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The aim of the work is the synthesis and study of the bioactivity of sol-gel glass (BG 60S) with molar
composition 60 % SiO,, 36 % CaO, 4 % P>0s and samples doped with La and Y in vitro, studying their structural
properties and changes upon contact with a model physiological environment (Kokubo’s SBF), as well as justifying
the possibility of their use for tissue regeneration and tissue engineering.

According to the results of research, the interaction of synthesized samples with SBF leads to a change in the
phase composition and the ratio of amorphous and crystalline components. It is necessary to note long and intensive
processes involving CO5*~ ions for unalloyed and alloyed samples. The appearance of calcium carbonate in the form
of vaterite with a simultaneous increase in the calcite content is one of the signs of high bioactivity of the synthesized
samples. According to the results of XRD, EDX and FTIR studies after 28 days of soaking in SBF, the predominant
surface elements are Ca and P in the composition of hydroxyapatite, and the elemental composition indicates active
ion exchange processes according to the theory of bioactive glass dissolution in physiological fluids.

The change in the ratio of crystalline phases with the inclusion of mainly one crystalline phase of hydroxopatite
within 28 days leads to a better structuredness of the surface of the synthesized samples and indicates that they have
osteoconductive properties, can connect with bone tissue and have the appropriate biodegradation ability.

The results of the study indicate the promising nature of synthesized materials for tissue regeneration and tissue
engineering.
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INTRODUCTION Various types of bioactive glass synthesized
by the sol-gel method have attracted the attention
of researchers due to the convenience and
versatility of the synthesis method. Bioactive
glass is an ideal candidate for bone tissue
engineering because it can bind to bone and
stimulate bone cells to osteogenesis. The
developed porous surface characteristic of sol-
gel glass is a key factor to ensure cell migration
into scaffolds, as well as in vivo vascularization
and bone ingrowth. The presence of nano-sized
pores can also provide additional functions to the
scaffold, enhancing its bioactive properties and
providing the capability to release drugs. Despite
the achievements of application in biomedical
fields, especially for the regeneration of bone
tissue, and recent achievements allow the use for

Use of bone substitutes derived from
biological products, such as demineralized bone
matrix, platelet-rich plasma, hydroxyapatite,
addition of growth factors (e.g., bone
morphogenetic protein) or synthetic, such as
calcium sulfate, tricalcium phosphate ceramics,
bioactive glass, or polymer-based substitutes are
chosen as dependent on their purpose. The main
limitation of the use of bone substitutes remains
the treatment of large defects and the lack of
vascularization in their central part.

Therefore, in the field of bone tissue
engineering, the development of synthetic
substitutes capable of maintaining rapid and
extensive vascularization in their structure is a
promising avenue of research [1].
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soft tissues as well, the existing ones have been
improved and new types of combinations of
these materials are proposed [2—7].

Attention 1is focused on the chemical,
surface, mechanical and biological properties,
strategies for controlling the pore structure,
shape, size and composition of bioactive sol-gel
glass. It is assumed that the morphology and
chemical composition of sol-gel Dbioactive
glasses significantly affect their biological
properties. Thus, the controlled synthesis of
these materials is crucial for their effective use in
biomedical fields [8-9].

One of the promising directions of
biofunctionalization is the inclusion of cations or
their mixture as modifiers of the silica matrix,
which provides new properties, including
antibacterial ones, without reducing the
bioactivity of sol-gel glasses [10-21]. Such
compositions are aimed at bone restoration
therapy, antibacterial effect and prolonged action
[22]. On the other hand, such biofunctionalization
provides added value to the implant, as the graft
not only fills and eliminates the defect, but also
acts as a drug delivery system that locally supplies
osteoregenerative agents.

This study describes the synthesis, methods,
and research results of synthesized samples of 60S
sol-gel glass and samples doped with La and Y:
crystal structure, chemical composition, capability
to form hydroxyapatite on the surface during
interaction with a model physiological
environment. The spectrum of therapeutic action of
additives includes apoptosis of cancer cells,
changes in the rate of resorption of bioceramics,
selective immunomodulatory activity.

The results of the study indicate the promising
nature of synthesized materials for tissue
regeneration and tissue engineering.

EXPERIMENTAL PART

Research materials and methods. Sol-gel
glass (60S) has a composition (mol.) of 60 %
Si0,, 36 % CaO, 4 % P,0s. The synthesis was
carried out by sol-gel method using: tetraethyl
orthosilicate  (TEOS) (C,Hs50)4Si, triethyl
phosphate (TEP) (C,Hs0);PO, ethanol C;HsOH,
calcium nitrate tetrahydrate (Ca(NOs3),-4H,0),
lanthanum(I1T) nitrate hexahydrate
(La(NO3)3-6H,0), yttrium(I1I) nitrate hexahydrate
(Y(NO3)3:6H20), 59 % solution of nitric acid
(HNOs) (all reagents of qualification
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“chemically pure” (Merck Schuchardtohg
(Germany)). Mass ratios of precursors for the
synthesis of 60S glass were: (C,Hs0)4Si:
(C2H50)3PO . (Ca(N03)2‘4H20) . HzO . CszOH
=859:1:585:9:3.

Preparation of sol-gel glass 60S. To obtain
the sol-gel glass, the TEOS, TEP and ethanol are
first poured into the above proportions, stirred on
a magnetic stirrer for 30 min, and sonication was
applied for 5 min. For hydration and getting sol
added nitric acid, mixed again on the magnetic
mixer for 30 min and again sonicated for 5 min.
Separately prepared an aqueous solution of
calcium nitrate, mixing the specified quantities
of components on a magnetic stirrer for at least
10 min. Then a solution of calcium nitrate is
added to the sol, stirred on a magnetic stirrer for
at least 40 min, sonicated for 5 min and to
complete the polycondensation processes
withstand the sol for 24 h at room temperature
and then heated in a sealed container in a dry
oven for 24 h at 60 °C. The resulting gel is kept
eat least 48 h at 120 °C and then slowly heated
(at least 4h) to 700 °C and calcined at this
temperature for 2 h.

For the synthesis of doped La (or Y) sol-gel
glass Ca(NOs)-4H,O was replaced by
La(NO3); 6H,O (or Y(NO3)3-:6H,0) (in the ratio
6 : 4 (mol%)).

The produced glass was ground with a
mortar and pestle to disagglomerate the particles.

For research in vitro apatite forming ability
from the studied samples of sol-gel glasses
(0.06+0.005 g), disks were formed (d =13 mm,
h =280 um, pressure 10 tons) for which the
corresponding volume of SBF was calculated.
Assessment of bioactivity was carried out using
the standard in vitro procedure described by [23]
and 1SO23317:2014 using analytical reagent-
grade chemicals NaCl, NaHCOs;, KClI,
KzHPO4'3H20, Mgc12'6H20, CaClz,
trishydroxymethyl aminomethane [Tris-buffer,
(CH,OH);CNH:], and 1 M HCL

Characterisations of sol-gel glass 60S. The
samples obtained were characterized by a
scanning electron microscope MIRA 3 FE-SEM
microscope (TESCAN, Czech Republic)
equipped with an Energy-dispersive X-ray
detector (EDX) Oxford Instruments, UK). EDX
spectra of the prepared samples before and after
immersion in SBF on days 7, 14 and 28 were
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used to study changes in the elemental
composition of the sample surface.

In vitro apatite forming ability. The
bioactive glass samples, before and after
immersion in SBF were examined by Fourier
transform infrared spectroscopy (FTIR), thin-
film X-ray diffraction and scanning electron
microscopy after soaking for 7, 14 and 28 days
respectively. Samples were immersed in SBF in
clean plastic bottles, which had previously been
washed using HCl and deionized water. The
bottles were placed inside an thermostat at a
controlled temperature of 36.5 °C. SBF solutions
were updated during the immersion period every
24 h for all studies: measurement of XRD, EDX,
FTIR. The samples were extracted from the SBF
solution after given times of 7, 14 and 28 days.
After immersion at 36.5 °C for different periods
within 4 weeks in the SBF, the sample was take
out from the SBF and wash it with deionized
water. The specimen was dried at 90 °C and
stored in a desiccator.

The volume of SBF that is used for testing
calculated using the following Eq. 1 [23]:

=S /1
Vi=8,/10 (1)

where Vs is the volume of SBF (ml) and S, is the
apparent surface area (mm?).

Infrared spectra were recorded on a FTIR
Spectrometer Tensor 27 (Bruker Optik GmbH,
Germany) in the range 4000400 cm™' using
KBr pellets with a resolution of 2 cm™'.

Structural studies of the obtained samples
were performed by powder X-ray diffraction
method (XRD) using a  DRON-4-07
diffractometer with Ni filtered CukK, radiation,
the Bragg-Brentano focusing, in 20 range of
10-80° with a step of 0.05°, exposure of 1 s.
Phase identification was performed with PDF-2
database. The average crystal size was
determined on the broadening of the
corresponding most intense line according to the
Scherrer equation.

RESULTS AND DISCUSSION

Fig. 1 shows the XRD diffractograms of the
bioactive glass 60S before and after soaking in
SBF solution for different time periods. On the
diffractogram of the original glass 60S (Fig. 1 a),
an asymmetric diffuse halo is observed in the
area of diffraction angles, about 22°, which
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indicates the amorphous character of the
synthesized sol-gel glass. The most intense
crystalline peaks, which appear against the
background of the halo, belong to the weakly
crystalline phase of hydroxopatite Ca;o(POs)s
(OH), (ICDD N 74-566) and calcite CaCOs;
(ICDD N 72-1937). That is, under the given
synthesis conditions, 60S glass contains
crystalline inclusions of at least two phases.

Soaking 60S glass in SBF leads to a change
in its phase composition and the ratio of
amorphous and crystalline components. Thus,
after 7 days of soaking in SBF, peaks related to
calcium carbonate in the form of vaterite
(ICDD N 72-506) appear on the diffractogram of
the sample with a simultaneous increase in the
calcite content according to the increase in the
intensity of its diffraction peaks.

The formation of vaterite, the least stable
polymorph of CaCOs, but stable enough to
ensure the presence of a potential ionic buffer for
bone regeneration and which has sufficient
reactivity for conversion from CaCO; to
hydroxyapatite (HA) [24] is one of the signs of
high bioactivity of the synthesized samples. A
decrease in the intensity of hydroxopatite peaks
indicates a decrease in its content (Fig. 1 b).

After 14 days of soaking the glass in SBF,
there is a decrease in the intensity of the vaterite
peaks while the intensity of the calcite peaks
remains unchanged and a slight increase in the
intensity of the HA peaks, indicating a change in
the ratio of crystalline phases. The width of the
diffuse halo becomes noticeably smaller, which
may indicate the structuring of the amorphous
phase (Fig. 1 ¢).

On the diffractogram of the sample aged for
28 days in SBF, only highly intense peaks of
hydroxoapatite and low intensity peaks of calcite
remain against the background of a more
symmetrical diffuse halo (Fig. 1 d). That is, the
glass becomes more structured with the inclusion
of mainly one crystalline phase of HA.

La doping leads to slight changes in the
crystal structure of HA, compared to undoped
sol-gel glass (Fig. 2 a). More destruction of the
crystalline structure of HA was observed when
the sample was soaked in SBF for 7 and 14 days
(Fig. 2 b, ¢). At the same time, a smaller amount
of HA is formed and a significant amount of
calcite is preserved (Fig.2 d). Similarly to the
undoped sample, the appearance of the vaterite
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phase is recorded, the amount of which decreases
after soaking in SBF for 14 days.
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XRD patterns of BG60S. a — before soaking
in SBF solution, b — after 7 days, ¢ — after 14
days, d — after 28 days soaking in SBF
solution;

¢ —HA (Ca]()(PO4)6 (OH)z),

o — calcite (CaCOs),

V — vaterite (CaCOs3)
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Fig.2. XRD patterns of BG60S doped La. a —
before soaking in SBF solution, b — after 7
days, ¢ — after 14 days, d — after 28 days
soaking in SBF solution;
¢ — HA (Ca;o(POs)s (OH)y),

o — calcite (CaCOs),
V —vaterite (CaCOs3)

Similarly to doped La 60S, Y doping causes
a change in the crystal structure of HA (Fig. 3 a).
Significant destruction of the NA structure and
active formation of calcite was recorded after
7 days of soaking in SBF (Fig. 3 b). A trend of
decreasing calcite/vaterite and increasing HA is
observed for BG samples after 14 days and
28 days of soaking in SBF (Fig. 3 ¢, d).

EDX spectra of the samples show significant
changes in the elemental composition of the
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surface after 7, 14 and 28 days of soaking in
SBF. For BG60S (Table 1), the increase in the
content of Ca and P with the simultaneous
appearance of C is consistent with the formation
of calcite (vaterite) phases on the surface and of
the HA phase according to the data of XRD
studies.
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Fig. 3. XRD patterns of BG60S doped Y. a — before

soaking in SBF solution, b — after 7 days, ¢ —
after 14 days, d — after 28 days soaking in
SBF solution;

¢ — HA (Caio(PO4)s (OH)»),

e — calcite (CaCOs),

V — vaterite (CaCOs3)

The BG60S doped La sample (Table 2) is
characterized by a significantly smaller increase
in P content, which is consistent with a lower
HA content, according to the results of XRD
studies. At the same time, the significant content
of Ca and C on the surface of the samples after 7
and 14 days of soaking in SBF correlates with
the presence of a calcite phase that persists after
28 days of soaking in SBF. A relative increase in
the content of La may indicate the participation
of this element in ion exchange processes and the
formation of the HA phase.

The BG60S doped Y sample (Table 3) is
characterized by the absence of C on the surface
of the sample after 14 and 28 days of soaking in
SBF, which may indicate a low content of the
calcite phase on the surface of the sample. At the
same time, the Ca/P ratio for this BG sample is
1:1.87 and 1:1.48 after 14 and 28 days of
soaking in SBF, indicating the high crystallinity
of the formed HA.

A decrease in the Si content is characteristic
of all the studied samples. The presence of Na,
Mg, Cl components of SBF is also recorded,
which indicates active processes of ion exchange
between the surface and SBF [25].
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Table 1. EDX analyses of the samples BG60S before and after in SBF solution for 7, 14 and 28 days

Sample 0) Si Ca P C Mg Na Cl
before 52.6 27.8 15.6 4.1

after 7 48.3 23.7 18.7 8.1 0.2 0.6 0.4
after 14 51.4 21.3 17.5 8.9 4.0 0.6 0.6 0.4
after 28 40.8 4.2 33.1 16.1 4.0 0.8 0.7 0.3

Table 2. EDX analyses of the samples BG60S doped La before and after in SBF solution for 7, 14 and 28 days

Sample o Si Ca La P C Mg Na Cl
before 39.6 28.7 242 3.7 3.7

after 7 352 18.6 23.8 43 123 4.5 0.5 0.4 0.4
after 14 37.2 10.4 24.7 7.9 13.2 4.8 0.7 0.7 0.9
after 28 43.8 12.8 16.9 7.8 9.8 7.2 0.5 0.6 0.6

Table 3. EDX analyses of the samples BG60S doped Y before and after in SBF solution for 7, 14 and 28 days

Sample 0) Si Ca Y P C Mg Na Cl
before 50.3 27.2 15.0 34 42

after 7 42.0 21.8 13.8 5.0 6.3 10.6 0.3 0.3
after 14 45.7 23.6 16.5 4.2 8.8 0.6 0.7
after 28 42.9 16.7 17.1 9.2 11.5 0.3 1.0 1.4

The obtained FTIR spectra of the
synthesized BG samples showed changes in the
surface composition before and after soaking in
SBF solution and are presented in Figs. 4-6.
According to the study, the synthesized bioactive
glass has most of the characteristic maxima for
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silica mesh (Figs. 4-6). The maxima at 470, 800,
and 1100 cm™ are
deformation vibration of Si—O-Si bridging bonds
in SiO4 tetrahedra, which have four oxygen
atoms connected to four Si neighbors.
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Fig. 4. FTIR-spectra of the sol-gel glass 60S: a — before immersion in SBF, b — after 7, ¢ — after 14 days immersion

in SBF
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Fig. 6. FTIR-spectra of the sol-gel glass 60S doped Y: a — before immersion in SBF, b — after 7, ¢ — after 14 days

soaking in SBF

After immersion in the SBF solution
(Figs. 4-6 b, ¢), the maxima characteristic of
Si-O bonds at 800 cm™' became much more
intense. This confirms the formation of an
amorphous surface layer rich in SiO, due to the
dissolution of the vitreous network. The
indistinct maximum at 1230 cm™' refers to the
symmetric and antisymmetric modes of Si-O—Ca
bonds, which have non-bridging oxygen atoms.

In addition, after soaking in the SBF
solution, two characteristic maxima appear at
570 and 605 cm™, which correspond to the
deformation vibrations of the P-O bonds in the
PO group. Before immersion in SBF, their
intensity is weak due to the small amount of
phosphate bound to the glassy matrix. After
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immersion in the SBF solution (Figs. 4-6 b, ¢),
these maxima become more intense, which may
be associated with the active formation of both
the amorphous and crystalline phases of HA.
After 7 days of contact with SBF (Figs. 4-6 b),
the increase in intensity at 1470 cm™ and at
875 cm™', which is also recorded for the sample
after 14 days (Figs. 4-6 ¢), is associated with
active precipitation of the vaterite phase [26],
which is consistent with the XRD data.

An increase in the intensity of the maxima at
1427 and 875cm' and a change at 961 cm™
after 14 days of immersion in SBF (Figs. 4-6 ¢)
is associated with active CaCQj; precipitation in
the structure of the surface layer, which is
consistent with XRD data.
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This result, combined with XRD analysis
and EDX data, confirms the bioactivity of the
synthesized 60S bioactive glass samples.

CONCLUSIONS

EDX analysis confirms the presence of Si,
Ca, P and La or Y (for doped samples). After 28
days of immersion in SBF, for the surface the
predominant elements are Ca and P. The
composition of the surface, shown by EDX,
indicates that as a result of active ion exchange
processes, the concentration of elements in the
glass changes according to the theory of
dissolution of bioactive glass in physiological
fluids [27-29]. The increase in the concentration
of Ca and P in the material is due to the
formation of HA on the surface of the material.

The crystalline apatite layer aggregates and
almost completely covers the glass surface for up
to 28 days immersion in SBF solution, which
leads to low detection of Si by EDX. It is
believed that the formation of an apatite layer on
the glass surface by biomineralization is an

important step for the connection of glass with
living tissue in vivo, the advantage of doped
samples in the rate of formation of the HA layer
correlates with research [30-32].

Detection of elements that are part of the
model physiological fluid on the surface of the
samples is a confirmation of active ion exchange
processes occurring throughout the study period.
It is necessary to note long and intensive
processes involving COs* ions for undoped and
doped La samples, which correlates with the
results of FTIR - and XRD - studies. The
formation of HA on the surface of the test
specimens indicates that they are likely to have
osteoconductive properties, may bind to bone
tissue, and have a corresponding capability to
biodegrade [33].
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Mema pobomu — cunme3z ma 00CniOdceHHA OIOKMUBHOCMI 8 YMO08aX in Vitro 3paskie 3onv-cenv ckia (60S)
MonvHO20 cknady 60 % SiO», 36 % CaO, 4 % P:0s ma 3pa3skis, oonosanux La and Y, eueuenns ixuix cmpykmypHux
eracmusocmeil ma 3MiH ApU KOHMAKmi 3 mooenvhum ¢hizionoziunum cepedosuugem (SBF Kokubo'’s), a makooic
6CMAHOBIICHHS MOJICTUBOCTI IX GUKOPUCMAHHS 011 MKAHUHHOT pecenepayii ma mKaHuHHOI iHoICeHepIl.

3a pesyrbmamamu 00cniodicennss, 63aemMoolis cunmezoganux 3paskie 3 SBF npueooums 00 3miHu az08020
CKAa0y Ma CRiGIOHOWEHHSI AMOPGPHOL | KpUCManiyHux ckiaoosux. Heobxiono eiosnavumu mpusaii ma iHMeHCUGHI
npoyecu 3a yuacmio ionie CO5*~ Onsa nenezosanux i nezoeanux spaskis. Ilossa xapbonamy xanvyiio y (opmi
eamepumy npu OOHOYACHOMY 30iIbUleHHI 6Micmy Kalbyumy € OOHIE 3 O03HAK 6UCOKOI OioakmueHocmi
cunmesosanux spaskie. 3a pezymomamamu XRD, EDX ma FTIR oocnidscensv nicis 28 0i6 3amouysanus ¢ SBF,
nepegasicarouumu enemernmamu nosepxni € Ca i P y cknadi eiopoxcuanamumy, a eleMenmuutl CKiao ceioyums npo
AKmMueHi IOHOOOMIHHI npoYyecu 8iONOBIOHO 00 Meopii pO3UUHEeHHS OI0AKMUBHO20 CKA 8 DI3I0N02IUHUX PIOUHAX.

3mina cniggiOHOWeHHA Kpucmaniunux ¢has i3 BKIOUEHHAM NepeadrCHO OOHiel Kpucmaniynoi pasu
2iopokcoanamumy npomseom 28 Onie npuzeooums 00 6iNbULOI CIMPYKIMYPOBAHOCMI NOBEPXHI CUHINE308AHUX 3DA3KI6
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ma 6KA3YE HA me, WO 6OHU MAMOMb OCMEOKOHOVKIMUGHI BIACMUBOCMI, MOMCYMb 368 53Y8AMUCA 3 KICMKOBOH
MKAHUHOIO Ma MAarOmMb 8i0N08IOHY 30amuicmsb 00 biodezpadayii.

Pezynomamu  oocnioscenns ceiouamv npo nepcneKmuHicmv CUHIME308AHUX Mamepianie Oaf MKAHUHHOL
pezenepayii ma mKAHUHHOI IHXCeHepii.

Knwowuosi cnosa: 6ioaxmuene 301b-2eb CKIO, OCMEOKOHOYKMUGHICMb, MKAHUHHA pe2eHepayis, MKAHUHHA
IHOICEHepIs
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