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Prospective directions for the creation of biologically active substitutes for bone tissue

were analyzed. The effectiveness of the use of calcium phosphosilicate materials modified

with CuO, ZnO, Ag2O, Fe2O3, TiO2, SrO and Nb2O5 to ensure high biocompatibility and

antibacterial properties of bone endoprostheses has been established. The prospective use

of lithium calcium phosphate silicate glass ceramics for obtaining strengthened, biologically

active bone implants was substantiated. The main criteria for the development of

biocompatible glass-ceramic materials regarding their composition, structure, texture, and

surface properties have been established. The influence of differences in the structure and

resorption of calcium phosphosilicate glass ceramics on the mechanism of formation of an

apatite-like layer in vivo was analyzed. The features of mineralization of calcium

phosphosilicate glass ceramics in vivo during bone tissue regeneration were determined,

and the effectiveness of the use of glass ceramics based on hydroxyapatite and lithium

disilicate in bone tissue replacement was established to reduce the rehabilitation period

and long-term use of endoprostheses under variable loads. The developed OS-7 calcium

phosphosilicate glass-ceramic material is characterized by the content of crystalline phases

of 10 vol.% lithium disilicate and 55 vol.% hydroxyapatite with a ratio of CaO/P2O5=1.67,

surface microrelief of 6 m, surface free energy value of 75 mJ/m2 and crack resistance of

6.0 MPam1/2. This material is biocompatible due to the formation of carbonate

hydroxyapatite crystals already on the 14th day, which allows us to consider its promising

use in the treatment of fractures, defects of long bones and in the replacement of short or

tubular bones.
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Introduction
Successful regeneration of bone tissue when

using biologically active bone tissue substitutes is
determined by their adapted ability to biological
decomposition, mineralization, tissue mechanical
properties, structural similarity to the extracellular
matrix, appropriate bioactivity and cytocompatibility.
In recent years, scaffolds, injectable hydrogels based
on calcium silicophosphate materials have attracted
increasing attention due to their high biocompatibility
and adjustable physicochemical properties in response
to the environment [1].

Calcium silicate ceramics have excellent
bioactivity and biomineralization indicators due to
the release of Ca2+ cations and SiO3

2– anionic groups.
The process of ions exchange leads to an increase in
pH and the formation of Si–OH groups. H+ ions
released from the Si–OH groups due to the pH
variation, as a result of which a negatively charged
surface is formed for recombination with Ca2+ (Fig. 1).
Importantly, the results of the cytological response
also showed that a thicker layer of calcium phosphate
minerals with lamellar morphology covered on the
CaSiO3 ceramic surface played a more prominent
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role in increasing the expressions of genes related to
osteogenesis [2]. All this determines the exceptional
effectiveness of the use of calcium silicate materials
as substitutes for bone tissue regeneration.

Considerable attention is paid to alloying their
compositions and surface modification to ensure
simultaneous biological activity and the ability to
withstand significant dynamic loads, when developing
new types of bioactive materials for restorative
medical use. The prospect of using lithium disilicate
glass ceramics with a stoichiometric composition,
which is subject to ion exchange in pure NaNO3 or
mixed NaNO3+KNO3 molten salt baths below the
glass transition temperature (Tg) is explained not
only by the predicted increase in strength and fracture
toughness to 546 MPa and 4.31 MPa m1/2,
respectively, and by increasing its bioactivity. The
formation of a Na+-rich gradient layer on the glass-
ceramic surface, which was caused by Li+/Na+

exchange, is favorable for the formation of HAP
(hydroxyapatite) with nano-sized pores after contact
with SBF (Simulated Body Fluid) [3].

It is known that the modification of bioactive
glasses with CuO, ZnO, Ag2O, Fe2O3, TiO2 and SrO
increases their biological compatibility. The
degradation period of such glasses is from hours to
years, depending on the composition, which indicates
the perspective of their use as a scaffold for tissue
regeneration [4].

Several new bioactive glass compositions have
been developed, including active ions such as Sr2+,
Zn2+ ,Co2+, F– and Mg+. Metal ions, Cu2+, Sr2+, and
Co2+, are considered as a possible alternative to
growth factors and genetic approaches in tissue
engineering because of their easy processing, stability
at high temperatures, and tunable release kinetics.

It is known that increasing the content of zirconium
dioxide in bioactive glass increases the density,
bending strength, compressive strength and
microhardness, which determines the prospects of
using such bioactive glasses in the replacement of
bone tissue in a short time [5]. This can be achieved
by the heterogeneous nucleation of apatite crystals
[6], namely due to the presence of Si–ÎÍ–,
Ti–OH–, Zr–OH– structural elements on the
surface of the material. It has been confirmed that
Ti–OH, Zr–OH, Nb–OH and Ta–OH groups are
considered to be the most effective agents for apatite
nucleation. Ti–OH or Zr–OH tetragonal/monoclinic
structures provide an effective nucleation site for the
apatite layer [7].

Aluminum and boron oxides play an important
role in the processes of phase formation in bioactive
glasses. The effect of Al2O3 on the crystallization of
calcium silicophosphate glasses is determined by its
composition and is based on its ability to increase
or, accordingly, decrease the viscosity of the glass
mass. The introduction of Al2O3 oxide, which is
localized in the tetrahedron, into the composition
of glass materials creates conditions for the formation
of a single aluminum-phosphorus-oxygen framework,
which has effect on the increase in the chemical
resistance of materials. With increasing boron content
in the glass composition, a faster glass dissolution in
a native media was observed [7,8]. However, due to
the complicated structural nature of bioactive glasses,
in particular the change in boron coordination in
the composition under heat treatment, a detailed
study of the structure of calcium borosilicate glasses
is necessary [9].

The introduction of niobium oxide into the
composition of glasses allows intensifying the

Fig. 1. Mechanism of biomineralization
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processes of mineralization of the apatite-like layer
[10]. Niobium-containing bioactive glasses promoted
bone formation comparable to that of the autogenous
bone without compromising the quality of the formed
bone [10]. It was established that Nb5+ ions create
cross-links between several oxygen sites, breaking
Si–O–Si bonds to form a range of polyhedra
[Nb(OM)6–y(OSi)y], where 1y5 and M=Na, Ca,
or P. Bioglass particle dispersions prepared by
incorporating up to 1.3 mol.% Nb2O5 by replacing
P2O5 or up to 1.0 mol.% N2O5 by replacing SiO2 in
45S5 Bioglass (BG45S5) using deionized water or
solutions buffered with HEPES showed a significant
increase in the pH during the early steps of the
reaction, compared using the rate and magnitude
during the earliest stages of BG45S5 dissolution [11].

It is known that Bioglass 45S5 (BG45S5) and
1 mol.%-Nb-containing-bioactive glass (BGSN1)
were able to grow apatite layer on their surfaces within
3 h, while glasses with higher concentrations of Nb2O5

(2.5 and 5 mol.%) took at least 12 h. Nb-substituted
glasses were shown to be compatible with bone
marrow-derived mesenchymal stem cells
(BMMSCs). Moreover, the bioactive glass with 1
mol.% Nb2O5 significantly enhanced cell proliferation
after 4 days of treatment. Concentrations of 1 and
2.5 mol.% Nb2O 5 st imulated osteogenic
differentiation of BMMSCs after 21 days of
treatment. According to analyzed morphometric
parameters (the thickness of the newly formed bone
layer and the area of the newly formed subperiosteal
bone), it was established that BGNb bioactive glass
is osteoconductive and osteostimulative [12].

According to the date given in ref. [13], a
nanocomposite material characterized by an intrinsic
antibacterial activity with tissue regeneration
properties, in order to minimize invasive dental
therapies, is consist of narrowly disperse
Na2O–CaO–P2O5–SiO2 bioglass-ceramic
nanoparticles doped with antibacterial and osteogenic
zinc and niobium ions, and hybridized with chitosan.

Chitosan increased the hydration capacity of
the bioglass-ceramic and it formed a continuous
interface around the bioglass-ceramic nanoparticles,
devoid of micropores. This intimacy of the interface
was confirmed by the downshift of the critical
Si–O(–Si) vibration modes in the bioglass-ceramic
upon hybridization with chitosan. The addition of
zinc ions hampered the partial recrystallization during
annealing by interfering with the Si–O network
restructuring, in direct proportion with its
concentration. Niobium ions produced a similar
structure-breaking effect, which was evidenced, as
in the case of zinc, by upshifting the antisymmetric

Si–O–Si stretch of the bridging oxygen and
increasing the full-width at half maxima for all the
major Si–O(–Si) vibration modes. The effective
electrostatic attraction between the aminated
hydrocarbon chains of chitosan and the negatively
charged silanol groups of silica may extend to the
interaction with dentin collagen fibrils decalcified
due to caries, making the material of potential interest
for adhesive fillers of cariogenic lesions in teeth. Both
the undoped and the doped bioactive glass ceramics
interacted favorably with odontoblast-like cells,
accentuating their potential for further research for
applications in minimally invasive reparative dentistry.

Addition of Nb2O5 up to 2 wt.% in diopside
(CaMgSi2O6) glass ceramics exhibits a near
monotonous effect on improving the bending
strength. The maximum value of it can reach as high
as 236 MPa. The crystallization of diopside crystals
was more likely enhanced through the mechanism
related to the Nb2O5-induced phase separation in
the base glass rather than the normally reported
heterogeneous nuclei mechanism reported for ferric
oxide (Fe2O3), chromium trioxide (Cr2O3), and titania
(TiO2).

The above data are an important factor in the
design of a new type of biocompatible materials for
replacing bone tissue in the diaphysis, which can
withstand a significant load. The development of
bioactive glass-ceramic materials based on
hydroxyapatite and lithium disilicate (DL) and
modified with Nb2O5 and ZnO will significantly
increase their biological compatibility under
significant dynamic loads [14]. The study of
mineralization of lithium-calcium-phosphate-silicate
glass-ceramics in vivo during bone tissue regeneration
is a determining factor in the further introduction of
the developed materials into medical practice. This
was the purpose of this work.

Experimental
Complementary methods of physicochemical

analysis (X-ray phase (DRON-3M diffractometer),
petrographic (NU-2E optical microscope)) were used
to study the processes of phase formation, structure
and phase composition of materials. The
microstructure of glasses was studied using
REMMA-2000.

The degradation of experimental glass materials
was determined by the loss of mass after exposure to
extreme citric acid solution (LES) and simulated
solution (LSS) according to ISO 10993-14-2011 and
the state standard DSTU EN ISO 10993-14:2015.

The microrelief of the surface was evaluated
by arithmetic mean value of surface profile deviation
(Ra) using a Surtronic 3+ profilometer.
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The surface free energy (SFE) of the
experimental materials was determined by the Owens-
Wendt-Rabel-Kable method, according to which the
surface energy of a solid body includes two
components: dispersive and polar. This method
involves calculating the SFE based on the contact
angle between the surface of the material and various
liquids, followed by the calculation of its two surface
components using Mathcad computer software.

Clinical and biological testing of materials was
carried out in accordance with the National Standards
of Ukraine for biological evaluation of medical
devices according to the state standards sGOST ISO
10993-6-2011, and DSTU EN ISO 10993-6:2019
(Biological evaluation of medical devices. Part 6.
Tests for local effects after implantation (EN ISO
10993-6:2016, IDT; ISO 10993-6:2016, IDT)).

The index of crack resistance (fracture
toughness) (K1C, MPa·m1/2) of the test samples was
determined using a TMV-1000 hardness tester.

During the development of biocompatible glass-
ceramic materials, the following necessary criteria
for their structure, texture, and surface properties
were established:

– flow of finely dispersed volume crystallization
with the simultaneous content of lithium disilicate
crystalline phases from 5 to 10 vol.% and calcium
phosphates from 45 to 55 vol.%;

– occurrence of surface crystallization with the
presence of crystals 1–10 mm in size to ensure
microroughness Ra3.5 mm;

– provision of SFE=60.0–120.0 mJ/m2 for
protein adsorption;

– ensuring the certain level of resorption
necessary for the release of Ca2+ cations and PO4

3–

groups;
– formation of an apatite-like layer on the

surface of materials in vivo with a ratio of Ca/P=1.0–
1.67.

When developing a bioactive glass matrix, the
following synthesis criteria were defined:

– selection of compositions in the area of
metastable liquation of the ÑaO–P2O5 and
SiO2–Li2O systems with the possibility of its
implementation by the spinodal mechanism;

– content of phase-forming oxides in the range
of CaO+P2O5=21.5–33.5 mol.% and SiO2+Li2O=
=57.5–66.25 mol.% with the ratios ÑaO/P2O5=1.67
and SiO2/Li2O=4;

– the formation of structurally formed sybotaxic
groups, which are the nuclei of the crystalline phase,
when the crystallinity coefficient Kcr>3.5 is ensured;

– provision of favorable conditions for
nucleation during cooling and growth of crystals upon
heat treatment while ensuring the transparency
coefficient Ktr>2.1;

– ensuring non-toxicity, taking into account
the implementation of high structural strength at B

and Al>1;
– high reactivity at fSi0.32.
Taking into account the above criteria for the

glass matrix, the compositions of the model glasses
of the Na2O–K2O–Li2O–ÑaO–ZrO2–TiO2–MgO–
ZnO–Al2O3–B2O3–P2O5–Nb2O5–SiO2 system (OS
series) in the area of metastable liquation were
designed, which are characterized by the ratio
ÑaO/P2O5=1.67 and SiO2/Li2O=4 (Table 1) for the
simultaneous crystallization of hydroxyapatite and
lithium disilicate as crystalline phases that provide
both biocompatibility and high mechanical strength.

The calculated factors of Kcr and Ktr and B

and Al>1 for the developed glasses indicate the
possibility of developing crystallized glass materials
with a high degree of structural strength and

Table  1

Chemical composition of the OS series model glasses and indicators of their structure and solubility

Glass composition 
Indicators 

1 2 3 4 5 6 7 8 9

SiO2+Al2O3+B2O3+Nb2O5 60.0 51.0 50.0 55.0 50.0 55.0 55.0 52.5 52.5

Li2O+CaO+P2O5 35.0 35.0 45.0 40.0 40.0 35.0 37.5 40.0 37.5

Na2O+CaF2 1.0 3.0 1.0 1.0 2.0 2.0 1.5 1.5 2.0

RO 2.0 6.0 2.0 2.0 4.0 4.0 3.0 3.0 4.0

Components 

RO2 2.0 5.0 2.0 2.0 4.0 4.0 3.0 3.0 4.0

calcium hydroxyapatite 45 50 60 55 55 50 55 60 55Content of crystalline 

phase, vol.% lithium disilicate 15 10 15 10 5 10 10 10 5

LSS, wt.%  2.5 3.5 2.0 3.0 2.5 2.0 2.5 2.0 3.0

fSi 0.29 0.26 0.26 0.28 0.26 0.28 0.28 0.27 0.26

Al/B 7.46 9.74 13.95 12.63 13.31 8.26 10.0 12.9 8.84

Ktr 2.70 2.90 2.88 2.82 2.91 2.83 2.80 2.87 2.82

Calculated structure 

factors 

Kcr 14.15 8.83 18.11 19.02 12.26 11.06 14.74 14.43 11.44
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simultaneous high reactivity at fSi0.32 on the basis
of these glasses (Table 1).

Experimental glasses with OS marking in the
given system were melted in corundum crucibles at
the temperatures of 1623–1723 K under the condition
of oxidizing atmosphere, and heat treated at the
temperatures of 1079–1373 K.

Experimental glasses after melting were charac-
terized by a transparent and microheterogeneous
structure. Investigations of the phase composition
and solubility of the synthesized glass-ceramic
materials made it possible to establish that among
the obtained glasses the OS-7 material is
characterized by simultaneous presence of
hydroxyapatite HAP 55 vol.% and lithium disilicate
LD 10 vol.% (Table 2) and solubility in the simulated
solution 2.5 wt.%. These parameters will ensure high
strength properties and biological activity. That is
why the OS-7 glass material was chosen for the
following studies.

Results and discussion
Previously synthesized and introduced into

medical practice materials ASZ-5 and BSZ-11
(modified with zirconium oxide (5 wt.%) stabilized
with yttrium oxide) which are characterized by a
certain structure and degradation, were selected to
compare the formation features of an apatite-like
layer on the surface of glass-ceramic material of the
OS series (Table 2). These materials are indicated
for surgical treatment of patients with bone tissue
defects, which, in combination with splinting of the
fracture with metal retainers, allows early loading.
According to the results of histological and
biochemical studies, the materials are characterized
by high biocompatibility and the absence of toxic
effects on the body, as confirmed by biochemical
studies. Moreover, they have high osteoconductive
and osteoinductive properties, incorporate into the
bone and allow their use in the treatment of fractures
and defects of long bones [15].

During the morphological study, it was

established that under the conditions of introducing
cylindrical blocks made of glass-ceramic calcium
phosphosilicate materials into the distal metaphysis
of the femur of rats, osteoreparation around them
takes place according to well-known stages with the
formation of bone tissue of a lamellar structure by
the end of the study (90 days). A feature of the
ASZ-5 material, compared to ÁÑZ-11, is its gradual
resorption with formation along the perimeter and
in the outer parts of the bone tissue (BT), penetration
into the internal areas of tissue fluid, poorly
differentiated cells, fibroblasts, and at the end of the
study (90 days) – connective tissue. However, the
faster degradation of ASZ-5 samples makes it
mechanically unstable under loads, which can be a
limitation for its use in loaded areas of the skeleton.
Therefore, this material can be recommended for
dental prosthetics and jaw prosthetics.

The advantage of the developed OS-7 material,
which is characterized by intermediate indicators of
degradation, when compared with ASZ-5 and BS-
11, and high indicators of SFE and Ra of the surface,
is its possible simultaneous high bioactivity and
ensuring biocompatibility and the strength of the
structure, due to the presence of lithium disilicate,
already within one month.

The analysis of changes in the surface structure
of the studied materials was carried out after their
exposure in vivo for 28 days. In the first hours of
contact, the processes of hydrolysis and condensation
take place on the surface of the materials. The
developed materials are hydrolyzed with the
formation of a gel-like silica-rich layer saturated with
OH- groups. This layer plays an important role in
the mechanism of apatite formation. It is believed
that Si–ÎÍ structural elements provide sites for
heterogeneous nucleation of apatite crystals.

After 14 days of implantation, ÁÑZ-11 glass-
ceramic material (GCM) is a multiphase system
consisting of individual spherical and lamellar crystals
non-stoichiometric hydroxyapatite  (nHAP) with a

Table  2

Characteristics of experimental materials

Structural indicators and 

differences in chemical 

composition 

Characteristics of surface 

morphology and structure of 

material 

Degradation according 

to ISO 10993-14-2001 

Mechanical 

properties 
Sample 

marking 

SiO2 CaO/P2O5 fSi 
Ra, 

µm 

SFE, 

mJ/m2 

Type and content 

of crystalline 

phase 

LES, wt.% LSS, wt.% 
K1C, 

MPam1/2 

BS-11 55 4 0.28 6 51.5 HAP 55 vol.% 0.2 2.00 3.0 

ASZ-5 47 1.67 0.28 2 74.59 HAP 60 vol.% 0.44 2.96 2.8 

OS-7 50 1.67 0.29 4 75.0 
HAP 55 vol.%, 

LD 10 vol.% 
0.32 2.5 6.0 
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size from 0.5 to 5 m (Fig. 2,a), and their clusters of
about 10 m, which form a single crystal block. The
presence of a significant number of spherulites is
evidence of the formation of amorphous calcium
phosphate (ACP) (Fig. 2,a), which is a precursor to
the formation of native bone.

For ASZ-5 GCM, inhomogeneities are
represented by spherulites, which form ridges and
chips (Fig. 2,b). This process is accompanied by a
phase rearrangement of ACP, followed by surface
leveling and the formation of a layered structure of
the material with the presence of lamellar nHAP
crystals (Fig. 2,b).

For OS-7 GCM, lamellar nHAP crystals form
splices (Fig. 2,c), which are similar to aggregates of
natural bone HAP crystals, on the 14th day of
exposure due to the defined surface and structure

characteristics of the material.
The formation of hydroxyapatite aggregates

nHAP (Fig. 2,d,e,f ), which are similar to crystals
for mature lamellar bone HAP (Fig. 2,d,e,f), was
observed after 28 days of implantation in the structure
of ÁÑZ-11, ASZ-5 and OS-7 GCM implants. At
the implant-bone interface, the formation of a
transition layer was observed, which, like the material
of the implant, contains crystals of the lamellar
structure of carbonate hydroxyapatite (CHAP). This
is due to the incorporation of carbonate ions into
the apatite lattice, which affects the mineralization
process.

The nucleation intensification for ASZ-5 and
OS-7 GCM allows the formation of CHAP, which
is crystals of hexagonal syngonia from prismatic to
acicular, assembled into aggregates (Fig. 2,e,f),

Fig. 2. Surface structure of the experimental materials: BT – bone tissue; ACP – calcium phosphate; nHAP – non-stoichiometric

hydroxyapatite; and HAP – hydroxyapatite
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already on the 28th day in vivo on their surface.
Carbonate hydroxyapatite crystals are present in the
form of plates measuring 5020550 nm, which are
oriented in a certain way in relation to the axis of
collagen fibers. Regeneration has a more favorable
course, when using the developed OS-7 material as
an implant, as evidenced by the restoration of the
bone structure on the 28th day of observation, when
part of the regenerate (50–70%) in the defect is
represented by mature lamellar bone.

The results of the study of the cross-section of
the GCM ÁÑZ-11 (hereinafter the implant), which
was implanted in the bone tissue, made it possible
to establish the following: after 14 and 28 days of
exposure in vivo under conditions of static and
dynamic loads, the implant tightly adheres to the
bone tissue, which indicates the integrity of the
formation connection implant-bone tissue. The
structure of the implant does not lose its strength
after dynamic loads: it does not contain cracks,
fractures and the presence of debris (Fig. 3,a,b). This
indicates the correspondence of elastic and
mechanical properties to those of bone tissue. This
material is characterized by K1C=3 MPam1/2. It is
the K1C crack resistance index that is one of the
determining factors when using glass-ceramic
materials as an implant under loads.

In the cross-section of the ASZ-5 GCM
sample, which is implanted in bone tissue after 14
days in vivo, its strong fixation in the contact zone
is observed (Fig. 3,c). After 28 days in vivo, the ASZ-
5 GCM sample is characterized by minor surface
fractures (Fig. 3,d), which indicates its fragility
(K1C=2.8 MPam1/2). This can cause the difficulty of
extracting the implant during repeated operations.
However, due to the fact that this sample is
characterized by the ability to accelerate the
formation of an apatite-like layer within one month,
the mineralization process of this implant will ensure
its durability during operation.

In the cross section of the OS-7 GCM sample
after 14 and 28 days (Fig. 3,e,f) of exposure, its
destruction and damage to the adhesion interface
between the implant and the bone were not observed
(K1C=6 MPam1/2). The formation of a strong
transitional apatite-like layer allows for long-term
and reliable functioning of the implant. This is an
important factor in the formation of a single structure
in the implant-bone tissue system, and it will allow
the implant to be used successfully for a long time
under variable loads on the bone tissue. The
formation of a strong framework and the
manifestation of bioactivity of the OS-7 material
occurs through the formation of a dendritic structure

of lithium disilicate and due to the intensification of
the nucleation of hydroxyapatite crystals and the
presence of osteogenic zinc and niobium cations in
its structure.

When cross-sectioning the samples to a depth
of 200 m, a cluster of hemispheres ACP 20–
100 m in size (Fig. 3,a,c,e) and grains of CHAP
crystals (Fig. 3,b,d,f) were observed both after 14
and after 28 days of their exposure in vivo. However,
the intensity of the mechanism and crystal nucleation
is excellent for the experimental samples. The cross-
section of the ÁÑZ-11 GCM surface structure is
characterized by a small number of CHAP nuclei
and crystals, which increases by 28th day (Fig. 3,a,b).
For ASZ-5 and OS-7 GCM, a significant presence
of both spherical inhomogeneities and CHAP was
observed. A feature of the OS-7 structure both on
the 14th and 28th day is the intense overgrowth of
pores with CHAP crystals (Fig. 3,e,f). This is the
result of the final formation of the mineralized bone
matrix.

According to the data of the morphological
study, it was established that OS-7 GCM is
characterized by high biocompatibility, has
osteoconductive and osteoinductive properties, and
is incorporated into the bone. This will make it
possible to use the OS-7 material when replacing
short or tubular bones, where significant bone
mobility is combined with a large mechanical load
(carpal and metatarsal bones).

Conclusions
The factors of the biocompatibility

manifestation of GCM for replacing bone tissue were
established: selection of the bioactive glass matrix
compositions in the area of metastable liquation,
which is characterized by Kcr>3.5; Ktr> 2.1; B and
Al>1; fSi0.32, with a crystal size of 1–10 m to
ensure the formation of a sitallized structure with a
content of 55–60 vol.% during heat treatment; the
surface crystallization to ensure indicators Ra=2–
6 m and SFE 50–75 mJ/m2 for protein adsorption;
ensuring the level of resorption according to the ISO
23317:2012 with mass losses in an extreme solution
of 2–4 wt.% by the subsequent formation of an
apatite-like layer on the surface of the materials in
vivo within one month.

The peculiarities of the apatite-like layer
formation for bioactive calcium phosphosilicate glass-
ceramic materials were established, which consist in
the formation of a layer-by-layer structure of the
material with the presence of lamellar nHAP crystals
on the 14th day and the subsequent formation of a
lamellar structure of carbonate hydroxyapatite, which
on the 28th day is similar to the structure of crystals
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Fig. 3. Cross-section of developed glass-ceramic materials implanted in bone tissue after 14 and 28 days of exposure in vivo:

ÁÑZ-11 (à, b); ASZ-5 (c, d); OS-7 (e, f). BT – bone tissue; ACP – calcium phosphate; and CHAP – carbonate hydroxyapatite
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for mature lamellar bone. Differences in the
mechanism of apatite formation for materials with
different content of the crystalline phase were
determined, which consist in an increase in the
regenerated part from 50 to 70 vol.% while providing
a ratio of CaO/P2O5 from 4.0 to 1.67 for the formation
of mature lamellar bone. It was established that the
formation of an interconnected dendritic structure
with the content of hydroxyapatite and lithium
disilicate for the glass-ceramic material modified by
Nb2O5 and ZnO leads to the intensive growth of
CHAP crystals oriented in a certain way in relation
to the axis of collagen fibers. The final formation of
the mineralized bone matrix on the 14th and 28th day
due to the simultaneously high bioactivity and
structural strength of the glass-ceramic material based
on hydroxyapatite and lithium disilicate allows
accelerating the rehabilitation of patients and
successfully operating the implant under variable
loads on the bone tissue for a long time.
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ÄÎÑË²ÄÆÅÍÍß Ì²ÍÅÐÀË²ÇÀÖ²¯
ÊÀËÜÖ²ÉªÎÑÔÀÒÎÑÈË²ÊÀÒÍÎ¯ ÑÊËÎÊÅÐÀÌ²ÊÈ IN
VIVO ÏÐÈ ÐÅÃÅÍÅÐÀÖ²¯ Ê²ÑÒÊÎÂÎ¯ ÒÊÀÍÈÍÈ

 Î.Â. Ñàââîâà, Î.². Ôåñåíêî, Ã.Ê. Âîðîíîâ, Î.Â Áàá³÷,
Â.Â Á³òþöüêà, Þ.Î. Ñìèðíîâà, À.Î. Ãîïêî

Ïðîàíàë³çîâàíî ïåðñïåêòèâí³ íàïðÿìè ñòâîðåííÿ
á³îëîã³÷íî àêòèâíèõ çàì³ííèê³â ê³ñòêîâî¿ òêàíèíè. Âñòàíîâ-
ëåíî åôåêòèâí³ñòü çàñòîñîâóâàííÿ êàëüö³ºñèë³êîôîñôàòíèõ
ìàòåð³àë³â, ÿê³ ìîäèô³êîâàíî CuO, ZnO, Ag2O, Fe2O3, TiO2,
SrO ³ Nb2O5 äëÿ çàáåçïå÷åííÿ âèñîêî¿ á³îñóì³ñíîñò³ ³ àíòè-
áàêòåð³àëüíèõ âëàñòèâîñòåé ê³ñòêîâèõ åíäîïðîòåç³â. Îá´ðóí-
òîâàíî ïåðñïåêòèâí³ñòü çàñòîñóâàííÿ ë³ò³éêàëüö³ºôîñôàòî-
ñèë³êàòíî¿ ñêëîêåðàì³êè äëÿ îäåðæàííÿ çì³öíåíèõ, á³îëîã³-
÷íî àêòèâíèõ ê³ñòêîâèõ ³ìïëàíòàò³â. Âñòàíîâëåíî îñíîâí³
êðèòåð³¿ ïðè ðîçðîáö³ á³îñóì³ñíèõ ñêëîêðèñòàë³÷íèõ ìàòåð³-
àë³â ùîäî ¿õ ñêëàäó, ñòðóêòóðè, òåêñòóðè òà âëàñòèâîñòåé
ïîâåðõí³. Ïðîàíàë³çîâàíî âïëèâ â³äì³ííîñòåé ñòðóêòóðè òà
ðåçîðáö³¿ êàëüö³ºñèë³êîôîñôàòíî¿ ñêëîêåðàì³êè íà ìåõàí³çì
ôîðìóâàííÿ àïàòèòîïîä³áíîãî øàðó in vivo. Âèçíà÷åíî îñîá-
ëèâîñò³ ì³íåðàë³çàö³¿ êàëüö³éôîñôàòîñèë³êàòíî¿ ñêëîêåðàì³-
êè in vivo ïðè ðåãåíåðàö³¿ ê³ñòêîâî¿ òêàíèíè òà âñòàíîâëåíî
åôåêòèâí³ñòü çàñòîñóâàííÿ ñêëîêåðàì³êè íà îñíîâ³ ã³äðî-
êñèàïàòèòó òà äèñèë³êàòó ë³ò³þ ïðè çàì³ùåíí³ ê³ñòêîâî¿ òêà-
íèíè äëÿ ñêîðî÷åííÿ ñòðîê³â ðåàá³ë³òàö³¿ òà òðèâàëî¿ åêñ-
ïëóàòàö³¿ åíäîïðîòåç³â ïðè çì³ííèõ íàâàíòàæåííÿõ. Ðîçðîá-
ëåíèé êàëüö³ºôîñôàòîñèë³êàòíèé ñêëîêðèñòàë³÷íèé ìàòåð³-
àë ÎÑ-7 õàðàêòåðèçóºòüñÿ âì³ñòîì êðèñòàë³÷íèõ ôàç äèñèë³-
êàòó ë³ò³þ 10 îá.% òà ã³äðîêñèàïàòèòó 55 îá.% ïðè ñï³ââ³äíî-
øåíí³ CaO/P2O5=1,67, ì³êðîðåëüºôîì ïîâåðõí³ 6 ìêì, çíà-
÷åííÿì â³ëüíî¿ åíåðã³¿ ïîâåðõí³ 75 ìÄæ/ì2 òà òð³ùèíîñò³éê-
³ñòþ 6.0 ÌÏàì1/2. Äàíèé ìàòåð³àë º á³îñóì³ñíèì çà ðàõóíîê
ôîðìóâàííÿ êðèñòàë³â êàðáîíàòã³äðîêñèàïàòèòó âæå íà 14
äîáó, ùî äîçâîëÿº ââàæàòè ïåðñïåêòèâíå éîãî âèêîðèñòàí-
íÿ ïðè ë³êóâàíí³ ïåðåëîì³â, äåôåêò³â äîâãèõ ê³ñòîê òà ïðè
çàì³í³ êîðîòêèõ àáî òðóá÷àñòèõ ê³ñòîê.

Êëþ÷îâ³ ñëîâà: êàëüö³ºñèë³êîôîñôàòí³ ñêëîêðèñòàë³÷í³
ìàòåð³àëè, ã³äðîêñèàïàòèò, äèñèë³êàò ë³ò³þ, ì³íåðàë³çàö³ÿ
ðåãåíåðàö³ÿ, ê³ñòêîâà òêàíèíà.

STUDY OF MINERALIZATION OF LITHIUM CALCIUM
PHOSPHOSILICATE GLASS CERAMICS IN VIVO
DURING BONE TISSUE REGENERATION
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Prospective directions for the creation of biologically active
substitutes for bone tissue were analyzed. The effectiveness of the
use of calcium phosphosilicate materials modified with CuO,
ZnO, Ag2O, Fe2O3, TiO2, SrO and Nb2O5 to ensure high
biocompatibility and antibacterial properties of bone
endoprostheses has been established. The prospective use of lithium
calcium phosphate silicate glass ceramics for obtaining
strengthened, biologically active bone implants was substantiated.
The main criteria for the development of biocompatible glass-
ceramic materials regarding their composition, structure, texture,
and surface properties have been established. The influence of
differences in the structure and resorption of calcium
phosphosilicate glass ceramics on the mechanism of formation of
an apatite-like layer in vivo was analyzed. The features of
mineralization of calcium phosphosilicate glass ceramics in vivo
during bone tissue regeneration were determined, and the
effectiveness of the use of glass ceramics based on hydroxyapatite
and lithium disilicate in bone tissue replacement was established
to reduce the rehabilitation period and long-term use of
endoprostheses under variable loads. The developed OS-7 calcium
phosphosilicate glass-ceramic material is characterized by the
content of crystalline phases of 10 vol.% lithium disilicate and 55
vol.% hydroxyapatite with a ratio of CaO/P2O5=1.67, surface
microrelief of 6 m, surface free energy value of 75 mJ/m2 and
crack resistance of 6.0 MPam1/2. This material is biocompatible
due to the formation of carbonate hydroxyapatite crystals already
on the 14th day, which allows us to consider its promising use in
the treatment of fractures, defects of long bones and in the
replacement of short or tubular bones.

Keywords: calcium phosphosilicate glass-ceramic material;
hydroxyapatite; lithium disilicate; mineralization; regeneration;
bone tissue.
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