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Are the phosphorus-rich Na,0O-Ca0O-B,0;-Si0,-P,05
glasses bioactive and what is an influence of doping
with manganese oxide?
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A series of glasses of the composition 20Na; O-15Ca0-5B,03-5S5i10,—(55 — x) P,05:xMnQO;, was prepared and char-
acterized by XRD, DSC, SEM, and Raman techniques. The samples were later immersed in simulated body fluid (SBF) for
checking the potential growth of hydroxyapatite layer (HA). Experiments confirmed that addition of manganese oxide leads
to structural changes of the glasses. With increasing content of MnO;, the surface of the samples became more congenial for
improving the growth of HA. The formation of HA layer on the surface of the samples was confirmed just after seven days of
immersion. The growth rate of HA has gradually increased with the increase of MnO; content.
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1. Introduction

After almost fifty years from the date of the first
publication by Hench, concerning bioactive glassy
material, the number of patients benefited from us-
ing this type of materials as implants is counted
in millions [1, 2]. The most popular and widely
used, without any doubts, is the original Hench
glass: 45 % SiO; — 24.5 % Na,O — 24.5 % CaO
— 6 % P,0s, known as 4555 or Bioglass. Now it
is sold under different commercial brands, depend-
ing on the size of glass particles and the type of
diseases it is dedicated for [3]. Bioactive glasses
are present even in popular dental care products,
especially those for so-called sensitive teeth [3]. It
is expected that an active material will be strongly
joined to a bone tissue. To fulfill this requirement,
it is necessary for the glass surface to stay coated
by the hydroxyapatite (HA) or hydroxycarbonate
apatite (HCA) layer after placement in body flu-
ids. Only surface prepared in such way occurs to
be a good place for colonization by osteoblasts,
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bone tissue cells. Growing of the HCA layer is con-
nected with a degradation of the glass. An expla-
nation of ions exchange between the glass and the
body fluid was given by Hench [4], and it included
all the necessary steps leading to HCA layer for-
mation. The crucial point seems to be lowering the
number of bonding oxygens due to an exchange
of O-Si—O units for O-Si—-Na ones. This results
in lower polymerization of silica tetrahedrons net-
work, lower viscosity of the glass and its higher sol-
ubility. The next important step is the formation of
silanols (—Si—OH) that cover the glass surface. This
explanation is clearly valid for silica active glassy
materials.

Maybe this explanation of the chemistry of
bioactive glasses, in which silicon atoms play a
crucial role, is one of the reasons why the re-
searcher’s attention has mostly been concentrated
on that kind of glasses. Different silica glass com-
positions were studied [3], and it was established
that SiO, content has to be between 40 wt.% and
55 wt.%; above the last value bioactivity is lim-
ited [1, 3]. These borders are valid for glasses ob-
tained using melt quenching method; in case of less
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dense, more porous, sol-gel method prepared ma-
terials, the bioactivity was observed for the glass
containing over 70 wt.% of silica [5].

While the knowledge about bioactive glassy
materials built on silica based structures is rather
wide, glasses prepared with other glass forming
materials have rarely been considered. If we focus
on phosphorus glasses, studies by Ahmed et al. [6]
and by Rahman et al. [7] may be considered as rep-
resentative. The active glass studied by them has
high P,O3; content, 71P,05-19.7Ca0-9.3Na0,,
and phosphorus oxide is the only glass former.

In case of silica glasses which contain a small
amount, up to a few wt.%, of P,0Os, it was observed
that there were two independent glass networks, i.e.
phosphorus tetrahedrons were not built into silicon
network. This is often considered in thermoanalyti-
cal studies as a double glass transition effect; it was
also explained on the basis of theoretical analysis
of the glass networks [8].

The next problem which should be consid-
ered as connected with bioactivity is the influence
of dopants, especially transition metals. Some of
the metals were tested, among them: Zn, Mg, Sr,
Cu, and Co [9-13]. The general conclusion from
these investigations is that introduction of addi-
tional metal improves bio-properties of the glass.
For example, in vitro experiments with osteoblasts
settled on the glass samples, clearly revealed that
the presence of Cu ions in the glass raised the speed
of osteoblast proliferation and also supported an-
giogenesis [9]. This way, the Cu-doped glass offers
better conditions for rebuilding of a bone tissue.

If we consider all the facts mentioned above,
it is obvious that more attention should be paid
to P,Os bioactive glasses as well as to transition
metal dopants acting as an activating factor. The
poor chemical durability of the phosphate glasses,
which usually limits their applications, may be an
advantage in this case.

The aim of the study reported here was to
check if the glass built mainly from phosphorus
units, containing only a few percent of silicon
dioxide, would exhibit promising properties dur-
ing in vitro test in SBF and what is the influence

of different amounts of MnO, added to the glass
mixture on the structure and volume of the phos-
phate layers growing on their surfaces. The com-
position of the tested glass was: 20Na,O—-15CaO—
5B>03-5Si10,—(55 — x)P,05:xMnO5.

2. Experimental

The material was prepared by melt quenching
method. The composition of the glass was chosen
so as to illustrate a reverse of a typical relation be-
tween SiO; and P,Os content in bioactive glasses.
The detailed compositions of the glasses are sum-
marized in Table 1.

Table 1. Composition of the investigated glasses (data
given in wt.%).

Glass Ca0O Na,O SiO; B,O3 P05 MnO,
PGO 15 20 5 5 55.0 0.0
PGl 15 20 5 5 54.9 0.1
PG2 15 20 5 5 54.8 0.2
PG3 15 20 5 5 54.7 0.3
PG4 15 20 5 5 54.6 04
PG5 15 20 5 5 54.5 0.5
PGS 15 20 5 5 54.2 0.8
PG10 15 20 5 5 54.0 1.0

The stoichiometric amounts of proper oxides
were grinded in a mortar and melted in an electri-
cal furnace. The melt was kept for thirty minutes
at 1400 °C and quenched at room temperature. Af-
ter quenching it was transferred to another furnace
where it was held at 350 °C for twelve hours. The
samples were cut off in form of 2 mm thick plates
and polished to optical quality All the glasses,
despite the one containing MnO,, are transpar-
ent: one of glass pieces is shown in Fig. 1 as
an example.

The glassy state of the obtained material was
verified with XRD pattern. Diffractograms were
recorded with Cu-K«x radiation on URD-6 X-ray
diffractometer. Glass transition temperatures were
obtained from differential scanning calorimetry
(DSC) data. They were registered on Netzsch STA
409C analyzer. The heating rate was 10 K/min.
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Fig. 1. An example of a piece of glass obtained from
the melt quenching.

The samples were kept in corundum crucibles, in
an argon atmosphere. Raman spectra were recorded
at ambient temperature on Bruker Vertex 55 spec-
trometer, the resolution was 4 cm~! and the laser
line of 532 nm was used for excitation. A struc-
ture of the samples surfaces and near surface area
was investigated with Vega Tescan scanning elec-
tron microscope. The samples were divided into
two group. The first group included as obtained
samples, the second one contained samples after
immersion in a simulated body fluid (SBF). The
SBEF, artificial human plasma, was prepared accord-
ing to the procedure described by Oyane and his co-
workers [14]. The chemicals used for this purpose,
supplied by Sigma-Aldrich and by Avantor Perfor-
mance Materials (formerly POCH), were of a grade
“pure for analysis.” The SBF was buffered with
tris(hydroxymethyl) aminomethane to keep pH at
the level 7.4 £ 0.2.

The samples were immersed during seven, four-
teen and twenty one days. The SBF temperature
was maintained at 37 °C in a water bath and the
SBF was changed to the fresh one every 48 h. Af-
ter the immersion period, the samples were taken
out from the solution and dried.

3. Results and discussion

3.1. Density of the glasses

The density of the glasses was measured using
Archimedes method, o-xylene was used as a buoy-
ant. The obtained results are given in Table 2.

Table 2. Densities of the studied glasses.

Glass Density [g/cm?’]
PGO 2.5910
PG1 2.5605
PG3 2.6218
PG4 2.5977
PGS 2.5542
PG10 2.7154

The density values in Table 2 are in the range
typical of bioactive glasses. Hence, we may ex-
pect these glasses are prone to be easily degrad-
able. The highest density is for PG10, and the low-
est is for PG8. It should be mentioned that the
observed changes in densities did not only result
from the substitution of P,O5 with MnQO,, but also
due to the change of the average molar volume of
the material.

3.2. XRD

XRD diffractograms verify the amorphous state
of the samples. There are no peaks in the patterns.
Some examples are shown in Fig. 2.
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Fig. 2. XRD patterns recorded for the selected glasses.

3.3. Raman spectra

In Fig. 3, Raman spectra of two of samples, the
PGO (the bare glass) and PG10 (the sample with
1 % of MnQO,) are presented.
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Fig. 3. Raman spectra of PG0 and PG10 samples.

In the studied material, the main glass form-
ing material is P»Os, the glass network is com-
posed of PO, tetrahedrons. B, O3 participates in the
glass network with BO4 and BO3 units; there may
also be B-O-P structure units in the network. It
is known that the degree of the network polymer-
ization is growing when P-O-P and B—O-B units
are replaced with P-O-B ones [15]. According to
the literature reports [16, 17], the peak observed at
1279 cm~! is due to the asymmetric stretching vi-
brations in PO?~ units, coupled with BO3 vibra-
tions. Another band, observed at 1165 cm ™!, is due
to symmetric vibrations of PO4>~ units. The band
observed at 703 cm~! is attributed to symmetric
stretching of P—O-P bonds in PO4>~ tetrahedral
chains. The origin of the lower energy bands ob-
served at 596 cm ! and 333 cm™! is not clear; they
are probably connected with vibrations inside the
Ca—-P-0 and Na—P-O units.

Addition of manganese oxide leads to a new
part of the spectrum: broad and complex peak be-
tween 1700 cm ™! and 3000 cm~!. It should not be
considered as connected with the movements in-
side the MnO; units. The studies on manganese
compounds have shown that this type of vibra-
tions is observed in the region of 400 cm~! to
600 cm™~! [18]. Thus, this peak has to be due to
manganese interactions with the other parts of the
glass network. The most straightforward picture is

made by the units O—P-Mn and O—B—Mn. If this is
really the case, it means that Mn addition reduces
the number of binding oxygens, lowering the de-
gree of the glass network polymerization and in-
creasing the ability of glass degradation.

3.4. Glass transitions

The glass transition temperatures are practically
not influenced by MnQO, addition. For all the inves-
tigated glasses the values of T, are nearly 620 K
(Table 3). Ty values given in Table 3 are temper-
ature onsets of endothermic S-type deviation ob-
served in the DSC plots. The relatively low value
of Ty suggests that the studied glass is convenient
for use in preparation of bioactive scaffolds. There
are no crystallization peaks in the DSC patterns.
The next deviation from the baseline is observed at
about 700 K; it is an endothermic effect.

Table 3. Glass transition temperatures and specific heat
change within the transition region.

Glass Ty [K] AC, [J/g]
PGO 612.5 0.19
PGl 621.5 0.11
PG2 621.5 0.31
PG3 619.5 0.09
PG4 621.1 0.08
PGS 619.2 0.65
PG10 620.9 0.65

It is possible that in the same temperature range
two processes take place: crystallization, which is
connected with exothermic effect and stronger en-
dothermic process. We observe only the resultant
signal. However, even in this case, there is about
75 K interval between T, and the next thermal
event, pretty enough for sintering process.

3.5. Surface and near surface area

To check the manganese influence on the prop-
erties of the glass, we verified the surface struc-
ture of the glasses containing different amounts
of the dopant. Analysis of the SEM pictures in-
dicates that the surface structures were gradually
changing with increasing content of MnO,. This
is illustrated in Fig. 4 and Fig. 5. These figures
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present SEM pictures of PGO and PG10 glasses.
The bare glass, PGO, looks very compact, with
the uniform surface; the addition of manganese
changed this picture. The cauliflower-like struc-
tures are observed on the surface of the sample.
Up to 0.3 wt.% of manganese oxide, the size of
this “flowers” increased with the growing dopant
content. The further increase has not changed the
size. Dimensions of the structures observed in
PG3 and PG10 are the same. What is different
is the number of pores on their surfaces. For the
glasses PGO, PG1, PG2 there are no pores seen
on the surfaces. On the surface of PG3 glass, one
pore per 100 pu?> on average was found while on
the surface of PG10 there were about 50 pores per
100 p?. The pores are the ends of tubes leading in-
side the bulk of the glass which is easy to be seen
on a photograph taken with higher magnification
(Fig. 5). When such tubes are present, penetration
of fluids — SBF or blood plasma — in the in vitro
and in vivo experiments is easier. The area of ions
exchange is growing, causing that the scale of this
process increases. This should result in higher rate
of HA layer building and better biodegradability of
the glass. From the point of view of expected prop-
erties of the biomaterials, this means that addition
of MnO, makes them better.

Fig. 4. SEM pictures of the PGO — left and PG10 — right.
Magnification 770 times.

3.6. Structure of hydroxyapatite layer

The ability of investigated glasses to create HA
layer were verified during the immersion experi-
ment. The samples were immersed in c-SBF for
a period of 7 days to 21 days. Even after only
seven days in SBF, noticeable changes on the sur-
face were observed. The grains of HA were found

Fig. 5. SEM picture of the PG10. Magnification:
x6000.

on the glasses surfaces. On the surface of the glass
GPO there are visible small grains (Fig. 6); with the
increase of manganese content the size of grains
gradually increases. After a prolonged time of im-
mersion in SBEF, the surfaces are covered with HA
layers. It looks like as the apatite layers have been
growing layer by layer and a lack of ideal fitting led
to the breaks in the HA film. On the surface of the
glasses with low manganese content, the HA layer
is built in the form of plates, whereas on the sur-
face of the glasses containing a higher content of
MnO; the bubble-shaped structures appear (Fig. 7).
Further, the bubbles look like growing from the un-
derlying layer of apatite. Despite the shape of the
surface structures — single layers or layers with ad-
ditional bubble structures on them — it was proved
that immersion in SBF leads to glass surfaces cov-
ered with new material.

The above-described pictures only prove that
something was grown on the surface, but it is not
the evidence for HA. XRD patterns revealed that
the chemical composition of the formed layers is
just HA. Fig. 8 presents the XRD pattern of the
PG4 sample after 21-day immersion in SBF. Three
diffraction peaks at 32°, 46° and 76° are seen which
are due tothe (22 0) (400 ) and (2 0 5) reflections,
characteristic of HA layer [19, 20].
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Fig. 6. SEM pictures of glasses surfaces after seven
days in SBF. PGO is on the left, PG10 is on the
right.

Fig. 7. SEM pictures of glasses surfaces after 21 days
in SBF. PGl is on the left, PG4 is on the right.

4. Conclusions

Glasses of the composition 20Na;O-15CaO-
5B,03-5S10,—(55 — x)P>05:xMnQO,, appeared to
be a promising bioactive material. When they are
immersed in c-SBF, their surfaces are covering
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Fig. 8. XRD spectrum of the PG4 glass after 21 days in
SBF.

with a hydroxyapatite layer. The structure of the
layer and the way of its growth is correlated with
the content of MnO, in the glass. The higher the
amount of manganese in the glass the higher the
rate of HA growth.

Most likely it is correlated with increasing
porosity and the number of the tubs leading from
the surface to inside of the bulk. Also, the structure
of the growing HA layers strongly depends on the
MnQO, amount. When there is more than 0.3 wt.%
of this compound in the glass, bubbles of HA dom-
inate on the surface. They spread and finally create
the layer. For lower dopant content, HA plates oc-
cur in the first step. They extend and finally cover
all the surface leaving cracks on the borders be-
tween them. It may be assumed that the bubble
structure, offering bigger HA surface, will be better
for colonization with osteoblasts. However, another
factors should also be considered. Degradation of
the glass is more rapid when it contains a higher
amount of the dopant. This leads to a slight acid-
ity of the solution and may stop the proliferation
of the cells.

Summarising, the studied glasses behave very
well in the SBF bath. The first traces of HA have
been observed after several hours, after fourteen
days the samples surfaces have covered with multi-
layer HA coating. This is a promising result which
justifies further experiments with osteoblast cells.
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