
zed by fluorescent staining after 2-day cultiva-
tion on GCM. The samples were fixed in 4 % 
paraformaldehyde for 20 min, with subsequent 
staining with TRITC-conjugated phalloidin 
(1:1000). The actin cytoskeleton was examined 
using the Carl Zeiss Axio Observer Z1 fluo-
rescence microscope; images were processed 
using the corresponding software program.

Morphological analysis. The intravital 
morphology of cells after 2-days cultivation 
on GCM was studied using an inverted fluo-
rescence microscope (Am Scope, model XYL-
403). The cell spreading areas and cell peri-
meters were determined using Axio Vision 
image analysis software. The cell shape index 
(SI) was calculated using the following for-
mula: SI = 4π × S/P2, where S is the BMSC 
spreading area and P is the BMSC perimeter. 
A value of the cell SI close to unity indicated 
the presence of spherical cells [16]. 

http://tabletki.ua/search/?p=%d0%a1%d0%b0%d0%bd%d0%b4%d0%be%d0%b7+%d0%93%d0%bc%d0%b1%d0%a5%2c+%d0%90%d0%b2%d1%81%d1%82%d1%80%d0%b8%d1%8f
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Cell proliferation analysis. Cell proliferation 
was studied after 1, 3, and 5 days using MTT 
test [17]. 5 mg/mL solution of MTT in 
DMEM-F12 medium (Sigma-Aldrich, USA) 
was added to the cells and incubated for 4 h at 
37 °C. The intracellular formazan crystals were 
dissolved by the addition of dimethylsulfoxide, 
and the absorption was measured at 570 nm us-
ing an SF-4 spectrophotometer (LOMO, Russia). 
The numbers of cells in the samples were cal-
culated from their absorption values, using a 
calibration curve plotted for the cell concentra-
tions (2.5, 5, 10, 20)×104 [18]. The proliferation 
index was determined as the ratio of the number 
of metabolically active cells and the number of 
cells initially inoculated, according to the fol-
lowing formula: I = [A/A0] × 100 %, where A0 
is the initial cell concentration, and A is the cell 
concentration at the current time [19]. 

Statistical analysis. The reproducibility of 
the data was demonstrated by analyzing all 
experimental groups as biological triplicates, 
and all control groups as biological duplicates. 
Data are presented as mean ± standard error 
of the mean (SEM). Student’s t-test was used 
for statistical analysis. Data were considered 
significantly different if P < 0.05. The means 
and the standard deviations were reported.

Results and Discussion 
GCM solubility and MBF components sedi-
mentation during 3–180 days of incubation are 
presented in Fig.1 Apparently, on the 3-d day 
of incubation in MBF [the] mass loss was 
similar for all designed GCM and varied from 
0.05 to 0.1 %. An increase in the incubation 
time up to 30 ÷ 60 days led to the exponential 
mass gain. After 90 days of incubation, the 
mass gain profile changed to linear depen-
dence, which reflects intensification of the 
MBF components sedimentation. Notably, on 
the [180th] day the mass gain for A series GCM 
was 5 to 7 times lower, compared to B and 
C series respectively.

As it appears from the data (Table), Si con-
centration decreases along with the Ca and P 
concentrations increase in the superficial layer 
at the materials exposition to MBF. This fact 
proves the simultaneous formation of silica gel 
and calcium phosphate layer on the GCM 
surface and indicates a potential apatite-form-
ing process. The presence of silicon in super-
ficial layers provides the formation of silanols, 
which are effective centers for HA nucle-
ation [20]. It has to be emphasized, that under 
incubation in MBF Ca and P resorption on 
GCM surfaces in the B and C series was sig-

Fig. 1. GCM solubility and kinetics 
of MBF components sedimentation 
during 180-day incubation of the 
samples of A B C series. 
The surface rigidity values ((Ra) and 
chemical composition before and af-
ter 180-day incubation are presented 
in Table.
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nificantly higher comparing to the A series 
(Table). Herewith, rigidity of the surface (Ra) 
was 6.0; 10.0 and 2.5 µm for A, B and C series 
respectively, defined, obviously, by the struc-
ture and composition on the materials sur-
faces (Table).

To evaluate the cell behavior on the GCM 
under cultivation, the BMSC morphology, 
spreading area, cytoskeleton condition and 
proliferation dynamics were studied. As seen 
from Fig. 2A, when cultivated on plastic, the 
BMSC morphology varied from polygonal to 
spindle and fibroblast-like shapes with uni-
formly dispersed actin cytoskeleton microfila-
ments within cytoplasm. The BMSC shapes in 
contact with the B series GCM varied from 
polygonal to spindle like with multiple pro-
cesses, e.g. were similar to control (shape in-
dexes were 0.46±0.19, and 0.43±0.14 for B se-
ries and control respectively). 

Thus, the actins cytoskeleton microfila-
ments in the B series GCM cultured cells were 
uniformly organized within the cells (Fig. 2, C). 
Notably, the cell spreading area values 
(Fig. 2, F) for the B series were comparable to 
those in control, whereas in GCM of A and 

C series a significant area decrease was ob-
served (2310.66±839.88, 1673.79±973.91 in 
the A, C series, and 4840.99±2274.40 in con-
trol, respectively). During cultivation on GCM 
of A (Fig. 2, B) and C series (Fig. 2, D) we 
found the round shaped and elongated rod-
shaped cells with multiple processes. In such 
cells, the actin microfilaments were redistrib-
uted from periphery to the center. The prolif-
eration analysis proved, that the BMSC growth 
dynamics on the B series GCM is comparable 
to control values, whereas it was 2-3 times 
lower for the A and C series (Fig. 1, G). 

The results above indicate that the BMSC 
behavior under cultivation on GCM is deter-
mined by its physical and chemical properties 
(solubility, Ca and P resorption speed, CP 
crystals structure and components,). Thus, the 
form, spreading area, and proliferation profile 
data analysis of BMSC cultured on GCM re-
vealed that only in case of the B series GCM 
the cell behavior was similar to thatunder cul-
tivation on plastic (Fig. 2). 

This fact, obviously, might be explained by 
the structure and atomic Ca to P ratio on the 
GCM surface. Notably, in our experiment, the 

Table 1. Superficial morphology and chemical composition before and after incubation in MBF.

Physical-chemical properties
Glass crystalline materials (GCM)

A series B series C series

Ratio of CaO: P2O5 in glass structure 4.0 2.3 1.5
Mass increase in MBF (180 days), % 0.33 1.8 2.3
Characteristics of calcium phosphate crystals, 
≤ 1 µm Ca5(PO4)3OH Ca5(PO4)3CO3F1.5OH0.5

β-NaCaPO4
Ca5(PO4)3OH

Rigidity of the surface (Ra), µm 6.0 10.0 2.5
The atomic 
ratio of the 
elements 
on the 
surface

Ca: P (before soaking in MBF) 1.4 5.0 2.58
Ca: P (after soaking in MBF) 0.87 1.6 0.82
Si: Ca: P (before soaking in MBF) 1:0.93:0.66 1:0.4:0.08 1:0.5:0.2

Si: Ca: P (after soaking in MBF) 1:2.54:2.9 1:4:2.5 1:6:7
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surface rigidity is not a key determination fac-
tor of the BMSC behavior under cultivation. 
According to the literature data [21, 22] micro- 
and nanotopography of the growth surface 
determines the cell behavior under cultivation 
on extracellular matrixes. It was shown [23] 
that the cells, cultivated on the material with 
superficial rigidity 2000 nm, did not spread 
and detach. Comparing the data from fig. 2 and 
table 1, it can be seen, that the cell spreading 
on the GCM was observed for the material 
with the most rough surface (Ra = 10 µm). 
These experimental data allowed us to assume, 
that the determining factors of cell behavior 

under cultivation on GCM are superficial Ca/P 
ratio and its solubility. 

It is known [24] that GCM interactions with 
biological fluid result in the material dissolv-
ing, ions exchange and sedimentation of media 
components. 

Comparing the data, presented in Table, one 
can notice that the B series GCM were highly 
soluble and had the highest Ca/P ratio value, 
resulting in the formation of CP crystals with 
non-stoichiometric ratio Ca/P =1.6 that corre-
sponds to a stoichiometry, specific for bio-
genic HA (1.37 < 1.67 < 1.77) [25, 26]. Besides, 
the chemical structure, solubility and resorption 

  

  

 

Fig. 2. Cell organization and proliferation analysis of BMSC cultivated on 
GCMs.
A–D. Fluorescence micrographs of BMSCs were obtained after intracellular 
actin staining. E. Box plots showing the distribution of the shape indices; 
F. Box plots showing the distribution of the projected spreading areas; 
G. B series cells proliferation on GCM.
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speed in the B series GCM promoted such 
ionic exchange with MBF, which led to the 
carbon and fluorine ions (Table) insertions into 
the CP crystals structure. It is known, that flu-
orine ions replace the hydroxyl groups with 
consequent HA structure stabilization as in the 
case of full or partial OH- replacement [27]. It 
was suggested [28] that the fluorine presence 
in the CP crystal structure provides the GCM 
surface stabilization in chemically active bio-
logic media. In contrast, the presence of car-
bonate groups in HA structure leads to the 
deformations, micro stresses and defects in 
acrystalline lattice [29]. It is shown that PO4

3- 
replacement with carbonate groups results in a 
decrease of HA crystal size and crystallinity. 
In the model discussed, it is suggested that 
phosphate ions are replaced with carbonate 
ions, filling one Ca2+ and one hydroxyl va-
cancy [30]. Availability of such vacancies 
might lead to the Ca2+ presence on GCM sur-
face, which are, in turn, the nucleation sites for 
tissues mineralization in vivo. It was shown that 
extracellular Ca2+ is actively involved in main 
cell reactions such as adhesion, spreading and 
following proliferation [31].

Two main probable mechanisms of Ca2+ 

influence on the cell-substrate interactions are 
considered [32]. First, specific cations may 
induce a conformational change in the integ-
rins that favors ligand binding. Second, cation, 
ligand, and receptor may initially form a ter-
nary complex, in which the ligand is bridged 
to the integrin through the cation, and the 
cation is then subsequently displaced from the 
ligand-binding site. In terms of experimental 
data, discussed above, it is expected that a 
sufficient quantity of calcium ions on the GCM 
surface in the B series contributed to the focal 

adhesion zones and tight junctions formation, 
which, in turn, provided the cell spreading and 
proliferation comparable to a control. The 
BMSC characteristics under cultivation on 
GCM of the A and C series were qualitatively 
different. In these samples cell morphology 
was featured with round, rod-like cells with 
actin filaments accumulated in the perinuclear 
zone. The similar cytoskeleton structure, along 
with a small spreading area, under cultivation 
on GCM (Fig. 2) in these groups is due to an 
insufficient concentration of Ca2+ on the sur-
face, which reduced the extracellular matrix 
substrate adhesion molecules affinity [33, 34]. 
As it appears from data (Table), the Ca/P ratio 
on the top of the A and C series GCM varies 
from 0.82 to 0.86, which is significantly low-
er compared to biogenic HA terminal meanings 
[25, 26]. This parameter was determinative for 
BMSC to the GCM surface interactions. It is 
shown, than Ca2+ are allosteric messengers, 
required for the adhesion receptors and super-
ficial ligands binding, followed by cell spread-
ing [35]. Hence, we can expect that insufficient 
Ca2+ concentration on the surface of the A and 
C series GCM determined the presence of 
unspread cells and a decrease in the prolifera-
tion dynamics of BMSC under cultivation. 
Comparing the data (Table) it should be noted 
that mass gain (2.3%) whilst incubation on the 
C series material in MBF resulted in the forma-
tion of sedimented CP layer with Ca/P=0.82. 
Due to an initial low Ca/P ratio in GCM struc-
ture, it may occur the sedimentation of sodium 
ions, that are comparable with calcium ions by 
an effective ionic radius. This is supported by 
the structural analysis of the sodium containing 
CP crystal (Tabl. 1). Therefore, initial GCM, 
along with high solubility, should have high 
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Ca/P ratio and CP crystals with Ca/P content 
within biogenic HA meanings (Ca/P = 1,5 ÷ 
1,67) should been formed.

In conclusion, it must be admitted, that the 
physical and chemical characteristics of the 
GCM surface structure are the main factors, 
determining the cell behavior under cultivation 
in vitro. Cell cultivation on the highly soluble 
B series GCM (Ca/P=5 superficial ratio) led 
to the appearance of fibroblast-like cells with 
the actin cytoskeleton filaments uniformly 
distributed within cytoplasm. In this case, pro-
liferation dynamics was similar to that during 
cultivation on plastic. The Ca/P ratio reduction 
up to 1.4 ÷ 2.58 on the surfaces of A and C 
series GCMs resulted in 2-3-fold decrease of 
the cell spreading area and proliferation index 
relative to the control.
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Розпластування і проліферація стромальних 
клітин кісткового мозку при культивуванні 
на поверхні біоактивних склокристалічних 
матеріалів

В. В. Кірошка, О. В. Саввова, Ю. О. Божкова, 
І. В. Тамарина, О. І. Фесенко

Мета. Дослідити характер розпластування, структурну 
організацію цитоскелету, проліферацію стромальних 
клітин кісткового мозку при культивуванні на поверх-
ні склокристалічних матеріалів (СКМ) різних за хіміч-
ним складом та розчинністю. Методи. В роботі було 
використано СКМ з різним співвідношенням CaO/P2O5. 
Структуру актинового цитоскелету клітин було візуа-
лізовано за допомогою фаллоідину, коньюгованого з 
флуоресцентним барвником TRITC. Для оцінки про-
ліферації клітин застосовували МТТ тест. Результати. 
Культивування клітин на СКМ серії В (атомне співвід-
ношення Ca/P = 5 на поверхні), призводило до появи 
фібробластоподобних форм клітин із рівномірним роз-
ташуванням компонентів актинового цитоскелету в 
усьому обсязі цитоплазми. У цьому випадку динаміка 
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проліферації була аналогічною до такої, як при культи-
вуванні на пластику. Зниження співвідношення Ca/P до 
1,4 ÷ 2,58 серій А та С призводило до зменьшення 
площі розпластування та індекса проліферації (у 2– 
3 рази) відносно контролю. Висновки. Основними 
факторами, які визначають поведінку клітин при вза-
ємодії з СКМ, є розчинність матеріалу та співвідно-
шення Ca/P на ростовій поверхні. 

К л юч ов і  с л ов а: склокристалічні матеріали, стро-
мальні клітини кісткового мозку.

Распластывание и пролиферация стромальных 
клеток костного мозга при культивировании 
на поверхности биоактивных стекло кристал­
лические материалов

В. В. Кирошка, О. В. Саввова, Ю. О. Божкова, 
И. В. Тамарина, А. И. Фесенко

Цель. Исследовать характер распластывания, струк-
турную организацию цитоскелета, пролиферацию 
стромальных клеток костного мозга при культивиро-
вании на поверхности стеклокристаллических мате-
риалов (СКМ) различных по химическому составу и 
растворимости. Методы. В работе были использованы 

СКМ, с различным соотношением CaO/P2O5. Структура 
актинового цитоскелета клеток была визуализирована 
при помощи фаллоидина, коньюгированного с флуо-
ресцентним красителем TRITC. Для оценки пролифе-
рации использовали МТТ тест. Результаты. Куль ти-
ви рование клеток на СКМ серии В (атомное соотно-
шение Ca/P = 5 на поверхности), приводило к появле-
нию фибробластоподобных форм клеток с равномер-
ным расположением филаментов актинового 
цитоскелета по всему объему цитоплазмы. В этом 
случае динамика пролиферации была аналогичной 
таковой при культивировании на пластике. При сни-
жении соотношения Ca/P до 1,4 ÷ 2,58 на поверхности 
СКМ серий А и С наблюдалось уменьшение площади 
распластывания и индекса пролиферации (в 2–3 раза) 
относительно контроля. Выводы. Основными факто-
рами, определяющими поведение клеток при взаимо-
действии с СКМ, являются растворимость материала 
и соотношение Ca/P на ростовой поверхности. 

К л юч е в ы е  с л ов а: стеклокристаллические мате-
риалы, стромальные клетки костного мозга.
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