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The relevance and potential of modifying calcium silicophosphate glasses with components

such as Li2O, MgO, SrO, ZnO, Ga2O3, Nb2O3, CeO2, and SnO2 have been analyzed with

the aim of developing biocompatible glass-ceramic materials with adjustable resorption

rates for the replacement of bone tissue areas under different loading conditions. An

evaluation of the degradation behavior in model solutions was conducted depending on

the content of crystalline phases and the residual glass matrix in vitro, as well as the

relationship between surface structure and the potential for apatite-like layer formation

in vivo. It has been established that the modification of calcium silicophosphate glass-

ceramic materials containing 45–55 vol.% hydroxyapatite and 10–15 vol.% lithium

disilicate, with additives of MgO+ZnO+SrO in total concentrations of 2–6 mass%,

SnO2+CeO2 at 0.5–1 mass%, and Nb2O3+Ga2O3 at 0.02–0.1 mass%, provides a resorption

behavior characterized by a mass gain of 1–2% in simulated body fluid (SBF), and a

Ca:P ratio of 1.0–1.67 on the surface. The resulting surface roughness (Ra≈2.2–4.0 µm)

and surface free energy (SFE≈73.45–77.51 mJ/m2) create favorable conditions for the

formation of an apatite-like layer in vitro within 30 days. Based on these findings, the

feasibility of implementing novel types of biocompatible bone implants and coatings

using the developed bioactive modified glass-ceramic materials has been demonstrated.
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Introduction
The rapid advancement of modern medicine is

driven by society’s demand for improved quality in
treatment and rehabilitation, addressing essential social
challenges. Consequently, the field of medical materials
is actively evolving toward the development of new
classes of biomaterials whose composition and
properties closely mimic natural bone. One of the
pressing challenges in medical materials science is

the creation of «artificial bone.» This can be realized
through the development of novel types of bioactive
inorganic materials with defined resorption capacity,
non-toxicity, and biocompatibility. A biomimetic
approach in tissue engineering, particularly in
regenerating and replacing damaged bone segments,
integrates both theoretical foundations and the practical
aspects of an interdisciplinary methodology, which is
based on the synergistic function of bioactive
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components acting as a unified organo-inorganic
complex [1].

A key direction in bone tissue regeneration is
the substitution of bone using three-dimensional (3D)
models that functionally resemble living tissue and
can facilitate efficient regeneration. However,
combining biocompatibility with suitable mechanical
properties in a single system presents considerable
challenges. The solution lies in the development of
bioactive inorganic materials with enhanced
osteoconductive and osteoinductive characteristics,
which accelerate bone regeneration and integration.
As a result, this reduces patient rehabilitation time
and the frequency of secondary surgeries [2].

Current research on bioactive inorganic materials
focuses on doping strategies and surface modifications
to ensure both biological activity and mechanical
resilience under dynamic loads. Another important
challenge is the rapid reconstruction of large bone
defects, which necessitates bioactive materials capable
of bone tissue formation under extreme chemical,
mechanical, and biological stress conditions. To meet
these demands, reinforced bioactive glass-ceramic
materials based on calcium silicophosphate glasses
are used. These materials exhibit a combination of
physicochemical and operational properties that make
them superior among a wide range of inorganic
bioactive materials. According to the literature [3],
modifying bioactive glasses with oxides such as CuO,
ZnO, Ag2O, Fe2O3, TiO2, SrO, MgO, and CoO
positively affects their biocompatibility, particularly
the resorption rate depending on composition. The
inclusion of metal ions such as Cu2+, Sr2+, and Co2+

also facilitates processing and stability during high-
temperature synthesis of biocompatible glass materials.
The incorporation of Nb2O5 into glass compositions
accelerates the mineralization of the apatite-like layer.
For example, apatite forms on the surface of BioGlass
45S5 (BG45S5) containing 1 mol.% Nb5+ within 3
hours, and at 2.5–5.0 mol.% within 12 hours [4].

High structural strength in glasses is achieved
through the formation of an alumino-borosilicate
framework by adding aluminum and boron oxides.
These oxides also play a critical role in the
development of biocompatible materials for bone
endoprosthetics [5]. According to ref. [6], the
simultaneous addition of magnesium (Mg) and
aluminum (Al) increases the Vickers hardness of
bioactive glasses. The addition of fluorine promotes
fluorapatite (FAp) crystallization during thermal
treatment and stabilizes the pH increase during
immersion in physiological fluids. The incorporation
of fluoride into bone apatite in vivo enhances bone
density [6].

In vitro studies show that CeO2 enhances cellular
proliferation and exhibits antibacterial and antiviral
properties [7]. It has been demonstrated that cerium
dioxide nanoparticles accelerate wound healing by
reducing oxidative damage to cell membranes and
proteins, thereby promoting the proliferation and
migration of fibroblasts, keratinocytes, and vascular
endothelial cells. Additionally, they influence osteoblast
function in terms of proliferation, differentiation, and
mineralization in vitro. Recent studies [8] on SnO2

nanoparticles demonstrate significant potential for
biomedical applications due to their antibacterial,
antifungal, and cytotoxic effects against pathogens and
cancer cells.

Li-doped bioactive glasses enhance alkaline
phosphatase activity and exhibit excellent antibacterial
activity. Lithium disilicate-based glass-ceramics
(Li2Si2O5, LD) are promising materials for dentistry
due to their aesthetic qualities, chemical durability,
high fracture strength, and inertness in the oral
environment [9]. The synergistic effect of doping ions
and overall biocompatibility are advantages of bioactive
glass-ceramics. Samples doped with Li + Sr show the
highest degree of vascularization and the formation of
both peripheral trabecular and cortical bone tissues
within the implanted specimens. According to ref.
[10], the formation of glass-ceramic material (GCM)
structure composed of nano- and submicron-scale
hydroxyapatite (HA) and LD crystals (50 and
10 vol.% respectively) ensures mechanical strength
(flexural strength of 180 MPa, fracture toughness of
6.0 MPa⋅m1/2) and bioactivity (presence of HA
crystals), which are essential for rapid formation of a
robust apatite-like surface layer in vivo. This is a
significant advantage of GCMs, as the primary
difference in apatite layer formation between glass
and GCMs stems from the nucleation stage, which is
frequently the rate-limiting factor in the precipitation
of crystalline phases from aqueous solutions. In contrast,
bioactive GCMs already contain apatite crystals after
thermal treatment, which act as nucleation sites for
further precipitation. Glasses, however, require initial
nucleation during immersion into solution before
apatite precipitation can occur [11]. Biocompatible
GCMs consist of both crystalline phases and a residual
glassy matrix, a factor that must be considered when
analyzing composition and ion release behavior.
Generally, the amorphous matrix is more prone to
degradation in aqueous environments than the
crystalline phases. These findings provide essential
design criteria for developing new types of biocompatible
materials to replace mechanically loaded compact
bone. Investigating surface modifications of calcium
silicophosphate glass-ceramic materials with Li2O,
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MgO, SrO, ZnO, Ga2O3, Nb2O3, CeO2, and SnO2

enables balancing solubility, bioactivity, and
mechanical properties, forming the goal of this study.

Experimental

The study is based on the evaluation of behavior
in terms of mass loss (L) and gain (G) of the
investigated GCMs in solutions with different pH
values, as well as the formation of an apatite-like
layer on the surface after immersion in simulated
body fluid (SBF). Surface free energy (SFE) was also
investigated as a parameter characterizing potential
protein adsorption [12].

To design glass compositions with a high degree
of bioactivity, the structural index fSi (reactivity index)
and the bioactivity criterion GR were calculated. The
determination of GR is crucial for assessing the ability
of glass materials to form an apatite layer in vivo and
serves as a primary computational indicator of their
biological activity.

The resorption capacity of the experimental
materials, assessed by mass loss (L) and mass gain
(G), was evaluated in physiological fluids chosen to
simulate the composition of the intercellular substance
of human blood tissue (plasma): distilled water (DW)
with pH=5.4–6.6 (plasma consists of approximately
92% water); albumin solution (AS) with
pH=7.0–7.5 (albumin is a substance that replaces
plasma and consists of polypeptides, one of the main
protein components of blood serum). Hydrolytic
degradation was also evaluated in non-enzymatic
media: physiological saline (PS) (0.9 mass% NaCl)
with pH=4.5–7.0, which is osmotically and ionically
close to blood plasma; and Ringer’s solution (RS)
with pH=5.0–7.0, commonly used in infusion therapy
during postoperative care. To predict the material
behavior in vivo, a simulated body fluid (SBF)
environment with pH=7.25 was selected (ISO
23317:2014).

Elemental distribution within the surface layer
of the materials was determined by wavelength-
dispersive X-ray fluorescence analysis using a
quantitative method based on the concentration profiles
of Ca, P, and Si before (ωinitial) and after immersion
in SBF for 14 and 28 days (ωfinal), evaluated by the
intensity of elemental lines (I) in imp/s relative to
the initial material. The evaluation of the surface free
energy (SFE) was performed indirectly using the
Owens–Wendt–Rabel–Kaelble method [12], based
on the contact angle of sample surfaces with polar
(distilled water, benzyl alcohol, formamide) and non-
polar (toluene, glycerol, ethylene glycol) liquids. To
assess the adsorption of organic components of human
plasma, the experimental glass-ceramic materials
(GCMs) were immersed for 14 and 28 days in 10%

albumin solution, characterized by a high content of
hydrophilic groups –OH, –COOH, and –NH2.
Surface microroughness of the coatings was quantified
by the arithmetic mean roughness (Ra) and studied
using a Surtronic 3+ profilometer.

The system Li2O–Na2O–K2O–CaO–ZrO2–
TiO2–MgO–ZnO–SrO–CeO2–SnO2–Al2O3–B2O3–
P2O5–Nb2O3–Ga2O3–SiO2 (Fig. 1) was selected, and
glass compositions of the OC series were chosen with
CaO/P2O5 ratios of 1.67–2.0 and SiO2:Li2O ratios of
3.6–4.0 (Table 1). The content of major phase-forming
oxides CaO and P2O5 in the glass matrix, along with
the presence of crystallization catalysts TiO2 and ZrO2,
glass formers SiO2, B2O3, Al2O3, and modifiers Li2O,
Na2O, K2O, allows formation of a glass-ceramic
structure containing calcium phosphates under low-
temperature thermal treatment. The additional
introduction of dopants MgO, SrO, ZnO, Nb2O3,
Ga2O3, CeO2, and SnO2 enables modification of the
developed GCM surfaces to accelerate apatite-like layer
formation.

The calculated parameter fSi for all experimental
glasses is ≤0.32 (Table 1), indicating their high
reactivity [9]. For all experimental glasses except
OS-3, GR values range from 3.26 to 5.44, suggesting
a high likelihood of layered silicate gel and calcium
phosphate layer formation on the glass matrix surface
in vivo (for GR≥3) and the simultaneous presence of
silicate gel and calcium phosphate layers on the glass
surface in vivo (at GR=4). For the starting glass

Fig. 1. Pseudoternary system: A

(ΣSiO2+Al2O3+B2O3+Nb2O3+Ga2O3)–

B(ΣLi2O+CaO+P2O5)–C(ΣNa2O+K2O+

CaF2+MgO+ZnO+SrO+TiO2+ZrO2+SnO2+CeO2)
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OS-3, GR=1.38, indicating possibly more inert
behavior of this material under in vivo conditions
[13].

Experimental OS-series glasses were melted at
1350–14500C in corundum crucibles and cooled on
metal sheets. To obtain GCMs, the crushed glass
powders (sieve No. 008) were used and cylindrical
samples (4 mm in diameter and 10 mm in height)
were prepared by semi-dry isostatic pressing (pressure
of 35–40 MPa) with carboxymethyl cellulose as a
binder. Thermal treatment of the experimental GCMs
based on OS-series glasses was performed in a short-
term mode (1–2 hours) in three stages: stage
I – 500–5500C, stage II – 600–6500C, and stage
III – 650–9000C. At stage I, lithium metasilicate
crystallizes; at stage II, it transforms to lithium
disilicate; and at stage III, hydroxyapatite forms. This
thermal regime allows control over the quantity of
each crystalline phase, and their competitive
crystallization prevents significant growth of DL crystals
at stage III [10].

Results and discussion

According to ref. [14], maintaining a Ca:P ratio
of 1.0–2.2 on the surface of glass-ceramic materials
(GCM) and coatings, with SiO2≈50 mass%, surface
roughness Ra≈1–10 µm, and surface energy
VEP≈60–120 mJ/m2 creates conditions for the

formation of an apatite-like layer characterized by
the presence of a hydroxyapatite precursor, amorphous
calcium phosphate.

Resorption of experimental glass-ceramic materials
Studies in distilled water (DW) (pH=5.4–6.6)

allowed the following patterns to be
established specifically among the experimental
materials:       GCM ÎS-1, ÎS-10, and ÎS-11 with
GR=5.18–5.44 and weight loss
LDW=0.23–0.46 mass% are classified as resorptive
materials; ÎS-4, ÎS-6, and ÎS-7 with
GR=4.04–5.07 and LDW=0.08–0.11 mass% are
surface-active; ÎS-3, ÎS-5, ÎS-8, ÎS-9, and
ÎS-2 with GR=1.38–3.8 and LDW=0.03–0.05 mass%
are resistant materials.

Resorptive GCM ÎS-1, ÎS-10, and ÎS-11
have the lowest content of hydroxyapatite (HAP)
(30–45 vol.%) and lithium disilicate (LD) 15 vol.%
(Table 1). Due to the high content of  glass-forming
components (ΣSiO2+Nb2O3+Ga2O3+Al2O3+B2O3=
55–60 mass%) and the highest content of alkali
oxides among the experimental materials
(ΣLi2O+Na2O+K2O=14.05–15.5 mass%), they
belong to bioactive resorptive GCM, as during the
exposure period their solubility was so intense
(LDW on day 3 ranged from 0.2 to 0.3%) that by day
21 a significant mass gain (GDW) from 0.6 to 0.7%

Table 1

Oxide composition of model glasses, structural parameters, type and content of crystalline phase

 

Component content, mass% 

glasses of the OS series Chemical composition indicators 

1 2 3 4 5 6 7 8 9 10 11 

SiO2+Nb2O3+Ga2O3+Al2O3+B2O3 60.0 51.0 50.0 55.0 50.0 55.0 55.0 52.5 52.5 55.0 57.0 

Li2O+Na2O+K2O 14.05 13.5 12.1 13.0 12.5 13.75 13.5 12.5 13.3 15.5 15.5 

TiO2+ZrO2 1.4 4.0 1.6 1.3 3.2 3.0 2.4 2.5 3.1 – – 

SnO2+CeO2 0.6 1.0 0.4 0.7 0.8 1.0 0.6 0.5 0.9 0.5 0.5 

CaO+P2O5+CaF2 21.95 24.5 33.9 28.0 29.5 23.25 25.5 29.0 26.2 27.0 25.0 

MgO+ZnO+SrO 2.0 6.0 2.0 2.0 4.0 4.0 3.0 3.0 4.0 2.0 2.0 

CaO/P2O5 1.67 2.0 1.67 

Type and content of crystalline phase and residual glass phase after thermal treatment, vol.% 

Calcium hydroxyapatite/lithium 

disilicate 
45/15 50/10 60/15 55/10 55/5 50/10 55/10 60/10 55/5 30/15 45/15 

Glass phase 40 40 25 35 40 40 35 30 40 55 40 

calculated criteria 

Degree of silicate network 

connectivity, fSi 
0.29 0.26 0.26 0.28 0.26 0.28 0.28 0.27 0.26 0.28 0.29 

Glass reactivity criterion, GR 5.44 3.8 1.38 4.04 3.26 5.07 4.69 3.62 4.05 5.4 5.18 
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was observed in distilled water, with some decrease in
GDW on day 30 (Fig. 2). This indicates an intensive
release of a significant amount of material components
into the surrounding environment due to dissolution.
This process is caused by the intense dissolution of
the residual glass phase (40–55 vol.%) and significant
release of alkali cations that did not enter the glass-
ceramic phase structure. The absense of TiO2, ZrO2

in ÎS-10 and ÎS-11 influenced the increased degree
of resorption and deposition of environmental
components on the material surface, primarily calcium
and phosphorus cations due to solution supersaturation
with these components, compared to ÎS-1. The intense
resorption is affected by the high content of glass-
forming components and alkali oxides, which promotes
intensive release of phosphate groups [14]. The
presence of small amounts of modifying oxides SrO,
ZnO, Nb2O3, Ga2O3, CeO2, SnO2 in amounts of
1.6–2.5 mass% practically does not affect the overall
resorption level in DW.

Surface-active GCM ÎS-4, ÎS-6, and ÎS-7
with ΣSiO2+Nb2O3+Ga2O3+Al2O3+B2O3=55 mass%,
ΣLi 2O+Na2O+K 2O=13.0–13.75 mass%,
ΣMgO+ZnO+SrO=2.0–4.0 mass%,
ΣTiO 2+ZrO2=1.3–3.0 mass% and
ΣSnO2+CeO2=0.7–1.0 mass% are characterized by
relatively low LDW during the first 3 days from 0.08%
to 0.11% due to the content of resistant crystalline
phases HAP (50–55 vol.%) and LD (15 vol.%). For
these materials, the resorption process is limited by
the water resistance of the multi-silicate glass matrix
(30–35 vol.%), which is modified by Nb2O3, Ga2O3,
MgO, ZnO, SrO, SnO2, and CeO2; the inclusion of
these oxides allows regulation of resorption depending
on the composition. For GCM in this group, GDW

on day 30 is 0.22–0.35%, indicating an active
interaction process of the material structure with the
environment. The resorption process for glass-ceramic

material ÎS-7 is more intensive.
Resistant GCM ÎS-3, ÎS-5, ÎS-8, and ÎS-9 with

ΣSiO2+Nb2O3+Ga2O3+Al2O3+B2O3=50–52.5 mass%,
ΣLi2O+Na 2O+K 2O=12.1–13.3 mass%,
ΣTiO2+ZrO 2=1.6–3.1 mass%,
ΣMgO+ZnO+SrO=2–6 mass% and
ΣSnO2+CeO2=0.4–0.9 mass% are characterized by
GDW on day 30 of 0.1–0.19%, which is explained by
low solubility during exposure from day 3 to day
21 (0.03–0.06 mass%) due to the content of HAP
(55–60 vol.%) and LD (5–15 vol.%). For the residual
glass matrix (25–40 vol.%), chemical reactions of
hydrolysis, condensation, and formation of a protective
silica layer occur, which lead to slight mass gain.
GCM ÎS-2 has ΣLi2O+Na2O+K2O=13.5 mass%,
but due to the presence of ZnO+SrO=3 mass%,
SnO2+CeO2=4.0 mass%, and TiO2+ZrO2=4.0 mass%,
it is characterized by low solubility (up to 0.04–0.05%)
and low GDW on day 30 (0.15%).

For further studies of resorption in solutions
with different pH, GCMs from different groups were
selected: ÎS-2 (resistant), ÎS-7 (surface-active), and
ÎS-11 (resorptive).

During exposure to RS, the solubility pattern is
similar to that in DW due to the close pH value of
the solution (pH=5.0–7.0), but GRS is higher,
explained by the presence of a mixture of main blood
ions (Na+, K+, Ca2+, Cl–, HCO3

–) in RS. LRS for
ÎS-2, ÎS-5, and ÎS-11 on day 3 are 0.05%, 0.1%,
and 0.27%, respectively (Fig. 3). By day 21, LRS for
ÎS-7 changed to 0.25%, for ÎS-2 remained at 0.05%,
indicating a slow interaction process with
environmental components, and for ÎS-11 GRS

reached 0.55%. These values are almost the same
compared to resorption in DW. By day 30, due to
deposition of RS components, specifically adsorption
of Ca2+ and CO3

2– ions on the surface, GRS for
experimental materials is 0.16–0.61%.

The solubility trend differs for experimental
materials in albumin solution (AS) compared to DW.

Fig. 2. Resorption of experimental GCM ÎS series in distilled

water

Fig. 3. Resorption of experimental glass-ceramic materials of

ÎS series in RS
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Resorption of experimental GCM occurs more
intensively (Fig. 4), with LAS recorded on day 3 and
mass gain observed on day 21, associated with
increased pH=7.0–7.5 and more complex interaction
with solution proteins. For ÎS-7 and ÎS-11, mass
gains of 0.6% and 0.22%, respectively, correspond to
adsorption of components on their surfaces on day
21. For resistant ÎÑ-2, GAS is minor at day
21 (0.03%). After 30 days of exposure, GAS is 0.68%,
0.37% and 0.16% for GCM ÎS-11, ÎS-7, and
ÎS-2, respectively, indicating active interaction with
albumin components, which consist of polypeptides
that are one of the main protein components of blood
serum.

The behavior of experimental materials in PS
(Fig. 5) is not analogous to that in DW. Due to
the increased aggressiveness of the environment
(pH=4.5–7.0), mass losses of materials are higher,
since chloride ions act as active corrosive agents on
the glass matrix. For the resorptive material ÎS-11,
mass loss (LPS) on day 3 is 0.3%, indicating active
dissolution of the residual glass matrix, as in DW.
For resistant GCM ÎS-2 and surface-active ÎS-7,
LPS on day 3 are 0.07% and 0.18%, respectively,
indicating greater material stability to chloride ions

compared to ÎÑ-11, due to the presence of a high
fraction of crystalline phases and a strengthened
glass matrix structure ΣTiO2+ZrO2=2.4–4 mol.%
(Table 1), modified by ZnO, SrO, SnO2, and CeO2

within 3.1–4 mass%. Mass gain for experimental
materials ranges from 0.02–0.15% on day 21 and
0.08–0.2% on day 30 of soaking, indicating transition
of sufficient material components into solution due to
supersaturation and deposition.

Based on studies in solutions (RS, PS, and AS),
a typical behavior was characteristic for all
experimental materials, including periods of dissolution
followed by sample mass gain. GCM ÎS-11, which
has the highest solubility, has the greatest mass
gain, and conversely, the low solubility level of
GCM ÎS-2 reduces mass gain.

When studying the behavior of experimental
GCM in simulated body fluid (SBF) (pH=7.25), it
was established that the dissolution process ends on
day 10 (mass loss of 0.05–0.8%) and an active process
with environmental components begins (Fig. 6). For
resorptive GCM ÎS-11, there is a rapid mass gain
starting on day 10, reaching 1% by day 14 and rising
to 2% by day 30, indicating active formation of an
apatite-like layer due to the presence of HAP and
LD (45 vol.% and 15 vol.%) and surface modification
by components ΣZnO+SrO=2 mass% and
ΣSnO2+CeO2=0.5 mass%. Despite the high content
of ΣLi2O+Na2O+K2O=14.05–15.5 mass%, rapid
decomposition does not occur, which could cause a
sharp release of ions and, consequently, pronounced
pH increase and local in vivo cytotoxicity. Studies of
the behavior of GCM OS-2 in SBF (simulated body
fluid) showed almost no mass loss after three days of
exposure. The material demonstrated mass stability
over 10 days, followed by a mass increase of up to
0.4% on day 14 and 1% on day 30. Due to
its structural strength, the presence of HAP and LD
(50 vol.% and 10 vol.%, respectively), and a high
content of modifying components –
Σ(MgO+ZnO+SrO)=6 mass%, Σ(SnO2+CeO2)=1 mass%,
Nb2O3+Ga2O3=0.02 mass% – this material is not
only resistant over time but also capable of forming
an apatite-like layer by day 14. In contrast,
GCM OS-7 exhibits uniform dissolution in
SBF (LSBF=0.17–0.45%) followed by intense
formation of an apatite-like layer starting on day
14 (0.5%) and reaching nearly 1.5% by day 30. The
presence of HAP and LD (55 and 10 vol.%) and
modifying components Σ(MgO+ZnO+SrO)=3 mass%,
Σ(SnO2+CeO 2)=0.6 mass%, and
Nb2O3+Ga2O3=0.10 mass% facilitates accelerated
deposition of the environment components and the
formation of apatite-like structures on the material

Fig. 4. Resorption of experimental glass-ceramic materials of

ÎS series in AS

Fig. 5. Resorption of experimental glass-ceramic materials of

ÎS series in PS
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surface. This is a key factor for establishing strong
biological and mechanical bonds with bone tissue
under in vivo conditions.

Thus, analysis of the resorption dynamics in
physiological fluids and the rate of apatite formation
on the surface of the tested materials in SBF confirmed
their potential for prosthetic use. These materials actively
interact with their environment – a necessary property
for use in vivo. It was found that the processes are
influenced by both the presence of crystalline phases
(HAP and LD) and the residual glass matrix, as well
as by the presence of modifying components. Based
on the conducted research, it was established that the
presence of HAP and LD (45 and 15 vol.%), alkali
components (ΣLi2O+Na2O+K2O=14.05–15.5 mass%)
and modifying components (ΣZnO+SrO=2 mass%,
ΣSnO2+CeO2=0.5 mass%) in OS-11 contributes to a
more intensive dissolution process (LSBF over 3 days
is 0.28%) and mass gain GSBF of up to 2% between
days 14 and 30. For OS-2, the presence of HAP and
LD (50 and 10 vol.%) along with a high content of
modifying components (ΣMgO+ZnO+SrO=6 mass%,
ΣSnO2+CeO2=1 mass%, Nb2O5+Ga2O3=0.02%)
ensures mass stability over 10 days in SBF, followed by
an increase in mass to 0.4% at day 14 and 1% at day
30. Uniform dissolution in OS-7 (LSBF=0.17–0.45%)
over 10 days and subsequent intensive formation of
an apatite-like layer from day 14 (GSBF=0.5%) to
day 30 (GSBF=1.5%) is influenced by the presence of
HAP and LD (55 and 10 vol.%) and modifying
components Σ(MgO+ZnO+SrO)=3 mass%,
Σ(SnO2+CeO2)=0.6 mass%, Nb2O3+Ga2O3=0.1 mass%.

Chemical composition of the surface layer of the
investigated glass-ceramic materials

According to the obtained data (Fig. 7), the
content of SiO2 as a nucleator in the surface layers of
the GCMs significantly decreases after exposure to
SBF compared to the initial materials over 14 and 28
days. Unlike SiO2, the concentrations of P and Ca
show a progressive increase throughout the exposure
period, which may indicate the simultaneous formation

of a silica gel layer and an apatite-like layer.
Consequently, the increase in the content of P and
Ca elements suggests an intensive interaction
mechanism between the material surface and SBF
due to supersaturation of the medium with calcium
phosphates and the formation of precursors for HAP
nucleation. For GCM OS-2, characterized by low
resorption, the Ca/P ratio remains constant at 0.9
over 14 days (Fig. 7), which is influenced by the
nearly absent solubility during the first 10 days,
followed by a mass gain on day 14. After 28 days of
immersion in SBF, the mass fraction of Ca and P
reaches parity at 11.2 mass%. This may indicate the
presence of amorphous calcium phosphate and
dicalcium phosphate dihydrate (Ca/P=1.0) in the
deposited surface layer – both of which are precursors
of calcium-deficient HAP, a chemically analogous
phase to the mineral component of bone tissue. In
contrast, for the resorptive material OS-11, the surface
Ca/P ratio after immersion reaches 1.3, indicative of
the formation of calcium orthophosphate (COP) nuclei
in the subsurface layer. For OS-7, a marked decrease
in silicon concentration is observed after SBF exposure,
with a Ca/P ratio of 1.67. This suggests that apatite
crystallization occurs not directly but through
intermediate precursor phases with Ca/P ratios
approximating 1.67. A significant increase in Ca
concentration leads to the formation of [HPO4]

2–

groups adsorbed on the surface, which promotes the
development of non-stoichiometric, calcium-deficient
HAP (Ca/P<1.67).

The determination of the surface chemical
composition of the studied GCMs revealed the influence
of the crystalline phases (HAP and LD) and
residual glass matrix, as well as the presence of
modifying components. For the resistive OS-2 with
minimal resorption in SBF (LSBF=0.05%, GSBF=1%),
the Ca/P ratio reached 1.0 on day 28 (Fig. 7). For
the resorptive GCM OS-11, which showed the highest
values (LSBF=0.8%, GSBF=2%), the Ca/P ratio was
1.3 on day 28, distinguishing it from OS-2 and

Fig. 6. Resorption of experimental glass-ceramic materials in

SBF

Fig. 7. Elemental distribution and Ca:P ratio in the surface

layer of glass-ceramic materials after in vitro immersion for

14 and 28 days
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OS-7. The surface-active material OS-7, with
LSBF=0.45% and GSBF=1.5%, demonstrated a Ca/P
ratio of 1.67 (Fig. 8) on day 28, which correlates
with a high content of HAP in the material structure
(55 vol.%), and specific amounts of modifying
components (ΣMgO+ZnO+SrO=3 mass%,
ΣSnO2+CeO2=0.6 mass%, Nb2O3=1.5 mass%).

Influence of surface structure on the free surface
energy of the investigated coatings

To ensure effective osseointegration, the surface
of an implant material must provide protein adsorption,
which, along with other factors, is significantly
influenced by the surface free energy (SFE). The
promotion of protein adsorption on the surfaces of
the investigated biocompatible GCMs is facilitated by
fSi values in the range of 0.26–0.29 (Table 1) for the
model compositions OS-2, OS-7, and OS-11. This
range supports an increase in the electrostatic
component of the chemical bond within the glass,
thereby enhancing the surface energy. Following
immersion in AS for 21 days, deposition of solution
components was observed on the GCM surfaces
(Fig. 4), which correlates with an increase in total
SFE. This phenomenon indicates the potential for
osseointegration processes to occur via interaction with
albumin, the primary transport protein in blood.
According to Table 2, the highest SFE value at day
28 was observed for OS-7 (FSE=77.51 mJ/m2), which
also exhibited a relatively low fSi=0.28 and surface
roughness Ra=4.0 µm. Lower SFE values of

73.45–74.28 mJ/m2 were characteristic of materials
with Ra in the range of 2.2–3.1 µm.

Thus, achieving SFE values in the range
of 73.45–77.51 mJ/m2 and microroughness of
Ra≈2.2–4.0 µm for the developed GCMs contributes
to nucleation of new phases at the interface and reduces
the activation energy for phase transformations during
the crystallization of the apatite-like layer.

Conclusions

Novel types of calcium phosphate silicate
bioactive glass-ceramic materials modified with Li2O,
MgO, SrO, ZnO, Ga2O3, Nb2O5, CeO2, and SnO2

have been developed. These materials are characterized
by the presence of HAP and LD phases and are
suitable for large-scale bone tissue replacement. Key
factors in the formation of an apatite-like surface
layer on resistive GCMs include the presence of
crystalline phases (HAP and LD are 50 vol.% and
10 vol.%, respectively), LDW=0.03–0.05% and
GSBF=1%, driven by modifying components
(ΣMgO+ZnO+SrO=6 mass%, ΣSnO2+CeO2=1 mass%,
Nb2O3+Ga2O3=0.02%), with SFE=74.28 mJ/m2 and
Ra≈2.2 µm, and Ca:P=1.0. For surface-active GCMs
these factors are as follows: HAP and LD contents of
55 and 10 vol.%, respectively, LDW=0.08–0.11 mass%,
and GSBF=1.5%, attributed to modifying components
(ΣMgO+ZnO+SrO=3 mass%, ΣSnO2+CeO2=0.6 mass%,
Nb2O3+Ga2O3=0.1%), SFE=77.51 mJ/m 2,
Ra=4.0 µm, and Ca:P=1.67. For resorptive
GCMs these factors are as follows: 45 vol.% HAP

Fig. 8. Structure of the surface layer of the glass-ceramic materials after 28 days of exposure in albumin solution

Table 2

Surface morphology and structural characteristics of glass-ceramic materials

SFE, mJ/m2 
Glass-ceramic material 

before immersion 14 days 28 days 
Ra, µm fSi 

ОS-2 73.44 74.56 74.28 2.2 0.26 

ОS-7 75.0 76.22 77.51 4.0 0.28 

ОS-11 70.26 72.54 73.45 3.1 0.29 
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and 15 vol.% of LD, LDW=0.23–0.46% and
GSBF=2%, attributed to high levels of alkali
components (ΣLi2O+Na2O+K2O=14.05–15.5 mass%)
and modifiers (ΣZnO+SrO=2 mass%,
SnO2+CeO2=0.5 mass%), with SFE=73.45 mJ/m2

and Ra=3.1 µm, Ca:P=1.3.
The findings can be applied to the design of

bioactive GCMs tailored for specific load-bearing
requirements and bone regeneration timelines: resistive
GCMs as biocompatible coatings, resorptive GCMs
as load-bearing implants in maxillofacial surgery, and
surface-active GCMs for long bone prosthetics.
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ÄÎÑË²ÄÆÅÍÍß Á²ÎÀÊÒÈÂÍÎÑÒ²
ÊÀËÜÖ²ÉÑÈË²ÊÎÔÎÑÔÀÒÍÈÕ
ÑÊËÎÊÐÈÑÒÀË²×ÍÈÕ ÌÀÒÅÐ²ÀË²Â IN VITRO

Î.Â. Áàá³÷, Î.Â. Ñàââîâà, Ì.². Òèìîùóê, Ì.Â. Êëèìîâ,
Î.À. Íèêîëü÷åíêî

Ïðîàíàë³çîâàíî àêòóàëüí³ñòü òà âèçíà÷åíî ïåðñïå-
êòèâí³ñòü ìîäèô³êàö³¿ êàëüö³éñèë³êîôîñôàòíèõ ñòåêîë êîì-
ïîíåíòàìè Li2O, MgO, SrO, ZnO, Ga2O3, Nb2O3, CeO2, SnO2

äëÿ ðîçðîáêè á³îñóì³ñíèõ ñêëîêðèñòàë³÷íèõ ìàòåð³àë³â ³ç
ð³çíèì ñòóïåíåì ðåçîðáö³¿ äëÿ çàì³íè ä³ëÿíîê ê³ñòêîâî¿
òêàíèíè ç óðàõóâàííÿì íàâàíòàæåííÿ íà íèõ. Ïðîâåäåíå
îö³íþâàííÿ äåñòðóêö³¿ ó ìîäåëüíèõ ðîç÷èíàõ â çàëåæíîñò³
â³ä âì³ñòó êðèñòàë³÷íèõ ôàç òà çàëèøêîâî¿ ñêëîìàòðèö³ in
vitro òà âïëèâó âçàºìîçâ’ÿçêó ñòðóêòóðè ïîâåðõí³ íà ìîæ-
ëèâ³ñòü ôîðìóâàííÿ àïàòèòîïîä³áíîãî øàðó íà ïîâåðõí³ in
vivo. Âñòàíîâëåíî, ùî ìîäèô³êàö³ÿ êàëüö³éñèë³êîôîñôàò-
íèõ ñêëîêðèñòàë³÷íèõ ìàòåð³àë³â ç íàÿâí³ñòþ êðèñòàë³÷íèõ
ôàç ã³äðîêñèàïàòèòó (45–55 îá.%) òà äèñèë³êàòó ë³ò³þ
(10–15 îá.%) êîìïîíåíòàìè MgO+ZnO+SrO=2–6 ìàñ.%,
SnO2+CeO2=0,5–1,0 ìàñ.%, Nb2O3+Ga2O3=0,02–0,1 ìàñ.%
çàáåçïå÷óº ð³âåíü ðåçîðáö³¿ ç ïðèðîñòîì ìàñè 1–2% â ÌÐÎ
òà ñï³ââ³äíîøåííÿ Cà:P=1.0–1.67 íà ïîâåðõí³, âèçíà÷àº
Ra≈2,2–4,0 ìêì, ÂÅÏ≈73,45–77,51 ìÄæ/ì2, ùî äîçâîëèòü
ñòâîðèòè óìîâè äëÿ óòâîðåííÿ àïàòèòîïîä³áíîãî øàðó â
óìîâàõ in vitro ó òåðì³í äî 30 ä³á. Íà îñíîâ³ îäåðæàíèõ
äàíèõ âñòàíîâëåíî ïåðñïåêòèâí³ñòü âïðîâàäæåííÿ íîâèõ
âèä³â á³îñóì³ñíèõ ê³ñòêîâèõ ³ìïëàíòàò³â ³ ïîêðèòò³â íà îñ-
íîâ³ ðîçðîáëåíèõ á³îàêòèâíèõ ìîäèô³êîâàíèõ ñêëîêðèñòà-
ë³÷íèõ ìàòåð³àë³â.

Êëþ÷îâ³ ñëîâà: êàëüö³éôîñôàòí³ ñêëîêðèñòàë³÷í³
ìàòåð³àëè, ðåçîðáö³ÿ, àïàòèòîïîä³áíèé øàð, ê³ñòêîâå
åíäîïðîòåçóâàííÿ, ìîäèô³êàö³ÿ ïîâåðõí³.

IN VITRO STUDY OF THE BIOACTIVITY OF CALCIUM
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The relevance and potential of modifying calcium
silicophosphate glasses with components such as Li2O, MgO,
SrO, ZnO, Ga2O3, Nb2O3, CeO2, and SnO2 have been analyzed
with the aim of developing biocompatible glass-ceramic materials
with adjustable resorption rates for the replacement of bone tissue
areas under different loading conditions. An evaluation of the
degradation behavior in model solutions was conducted depending
on the content of crystalline phases and the residual glass matrix
in vitro, as well as the relationship between surface structure and
the potential for apatite-like layer formation in vivo. It has been
established that the modification of calcium silicophosphate glass-
ceramic materials containing 45–55 vol.% hydroxyapatite and
10–15 vol.% lithium disilicate, with additives of MgO+ZnO+SrO
in total concentrations of 2–6 mass%, SnO2+CeO2 at
0.5–1 mass%, and Nb2O3+Ga2O3 at 0.02–0.1 mass%, provides
a resorption behavior characterized by a mass gain of 1–2% in
simulated body fluid (SBF), and a Ca:P ratio of 1.0–1.67 on
the surface. The resulting surface roughness (Ra≈2.2–4.0 µm) and
surface free energy (SFE≈73.45–77.51 mJ/m2) create favorable
conditions for the formation of an apatite-like layer in vitro
within 30 days. Based on these findings, the feasibility of
implementing novel types of biocompatible bone implants and
coatings using the developed bioactive modified glass-ceramic
materials has been demonstrated.

Keywords: calcium phosphate glass-ceramic materials;
resorption; apatite-like layer; bone endoprosthesis; surface
modification.
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