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ABSTRACT

Three glasses with different iron oxide concentrations (between 5 and 8.1 mol %) were obtained in the
CaO - Na,0O - Si0, - Fe,0, system by using conventional melting-quenching technique. The amorphous nature of
the synthesized materials is confirmed by X-ray diffraction analysis, XRD. The physico-chemical and structural
characterization of the glasses was performed by measuring their density, refractive indices, as well as by calculating
the molar volume, oxygen packing density and recording the infrared spectra by Fourier Transformed Infrared
Spectroscopy, FT-IR, respectively. The glasses were evaluated in vitro by examining bone-like apatite formation
on their surfaces in a simulated body fluid, SBF. The structural changes in the glasses during the in-vitro test were
traced by means of FT-IR and Scanning Electron Microscopy, SEM. The solutions were examined by Inductively
Coupled Plasma Optical Emission Spectroscopy, ICP-OES to determine the ion exchange between the glasses and
the starting SBF and the corresponding effect on the pH was also recorded.

Kevwords: iron oxides, soda lime silica glasses, structure, in vitro bioactivity, hyperthermia biomaterials.

INTRODUCTION

The interest in the synthesis of magnetic materials
is determined by their potential for various applications
in the field of biomedicine. In the recent years multiple
works concerning applications of magnetic materials
such as magnetic hyperthermia [1, 2], drug delivery
[2 - 4], magnetic resonance imaging, magnetic
stimulation, bacterial detection and separation, diagnosis
and treatment of infections have been published
[5 - 10]. Though magnetite, Fe,O, is supposed to be
biocompatible, the application of iron oxide especially
in case of nano-sized objects in biomedicine faces
numerous risks as shown in the investigation of their in
vitro/in vivo toxicity evaluation and quantification [11 -
14]. Magnetic glasses and glass-ceramics are alternative
materials for bone cancer therapy by utilizing the method
of hyperthermia [15]. The method is based on the idea
that the cancer cells are more vulnerable and easier to
destroy at elevated temperatures between 39 and 45°C

compared to the normal cells. By situating the glass-
ceramics in the vicinity of the tumor and applying an
alternative magnetic field, heat is generated due to the
magnetic hysteresis loss [16]. It is established that there
is a synergistic effect while combining hyperthermia and
radiotherapy and chemotherapy, as the sensitivity of the
cancer cells is increased.

Glass-ceramics are materials which can combine
magnetic properties with biological activity, as their
action is not solely associated to the destruction of the
tumor formations but also should assist the regeneration
of the damaged bone tissue. New research data show
that the bioactive glass-ceramics could also assist
the regeneration of soft tissues, and this opens new
perspectives for the investigation and their application
in biomedicine [15].

For several decades various glasses and glass-
ceramics have been developed and investigated as
application for cancer treatment by hyperthermia. After
Kokubo has shown for the first time that it is possible
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to combine magnetic and bioactive properties in one
and the same material [17], several investigations have
been carried out in the system CaO-SiO-Fe,O, [18 -
21]. Highly desired crystalline phases which ensure
the magnetic properties of the prepared materials are
magnetite, Fe,O, and maghemite, y-Fe O,. Regarding
the optimization of the magnetic properties and the
bioactivity of the glass-ceramics, more complicated as
composition systems have been investigated, including
NaO, Li,0, MgO, ZnO, B,0,, P,0,, TiO,, etc. [22 -
25]. Additionally, to the variation of the composition,
also various synthesis techniques have been applied
as for example: melt-quenching and controlled
crystallization from the obtained glass [26, 27], melting
the coprecipitation-derived precursors [28], modified
solid-state sintering method [29], melt-quenching
method using oxy-acetylene flame [30], sol-gel synthesis
[21,31-33]. The approach utilized in these investigations
is by controlling the composition and tailoring the
synthesis conditions to achieve a precise control over
the phase composition and the structure of the prepared
materials thus aiming to achieve the desired properties.
The survey of the publications in which the ability of
materials to accumulate on their surface apatite-like
layer while being immersed in a simulated body fluid,
SBF has been experimentally proven shows that in the
composition of these materials bioactive crystalline
phases such as wollastonite [21, 30, 33], hydroxyapatite
[21, 30], other calcium and calcium-sodium silicates are
present or that these materials are based on the classical
compositions of bioglasses [34, 35]. Typical for the
phase composition of glass-ceramics is the presence of
an amorphous part as the main phase. In the composition
of most of the magnetic glass-ceramics, iron oxides
are one of the main constituents in the composition.
There are, however, only few studies in which the
biocompatibility and bioactivity of such glasses and
derived from them glass-ceramics are investigated [19],
though it is of great importance to elucidate the role of
each component from the composition in these materials
respectively if this constituent contributes to and
stimulates the bioactive properties of the material. The
development of glass-ceramics for biological implants
requires precise control and thorough investigation of
all crystalline and amorphous phases from which the
respective material is composed.

Subject of the present investigation are the glasses
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in the system Na,O - CaO - SiO, - Fe, O, with different
concentrations of iron oxide prepared by applying a
traditional melting method, which consists of quenching
the melt from 1400°C. This is one of the systems in
which magnetic bioceramics have been synthesized
[33]. The molar ratios Na,0:CaO:SiO are chosen to be
close to that for the classical soda lime silica (window)
glass. Ferrimagnetic bioactive glass-ceramic has been
fabricated using soda lime silica waste glass as the main
raw material but its composition was modified according
to the Bioglasss 45S5 composition [24]. The goal of
the current investigation is to monitor and evaluate the
performance of the glasses in SBF as well as their in
vitro bioactivity. For this reason, the glasses have been
subjected to a static in-vitro test in SBF for 4, 7, 14 and
28 days. By applying several analytical techniques, the
interaction of the material with the SBF solution has
been traced. The samples obtained after the immersion
in the SBF are subjected to an investigation by Fourier
Transformed Infrared Spectroscopy, Scanning Electron
Microscopy and Energy Dispersive X-Ray Spectroscopy.
The pH values of the respective SBF solutions after
the contact with the Fe-containing glasses have been
measured and the changes in their composition have
been registered by using the ICP-OES technique.

EXPERIMENTAL

Synthesis of the glasses

Tree glasses in the system Na,O - CaO - SiO, -
Fe,O, were synthesized. The following reagent grade
raw materials were used: Na,CO,, CaCO,, SiO, and
FeC,0,.2H,0. The chemical compositions (in mol %) of
the glasses are shown in Table 1. 2 wt. % carbon were
added to the batch for the 5 mol % iron oxide glass to
further reduce the iron. The glasses were prepared by
melting in a fused silica crucible at a temperature of
1400°C in air for 1.5 h. After pouring into a pre-heated
graphite-mould and after solidifying of the surface, the
melts were transferred to a muffie furnace and annealed
for 10 min at 480°C. Then the furnace was switched off
and cooled to room temperature.

Characterization methods

The density of the samples was measured by
utilizing the Archimedes principle, using an analytical
scale Mettler Toledo New Classic ME 104 equipped with
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a density determination kit for solids using distilled water
as the immersion liquid. The Becke line method was used
to determine the refractive indices of the synthesized
glasses [36]. A small amount of powder from the studied
sample was immersed in a liquid of a known refractive
index and viewed through the microscope. A bright
line, known as the Becke line, separates substances of
different refractive indices. When the refractive indices
of the glass and the immersion liquid are equal, the
Becke line disappears. Thus, by successive application
of different liquids with known refractive indices, the
glass refractive indices were estimated. The refractive
indices of the immersion liquids were always measured
before the evaluation of the glass refractive indices by
the Becke line method by an Abbe refractometer (Carl
Zeiss Jena).

X-ray powder diffraction analysis, XRD was applied
for phase control. An X-ray diffractometer Philips with
Cu-K  radiation was used and a range from 7.5° to 95°
20 (step size: 0.05°, counting time per step: 1 s. Fourier
Transformed Infrared Spectroscopy, FT-IR was utilized
for the structural characterization of the samples and for
recording possible changes in the phase composition
after the in vitro test. The transmittance spectra of the
samples were recorded by using the pressed-pellet
technique in KBr. The measurements were performed
by a FT-IR spectrophotometer Varian 660 IR in the
frequency range from 4000 to 400 cm™'.

The apatite forming ability of the synthesized glasses
was assessed by immersion of the glass powders for
4,7, 14 and 28 days in a Simulated Body Fluid, SBF
prepared as described by Kokubo et al. [37]. 0.7 g of
glass powder with a particle size of less than 100 um
was placed in plastic containers containing 40 ml of
SBF at 37 &+ 0.5°C. When the samples were removed
from the SBF solution by filtering, they were rinsed
with ethanol and distilled water, dried and stored in

containers. After the immersion in SBF, the specimens
were characterized by FT-IR. Particle surfaces, before
and after the immersion in SBF, were examined by
Scanning Electron Microscopy, SEM. Microscopic
observations were carried out with a SEM/FIB LYRA T
XMU microscope (TESCAN) equipped with an Energy
Dispersive X-ray Spectroscopy, EDX analyzer. An EDX
Quantax 200 (Brucker) detector was used to record the
EDX spectra. The change of the concentrations of Ca,
P, Si, Na and Fe in the SBF solutions as a result of the in
vitro test was determined by Inductively Coupled Plasma
Optic Emission Spectrometry, ICP-OES (Prodigy High
Dispersion ICP-OES Spectrometer from Teledyne
Leeman Labs). The pH values of the SBF solutions after
contact with the iron-containing glasses were measured.

RESULTS AND DISCUSSION

Physico-chemical characterization

In Table 1, the information about the chemical
composition, density, molar mass, molar volume, oxygen
packing density and refractive index of the glasses is
shown.

Two of the compositions are similar as far as the
chemical compositions and the iron oxide concentrations
are concerned but are prepared by using different
synthesis conditions. The third composition has
a relatively higher iron oxide concentration. The
differences in the densities of the two samples with
about 5 mol % Fe O, witness for the occurrence of some
structural differences between them as well as between
them and the samples obtained in earlier studies [39].
The currently synthesized and investigated glasses have
a lower density and lower refractive index. It could be
suggested that the different redox-ratios for the iron
ions present is the reason for this difference because
depending on their valence and coordination, Fe-ions can

Table 1. Chemical composition, density, p, molar mass, M, molar volume, V_, oxygen packing density, OPD and refractive

index, n, of the glasses.

Compositions, mol % 5 M, V., OPD,
Fe O, Na O Ca0O SiO, P, & o g mol! cm® mol! | mol cm? o
16 10 69 2.628 64.97 24.72 72.41 1.556
5.3 16.8 10.5 67.4 2.590 65.26 25.19 70.66 1.559
8.1 14.7 9.4 67.8 2.723 68.05 24.99 73.63 1.586
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have different structural role in glass network. Thus, it
could be concluded that the use of different raw materials
for the iron oxide will result in different redox-ratios,
i.e. different numbers of ferric and ferrous ions and this
will lead to a different structure of the obtained glasses.
The molar volume values for the investigated glasses are
close to each other and are higher than those reported
for other glasses with similar compositions [38]. One
possible reason for this could be the higher number of
ferrous ions in the present glasses which are known to
be present in six-fold coordination in silicate glasses and
serve as network modifiers, i.e. should lead to decreasing
network connectivity and increasing V_ values. The OPD
is highest for the glass with 8.1 mol % Fe,O,, which
corresponds to the increasing number of the oxygen
ions for this glass with the increasing concentration of
Fe,0,. The refractive index values for the three glasses
also increase with the increasing Fe,O, concentration.

Structural characterization and in vitro bioactivity
evaluation

The synthesized specimens are with dark coloration,
macroscopically and microscopically homogenous,
according to the performed optical microscopy
inspection, with a sea shell-like fractured surface typical
for glassy materials. The amorphous nature of the
prepared materials is confirmed by the XRD analyses.
In Fig. 1 the XRD pattern of glass with 5 mol % Fe,O,
is shown in which the typical amorphous halo and lack
of diffraction peaks is observed.

In Figs. 2, 3 and 4 the FT-IR spectra of the starting
(untreated) glasses as well as the spectra of the samples
after the performed in vitro bioactivity tests in SBF
are shown. All the spectra are typical for amorphous
materials and consist of a small number of broad
absorption bands.

In the FT-IR spectra of the untreated glasses, 3 main
absorption peaks are observed in the spectral region
between 400 and 1200 cm™! which are characteristic for
silicates. The most intensive absorption band is with a
maximum at about 1014 - 986 cm™'. It is asymmetric
with shoulders at 1200 cm™ and at approximately 900
cm’'. Another intensive band is registered at about
463 - 454 cm™!, and a band of smaller intensity - at 770
cm’'. A shoulder in the spectra which is better expressed
for the sample with the higher Fe-oxide concentration
of 8.1 mol % Fe O, is detected at 690 cm™.
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Fig. 1. XRD pattern of glass with 5 mol % Fe O,.
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Fig. 2. FT-IR spectra of the glass samples with 5 mol %
Fe,O, before and after SBF tests (0 d - untreated glass, 4
d, 7 d, 14 d, 28 d - samples obtained after the immersion
in a SBF for 4, 7, 14 and 28 days, respectively).
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Fig. 3. FT-IR spectra of the glass samples with 5.3 mol %

Fe,0, before and after the SBF test (0 d - untreated glass,

4d,7d, 14 d, 28 d - samples obtained after the immersion

in a SBF for 4, 7, 14 and 28 days, respectively).
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Fig. 4. FT-IR spectra of the glass samples with 8.1 mol %
Fe,0, before and after the SBF test (0 d - untreated glass,
4d,7d, 14 d, 28 d - samples obtained after the immersion
in a SBF for 4, 7, 14 and 28 days, respectively).

The bands between 1200 and 850 cm' can be
ascribed to the asymmetric stretching vibration v,*(F) of
the Si-O tetrahedra (Si0,) [39]. According to the survey
of numerous investigations performed, the position of
this band depends on the degree of connectivity of the
silicate network [39 - 41]. With Q",wheren=0, 1,2, 3
and 4, the SiO, tetrahedra are designated depending on
the number of bridging oxygens (BO). For example, Q°is
an isolated tetrahedron and Q*is a tetrahedron sharing all
its 4 oxygen ions with other tetrahedra. The change of the
position of the maximum of this band from 1014 to 986
cm’ in the initial (untreated) glasses could be attributed
to the increasing degree of depolymerization of the glass
network with the increasing concentration of Fe,O, in the
composition of the glasses. The prevailing structural units
present in the three glasses are Q?, but the width as well as
the asymmetry of the bands and the width of the shoulders
atabout 1200 cm!, 1100 cm™' and 900 cm™! witnesses also
the presence of Q*, Q*and Q' structural units.

The band at 770 cm!, could be assigned to the
symmetric bending modes of Si-O-Si bridges v (A),
[39, 41]. The bands at 463 - 454 cm™! are attributed to
the bending vibration 6 *(E) of Si-O-Si bridges [42]. In
addition, the shoulder at 690 cm™' could be most probably
assigned to the occurrence of Fe-O stretching vibrations
of four-fold coordinated Fe ions [38].

The FT-IR spectra of the samples obtained after

the immersion in a SBF for 4, 7, 14 and 28 days for
each of the three studied compositions show changes,
which can be attributed to the shift of the maxima of the
main absorption bands, already, discussed above, to the
lower wavenumbers and to a decrease of the respective
intensities. Inthe contours of the compound asymmetric
band between 1200 and 850 ¢m’, an increase in the
absorption is established at about 900 cm™'. On the
other hand, no new bands appear in the FT-IR spectra
which could be ascribed to the occurrence of calcium
phosphates, and which could have witnessed the growth
of an apatite layer at the contact surface of the samples.
The characteristic lines of the carbonate group are also
not established. Consequently, though certain structural
changes occur in the iron-containing soda lime silicate
glasses after the immersion and interaction with the
SBF, these glasses do not demonstrate the ability to
build an apatite-like layer on their contact surface for
immersion periods of up to 28 days. This allows to
conclude that, according to the experimental results
obtained, the studied samples are not in vitro bioactive.
According to previous research conducted by Ebisawa
and Kokubo [43], it is considered that Fe,O,-containing
Ca0 - SiO, glass does not bond to living bone. Later the
same authors found that bioactive glass-ceramics could
be obtained from Fe O,-containing CaO - SiO, glasses
with Na,O, B,0O, and/or P,O, added [19]. Therefore, the
addition of sodium oxide positively affects the ability to
bind to bone only for certain glass compositions in the
system Na,O - CaO - SiO, - Fe O,.

The microphotographs shown in Fig. 5, illustrate
the surface morphology of the glass containing 5
mol % Fe,0,, before the immersion in SBF and after
the performed in vitro bioactivity tests in the SBF with
different duration - 4, 7, 14 and 28 days. The microscopic
observations were combined with EDX-analyses of the
contact surface of the investigated glasses with the SBF
solution. The comparison of the batch compositions of the
studied glasses with the ones obtained from the elemental
analyses is given in Table 2. The data comparison shows
a good coincidence. Some deviation is observed in the
registered quantity for Si in the glasses, which is lower.
During the performed analyses, either the absence of
phosphorous or P quantities less than 1 wt. % are detected.
Though in some regions at the surface of the samples
treated in SBF for 14 and 28 days certain formations
could be observed, cf. Figs. 5d - g, these formations do
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SEM HV: 20.00 kv WD: 11.50 mm
Vac: Hivac Det: SE 1 pm
SEM MAG: 50.00 kx  Date(m/d/y): 10/24/23
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SEM HV: 20.00 kV WD: 9.015 mm
Vac: Hivac Det: SE 5um
SEM MAG: 10.00 kx  Date(m/dfy): 10/24/23
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SEM HV: 20.00 kV WD: 8.668 mm
Vac: Hivac Det: SE 1um
SEM MAG: 50.00 kx  Date(m/dfy): 10/24/23

e)

LYRA\ TESCAN
'

Performance in nanospacen
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SEM HV: 20.00 kV WD: 8.892 mm LYRA\ TESCAN
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SEM HV: 20.00 kV WD: 11.16 mm
Vac: Hivac Det: SE 2 um
SEM MAG: 30.00 kx  Date(m/d/y): 10/31/23

f)

LYRA\ TESCAN
I

Performance in nanospace n

Fig. 5. SEM microphotographs of the surface of the glass samples before and after the performed SBF tests: (a) untreated
glass with 5 mol % Fe O,; (b) the same sample after immersion in SBF for 4 days; (c) 7 days; (d) 14 days; (e) 28 days; (1)

glass with 5.3 mol % Fe,O, after 28 days in SBF.
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Element | wt.% at.%
(¢} 47.68 65.95
Na 7.48 7.20
Si 20.00 15.76
P 0.96 0.69
Ca 6.07 3.35
Fe

LYRA\ TESCAN

SEM HV: 20.00 kv WD: 10.26 mm
Vac: Hivac Det: SE 10 pm

M
SEM MAG: 5.00 kx  Date(m/dfy): 11/11/23 Performance in nanospacen

g) h)

Fig. 5. SEM microphotographs of the surface of the glass samples before and after the performed SBF tests: (g) and (h) -
glass with 8.1 mol % Fe,O, after 28 days in SBF and corresponding EDX spectrum. - continued.

Table 2. Batch chemical composition of the investigated samples and experimentally estimated chemical composition,
according to the performed EDX analyses, (wt. %).

Samples with 5 mol % Fe,O, with 5.3 mol % Fe O, with 8.1 mol % Fe O,

Elements Batch EDX Batch EDX Batch EDX
Na 11.32 11.73 11.84 13.77 9.93 9.44

Ca 6.17 6.25 6.45 6.98 5.54 6.60

Si 29.83 28.21 29.01 23.62 27.98 19.80

Fe 8.60 7.49 9.07 9.26 13.29 15.17

not differ significantly in chemical composition from
the rest of the sample surface and do not correspond
to calcium phosphates, according to the EDX analyses
carried out (Fig. Sh).

In Fig. 6 data concerning the changes in the SBF
solutions after the contact with the studied glasses for
different periods of time - from 4 to 28 days - are shown.
With dashed line the change in the concentration of the
blank sample (sample of just SBF) with the elapsing time
is shown. The experimental data show that in the solution
Siions are present and their concentration increases with
the increasing immersion time up to the 28" day after
the beginning of the test. However, it becomes clear
that the rate of dissolution of the silicon ions decreases
with the increasing time of soaking of the glass into

the SBF solution. A tendency towards the decrease of
the P concentration in the solution is established and
this trend is most well expressed for the glass with 8.1
mol % Fe O,. A slight increase in the concentration of
the Ca ions in the SBF solution is detected during the
interaction with the glasses with 5 and 5.1 mol % Fe,O,,
while the concentration of Ca ions in the solution for the
composition with 8.1 mol % Fe O, remains lower than
that of the initial solution. The performed analyses show
neither the presence of Fe nor a significant change in the
concentration of Na in the solution.

The measured pH values of the solutions do not show
any significant changes. pH values show a slight tendency
towards increase from 7.4 to 7.5-7.6 within the whole
period of duration of 28 days for the performed tests.
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Fig. 6. The values of Ca?*(a), P> (b), Si** (¢) concentrations in SBF solution for the immersed glass samples F5 (5 mol
% Fe,0,), F5.3 (5.3 mol % Fe O,) and F8.1 (8.1 mol % Fe,0,) as a function of time.

CONCLUSIONS

Three soda lime silicate glasses containing Fe,O,
with concentration between 5 and 8.1 mol % are prepared
via the traditional melt-quenching technique and their
physico-chemical and structural characterization is
performed. The amorphous nature of the prepared
materials is confirmed by the XRD and optical
microscopy analyses carried out. The data from the FT-
IR analyses witnesses that in the glass structure SiO,
tetrahedra with two bridging and two non-bridging
oxygens are prevailingly present. The in vitro bioactivity
of the samples is studied by immersing them in a SBF. As
aresult of the performed FT-IR and SEM-EDX analyses
on the untreated and SBF treated glasses, it is established
that after the 28 days immersion test the glasses do not
form an apatite-like layer on the contact surface with
the SBF solution, i.e. they do not demonstrate in vitro
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bioactivity. However, it is proven that the samples
interact with the SBF solution, and this leads to certain
changes in them which is witnessed by the detected shift
in the maxima of the absorption bands attributed to the
SiO, tetrahedra vibrations. It could be thus concluded
that the proposed glasses are only slightly soluble in the
SBF, according to the data for the ionic concentration
and the pH values of the solutions.
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