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ABSTRACT

Rare earth-containing bioactive glasses are promising materials for biomedical
applications like brachytherapy, luminescence-based imaging, magnetic reso-
nance imaging, among others, due to the electronic configuration of rare earth.
Although studies of such glasses have continuously been increasing, they still
have been poorly studied as biomaterials. In this work, we studied the influence
of gadolinium and ytterbium on the structure of bioactive glasses and iron-
based bioactive glasses. The glasses were obtained by melt quenching, and their
structures were characterized by X-ray diffraction, nuclear magnetic resonance,
X-ray photoelectron spectroscopy, electron paramagnetic resonance and scan-
ning electron microscopy. The results showed that the addition of rare earth
elements in the glass structure creates more non-bridging oxygen bonds in the
silicate network, to satisfy the condition of octahedral coordination of the rare
earth ions. An observed Q° — Q° + Q' depolymerization of the glass network is
a factor that could favor bioactivity. In conclusion, our experimental data
address the bioactive behavior of rare earth-containing glasses to an increased
concentration of non-bridging oxygen bonds and a more fragmented network.
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hypersensitivity, regeneration of soft tissue and drug
delivery [2-5].

Introduction

Bioactive glasses (BGs) are amorphous ceramic
materials that show biocompatibility when used as
biomaterials to repair, to substitute or to treat dam-
aged or unhealthy tissues [1]. These glasses have
been used in different biomedical applications, such
as bone regeneration, cancer treatment, dentine
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Rare earth (RE) are interesting elements commonly
used as doping species to bring optical and nuclear
properties to bioactive glasses, although there are
only a few works available in the literature reporting
rare earth-containing bioactive glasses, which usually
are related to nuclear magnetic resonance imaging,
Iuminescence or brachytherapy applications [6-15].
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As a consequence, the role of RE in the bioactive glass
structure is not completely clear so far.

More recently, Nicollini et al. [16] have proposed
Ce-containing bioactive glasses for antioxidant
applications because of catalase mimetic effect of
cerium, which decompose hydrogen peroxide and
prevent cellular stress caused by reactive oxygen
species (ROS). It has been proposed that cerium may
play different roles in the glass structure depending
on the glass composition [16]. In phosphorus-con-
taining glasses, non-bridging oxygens (NBO) of
phosphate groups coordinate cerium, whereas in
phosphorous-free glasses cerium is coordinated by
NBO from silicate species [16, 17]. This behavior
suggests that RE elements are coordinated in prefer-
ential sites in the glass structure, depending on the
glass composition. Furthermore, addition of CeO, up
to 1.5 wt% do not change bioactivity and dissolution,
in contrast to glasses containing higher quantities of
cerium oxide, which show loss of bioactivity and
decrease in solubility that, in turn, are related to a
stronger covalent character of Ce-O bond [17].

Molecular dynamics studies have also shown the
increase in bond strength of RE-O bonds using the-
oretical approaches [18-20], giving structural infor-
mation about yttrium-based BG, and explained the
role of yttrium in the glass structure. First, yttrium
acts as a modifier ion in the glass network, forming
5i-O—Y—O-Si bonds, also as known as yttrium-
mediated cross-linked silicate bonds, which have
stronger bond energy when compared to other non-
bridging oxygen bonds. Second, yttrium tends to
decrease the network connectivity by forming
yttrium-mediated cross-linked silicate bonds, as new
non-bridging oxygen bonds are created. At first
glance, it seems reasonable to expect that a decrease
in network connectivity may enhance glass dissolu-
tion, but, because of the high bond energy of yttrium-
mediated cross-linked silicate bonds, the glass dis-
solution could be almost invariant.

However, following our recent study [21], a small
addition of RE ions (2.5 up to 5.0 wt% of gadolinium
or ytterbium oxides) in the glass structure promoted
bioactivity through fastening calcium and phosphate
ions precipitation on the glass surface. On the other
hand, such bioactivity was intriguingly contrasted
with a delayed dissolution behavior of RE-containing
glasses. Considering that bioactivity and dissolution
are coupled phenomena in bioactive glasses, we
presume that the glass structure has unique
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information that could help us to elucidate the
bioactivity and dissolution behavior observed.

In this work, we studied the glass structure of BG
and iron-based bioactive glasses (Fe-BG) doped with
rare earth. We choose two different rare earth ele-
ments to compare their behavior in the glass struc-
ture: ytterbium and gadolinium. The isotope '**Yb
exhibits suitable properties for brachytherapy (half-
life of 32 days and mean gamma ray energy of
93 keV) [22] and works as a sensitizing species in host
matrices for luminescence applications [23].
Gadolinium is a proper element as a contrast agent
for magnetic resonance imaging due to its paramag-
netic properties and relaxation time in the order of
nanosecond [24]. BG-Fe were also studied because
iron cations on the surface promote interaction with
biomolecules related to cell adhesion when the glass
is implanted in host tissue and enhances the glass
biocompatibility [25]. All the compositions are pro-
mised materials for biomedical applications [21, 26].
Finally, this study aims to understand how rare earth
ions are changing the glass network of such glasses
and then to give further explanations about biological
in vitro results already observed.

Materials and methods
Glass synthesis

The glass powder of this study were based on the
5i10,-Na,O-CaO-P,0s system described in [26],
using SiO, (Sigma-Aldrich, 99%), NaOH (Sigma-
Aldrich, 99%), CaO (Casa Americana, 99%, Brazil)
and P,Os (Vetec, 99%, Brazil) as raw materials. The
final compositions were defined after incorporation
of Fe,O; (Sigma-Aldrich, 99%), Gd,Os; (Sigma-
Aldrich, 99.9%) and/or Yb,Os; (Sigma-Aldrich,
99.9%) into the base BG composition, as shown in
Table 1. The powders were mixed in a mortar, placed
in a platinum crucible, molten at 1600 °C/2 h
(Fortelab FE 1700, Brazil) and quenched onto a brass
mold. Then, the glasses were ground in a mortar and
sieved, and only particles smaller than 75 pm were
used for characterizations.
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Table 1 Glass samples

compositions evaluated in this Si0, Na,O Ca0 P20s Fe,05 Gd,03 Yb,05

study BG 4728 31.39 1533 6.00 - - -
BG-Fe 47.03 31.22 15.25 6.00 0.50 - -
BG-Gd 46.02 30.56 14.92 6.00 — 2.50 —
BG-Yb 46.02 30.56 14.92 6.00 - — 2.50
BG-FeGd 45.77 30.39 14.84 6.00 0.50 2.50
BG-FeYb 45.77 30.39 14.84 6.00 0.50 2.50
BG-FeGdYb 4461 25.22 18.67 6.00 0.50 2.50 2.50

All values are expressed in weight percentage

Structural characterization
X-ray diffraction

Diffraction patterns were collected using a D8 Focus
diffractometer (Bruker AXS, WI, USA). Glass pow-
ders were placed onto the sample holder. The data
were collected in a range of 5° < 20 < 70°, at a step
time of 10 s and step size of 0.02°, and using Cu Ka
radiation.

High-resolution nuclear magnetic resonance

High-resolution nuclear magnetic resonance (NMR)
experiments were performed at a magnetic field of
9.4 T in a Varian Unity INOVA spectrometer. In *Si-
NMR single-pulse experiments, powdered samples
were spun at 5 kHz at the magic angle condition in
7 mm zirconia rotors. The p/2-pulse duration was
5.0 pus. The recycle delay was optimized for each
sample to ensure full relaxation of the magnetization,
being 120 s for the BG sample and less than 10 s for
glasses with paramagnetic ions (Fe or RE). The
number of scans to get a reasonable signal-to-noise
ratio varied from 200 for BG to 20000 for BG-FeGd. A
sample of kaolinite was used as a secondary standard
for the 2°Si chemical shift, with resonance at
— 91.5 ppm relative to tetramethylsilane. In >’ P-NMR
single-pulse experiments, powdered samples were
spun at 9 kHz at the magic angle condition in 4 mm
silicon nitride rotors. The p/2-pulse duration was
2.5 pus. The recycle delay for full relaxation of the
magnetization varied from 120 s for the BG sample to
30 s for BG-Yb and less than 5 s for the rest of the
powders. The number of scans to get a reasonable
signal-to-noise ratio varied from 380 for BG to 800 for
BG-Gd. A liquid sample of 85% H3PO, was used as a
standard for the *'P chemical shift.
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X-ray photoelectron spectroscopy

XPS characterized the chemical environments of
glasses collected in a Thermo Scientific™ K-Alpha™
spectrometer. Both survey and high-resolution scans
were collected. For high-resolution analysis Osl
spectrum was analyzed. The analysis was performed
in the CASA XPS software (Casa Software Ltd). Peak
position was calibrated through normalization of the
Cls peak at 284.6 eV. A deconvolution approach was
used in the Ols high-resolution spectrum. For the
deconvolution, it was used a Gaussian—-Lorentzian
line shape, the FWHM was equal for all the three
oxygen species analyzed, and the distance between
the peaks of each species was fixed as at least 1 eV as
already reported in the literature [27].

Electronic paramagnetic resonance spectroscopy

Room temperature electronic paramagnetic reso-
nance (EPR) absorption spectra were collected in a
Bruker (Spin EMX 10-2,7 Plus, USA) spectrometer
operating at 9.48 GHz with 100 kHz magnetic field
modulation.

Scanning electron microscopy

The specimens were prepared by making disks of
glass powders dispersed in bakelite. The disks were
polished in an automated EcoMet 250 Base Grinder
Polisher (Bueler, USA) using a colloidal silica solu-
tion, 6 um and 3 pm diamond colloidal solution.
After that, the disks were sputtered with carbon
(Leica SCE 200) and then analyzed using an XL-30
Phillips scanning electron microscope equipped with
energy-dispersive spectroscopy (EDS) detector. The
micrographs were obtained using a backscattered
electrons detector to induce a contrast between



J Mater Sci (2019) 54:11390-11399 i

regions of different chemical compositions, and EDS
spectra were collected at 30 kV.

Results

An initial characterization using X-ray diffraction
was carried out to verify whether the addition of rare
earth elements and iron induces any devitrification
process during cooling of the powders. The XRD
results (Fig. 1) show patterns typical of non-crys-
talline solids, characterized by the absence of
diffraction peaks related to Bragg planes and a broad
peak at 32° associated with short-range order of silica
tetrahedron.

The *’Si-NMR spectra of all studied glasses are
presented in Fig. 2a. The overlapped resonances of
Q" species are observed, which can be separated
through the least-square fitting of Gaussian func-
tions, in order to quantify the respective populations
for each site. The central NMR band and the two first-
order sidebands were considered in the fitting pro-
cess. Results from this process are shown in Fig. 2b
for powders BG and BG-Yb, where the dashed lines
represent the spectral contribution of Q', @* and Q°
species. For the BG glass, the distribution of popu-
lation resulted in 4% Q', 33% Q2 63% Q°. Predomi-
nantly, all the glasses show mainly Q* and Q° species
and a small fraction of Q', which are following pre-
vious NMR studies of glasses with similar composi-
tions [28, 34]. In the *Si-NMR spectra of glasses

BG-FeGdYb

BG-FeYb

Intensity (a.u.)

26 (degree)

Figure 1 XRD diffraction patterns of glass samples. The absence
of diffraction peaks indicates that glassy nature of the materials.
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containing Fe or RE, there are two noticeable signa-
tures from the paramagnetism of these species: the
broadening of the resonances and the increase in the
intensity of the spinning sidebands. These effects are
particularly strong in glasses with a high concentra-
tion of paramagnetic ions, as BG-Fe-Yb, or those
containing Gd, the species with the highest magnetic
moment. In BG-Fe and BG-Yb glasses, these effects
are moderate, allowing the analysis of the Q" distri-
bution. The spectrum from the BG-Yb glass show
more broadened resonances with a silicon distribu-
tion of 9% Q', 36% Q2 54% Q°, 1% Q*, indicating the
increase in Q® to the expense of Q° species when
compared to the BG or BG-Fe glasses. This difference
of silicon speciation can be expressed in terms of the
average connectivity of the silicate network, NC = 2
BO/NBO.

The experimental NC calculated using the Q"
populations determined by *’Si-NMR in BG and BG-
Fe glasses was 1.83, while for the BG-Yb glass it was
1.61, revealing that the rare earth-containing glasses
possess a less connected silicate network. For the
other glasses, precise quantification of silicon species
and calculation of NC were not possible due to the
loss of resolution associated with the stronger para-
magnetic effects. Then, we used Ols high-resolution
XPS to calculate NC for the other glasses. In Fig. 3a, a
typical deconvolution approach for Ols high-resolu-
tion spectra is presented for the BG-Yb glass. The NC
derived from XPS was calculated for all the glasses
(Fig. 3b), and the values obtained for BG, BG-Fe and
BG-Yb were compared with those results from *°Si-
NMR to check the reliability of XPS-derived NC, as
given in Table 2. The differences of NC values from
XPS and ?°Si-NMR for BG, BG-Fe and BG-Yb were
less than 4% and showed the same trend with glass
composition, supporting the reliability of the
quantifications.

The *'P-NMR spectra of the glasses (Fig. 2c) show
the main resonance between 11 and 9 ppm. This peak
is related to the orthophosphate environment of
phosphorous (Q°) associated with Na, indicating that
phosphate groups play a role as modifiers anions
rather than network formers. There is also a shoulder
in the *'P-NMR, clearly resolved in the spectra of BG
and BG-Fe, which can be attributed to Q° associated
with Ca. The paramagnetic broadening of the *'P
resonances reveals the proximity of RE ions to
phosphorous. As in the case of *’Si-NMR, the most
intense effects are caused by Gd. There are no
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Figure 2 High-resolution NMR spectra of the glasses: a 2’Si-NMR; b Gaussian least-square fitting of >°Si-NMR for BG and BG-Yb

glasses; ¢ *'P-NMR spectra. Asterisks: spinning sidebands.
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Figure 3 Ols high-resolution XPS results: a sample of a deconvoluted O1s high-resolution spectrum; b network connectivity BO/NBO

ratios obtained from NMR (black circles) and XPS (blue squares).

indications of new phosphorous sites in Fe- or RE-
doped glasses.

Regarding EPR results, as the Fe and Gd signals
overlap, the results were divided into Gd-containing
and Gd-free glasses, which are presented in Fig. 4a,
b, respectively. Concerning the EPR spectra of Gd-
containing glasses (Fig. 4a), it was noted the typical
U-spectrum, which contains symmetric lines at
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~ 1200, 2400 and 3580 G that stands for ¢ ~ 5.8, 2.8
and 2.0, respectively, and are characteristic for Gd3
species [29, 30]. An asymmetric line at 1640 G
(g & 4.12) is also assigned as Gd>" sites in glasses
[29].

Figure 4b shows the EPR spectra of Gd-free glasses
in which Fe®" lines can be observed. The main lines
from the EPR spectra are characterized by g ~ 4.24
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Table 2 Quantification of BO and NBO species obtained through
29Si-NMR and Ols high-resolution XPS

Experimental (NMR) Experimental (XPS)

BO (%) NBO (%) BO (%) NBO (%)
BG 48 52 47 53
BG-Fe 48 52 47 53
BG-Yb 45 55 44 56
BG-Gd - - 45 55
BG-FeYb - - 45 55
BG-FeGd - - 44 56
BG-FeGdYb - - 43 57

and 2.0 resonance lines [31, 32]. The line at g ~ 4.24
is assigned to isolated Fe>" ions placed in sites of low
symmetry and high crystal fields, while that at
g & 2.0 is assigned to Fe’" ions placed in sites of
octahedral symmetry and low crystal field, or even
associated with ions clusters. Another minor EPR

@ o
BG-FeGdYb

2000 4000 6000

T T T T T

1 " 1 n 1

BG-FeGd

First Derivative of Absorption

0 . 2000
Magnetic Field (G)

4000 6000
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signal is also observed at ¢ ~ 7.60 which is related to
Fe’" ions disposed of in sites of axial symmetry [31].

The results from SEM-EDS analysis (Fig. 5), reveal
that iron remains segregated in the glass matrix. For
this analysis, only samples containing RE were cho-
sen, once the focus was to evaluate the influence of
RE on iron species, and the results presented here are
from BG-FeGd glass. This segregation was noted by
the EDS spectra, which shows the presence of all the
glass elements in the spectrum in Fig. 5b (related to
point 1 in Fig. 5a), and shows only the presence of Fe
and O in the spectrum in Fig. 5c (related to point 2 in
Fig. 5a).

Discussion

The XRD results evidenced the glassy nature of the
powders and showed that the additions of Gd, Yb,
and Fe do not induce any glass devitrification. It was
only observed that part of the iron oxide remains
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Figure 4 EPR results of studied glasses: a EPR spectra of Gd-containing glasses; b EPR spectra of Gd-free glasses.
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Figure 5 Microstructural analysis of BG-FeGd compositions: a typical SEM micrograph b—c EDS analysis of the two different particles
from SEM micrograph, points 1 and 2, respectively. Similar results were observed in all the iron-containing compositions.

segregated in the glass structure, as noted in the
SEM-EDS analysis. Taken those facts into account,
we assumed that the addition of RE caused the effects
observed in the network connectivity (NC).

The NC values obtained by *’Si-NMR and O1s XPS
suggest that RE-containing glasses have a less con-
nected network than the pristine glass. The *Si-NMR
for the BG-Yb glass suggests the occurrence of glass
depolymerization associated with Q* — Q> + Q'
conversion, which is associated with an increase in
NBO bonds concentration. If we consider that the
decrease in NC observed in the Ols XPS spectra for
glasses containing RE occurred by a mechanism
similar to that of BG-Yb glass, we could infer that the
decrease in NC of these glasses is also related to an
increase of Q% and Q' species at the expense of Q3.

The EPR results can explain the formation of new
NBO species. The different g-values have different
meanings and interpretations for the glass structure.
In Gd-containing glasses, the broad line around
¢ ~ 2 is attributed to magnetic clusters of Gd*" or
Gd-O-Gd bonds where gadolinium ions interact
with each other by superexchange interactions.
Values of ¢ ~ 6.0 and 2.8 are related to Gd>" in
tetrahedral, octahedral or cubic sites of weak crystal
field and coordination number higher than six, which
leads many researchers to assign these g-values as
Gd** ions playing a glass modifier role, i.e., coordi-
nated by non-bridging oxygens. The g ~ 4.8 is
characteristic of Gd>" ions in sites of strong crystal
fields, having a low coordination number, and it is
assigned to gadolinium ions playing a glass former
role. The fact that the most intense line is that of
g ~ 2 means that most of the gadolinium ions are
clustered in the glass structure, while the other part
plays an intermediated role. Probably, Yb’>" may
behave similarly; however, it was not possible to
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carry out experiments at low temperature in which
Yb>* lines can be observed in the EPR spectrum.
These results can be contrasted with previous studies
of Ce-containing BGs [16, 17]. In Ce-BG, cerium acts
as a glass former when in the presence of phosphate
groups and as a glass modifier when present in a
silicate environment. Once we observed an interme-
diate role of Gd*>" and Yb>" ions in the glass struc-
ture, one can infer that the RE are found in both
silicate and phosphate environments, if assumed that
Gd*" and Yb®>" behave like Ce®" in the glass struc-
ture. This hypothesis is consistent with the XPS and
*'P-NMR results because it was noted a decrease in
glass connectivity when RE were added in the glass
structure. Moreover, it was also observed a broad-
ening of phosphorus resonances in the *'P-NMR
results, suggesting that RE were close to both silicate
and phosphate species.

Taken into account the *Si-NMR and the EPR
results, it is acceptable to assume that the modifier
role of RE is leading to the Q® - Q* + Q' conversion.
In other works from the literature, the addition of
glass modifiers in bioactive glasses has been related
to such silicon species transformation [33] and to the
addition of RE elements in aluminosilicate glasses
[34, 35]. Particularly in aluminosilicate glasses, Ifte-
khar et al. [34] associated the increase in Q7 silicon
species with the octahedral coordination of rare earth
elements. Then, considering that rare earth elements
are replacing Ca and Na in the glass structure and
have octahedral coordination as observed in the EPR
results, it is expected that *’Si-NMR present a higher
fraction of Q* species.

Regarding the Gd-free compositions, where Fe®"
lines are observed in EPR, the EPR spectra do not
change as RE are added in the glass structure. This
result suggests that the rare earth does not change the
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iron coordination, which may be somewhat influ-
enced by iron solubility in the glass structure, as
already observed in the SEM-EDS results (Fig. 5). In
fact, in Gd-free glasses, while signals at g ~ 4.24 and
7.60 are related to iron species dispersed in the glass
structure, the less intense line at ¢ ~ 2.0 shows that a
minor, but significant, fraction of iron was not dis-
solved in the glass structure. This result is also con-
sistent with the systematic observation of weak
paramagnetic effects in the *°Si and *'P * NMR
spectra of the BG-Fe sample. The *’Si-NMR spectra
even showed identical silicon speciation in BG and
BG-Fe glasses, which suggest that even though some
quantities of iron oxide were added in the glass
structure, there is no fundamental difference in the
structure of the silicate networks because the number
of irons not segregated was not enough to lead to
significant changes.

These changes in glass network connectivity may
display an influence on bioactivity, and special
attention must be given to the bond strength of Si-O-
RE-O-Si, also as known as RE-mediated cross-link-
ing silicon tetrahedral. If breaking these bonds is less
energetically favorable than breaking non-RE-medi-
ated cross-linking silicon tetrahedral, a decrease in
the dissolution kinetics is expected [18]. In fact, in our
previous work [21] we experimentally showed that
RE-containing glasses (RE = Gd and Yb) dissolve
slower than BG due to the higher bond strength of
RE-mediated cross-linking silicon tetrahedrons. In
the same work, we also showed that bioactivity starts
earlier in RE-containing glasses than in BG. Consid-
ering the depolymerization phenomena observed in
this work, one can infer that the earlier bioactivity in
RE-containing glasses might be addressed to more
fragmented network connectivity, which favors the
release of calcium and phosphate ions.

The results of >'P-NMR give new perspectives
about the bioactivity of these glasses. The environ-
ments of phosphorus and calcium are crucial along
the bioactivity reactions because their dissolution is
responsible for locally saturating the body fluid and
then precipitating calcium phosphate onto the glass
surface. Hill and Brauer [36] pointed out that the
dissolution of the silicate and the phosphate phases
happens as separate phenomena. Thus, the fact that
RE and Fe did not change the phosphorus speciation,
ie., only Q° groups, meaning that the dissolution of
the orthophosphate phases may not be affected as
well.
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Conclusions

Bioactive glasses doped with rare earth elements
(RE = Gd and/or Yb) and iron were successfully
obtained. Rare earth played an intermediate role in
the glass structure, i.e., acting as glass formers and
modifiers. The structural characterization suggested a
Q® - Q* + Q' conversion when RE were added in
the glass structure, which leads to the creation of new
non-bridging oxygens favored by octahedral coordi-
nation of RE. This decrease in network connectivity
might be the phenomenon responsible for counter-
balancing the strong covalent character of Si-O-RE
bonds when these glasses are immersed in fluids.
When iron was added in the glass composition, it
leads to phase separation, which means that iron
oxide remains partially segregated in the glass
structure. This work encourages further experimental
development of RE-containing bioactive glasses
aiming at different biomedical applications.
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