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ABSTRACT

Niobium doped biosolubility glasses in the Na-Ca—(Mg)-P-Si-O system were prepared
by using an untypical two-step synthesis route. The parent glass was melted in air
atmosphere at 1350 °C followed by re-melting the glass in Nb crucible with the addition
of metallic Mg/Ca powder in the nitrogen atmosphere. The second melting step was
carried out at 1450-1650 °C, using an induction furnace. The topography and structure of
the obtained glasses were characterized by confocal microscopy, X-ray powder
diffraction and infrared spectroscopic techniques. The chemical compositions were
examined by energy-dispersive X-ray spectroscopy (EDS). The glasses were found to be
of grayish color, X-ray amorphous and having network connectivity between ~ 2.5and
2.7. The network connectivity of re-melted glasses was lower than the one of the parent
glass. The glass structure consists of a highly disrupted silicate network of predominantly
Q* groups as well as isolated orthophosphate tetrahedra. The parent glass contains
nanocrystallites consisted of apatitic PO,>~ groups. The re-melted glasses contain non-
apatitic or amorphous calcium phosphates. The obtained glass transition temperatures
range from 530 to 568 °C and exhibit higher values for glassed doped with Ca metal.
These glasses have improved thermal stability as compared to reference bioglasses. The
biosolubility test in phosphate buffered saline solution (PBS) confirms that the glasses
have biosolubility properties and HAp formation on the surfaces was observed.
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Introduction

Bioactive glasses are promising materials for the
stimulation of bone regeneration; however, they have
not yet reached their full potential [1]. Most studies
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focused on relatively few silica-based compositions,
such as 4555 (465i0,-26.91Ca0-24.35Na,0-2.60P,05
in mol%) and S53P4 (53.855i0,-21.77CaO-
22.66Na,0-1.72P,05 mol%)[1-3] prepared in air,
using the conventional melting technique. However,
alternative methods for the preparation of bioactive
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glasses are also in the great interest, like sol-gel
technique [1] and using a reducing atmosphere [4, 5].
In the current paper, a two-step synthesis route (de-
scribed in [5]) with the addition of Mg/Ca metal and
reducing atmosphere is applied, to prepare the
potentially bioactive phospho-silicate glasses. This
specific preparation technique allows to achieve
glasses with unique structure and improved thermal
properties due to incorporation of nitrogen into their
network (e.g., through the addition of Si3Ny4) [6-9]. So
far it was successfully applied to the preparation of
bioactive oxynitride phosphate and [5] oxynitride
silicate glasses [4, 10]. However, the Dbioactive
oxynitride silicate glasses prepared by similar tech-
nique did not contain phosphorous, which signifi-
cantly increase the bioactive properties of glass
[11, 12] while nitrogen was found to have the oppo-
site effect [4, 10].

One disadvantage of the well-known bioactive
glasses 4555 and S53P4 is their high tendency toward
crystallization [13, 14]. These amorphous materials
show a relatively high glass transition temperature;
45S5, T, = 552 °C and S53P4, T, = 561 °C [13]; how-
ever, their thermal stability is rather low; 163 °C for
4555 and 187 °C for S53P4 [13, 14]. The thermal
properties can be improved by compositional modi-
fications. It has been shown that magnesium acts to
aid the sintering window or “working range” and
suppress crystallization, both very beneficial prop-
erties with respect to bioactivity [15, 16]. The niobium
(NDb) is a relatively unexplored metallic ion in tissue
engineering but it may have relevance for bone
regenerative applications. It has been reported that
Nb has a lower cytotoxicity than other metal ions [17]
and has been shown to stimulate mineralization in
human osteoblast populations [18, 19]. Moreover, the
newest studies of Nb-containing 45S5 bioactive glas-
ses (up to 1 mol% of Nb,Os) characterized them as
having angiogenic potential [20]. In our previous
paper [5], we have shown that phosphate glasses can
dissolute Nb from the crucible material during
melting while no Nb was found in silicate glasses
[7, 8.

In the current paper, the first time a two-step
preparation method with the addition of Mg/Ca
metal and reducing atmosphere is applied, to prepare
bioactive niobium doped phospho-silicate glasses
containing significantly higher amounts of P,Os than
the widely studied reference bio glasses. Further-
more, the relationship between structure and thermal
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properties is evaluated and the effect of Nb addition
on biosolubility is discussed.

Materials and methods
Synthesis

Two series of silicate-based glasses doped with
metallic Mg or Ca were prepared. First, the target
glass 25Na,0-20Ca0O-5P,05-50S5i0; (in mol%) was
melted from reagents: NaH,PO; (> 99.5% SIGMA
ALDRICH), Na,CO; (99.9 + % ChemPur GmbH),
CaCO35 (99.9 + % ChemPur GmbH) and SiO, (99.99%
ChemPur GmbH). Alumina crucibles were used for
melting at temperatures of 1350 °C, under air atmo-
sphere. The melts were quenched in water.

Two glass series were synthesized upon re-melting
with metallic Ca or Mg. The first series had the target
batch composition xMg-(100—x)(25Na,0-20CaO-
5P,05-505i0,) (in mol%), where x = 1, 2, 3, 4 and 5.
In the second system, Mg (99.8% ABCR GmbH&Co)
was replaced by Ca (99% ALDRICH). Powders were
placed in niobium crucibles and heated in nitrogen
atmosphere up to temperatures between 1450 and
1650 °C, depending on the composition, using an
induction furnace [8]. The melting time was about
1 h. The melts were quenched by turning off the
furnace at the end of the run, which takes about 1 h to
reach room temperature.

Glass characterization

The glass composition was determined by energy-
dispersive spectroscopy (EDS) measurements on
fresh fractured samples, using a high-resolution
scanning electron microscope (LYRA3, TESCAN)
equipped with EDS detector (EDAX). The EDS anal-
ysis was conducted for three different areas of each
sample and the mean values of results are listed in
Table 1. The compositional accuracy is around + 5%
standard deviation.

The topography of the samples was observed by
optical microscopy using an Olympus LEXT OLS4000
confocal scanning laser microscope (CSLM). Color
imaging was obtained under white LED light with an
objective lens magnification of 100 x and optical
magnification of 2160x. CLSM measurements were
acquired on freshly fractured and alcohol cleaned
samples.
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Table 1 Glass IDs, analyzed glass composition and melting process parameters (temperature and time) for all glasses

ID Analyzed composition
(Wt%)

Analyzed composition (at%)

Analyzed Trnelting  tmelting

composition (mol%)  (°C) (min)

Target glass: 25Na,0-20Ca0—5P,05—50Si0,
0 Najg 7Cay22Ps5.1Si21.1Aly 5041 4

Series I samples: xMg—(100-x)(50S10,-25Na,0-5P,05—-20Ca0)
1 Mg NajgCa;31Mgo.6P4.9Si20.1Nbg 4Alg 3042

2 Mg NaigsCayz.1MgogP3.6Si21.5Nbg sAlp 30423 Nayy72Cas 7Mgo 7P2.55116.3Nbg.1Alp 20564

3 Mg Nag4Ca;3MggoP37Siz; 7Nbg Al 404150  Naj7,Cas oMgo gP2 5Sii6.6Nbg.1Alp 30556

4 Mg Na;7Ca;;4Mg P4 5Siy; 6Nbg 7Aly 4045 7

Na,53Cag sP3 5Si16.1Al9.4055 2

Na,7,3Ca;Mg 5P3.48115.3Nbg 1 Aly 30561

Na;s gCag 6Mgo.oP2.9Si16.4Nbg 2Alp 40560

27.2Na,0-19.3Ca0O- 1350 30
5.2P,05-0.6A1,05—
47.8Si0,

25.9Na,0-21CaO— 1500 60
5.1P,05-1.5MgO—
0.INb,Os—
0.4A1,05-45.9Si0,
25.5Na,0-19.9Ca0— 1500 60
3.7P,05-2.1MgO—

0.1NbyO5—

0.3A1,05-48.45i10,
25Na,0-20Ca0O- 1450 15

3.6P,05—2.4MgO—- 1550 50

0.INb,Os—

0.4A1,05—48.9Si0,
23.5Na,0-19.7CaO- 1350 15

4.3P,05-2.7Mg0O- 1550 50

0.3Nb,Os—

0.6A1,0;-48.9Si0,

5 Mg Naj;73Cajp6Mg)4P45Siz02Nby 3Al9 60422 Naje1CagsMgi 2P3.18115.5Nbg 3Al) 505675 24Nay0-20.3Ca0— 1300 15

Series 1I samples: xCa-(100-x)(50Si0,-25Na,0—-5P,05—20Ca0)
1Ca Nayg.1Cay; 4P3 55121 ¢Nbg sAlp 3042 3

2Ca  NajggCajs7P3.9Si2Nbg 3Al 204,

3Ca Najg ;Ca;34P4,515 1Nbg 4Alp 204 5

4Ca  NajgCa38P45Siz 3Nbo3Al9 2041 8

5Ca Nay7.6Ca43P4 58121 Nbg 4Aly 3041 36

Nay g 6CagP; 4Si163Nbg 1Aly 20561

Na74Cag gP> 7Si16.7Nbg. 1 Aly 2056

Nay73Ca;,P; 9Sij6.1Nbg 1Alp 20557

Nay8Caz.4P3,1Si6.3Nbg, 1Al 20561

Nays5Ca; 7P35Si16.1Nbg 1 Alp 20561

4.6P,05-3.6MgO—- 1550 60
0.4NbyOs—
0.7A1,0;-46.3Si0,

28.2Na,0-18.2Ca0O- 1600 60
3.6P,05—

0.INb,O5—
0.3A1,05-49.5Si0,
25.8Na,0-20.2Ca0- 1650 60
4P,05-0.1Nb,O5—
0.3A1,05-49.6Si0,
26.3Na,0-21.3Ca0- 1650 60
4.3P,05—

0.1Nb,O5—
0.3A1,05-47.6Si0,
24.9Na,0-21.9CaO- 1600 60
4.6P,05—

0.INb,Os—
0.3A1,05-48.2Si0,
24.4Na,0-22.8Ca0— 1600 60
4.7P,05—

0.INb,O5—
0.3A1,05-47.6Si0,

Powder X-ray diffraction (XRD) technique was
used to check the amorphous nature of each sample.
XRD data were collected on a PANalytical PRO MPD

instrument with Bragg-Brentano geometry with
CuK,; radiation over a 20 range of 10°-70° at a step
size of 0.013° and step time 53 s. The XRD
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measurements were taken at room temperature on
powdered samples.

Infrared spectroscopy measurements were taken
with a Frontier FTIR spectrometer (PerkinElmer).
Plane-parallel KBr pellets, with a thickness of 0.2 to
0.7 mm, were used. They were prepared by milling
and pressing mixed powders of glass and KBr. The
spectra were obtained in the absorbance mode in the
range of 4004000 cm ™' with a resolution of 4 cm™".
Sixty-four scans were collected, and the average was
used for the evaluation. The absorbance values range
between 5 and 75%. Therefore, we do not expect to
have reached saturation levels. For better qualitative
comparison, the displayed spectra are scaled to their
maximum distance (minimum to maximum) in the
mid-infrared region and background corrected. The
estimated error in infrared band position
is+2cem™ .

The glass transition temperatures and tempera-
tures of crystallization processes for each samples
were measured using differential thermal analysis
(DTA). Measurements were taken on powdered
samples placed in Al,Oj crucibles, up to 1000 °C in
flowing nitrogen with a NETZSCH STA 409PC
instrument and a heating rate of 20 °C min~'. The
onset of an endothermic drift on the DTA curve was
taken as representing T,. The exothermic processes
observed in all samples are correlated with crystal-
lization processes. The thermal properties parameters
were estimated with respective commercial instru-
mental software NETZSCH-proteus analysis. The
precision in their definition depends on the selected
to calculations temperature ranges and varies up
to £ 2% of determined value.

The biosolubility properties were evaluated by

immersing the samples for 8 days in 5 mL of phos-
phate buffered saline solution (PBS) at 37 °C. The PBS
solution contains 11.9 mM phosphates, 137 mM
sodium chloride and 2.7 mM potassium chloride and
was dissolved in proportion 1:10 in deionized water
to obtain pH 7.4. Glass samples having weight ~
0.04-0.09 g were used for the in vitro testing. After
immersion, the samples were cleaned with deionized
water and dried in a desiccator for 24 h at room
temperature. The samples were weighed again after
the immersion and the top layer of samples was
examined by confocal microscope and SEM. The
composition of the glass surface was determined by
EDS analysis.

@ Springer

Results and discussion
Glass formation

Two series of Na—-Ca-P-S5i-O glasses doped with
different content of metallic Mg or Ca were synthe-
sized. During heating, a strong exothermic reaction
(described in [21, 22]) was observed, especially in
melts containing > 3 mol% of Mg. These samples
were re-melted a second time. Table 1 presents
samples IDs, analyzed compositions and melting
process parameters. The temperature at which a melt
formed was found to be higher for Ca containing
glasses as compared to the Mg glasses. SEM-EDS
analysis shows that samples contain trace amounts of
Al (0.2-0.5 at%), which originates from the ceramic
crucibles of the initial melt. Additionally, niobium
was found to dissolute from Nb-crucibles. In our
previous paper [5], we have shown that phosphate
glasses can dissolute Nb from crucible material dur-
ing melting while no Nb was found in silicate glasses
[7, 8]. The results showed that addition of even a
small amount of P (less than 3 at%) affects the
chemical stability of silicate glass so that it can dis-
solve Nb. The Mg and Ca content increases in series
Mg and Ca glasses, respectively, as was expected.

Typical CSLM images for fractured samples: 5 Mg
and 5Ca are displayed in Fig. 1a and b, respectively.
There is no significant difference between series Mg
and Ca samples containing different Mg and Ca
content. All samples are grayish, shiny and partially
transparent, whereas target glass 0 prepared in air is
fully transparent. The transparency and color of the
samples do not change with their composition. The
dark color observed for series Mg and Ca glasses may
have different origins: (1) non-oxidized metallic
powder residues, (2) dissolved reduced Nb ions
species (even ppm content of reduced Nb*' and
Nb** can give color) or (3) reduced phosphate. (Since
melting was done under reducing conditions Mg/Ca
and no oxygen, then it is possible to obtain P in glass).
In the compositions of our samples, the analyzed O
content is as expected, therefore situations (1) and (3)
are the most probable.
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Figure 1 CSLM micrographs for fractured samples: a 5 Mg and
b 5Ca scale bar shows 20 pm.

Glass structure
XRD

The amorphous nature of samples was examined by
XRD measurements. Figure 2 displays the XRD
curves for samples: 0, 5 Mg and 5Ca. They exhibit an
amorphous halo typical for glasses. The other—not
presented—samples show similar XRD curves to
those depicted in Fig. 2.

Calculations of network connectivity

Before starting the spectral interpretation, let us
consider how modifier oxides usually modify the
glass network, and what role aluminum, magnesium
and niobium ions take in various silicate glasses.
Al,O5 is known as intermediate glass forming oxide,

7617

5Mg

Normalized intensity (a.u.)

20 (deg)

Figure 2 XRD curves for samples: 0, 5 Mg and 5Ca. Curves
have been offset by maximum value to allow comparison (IDs
refer to labels in Table 1).

which can act either as modifier with AI’* in sixfold
coordination, or as glass former with AP in fourfold
coordination, depending on alkali content [23-25].
Unexceptionally, in the case of MgO the situation can
be similar to Al,Os. It was shown in reference [16]
that magnesium oxide is a network intermediate
oxide and that charged MgO, tetrahedra can enter
the silicate network (x14% in the bioactive phos-
phorous-silicate glasses). However, MgO only takes
the role as an intermediate oxide instead of a con-
ventional network modifier, in highly disrupted sili-
cate glasses, of which bioactive glasses are an
example. Nb,Os is a typical intermediate oxide.
Raman studies of a di-silicate glass system [26] and
the °Si MAS NMR studies of 4555 bioglass doped
with Nb [27] showed that Nb>" ions cross-link sev-
eral oxygen sites, breaking Si-O-Si bonds to form
various polyhedral [Nb(OM)e (OSi),], where 1 <y
<5 and M=Na, Ca or P. For the P-containing bio-
glass, Nb-O-P bonds are only present in the terminal
sites. Additionally, it has to be mentioned that
phosphorus in phosphorus-silicate glasses exists
generally as an orthophosphate complex, rather than
entering the silicate glass network. It means that P,Os
forms [PO4]>~ tetrahedra first, and only the remain-
ing O atoms modify the silicate network [28, 29].
Table 2 presents the values of O:Si ratio calculated
for the case of phosphorus in orthophosphate envi-
ronment as mentioned above. The other oxides
(MgO, CaO, Nb,Os, Na,O and Al,O3) were assumed
to act as modifiers to facilitate calculations, since their
role in glass network may change. The values of O:Si
ratio vary between 2.56 and 2.85 and indicate silicate
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network with half of Q? (silicon tetrahedra with two
bridging oxygens—2 bO) and half of Q® (3 bO) units.

The other parameter, which can help during the
structure results interpretation, is network connec-
tivity (NC) of glass, defined as the average number of
bonds that link each repeat unit in the network. The
calculation of network connectivity of a glass is based
on the relative number of network-forming oxide
species (those which contribute bO species) and net-
work modifying species (those which result in the
formation of nbOs) present [33]. By comparing the
NC of glass compositions with different bioactivities
(measured either as the rate of formation of the
hydroxyapatite (HA) layer or as the bone bonding
ability), an empirical upper limit around NC = 3 was
proposed, separating bioactive (NC < 3) from bio-
inactive (NC > 3) glasses [34]. The qualitative inter-
pretation of this threshold is based on the correlation
between solubility and NC; low NCs denote open
and fragmented glass structures, whose rapid partial
dissolution in an aqueous physiological environment
will lead to HA formation and bone bonding in a
shorter time, compared with glasses with a more
interconnected network. As a reference, the NC for
the 4555 composition would be 1.9 [31, 35]. However,
as was mentioned before, the phosphorus in phos-
pho-silicate glasses most probably exist as an
orthophosphate complex ([PO4]*~ tetrahedra) [31, 32]
and in this case the network connectivity (NC’ in

Table 2 O:Si ratio assumes that P,Os forms [PO4]3_ tetrahedra
first, and only the remaining O atoms modify the silicate network,
NC’' also takes account of phosphorus in orthophosphate
environment (Eq. 1). Table 2 contains also ECFS values
(calculated according to Eq. 2) for all glasses

D O:Si NC' ECFS (A7)
0 2.56 2.68 1.085
1 Mg 2.78 2.53 1.175
2 Mg 2.85 2.48 1.169
3 Mg 2.74 2.46 1.207
4 Mg 2.77 2.62 1.291
5 Mg 2.87 2.48 1.368
1Ca 2.84 2.55 1.051
2Ca 271 261 1.091
3Ca 2.73 2.52 1.096
4Ca 2.68 2.61 1.117
5Ca 2.70 2.60 1.130
@ Springer

Table 2) should be calculated with the use of equa-
tion [32]:

NGy, = 0L+ 6[P205[]S i_Oi]( M:0) + MO

In that situation, the NC’' for well-known 45S5
bioglass is equal 2.11 and for S53P4 is 2.54 [29] and
the requirement for bioactive glass is found to be
NC’' < 2.7 [30] which is fulfilled by our glasses.
Therefore, our glasses are potentially bioactive. It is
worth to notice that series Mg and Ca glasses show
lower values of NC' than the target glass 0 what
suggests higher bioactivity.

The other parameter, effective cationic field
strength (ECFS) of the modifiers in glass may help to
explain behavior of different glass properties [31, 32].
For example, for glasses containing mixed modifier
cations with the same valence, properties such as
compactness, Young’'s modulus, microhardness,
glass transition temperature and softening point, all
increased linearly with increasing effective cationic
field strength (ECFS) of the modifiers, whereas the
MYV and the thermal expansion coefficient decreased
[32]. However, in our previous paper [31] we showed
that in mixed modifier systems in which cation
valences are not equal, such as Na-Ca-(La)-S5i-O
glasses, ECFS correlations may be also required to
explain property variations such as glass transition
temperature and glass thermal stability. Effective
cationic field strengths of the compositions (see Tab.
2) were calculated using the expression:

Cm
Cmi + Ca2 + Cuiz + Cus + Ciis

Cm2
+ CFSpp -
M2 Coit + Caiz + Cass + Cais + Ciss

Cms
+ CFSp3 -
M3 Cut + Coz + Cﬁds +Cms +Cus

ECFS = CFSy; -

+ CFSpm4 -

Cwm1 +Cr2 + Cuz + Cps + Ciss

Cums
+ CFSy5 -
M5 Catt + Ciz + Cass + Caa + Coss

(2)

where CFSMI, CFSMz, CFSM3, CFSM4 and CFSM5 are
the cationic field strengths of the M;, M,, M3, M, and
M cations, and Cy,q, Carr, Carz, Carz and Cyys are their
respective concentrations in atomic percent. The
cation field strengths (CFS) of the modifier ions were
calculated using CFS = Z/r* where “Z” is the valence
of the respective cation and “*” the Shannon-Prewitt



http://mostwiedzy.pl

A\ MOST

] Mater Sci (2021) 56:7613-7625

ionic radius for eight-coordinated Na, seven-coordi-
nated Ca, six-coordinated Mg, Al and Nb which is
0.718, 1.780, 3.856, 6.584, 8.218 A~? for Na*, Ca**,
Mg, A", Nb*, respectively. The results of ECFS
are discussed in Thermal properties Section while
describing the thermal properties of glasses.

FTIR

The FTIR spectra for all series Mg and Ca glasses are
shown in Fig. 3a and b, respectively. The FTIR spec-
trum of the target 27.2Nay0-19.3Ca0-5.2P,0s5-
0.6A1,05;-47.85i0, (in mol%) glass exhibits the
strongest IR bands (glass 0 in Figs. 3) at 932 and
1039 cm !, while another two weaker bands are seen
around 486 and 757 cm ™. According to the literature
[10-12, 33], the strongest high-frequency bands have
been assigned to Si-O band vibration (Q?) and Si-O-
Si stretch band, respectively. However, band at
1030 cm ™! may be also assigned to 0.s(POS7) (Q%)
[34, 35]. The band at ca. 486 and 757 cm ™" are due to
bending modes of Si-O-5i or O-5i-O and Si-O-Si
symmetric stretching vibrations of bridging oxygens
between two adjacent SiO, tetrahedra, respectively.
Additionally, parent glass 0 shows a characteristic
band envelop at ~ 575 cm ™' with a pronounced
splitting at ~ 598 cm™' [36] which is typical for
nanometer size crystallites consisted of apatitic PO,>~
groups [11, 12, 37]. This composition has NC’ of 2.68
(see Table 2), which suggests highly disrupted sili-
cate network. Its O:Si ratio is equal 2.56 that indicates
primarily Q® and some Q” silicate units. This result is
underestimated since IR spectrum result suggests
domination of Q? units (for which O:Si ratio should
be ~ 2.8-2.9) (Fig. 3) and the difference can be due to
our assumption on the role of other modifying oxides
(ALO;, Nb,Os and MgO).

All series Mg and Ca glasses also present similar IR
bands to the parent glass 0. However, these glasses
show only a small single band ~ 568-591 cm ™' what
indicates the presence of non-apatitic or amorphous
calcium phosphate (ACP). Usually, ACP indicates the
presence of precursors to apatite in material [38]. The
intensity of this band decreases with increase in xMg
or xCa content in both glass series. These changes
may suggest that the content of ACP is lower in
modified glasses than in glass 0. Moreover, we note
that the weak IR band at 757 cm™!, connected to Si—
O-Si symmetric stretching vibrations of bridging
oxygens between two adjacent SiO, tetrahedra,
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Figure 3 FTIR spectra for series a Mg and b Ca glasses. Bands
positions are indicated for samples in each figure. Spectra have
been normalized to the maximum value to allow comparison.

moves to lower energies for glasses xMg and xCa and
decreases with increase in Mg or Ca level to ~ 745 or
735 cm™" for glasses 5 Mg and 5Ca, respectively
(presented in Figs. 3).

Thermal properties

The DTA results obtained for all samples have simi-
lar characteristics. The DTA curves of all materials
show a glass transition temperature and two
exothermic processes. The parent glass 0 shows T, of
value of 537 °C. For the phosphate and borate glas-
ses, if high field strength Mg>* ions replace low field
strength ions like Ca®" or Na*, the T, increases, just
as addition of Al,O; depolymerizes the phosphate
network but increases the T, by strong P-O-Al cross-
links [39, 40]. The silicate glasses show the opposite
trend than borate or phosphate glasses for alkali ions,
though were supposed to give the same trend for
alkaline earth ions [29, 41]. To take into account also
the Al and Nb amounts leached into the glass from
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the alumina and niobium crucibles, in Fig. 4a the
glass transition temperature is depicted as a function
of the Mg/Ca + Al + Nb content for both glass
systems. Almost all modified glasses show a slightly
higher T, than the parent glass 0. An approximately
linear increase of T, with Mg + Al + Nb level is
demonstrated for series xMg while series xCa glasses
exhibit higher values of T, than the ones of xMg
series—this trend is unexpected for silicate glasses
[29, 41]. The possible explanation is that the com-
bined MO + Al,O3; + Nb,Os content modifies the
Mg series more than the Ca series, such decreasing
the T,.

Additionally, the T, variations as a function of
ECFS for both glass series are shown in Fig. 4b. ECFS
was calculated so as to take into account all modifier
ions: Na®, Ca**, Mg?*, AP’", Nb>". As expected
within each series, the changes in ECFS follow the
changes in x. An approximately linear increase of T,
with ECFS is demonstrated for series xMg.

(a) (Ca+Al+Nb) content (at%)
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Figure 4 Comparison of glass transition temperatures as a
function of a (Mg + Nb + Al) for series Mg glasses or
(Ca 4+ Nb + Al) content for series Ca glasses and b ECFS.
Dashed lines show linear fit of thermal properties and are given as
guide for the eyes only.
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The glass stability is an often-used indicator
describing the resistance to crystallization during
heating. It is typically expressed by the difference
between the first crystallization onset value and the
glass transition temperature, the first exothermic
peak position and glass transition temperature
S = Texol, peak—Tg onset [42]. The parent glass 0 exhibits
S equals 119 °C. The S values as a function of Mg/
Ca + Al + Nb content are shown in Fig. 5a. S
parameter mostly increases with increase in Mg/
Ca + Al + Nb content for both glass series. S values
vary between 160 °C observed for the glass 1 Mg and
245 °C found for the 4Ca. All glasses show higher
glass stability than the parent glass 0.

The glass stability S values were additionally
plotted against ECFS (see Fig. 5b). The S parameter
mostly increases with increase in ECFS level for both
glass series. The glass stability of well-known bioac-
tive glasses ranges of 163 °C for 4555 and 187 °C for
553P4 [13, 14]. Most of series Mg and Ca glasses
exhibit higher S than both glasses 4555 and S53P4
what was the aim of this work.

Biosolubility in PBS

The results of the biosolubility test in PBS are listed in
Table 3. It can be seen that after 8 days of immersion
in PBS, all samples show measurable loss of weight.
The % change of mass varies between 0.2 and 1.1
depending on samples composition. The highest %
decrease in weight was found for samples 2 Mg and
1Ca while the lowest for glasses 5 Mg and 5Ca. The
potential bioactivity of glasses was investigated in
terms of HAp layer formation on their surfaces after
immersion in PBS. Figure 6 shows the CLSM images
for surfaces of exemplary glasses (a) 0Si, (b) and
(c) 2 Mg, (d) 5 Mg, (e) 2Ca and (f) 5Ca in pm scale.
All the glasses have a continuous layer consisting of
lobes of different sizes and shapes. The mean size of
the lobes is around 100 pm. Additionally, long thin
cobwebs appeared on the surface of each sample,
which are visible as white luminous structures. Fur-
thermore, glass sample 2 Mg has elongated small
needles as shown in Fig. 6b—c.

Figure 7 displays SEM images of surfaces after
immersion in PBS for 8 days for exemplary samples:
(a) 0Si, (b) and (c) 4 Mg, (d) and (e) 2Ca, and (f) 5Ca.
SEM observations showed that the glasses have thin
cobwebs and granules as also observed by the con-
focal microscopy. Furthermore, all glasses contain
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Figure 5 Comparison of glass stabilities S as a function of
a (Mg + Nb + Al) for series Mg glasses or (Ca + Nb + Al)
content for series Ca glasses and b ECFS for series xMg and xCa
glasses. Dashed lines show trends of thermal properties and are
given as guide for the eyes only.

elongated needles having sizes typically less than
2 pm. These results are in line with the SEM images
of HAp layer observed for 5i0,~CaO-P,Os bioactive
xerogels doped with molybdenum [43]. An approxi-
mate thickness of the layer formed at surface of glass
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4 Mg as a result of the biosolubility test was found to
be less than 10 pm (see Fig. 7c).

To confirm the formation of HAp nucleation on the
glass surface, the composition of glasses surfaces
after immersion in PBS was analyzed by EDS. The
EDS measurements were taken for three different
areas, and the mean value of all results is presented
as a representative one, see Table 3. The EDS results
show that for all glasses, the contents of Ca and P on
the surface significantly increased after immersion in
PBS as compared with the analyzed glasses compo-
sitions obtained after the melting process (Table 1).
However, the amounts of Na and Si significantly
decreased in most of samples. The EDS analysis was
also carried out on selected spots to compare the
composition of granules and cobwebs. The results
showed that they contain Ca, P and O elements
having an approximate Ca/P ratio of 1.7, which is
similar to the one of HAp 1.67.

The pH of PBS solutions was measured before and
after the biosolubility test. It was found that the pH
increased from 7.4 to approximately 8.5 after 8 days
of glasses incubation. A similar increase in pH in
HEPES ([4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid] buffered solution) was also observed for
510,-Na,0O-CaO-P,0s-Nb,Os glass system [27]
having P,Os content two times lower than our glas-
ses. This increase in pH may be explained by pro-
cesses occurred between the bioglass surface and
body fluid: (i) rapid exchange of Nat/Ca®' from
glass network with H;O" from solution, (ii) loss of
soluble silica/ formation of silanol groups at the glass
solution interface, (iii) condensation and repolymer-
ization of a SiO,-rich layer, (iv) growth of the amor-
phous CaO-P,Os-—rich film by incorporation of

Table 3 Results of

biosolubility test: loss of ID Loss of weight (%) Na Ca Mg P Si
weight and mean chemical (at%) (at%) (at%) (at%) (at%)
composition of samples
surf;’ces 8 dayf o 0 0.5 43 12.1 - 8.7 18.2
incubation in PBS 1 Mg 0.5 5.2 21.2 1.3 16 0.2
2 Mg 1.1 0.5 29.5 0.3 13.7 -
3 Mg 0.6 3.5 21.6 1.9 16.2 0.8
4 Mg 0.6 12.2 9.5 1.5 10.3 8.7
5 Mg 0.2 4.3 10.8 2.6 10.2 14.4
1Ca 1.0 6.4 18.8 - 124 4.1
2Ca 0.6 43 23.0 — 16.4 1.0
3Ca 0.6 2.8 24.1 — 15.8 0.3
4Ca 0.6 5.4 13.9 - 10.5 12.4
5Ca 0.3 5.2 20.5 - 14.7 2
@ Springer
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Figure 6 Confocal
microscope images after
immersion in PBS for § days
for glasses: a 0Si, b and

c2 Mg, d 5 Mg, e 2Ca and
f 5Ca in pm scale.

Figure 7 SEM images of
surfaces after immersion in
PBS for 8 days for glasses:

a 0Si, b and ¢ 4 Mg, d and

e 2Ca and f 5Ca. In Fig 7c the
approximate thickness of the
layer formed at surface of
glass 4 Mg as a result of the
biosolubility test is written in
green color.

soluble calcium and phosphates from solution and
(v) crystallization of the amorphous CaO-P,Os film
by incorporation of OH™ and COj described in
[44-46]. This mechanism of HAp layer formation was
also observed in 5i0,-Na,O-CaO-P,05-Nb,O5 glas-
ses with a significantly lower amount of P,Os and
higher content of Nb,Os [47]. Moreover, the ion dis-
solution studies of these glasses [47] showed that at
the beginning of immersion, the highest content of
Na™ is leached from the glass surface into the HEPES
solution. Also, a high amount of Ca?* dissolved into
the HEPES while only a slight amount of Si ions got
into the solution during the biosolubility test

@ Springer
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regardless of the doping with Nb [47]. Based on the
EDS results, we may suspect that in the case of our
glasses also a high amount of sodium ions leached
from the glass surface into the PBS solution. How-
ever, the observed significantly higher amount of Ca
ions on the glasses surfaces indicates that after 8 days
of immersion they are adsorbed on the surface from
the PBS. As we can clearly see in the layer of HAp,
most probably after 8 days of the PBS test, all five
processes [44-46] have already passed.

Samples 4 Mg and 5 Mg which contain the highest
amount of Nb and Mg exhibit the lowest increase in
Ca content and high content of Si on their surfaces.
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The highest chemical durability of sample 5 Mg in
PBS is in agreement with the findings that Nb-rich
bioglass compositions showed increased glass dura-
bility, most likely due to the formation of strong Nb—
O-Si bonds [27]. Generally, the addition of Mg to
bioglass adversely affects the formation rate of the
HAp layer [48] but glass 2 Mg showed the fastest
biosolubility in the PBS and contains only Ca and P
elements on its surface. Glasses xMg and xCa mostly
exhibit lower chemical durability in PBS than target
glass 0, which might be due to the different melting
processes. All these results reveal the potential
bioactive character of tested glasses doped with Mg,
Ca and Nb metals and melted under the reducing
atmosphere.

Conclusions

In summary, we have prepared potential bioactive
niobium doped Na-Ca-(Mg)-P-Si-O glasses using
untypical two-step synthesis route and reducing
atmosphere. All obtained glasses are X-ray amor-
phous. The color and transparency of the parent glass
are affected by the addition of Ca/Mg metal and
reducing atmosphere during melting process. Nio-
bium incorporation was confirmed by SEM-EDS. The
network connectivity of modified glasses is slightly
lower than the one of the parent glasses and suggests
bioactive properties. Network connectivity values are
in agreement with FTIR spectra results, which indi-
cate a highly disrupted silicate network, consisting
mostly of Q* groups. FTIR spectra indicate the pres-
ence of orthophosphate complex ([PO4]*~ tetrahedra)
in all glasses. Moreover, it is shown that parent glass
contains nanometer size crystallites consisted of
apatitic PO,> groups, and the modified glasses
contain non-apatitic or amorphous calcium phos-
phates. Thermal properties analysis shows that
modified glasses exhibit a higher glass transition
temperature and thermal glass stability values.
Glasses doped with Ca show higher improvement in
thermal properties than the one observed for glasses
with Mg, which is due to the combined MO + Al,.
O3 4+ NbyOs content influence. The biosolubility test
in the PBS showed that all prepared glasses exhibit
potential bioactive character and the formation of
HAp layer occurred on their surfaces. Furthermore,
the addition of niobium slightly reduces the biosol-
ubility of these glasses.
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