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The prospects of application of calcium phosphate-silicate coatings on titanium alloys
for dental implantology have been analyzed. The calcium silicophosphate glass was devel-
oped in the system R,0-RO-CaF,-R,0,—P,0;-SiO, and it was obtained using a scraper
technology under low temperature short-term thermal treatment of glass-crystalline tita-
nium coatings with given mechanical and thermal properties. Solubility of glass-crystalline
coatings in distilled water and physiological fluids was investigated. The peculiarities of
forming the apatite-like mineralized layer on the surface of calcium phosphate silicate
coatings in vitro for one month, in connection with the pH of the solution and leaching of
calcium and phosphate cations in distilled water, are formulated. The obtained physico-
chemical and microbiological data can be used for the development of bioactive glass-crys-
talline coatings for titanium alloys with a shorter term for resorption, for dental endo-
prosthetics.

Keywords: calcium phosphate silicate glasses, glass-crystalline coatings, solubility,
structure, apatite-like layer.

IIpoananusupoBaHa MEPCIEKTUBHOCTh IPUMEHEHNA KaabIuidochaToCUINKATHUX TOKPHI-
TUH 10 CILJIABAM THTAHA [Jd AEeHTAJbHON MMILIAHTOJOrUH. PaspaboTaHbl KaJbIUHACUINKO-
docharurie crekna B cucreme R,0-RO-CaF,—R,0;—P,0;,-Si0, u moayuens: mo muxepHoi
TEXHOJIOTUY B YCJOBUAX HUIKOTEMIEPATYPHOHN KPATKOBPEMEHHON TepMUYecKoi obpaboTKu
CTEKJIOKPUCTAJJINYECKNE MOKPBITUSA 10 TUTAHY € 38JaHHBIMU MEeXaHUYeCKUMHU U TepMudec-
Kumu cBoiictBamu. Vccie[oBaHa pacTBOPUMOCTE CTEKJOKPUCTANINUYECKUX MOKPBITUIN B qUC-
TUJITUPOBAHHON BoMe M (PUBUOJOTUUECKUX IKUAKOCTAX. ChopMynrupoBansl ocobeHHOCTH (OP-
MUPOBAHUS CTPYKTYPHl ANATUTONOLO0HOTO MWHEPAJTU3UPOBAHHOIO CJIOS Ha I[MOBEPXHOCTU
KaabnuiipocaToCUINKATHUX MOKPBITUN B YCIOBUAX in vitro B TeueHHe OJHOTO Mecsdlld, BO
B3aMMOCBAZU ¢ pH pacTBOpa W BBIMEJAUWBAHUA KATUOHOB KaJbIusi U (ochaTHBIX TPy B
OUCTUJAVPOBAHHON Boge. IlonyuyeHnHble (PUBNMKO-XUMHWYECKUE W MHUKPOOMOJOTMUYECKUe IaH-
HBIE MOTYT OBITH WCIOJL30BAHBI TPU pPaspaboTKe OMOAKTUBHBIX CTEKJIOKPUCTALIUUECKUX
TMOKPBLITUH IO CIJIABAM THUTAHA C COKPAIEHHBIM CPOKOM pPes3oplOIuu, A MeHTAJILHOTO HHJO0-
MIPOTE3NPOBAHMS.

Hocaigsxenns ¢GopMyBaHHA ANATUTOIOAIOHOr0 MAPy HA IOBEPXHIi CKJIOKPUCTAJIIYHMX
MOKPHUTTIB Has meHTaapHoro nporesysamns. O.B.Cassosa, O.1.Decenro, O.B.Babiu.

ITpoanasizoBaHo IIEPCIEKTHUBHICTE 3aCTOCYBAHHSA KaJblliiiocharoculikaTHUX IIOKPUTTIB
0 CIIJIaBaM TUTAHY MJd TeHTaldbHOl iMimmamrosorii. Pospobueno KaubiilicuaikodocharHi
crexia y cucremi R,0-RO-CaF,-R,0,—P,0;-Si0, Ta ogepmxano 3a ILIiKepHOIO TEXHOJOTiEIO
B YMOBaxX HHUBBKOTEMIIEPATYPHOI KOPOTKOYACHOI TepMiuHOi 00poOKHK CKJIOKpHCTAJIUHI mO-
KPUTTA [0 TUTAHY 3 3aJaHMMU MEXaHIYHMMU Ta TePMiYHMMU BJacTUBOCTAMU. Jociimxeno
POBUMHHICTD CKJIOKPHUCTAJNIUHNX IIOKPUTTIB y AMCTUJALOBAHINI Bomi ta (isiomoriummx pigu-
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Hax. ChopMyIBOBAHO 0COBAMBOCTI (POPMYBAHHA CTPYKTYPU alaTUTONOAIGHOTO MiHepasizoBa-
HOTO IIaPy HA MOBEPXHi KaabIifipocdaTocnIiKATHUX TOKPUTTIB B yMOBAaX in vitro BIPOJOBIK
OHOTO MicAlld, Y B3aeMO3B’ 3Ky 3 pH po3umHy Ta BUJIYTOBYBAHHAM KAaTiOHIB KaJbiliio i
dochaTHUX TPyN y AUCTUALOBaHi#T Bomi. Oxmepsxani disuko-ximiuni Ta Mikpobiogoriuni mani
MOMKYTH OyTU BUKOPUCTAHI TPU PO3PoOIi 6GioaKTUBHUX CKJIOKPUCTATIUHMX MTOKPUTTIB IO
CIJIaBAM TUTAHY 31 CKOPOUEHUM TepMiHOM pPe3opOIii, AMA TeHTANBHOTO €HAOTPOTE3YBAHHA.

1. Introduction

Unimpaired functioning of human bone
tissue, in particular after restorative sur-
geries and dental implanting, can be as-
sured by developing new, more advanced
materials based on modern scientific contri-
butions of materials science and medicine.
Development and introduction of bio-com-
patible materials with shortened terms of
fusion with bone, in particular functional
silicate materials, will allow to solve a cru-
cial task of combining the material’s bioac-
tivity with its high mechanical charac-
teristics.

Silicate bioactive materials and glasses
on their base take the leading position in
the field of application of synthetic materi-
als for replacement surgery due to their
ability to bind bone tissue with subsequent
formation of the surface layer of hydroxya-
patite (HA) and their osseo-conductive prop-
erties [1].

Bioactive calcium phosphate-silicate ma-
terials do not exist in the body as separate
phases. They form a dynamic system with
heavy mineral turnover, occurring under
the influence of physiological factors. The
bone tissue is a buffer system that main-
tains continuous concentration of calcium
ions and phosphate groups in a human
body. Resorptive vitreous materials have
the highest reactivity and potential to form
strong bonding between an implant and bone
due to formation of the apatite-like layer.
They also have mechanical strength proper-
ties similar to those of human bone tissue.

The first bioactive silicate material, 4555
Bioglass, was developed on the base of
Na,0-Ca0O-P,05-SiO, system by L.Hench et
al. [2] in the late 1960-s as an attempt of
creating a filler for bone defects. However,
this material had low affinity to the bone
tissue, which had limited its fields of appli-
cation. Subsequently, bio-glasses on the base
of 4585 with hydroxyapatite and tricaleium
phosphate were suggested [3].

Known bio-glasses on the base of MgO-
CaO-Si0O, system have the high reactivity
and bioactivity defined by the high rate of
the reaction of hydroxyapatite formation
when exposed to bodily fluids [4, 5]. Release
of Na* and Ca?* increases the value of pH
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of the system and increases the rate of the
crystal formation. According to the authors
[5], MgO-CaO-SiO, based bio-glass with the
content of MgO =10 wt. %, CaO = 40 wt.
% and SiO, = 50 wt. % is reported to start
forming surface hydroxyapatite layer al-
ready on the third day.

Well known calcium phosphate glass-ce-
ramic cellular material BAK and KF glass-
ceramics used as a coatings on titanium al-
loys developed in RKhTU named after
Mendeleev under the supervision of
P.D.Sarkisov have the terms of bone union
of up to 7-8 months and 455 days, respec-
tively, and can be used in orthopedy and
maxillofacial surgery for the purpose of en-
doprosthetics [6]. The authors of the work
[7] have developed bioactive glass-ceramic
materials, which exhibit biocompatibility
and non-toxicity after being implanted into
a bone for 90 days. However, the abovemen-
tioned terms of union with bone are quite
long for dental implants, which must pro-
vide formation of strong mineralized layer

(shear strength > 15 MPa) during
1-3 months.
Complexity of providing the high

strength of the implant-bone bond in short-
term period depends mostly on the bioactiv-
ity of material and its ability to form the
thin apatite-like layer according to the fol-
lowing mechanisms:

— chemical, providing dissolution of the
implant material in bodily fluid due to the
process of diffusion [8];

— biochemical, which considers corrosion
of biomaterial as the outcome of diffusion
and the action of macrophages on the im-
plant surface. Macrophages seize and break
off separate elements of the implant struec-
ture, facilitating its dissolution [9-11].

Transition zone is observed in vitro on
the surface of calcium phosphate-silicate
vitreous materials or glass-ceramics. It has
non-uniform thickness: formation of the sil-
ica-containing layer is observed directly on
the surface of the implant, under it lies a
calcium-phosphate layer with amorphous
structure. This structure crystallizes during
7-10 days with formation of the apatite-
like polyerystalline phase [6, 12]. Important
factor of formation of strong adherence in
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Table 1. Chemical composition of model glasses

Indicator of chemi- Content of main components, wt. %
cal composition
FAR 1 FAR 2 FAR 3 FAR 4 FAR 5 FAR 6
K,0 + Al,O,4 14 17 14 15 15 14
Cal + P,04 15 15 26 15 20 21
Na,O + Li,O 12 9 9 11 9 10
CaF, + Zn0O 11 3 3 7 3 7
B,0; + SiO, 48 56 48 52 53 48

the implant-bone system is the provision of
necessary formation rate and structure of
transition layer, matching the rate of
growth of natural bone.

Amorphous calcium phosphates (ACP)
are considered to be precursors of non-
stoichiometric hydroxyapatite (nHA) in the
complex sequence of transformations. They
are, in turn, formed upon the buildup of
calcium ions in intercellular space of bone
matrix. According to the findings of
0.V.Zagorodko [13], formation of HA on
the surface of bioactive crystalline phases
occurs via formation of nHA crystallization
precursors, namely ACP and octacalcium
phosphate (OCP) crystalline phases. Forma-
tion of the apatite-like layer on the base of
nHA on the surface of materials occurs in
conditions of pH = 7-11 to the point when
Ca:P ratio reaches 1.71 by the following
reaction [14]:

—s OCP(Ca/P = 1.83) — nHAP(Ca/P < 1.67) -
—s HAP(Ca/P = 1.67).

Implementation of the above mechanism
will allow to develop the biocompatible re-
sorptive glass-ceramic calcium phosphate-
silicate coatings on titanium which form
strong mineralized layer of apatites during
one months and will allow obtaining the
competitive dental implants on their base,
with mechanical properties that match those
of the bone tissue. This determines the rele-
vancy of this work.

2. Aim selting and research
methods

The aim of the work is to research the
formation of apatite-like layer on the sur-
face of calcium phosphate-silicate coatings
on titanium in vitro to forecast their behav-
ior in vivo.
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Distilled water (DW) was used as a con-
trol solution to determine concentration of
ions based on pH change. Resorption level
of experimental vitreous materials was de-
termined by the loss of mass after exposure
to DW (Lp w, wt. %) and physiological so-
lution (Lp g, wt. %) for 30 days. It should
be noted, that pH index after DW is 7, and
decrease of this index is due to intensive
absorption of carbon dioxide by DW.

Determination of the behavior of the ex-
perimental glass-ceramic coatings in solu-
tions with different values of pH was se-
lected as a base of the research. Assessment
of biological action was performed using the
method of extreme solution (express investi-
gation of destruction) and modelling solu-
tion (real-time destruction) according to ISO
10993-14-2001. To forecast the behavior of
the material in vivo, simulated body fluid
(SBF) according to ISO 28317:2012 was se-
lected.

To perform the assessment of chemical
composition of the surface layer of the ex-
perimental glass-ceramic coatings before
and after the in viiro exposure, concentra-
tional distribution of element was investi-
gated using wavelength dispersive X-ray
fluorescence spectrometric method (XFM),
based on change of the element concentra-
tions (C, wt. %) in the initial material
(C;,it» Wt. %) and after the exposure to SBF
during 1, 7, 14, 21, 28 and 35 days (Cexp,
wt. %). Concentration of the elements with
ZAF correction (atomic number, absorption,
fluorescence) on the surface of the materials
before and after the exposure to SBF was
assessed based on element’s line intensity
change (I) imp/s, compared to the initial
material.

Structure of the surface layer was inves-
tigated with the by scanning electron micro-
scope REM Tesla 38 LMU with resolution of
1 nm, using Oxford X-max 80 mm energy-
dispersive spectrometer.

Functional materials, 25, 1, 2018
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Fig. 1. Destruction of experimental coatings to DW (a) and the yield of sodium, calcium and
phosphate ions after 24 h (b) and 35 days (c¢) aging in it.

Table 2. Structural characteristics, mechanical and thermal properties of research coatings

Glass Indicator Amount of H, HV, K, E, GPa | o -107,

marking crystalline phase, | GPa GPa | MPa-ml/2 degfl
vol. %
fsi |RO/P,05| Na,O/P,05 | HA FAP

FAR 1 | 0.27| 2.48 1.27 24 1 6.35 | 6.20 1.5 70.0 47.1
FAR 2 |0.30| 1.85 1.50 33 2 7.25 | 7.32 1.8 75.0 76.0
FAR 3 | 0.26 | 1.81 0.74 32 3 7.20 | 7.15 2.5 76.0 95.9
FAR 4 | 0.28| 2.16 1.39 26 2 6.45 | 6.40 1.7 72.0 75.5
FAR 5 | 0.28| 1.83 1.01 37 3 6.80 | 6.60 2.6 80.0 89.3
FAR 6 | 0.26 | 2.05 0.93 40 4 6.90 | 6.85 2.0 85.0 84.9

3. Experimental

3.1 Development of compositions of cal-
cium phosphate-silicate glasses for obtaining
glass-ceramic coatings

To obtain glass-ceramic coatings for den-
tal implantology, Na,0-K,O-Li,O-CaO-
ZnO—CaFZ— 8203—A|203—P205—S|02 System
was selected (Table 1). Model glasses of
FAR series with the ratio of phase-forming
components CaO/P,05 = 1.67 and content
of CaF, =1.5+6.5 wt. % were selected for
the crystallization of HA and FAP (fluora-
patite) bioactive phases in the area of deter-
mined concentration limits.
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The glasses were melted in fireclay cruci-
bles in a furnace with silicon carbide heat-
ers at 1300+1350°C, with following cooling
on a steel sheet. Frit grinding was done in
a ball mill during two hours to the fineness
that corresponds to 9 wt. % remaining frit
on 0.065 mm sieve.

Coatings on the base of developed glasses
were obtained by wet method. 0.2 wt. %
solution of xanthan gum (XG) was selected
as an optimal dispersion medium for obtain-
ing the defect-free coatings. Obtained slips
were applied on VT1-00 bioinert titanium
alloy by submerging after sand blasting.
Specimens with applied coatings were dried
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under the temperature of 80+120°C and
fired at 700+780°C during 1.0 min.

As a result of investigations of the sin-
gle-stage low-temperature short-term treat-
ment of FAR 5 model glass, monodirec-
tional glass-ceramic structure with presence
of fine HA and FAP crystals in total
amount of 40 vol. % has been identified.
Such structure will allow to have according
values of mechanical and thermal properties
(Table 2), which indicates the ability of
using the experimental glass as a base in
creating the glass-ceramic coatings on tita-
nium for the dental implantology applica-
tions.

3.2 Research of solubility of experimental
glass-ceramic coatings in physiological
media

Intrinsic feature of the experimental
coatings of FAR series is their significant
solubility in distilled water, which is related
to the content of resistive crystalline phases
with the size of up to 30+45 vol. % and
significant content of the resorptive phos-
phate-silicate glass phase. Developed coat-
ings possess resemblance to the resorptive
glasses [6] by chemical properties and high
reactivity fg; < 0.82 (Table 2) [13] which is
an important factor in obtaining the biocac-
tive glass-ceramic coatings on titanium al-
loys for the dental implants with short-term
resorption.

The loss of mass in DW (Fig. 1la) is the
highest for the coating FAR 1 and is due to
the lowest level of connectivity of its sili-
con-oxygen network, with the value of fg; =
0.27 and amount of HA and FAP of only
30 vol. %. The increase in the amount of
HA and FAP crystalline phases up to
35 vol. % significantly influences the solu-
bility of the coatings FAR 5 and FAR 6 in
DW. For FAR 2 experimental coating with
fsi = 0.80, its solubility is limited by water-
resistant glassy matrix. Reversely, for the
coatings FAR 3 and FAR 4, high values of
solubility indices are caused by the high
amount of phosphorus oxide in the glass
phase, along with fg;=0.26 and 0.28, re-
spectively.

An interesting phenomenon is the com-
bined influence of sodium and phosphorus
oxides in the glass on solubility of the ex-
perimental glasses. Thus, for FAR 1 experi-
mental coatings with the amount of Na,O =
7.16 and of P,O5 = 5.62 wt. %, the high
solubility is observed due to its composition
is located within the area of invert glasses
with the ratio of Na,O/P,0g =1.27 and
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SiO, content of 42.5 wt. %. In this case,
according to P.D.Sarkisov [6], reallocation
of sodium ions from silicon-oxygen groups
of (SiO3)0O~ to phosphorus-oxygen groups
(P204)0,~ and (PnOy,,)0,~ occurs to com-
pensate their negative charge. Silicon-oxy-
gen groups, (SiO3)O"Na* are converted to
[SiO4]~ groups, increasing the connectivity
of the glass structure. Due to the high po-
larization of non-bridging oxygen in the
phosphorus-oxygen tetrahedra, bond
strength of sodium cations with anion com-
ponent in the groups like (P,04)O,"Na* is
lower than in (SiO3)O~"Na* groups, which de-
termines higher solubility of FAR 1 coating
with the lower amount of Na,O. Another
confirmation of this is the fact that the
increase of Na,O content in FAR 2 coating
to 8.42 wt. %, with the ratio of Na,O/P,0y
= 1.50 and in FAR 4 and FAR 5 coatings to
7.79 wt. % with the ratio of Nay0/P505 =
1.39 and 1.01, respectively, does not lead to
the increase in their solubility. The fact of
the decrease in solubility is also explained
by "seaming” of structural phosphate ele-
ments with modifying Al3% ions and stabili-
zation of the glass network via formation of
[AIPO,] groups as a result of introducing
7.87 and 7.28 wt. % of Al,O; to the coat-
ings FAR 4 and FAR 5. This is very impor-
tant from the point of view of proving non-
toxicity and biocompatibility of the coat-

ings.
Release of sodium and calcium ions and
phosphate groups of the experimental

glasses into DW is determined primarily by
the structure and composition of the resid-
ual vitreous phase. The coatings FAR 1,
FAR 2, FAR 3 and FAR 4 with reduced
water resistance have the higher amount of
NaZ*, Ca?* ions and phosphate groups com-
pared to FAR 5 and FAR 6 coatings, both
after 1 day of the exposure (Fig. 1b) and
after 35 days of the exposure (Fig. le).
Main contributors into the loss of mass of
the coatings after one day of the exposure
are sodium and calecium ions, which are re-
leased almost 100 times more, compared to
the release of [PO4]3‘ groups. After thirty
days of the coatings exposure in DW, the
losses of sodium and calcium ions are in-
creased by approximately 20 times and are
leveled for calcium ions and phosphate
groups. This denotes the prevailing influ-
ence of the [PO4]3‘ groups release on the
increase of acidity of the medium in speci-
fied time period.

The higher content of calcium ions as
vitreous phase solubility inhibitors q (cal-

Functional materials, 25, 1, 2018
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Table 3. Destruction of research coatings in physiological fluids

Indicator Glass marking
FAR 1 FAR 2 FAR 3 FAR 4 FAR 5 FAR 6
Lpys (30 days), % 1.531 1.432 1.523 1.515 0.986 0.834
L.,, (120 h), % 1.649 1.424 1.486 1.624 1.3701 1.242
Ly, (120 h), % 6.541 6.352 6.402 6.514 6.321 5.804

Table 4. Peculiarities of chemical composition of the initial model and corrected glasses, struc-
tural parameters and mass losses after aging in DW

Indicator Glass marking
FAR 5 FAR 5.1 FAR 5.2 FAR 5.3
Content of the main components, wt. %

2 (K,0 + AlLOy) 15.27 21.85 16.49 16.49
2 (Ca0 + P,0,) 20.50 17.13 17.02 15.67
Cal/P,054 1.67 1.21 1.20 1.40
(Na,O + Li,0) 8.99 9.47 9.34 6.34
2 (CaF, + ZnO) 3.01 6.56 6.55 10.90
2 (B,0, + SiO,) 52.23 44.99 50.61 50.61
Na,O/P,04 1.01 1.07 1.05 0.79
RO/P,04 1.83 1.37 1.36 2.25
L,w, 80 day, % 0.87 0.887 0.875 0.890

cium ions can interchange with sodium ions
in the hydrated layer) in the solution after
a day of the exposure for the coatings FAR
1, FAR 2, FAR 3 and FAR 4 compared to
FAR 5 and FAR 6 has a significant effect
on the decrease of phosphate groups release
after 30 days of the exposure, which may
adversely affect the process of formation of
the apatite-like layer. This process is based
on the fact that the solid phase is in equi-
librium state with more acidic solution com-
pared to the solid phase composition, because
of this, the calcium phosphates are partially
dissolved with formation of more basic phos-
phates and phosphoric acid. The evidence of
this process is change in pH of the solutions,
from pH, = 6.41, after one day of the expo-
sure, to pH in the range of 6.0+6.6.
Durability of the residual phosphate-sili-
cate vitreous phase of the experimental
coatings depends significantly on the sol-
vent pH. It is known, that solubility of
P,Og in acid solution increases with growth
of RO/P,05 ratio. Optimal release of the
phosphate groups into DW after 30 days
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from FAR 5 and FAR 6 coatings with
RO/P,05 = 1.83 and 2.05, respectively, re-
sults in pH ~ 7.3, which is required for the
formation of the apatite-like layer. It
should be noted that binding of calcium ions
in the structure of the crystalline phase al-
lows to provide both adhesion and inhibition
of the phosphate groups dissolution process.
The mass losses of the experimental coat-
ings increase in physiological solution due
to surface dissolution processes intensifica-
tion as a result of the medium increased
activity. The direction of change for this
parameter is the same as in DW for the
experimental coatings, the only peculiarity
is that the difference between the losses of
the more soluble coatings FAR 1, FAR 2,
FAR 3 and FAR 4 and the less soluble ones,
FAR 5 and FAR 6, is more substantial.
After the exposure to buffer solutions
during 120 h, the experimental glass-ce-
ramic coatings have the values of L., =
1.242+1.649 wt. % and L, = 5.804:6.541 wt. %
(Table 8), which allows to make a conclu-
sion about their low level of destruction and
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possibility of using in the medical items ac-
cording to ISO 10993-14-2011.

Considering the optimal amount of cal-
cium and phosphorous ions and pH (Fig. 1),
which required for deposition process, the
coatings FAR 5 and, for comparison pur-
poses, FAR 2 have been selected for the
further research.

Mechanism of the bonding of the bioma-
terial with a bone can be assessed by the
material mass growth in SBF, which is
based on the occurrence of the following
surface phenomena and processes: dissolu-
tion, i.e. transfer of the material’s compo-
nents into the outer medium, and deposition
of primarily calcium and phosphorus on the
surface of the material when outer medium
is oversaturated with these components [6].

The losses of mass of the experimental
coatings during the 21-days exposure to
SBF is correlated with their solubility in
DW and physiological mediums. The mass
growth curve generally changes by parabolic
law. This process occurs the most inten-
sively from the day 21 to day 28. Insignifi-
cant decrease in the mass loss for the coat-
ing FAR 5 compared to FAR 2 in the first
day (Fig. 2a) allows to have the significant
mass growth on day 7 and day 14. This can
be due to intensive formation of amorphous
silicon-oxygen layer during the first day for
the coating FAR 2 with the amount of
Si0, = 50.0 wt. % and, as a result, decrease
in diffusion of calcium cations and phos-
phate groups to the solution and decrease of
deposition rate on the surface of the coating
during the following 7 days. On the 14th
day of the coatings exposure in SBF, a more
intensive mass growth by module is ob-
served for FAR 5 specimen. Despite the fact
that on 21st day the mass growth for these
coatings differs insignificantly, the phase
composition of their surface layer will have
differences.

For the FAR 5 coating, the total mass
growth after 28 days (Lgpp = 2.45 wt. %)
(Fig. 2b), may provide intensive formation
of the apatite-like layer on its surface. The
change in deposition kinetics in SBF for
FAR 2 coating in the period of 1-21 days
will cause the increase of the silicon-phos-
phate layer formation duration.

With the purpose of intensification of
the process of the calcium-phosphate layer
formation in early stages of implanting, the
composition of FAR 5 model glass was
modified by decreasing CaO/P,0g ratio and
increasing RO/P,0g4 ratio (Table 4).
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Fig. 2. Loss and weight gain developed coat-
ings after exposure to SBF during the first
weeks (a) and after one month exposure (b).

XRD results of the developed coatings
allow to establish that FAR 5.1 specimen is
characterized by presence of cuspidine and
calcium fluoride, which may negatively af-
fect biocompatibility of the coating. For the
experimental coating FAR 5.2, the increase in
the content of sodium oxide to 8.13 wt. %
compared to FAR 5.3 coating (5.13 wt. %)
resulted the decrease of mass losses in DW
(Table 4). Modified glass-ceramic coating
FAR 5.3 is characterized by the presence of
HA and FAP with the total amount of
40 vol. %, required release of sodium, cal-
cium ions and phosphate groups (Na*sy days
= 0.401, C32+35days = 0126, [PO4]3_35days =
0.162) and pH, which makes possible its
consideration in further researches.

Mass loss and growth for the developed
FAR 5.3 coating is similar to those of FAR
5, however a slight difference in the mass
loss on the first day significantly influences
mass loss on day 7 and its growth on day 14
due to phosphate component. At this point,
the intensive formation of nHA crystal-
lization precursors occurs — crystalline
phases of APC and OCP. This allows to ap-
proximate the condition of the apatite-like
layer formation to conditions of natural re-
generation of bone and growth of the young
bone, which is a prerequisite of the long-
term use of the implant in vivo.

3.3 Research of chemical composition of
the glass-ceramic coating surface layer after
in vitro exposure

Research of chemical composition change
of the surface layer of the coatings after
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Fig. 3. The concentrations of silicon (a), cal-
cium (b) and phosphorus (c¢) in the surface
layers of test materials after aging in SBF.

the exposure to SBF is important to estab-
lish the possibility of the apatite-like layer
formation on the coatings surface, as well
as to provide their non-toxicity.

Research of aluminium concentration in
the surface layers of the experimental glass-
ceramic coatings FAR 5.8 and, for compari-
son, FAR 2 and FAR 5 after the SBF expo-
sure insignificantly increases on the 7th day
of exposure and has the minimal value on
the 35th day, is important based on its tox-
icity to human. Similar picture is observed
for zinc. Potassium content is decreasing in
the general element content on the experi-
mental coating surface. This is due to the
fact that the intensive leaching of alkaline
elements occurs in the first hours of expo-
sure to SBF, with emergence of the respec-
tive maximum.

The increase in content of carbon on the
surface of the coating and occurrence of
chlorine is explained by anionic substitution
of phosphate groups to carbonate and hy-
droxyl groups by chloride in DHA through
immobilization of extrinsic [CO3]2‘ and [CI]”
anions from the SBF [6, 10].

Evidence of the apatite-like layer forma-
tion on the surface of experimental glasses
after the exposure to SBF is the change in
concentrations of silicon, caleium and phos-
phorus elements. For the experimental coat-
ings, the concentration of silicon signifi-
cantly increases on the 7th day, which is
the evidence of silicon gel layer formation
on its surface during mentioned period.
Presence of silicon in the surface layer of
the experimental coatings creates conditions
for the formation of silanol groups on their
surface, which are required for HA nuclea-
tion [6]. Difference in intensity change of
concentration of this element for coatings
FAR 5, FAR 5.3 and FAR 2 will lead for
the latter to blocking the diffusive mobility
of modifying cations, and the release of cal-
cium ions on the first day inhibits the proc-
ess of phosphate vitreous phase dissolution.
After the exposure during 14, 21 days, the
silicon concentration gradually decreases,
and on the 28th day it is close to the mini-
mum values (Fig. 8a), with the lowest ones
for FAR 5.3 coating.

Concentration and ratio of calcium and
phosphorus on the surface of experimental
glass-ceramic coatings in vitro is paramount
in formation of the apatite-like layer on the
implant surface in vivo. For the mentioned
elements, the growth in their concentration
on the experimental coatings surface with
different dynamics is observed on day 7
(Fig. 3b, Fig. 3c). For FAR 2 coating, the
concentration of calcium and phosphorus is
significantly less than for FAR 5.2 and
FAR 5 coatings. This fact is the evidence of
the simultaneous formation of the silica gel
and calcium phosphate layer on the surface
of the experimental glass-ceramic coating
with different ratio of components. On the
days 14, 21, the phosphorus concentration
increases for all coatings. For calcium the

Table 5. Change in ratio of Ca/P on surface of coatings after aging in SBF

Glas_s The Ca/P ratio at different stages of aging in SBF
marking 0 days 7 days 14 days 21 days 28 days 35 days
FAR 2 4.62 3.31 3.04 3.01 2.73 2.59
FAR 5 3.84 1.98 2.26 2.20 2.07 2.04
FAR 5.3 4.57 1.50 1.63 1.58 1.64 1.67
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Fig. 4. Nanostructure of glass-ceramic coating FAR 5.3 after 21 (a) and 35 days (b) aging in SBF.

reverse is true, when significant decrease of
intenity is observed on the day 14 and at
subsequent exposure to SBF on the day 21.
The period of days 28 and 35 of the expo-
sure is characterized by the maximal in-
crease in phosphorus and calcium concentra-
tion, the highest one being for FAR 5.3
coating, which indicates on the possibility
of active formation of apatite on their sur-
face in vivo through the occurrence of the
precursors.

The value of Ca/P of experimental coat-
ings before the exposure corresponds to the
ratio of these elements in the initial coat-
ing. The value of this parameter signifi-
cantly decreases for all experimental coat-
ings after the exposure to SBF during 7 and
14 days (Table 5). However, only for FAR
5.3 the ratio Ca/P = 1.51, which can be the
evidence of APC crystallization. On the day
21, the proximity of Ca/P ratio to 1.58 for
this coating indicates the possibility of
DHA formation on the surface during the
specified period. Upon the further expo-
sure, on day 28, the ratio of Ca/P is ap-
proaching 1.64. This fact indicates that the
HA crystallization occurs not directly, but
through the stages of deposition of interme-
diate phases — precursors of non-
stoichiometric hydroxyapatite (nHA), which
has the Ca/P ratio value of <1.67. Research
of the surface structure (Fig. 4) confirms
the fact that the formation of nHA occurs
via formation of amorphous calcium phos-
phate (APC) (Ca/P = 1.0+1.67), through the
formation of spherulites on the initial
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stages with their further coalescence into
crests (Fig. 4a) and gradual levelling of the
structure, and further hydroxyapatite crys-
tallization (Fig. 4b).

Maintaining Ca/P = 1.67 ratio on the
surface of the glass-ceramic coating FAR
5.3 after 35 day exposure to SBF is due to
the excessive [HPO4]2‘ groups absorbed by
the surface. In this case, formation of the
non-stoichiometric HA is observed, which is
a series of solid solutions with [HPO4]2‘
groups substituted by [PO4]2‘ groups. The
increase in stoichiometricity level of cal-
cium-deficient HA occurs by immobilization
of calcium ions from the solution and leads
to the formation of HA with the Ca/P >
1.67 ratio.

The researches conducted on the base of
the Institute for Problems of Cryobiology
and Cryomedicine of NAS of Ukraine con-
firm the bioactivity of the glass-ceramic
coating FAR 5.3 and possibility of its use
for creating the bioengineered constructions
with stem cells.

4. Conclusions

This, dynamics of dissolution of the de-
veloped glass-ceramic coatings in distilled
water and bodily fluids has been investi-
gated. It has been established that provision
of the ratios CaO/P,0g = 1.4, Na,O/P,05 =
0.79, RO/P,0g5 = 2.25 in the structure of the
experimental coatings creates conditions for
HA crystallization in the amount of
37 vol.% and fluorapatite in the amount of
3 vol. %. The above structural features of

Functional materials, 25, 1, 2018
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the coatings establish conditions that allow
pH 7.3 of the medium by leaching out
0.126 wt. % of Ca2*, 0.401 wt. % of Na*
and 0.162 wt. % of P%*. This allows to pro-
vide formation of apatite-like layer on the
surface of the experimental glasses upon in
vitro deposition of components after
35 days of exposure to SBF through the fol-
lowing stages of deposition: formation of
amorphous calcium phosphate spherulites
(Ca/P = 1.5); coalescence of spherulites into
crests intrinsic to nHA (Ca/P = 1.58+1.64);
levelling of the structure with the following
crystallization of HA (Ca/P = 1.67).
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