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1 |  INTRODUCTION

Rare earth (RE) are interesting elements to be used in bio-
medical applications because of their intrinsic properties, 
which make them versatile elements with a wide range of dif-
ferent properties. For example, concerning optical properties, 
the electrons of 4f level in RE are localized and shielded by 
outer 5p and 5s shells, which enable the absorption, emission, 
and excitation of light within the 4f and 5d orbitals, making 
these elements promising for luminescence applications.1 In 

relation to nuclear properties, RE have radioisotopes with 
suitable nuclear characteristics (eg, half‐life, β‐decay, γ‐emis-
sion, tissue penetration) to be used in brachytherapy, such as 
iridium‐192 (192Ir), iodine‐125 (125I), cesium‐137 (137Cs), 
palladium‐103 (103Pd), and cobalt‐60 (60Co).2‒5

However, either in luminescence or in radiotherapy appli-
cations, rare earth needs to be host in a biocompatible matrix 
if biomedical applications are intended. In this sense, bio-
ceramics become promise materials to be used as a matrix 
for rare earth elements. Calcium phosphate‐based ceramics 

Received: 9 June 2019 | Revised: 9 June 2019 | Accepted: 11 June 2019

DOI: 10.1111/ijac.13317  

S P E C I A L  I S S U E  A R T I C L E

Dissolution, bioactivity behavior, and cytotoxicity of rare earth‐
containing bioactive glasses (RE = Gd, Yb)

Telma Zambanini1 |   Roger Borges1 |   Pamela C. Faria1 |   Giulia P. Delpino1 |    
Isis S. Pereira1 |   Márcia M. Marques2 |   Juliana Marchi1

1Centro de Ciências Naturais e 
Humanas, Universidade Federal do ABC, 
Santo André, Brasil
2Departamento de Dentística, Faculdade de 
Odontologia, Universidade de São Paulo, 
São Paulo, Brasil

Correspondence
Juliana Marchi, Center for Humanities 
and Natural Science, Federal University of 
ABC, Av. dos Estados, 5001, Bangu, Santo 
André, SP 09210‐580, Brazil.
Email: juliana.marchi@ufabc.edu.br

Funding information
Conselho Nacional de Desenvolvimento 
Científico e Tecnológico, Grant/Award 
Number: Roger Borges/130637/2016-5 
and Telma Zambanini/1574811/2016; 
Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior; Fundação de 
Amparo à Pesquisa do Estado de São 
Paulo, Grant/Award Number: Giulia 
P. Delpino/2017/18753-6, Juliana 
Marchi/2011/19924-2 and Juliana 
Marchi/2016/16512-9 

Abstract
Rare earth‐containing bioactive glasses (RE‐BGs) have been poorly explored in the 
biomaterials field, although RE has optical, nuclear, and magnetic properties that 
could be used in different biomedical applications. In order to verify whether these 
glasses can be promising as biomaterials, we studied the dissolution, bioactivity, 
and cytotoxicity of RE‐BGs based on the SiO2–Na2O–CaO–P2O5–RE2O3 (RE = Gd, 
Yb) system. The glasses were obtained by melting‐quenching and their particle 
size was determined by laser diffraction. Their dissolution behavior was studied in 
Tris‐HCl, while bioactivity was performed in simulated body fluid solution under 
physiological conditions during several periods. The cytotoxicity test was performed 
using glass‐derived conditioned medium and mesenchymal stem cell derived from 
deciduous teeth. The dissolution results showed that the glasses dissolved under 
two different kinetics, which are lower for rare earth‐containing glasses, due to the 
more covalent character of Si–O–RE bonds. The bioactivity results evidenced that 
all glasses showed bioactivity after 24 hours. However, gadolinium and ytterbium 
promoted a more calcium phosphate deposition, which contrasts with the slower dis-
solution kinetics of rare earth‐containing glasses. All the glasses were considered 
biocompatible, showing cell viability higher than 80%. The overall results showed 
that RE‐BGs are promising materials for applications that require bioactivity and/or 
biocompatibility.
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(like beta‐tricalcium phosphate or hydroxyapatite) and bioac-
tive glasses are examples of bioactive ceramics successfully 
used in biomedical applications in the last decades.6 Usually, 
these ceramics are used in bone regeneration applications, 
since they promote osteoconduction, angiogenesis and in-
duce the formation of new bone tissue, but when doped with 
therapeutic elements, such as Ag, Sr, B, Cu, Ga, rare earth, 
among others, other properties can be added in these ceram-
ics, enabling their applications beyond bone regeneration.7,8 
Nonetheless, bioactive glasses show an advantage compared 
with other crystalline bioceramics, due to its glass nature, it 
is possible to add more fractions of therapeutic elements in 
the glass structure without leading to the formation of sec-
ondary phases,9 which is a limitation in crystalline materials. 
Therefore, bioactive glasses become favorable materials to be 
used together with therapeutic ions, including rare earth.

Rare earth‐containing bioactive glasses, contrarily, have 
been poorly explored in the field of biomaterials. Most of 
the works in the literature reporting rare earth‐containing 
bioactive glasses are related to applications of such glasses 
as seeds for brachytherapy. Indeed, the very first work re-
porting bioactive glasses‐containing 153Sm was proposed 
by Roberto and colleagues,10,11 and since then other works 
proposed similar systems but containing holmium, rhenium, 
ytterbium, and yttrium.3,4,12‒16 The antioxidant potential of 
cerium incorporated in bioactive glasses was also reported 
in the literature, which is one of the most relevant studies in 
the field since they established a correlation between cerium 
oxidation in the glass structure and biological properties.17‒20

In a previous study,21 we comprehensively studied the 
structure of bioactive glasses containing gadolinium and 
ytterbium aiming to understand the role of rare earth in the 
glass structure. We reported that rare earth either act as glass 
formers or glass modifiers in the glass structure, although 
the major part is found as glass modifier. Consequently, rare 
earth‐containing bioactive glasses tend to have a less con-
nected glass network. In this work, we want to understand 
how these changes in glass structure can affect biological 
properties, such as dissolution, bioactivity, and cytotoxicity. 
Two different rare earths were chosen to evaluate their in vitro 
biological behavior, gadolinium or ytterbium. Gadolinium is 
a proper element as a contrast agent for magnetic resonance 
imaging due to its paramagnetic properties and relaxation 
time in the order of nanosecond.22 169Yb exhibit suitable 
properties for brachytherapy (half‐life of 32 days and mean 
gamma‐ray energy of 93  keV)2 and works as a sensitizing 

species in host matrices for luminescence applications.1,23 
Therefore, by establishing the relationship between glass 
structure and biological properties, this study provides a bet-
ter background about rare earth‐containing bioactive glasses 
in order to encourage further studies.

2 |  MATERIALS AND METHODS
2.1 | Glasses synthesis

Three glass compositions based on SiO2–Na2O–CaO–P2O5 
were studied, a parent glass24 and two other glasses with the 
incorporation of 2.5% (wt%) of Gd2O3 or Yb2O3. The theoret-
ical compositions of glasses are presented in Table 1. For the 
synthesis, oxides were used as precursors and glasses were 
melted in a platinum crucible at 1600°C, for 1 hour. After 
cooling, the glasses were crushed and sieved to obtain parti-
cles with a diameter less than 125 µm. The particle size of the 
glasses was measured by performing measurements using a 
CILAS 1190 laser particle size analyzer (CILAS, USA).

2.2 | Dissolution test

The dissolution test was performed following the recom-
mendation of the ISO 1093‐14 standard. In brief, a tris‐
buffer solution prepared with 13.25  g of (Hydroxymethyl) 
aminomethane (Tris) per liter of ultrapure water, and pH 
adjusted for 7.4 with 1 mol/L HCl at 37°C, was used as dis-
solution medium.25,26 In order to perform the test, 75 mg of 
each glass was immersed into 1.5 mL of Tris‐buffer solution, 
and placed in an orbital shaker for periods of 1, 6, 12, 24, 72, 
120, and 168 hours. The concentration of ions released from 
glass was measured by inductively coupled plasma optical 
emission spectrometry model with axial vision series 710 
(Varian), using the emission lines: Si (λ = 250.690 nm), Na 
(λ = 588.995 nm), P (λ = 213.618 nm), Ca (λ = 422.673 nm), 
Gd (λ = 342.246 nm), and Yb (λ = 328.937 nm).

2.3 | Bioactivity behavior test

The bioactivity behavior test was performed using simulated 
body fluid (SBF) solution following the recommendation of 
the TC04 of the International Commission on Glass.27 The 
preparation of the SBF solution was described elsewhere.28 
For the test, 4.17 mg of glass powder was immersed into 
100 mL of SBF solution, and placed in a shaker for periods 

Compositions SiO2 Na2O CaO P2O5 Gd2O3 Yb2O3

BG 47.28 31.39 15.33 6.00 — —

BG–Gd 46.10 30.60 14.95 5.85 2.5 —

BG–Yb 46.10 30.60 14.95 5.85 — 2.5

T A B L E  1  Theoretical compositions of 
studied glasses (wt%)
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of 1, 3, 5, and 7 days. The concentration of ions released from 
the glass was determined using the same parameters men-
tioned in section 2.22.2.

After each experimental periods immersed in SBF, glass 
powders were filtered, rinsed with acetone to terminate any 
ongoing reactions, and analyzed by scanning electron micros-
copy (SEM) coupled with energy‐dispersive X‐ray analysis 
(EDS), X‐ray diffraction (XRD), and Fourier transform infra-
red spectrometry (FTIR) in order to identify morphological, 
structural, and functional groups changes on glass surface, 
respectively. SEM_EDS analysis was performed in an elec-
tronic microscope model JSM‐6010LA (JEOL, USA), and 
before analysis glass powders were coated with carbon by 
sputtering. XRD was conducted in diffractometer D8 Focus 
(Bruker AXS, USA) using CuKα radiation (λ = 0.15406 nm) 
in the range of 10°  <  2θ  <  70° and step size of 0.024°/s. 
FTIR spectra were collected in a spectrometer Spectrum Two 
(Perkin Elmer, USA) over 700‐4000 cm−1 range.

2.4 | Cytotoxicity test

Biological characterization of glasses was performed by the 
indirect method. Conditioned medium was obtained by im-
mersion of glass powder in cell culture medium (DMEM low 
glucose, with 10% bovine serum and 1% penicillin),29 and 
placed in a cell incubator for 48 hours (37°C‐5% CO2). Then, 
the solutions were filtered and diluted in different concentra-
tions (100%; 50%; 25%; 12.5%, and 6.25%). Mesenchymal 
stem cells derived from deciduous teeth (SHEDs) were placed 
on 96‐well plaques at a concentration of 103 cells/well, using 
regular culture medium, and maintained in a cell incubator 
for 24 hours. Then, the cell culture medium was replaced by 
the conditioned medium in different concentrations, and the 

plaques with cell culture were placed in a cell incubator for 
72 hours (37°C‐5% CO2). The cell viability, after this period, 
was determined using MTT reduction assay.29,30

3 |  RESULTS

The powder particle size of each glass is presented in Figure 
1, and the values of particle size diameter at 10%, 50%, and 
90%, and the particle size distribution are shown in Table 
2. It was noted that all the glass particles ranges from 0.3 
to 125 μm. The compositions BG and BG‐Yb showed mean 
particle size ~72  μm, while the composition BG–Gd glass 
showed the smallest mean particle size (~55 μm).

The ionic concentration of Si, Na, Ca, and P released 
from glass particles in Tris‐HCl buffer solution are shown 
in Figure 2. Regarding silicon behavior, in the first 24 hours, 
glass dissolution showed a non‐linear trend, which was 
named as K1 regime. After 24 hours, glass dissolution pres-
ents a linear behavior, characterized by a dissolution kinetics 
K2. The highlighted areas in Figure 2 show the K1 (1a) and 
K2 (2c) regimes. Sodium concentration follows the same ki-
netic trend as silicon (Figure 2D,E). However, the analysis 
of calcium and phosphorous concentration did not follow 
the same kinetics of silicon, once these ions undergo precip-
itation reactions during the dissolution experiments (Figure 
2E,F). The incorporation of gadolinium and ytterbium in 
the glasses structure changed silicon dissolution kinetics, 
mainly in the K2 regime. In such regime, the incorporation 
rare earths decreased silicon release from 11.63 μg/mL·h for 
BG to 6.78 μg/mL·h and near to 0.0 μg/mL·h for BG–Yb and 
BG–Gd, respectively (Figure 2B). Similar tendency was ob-
served in sodium release (Figure 2C).

F I G U R E  1  Particle size distribution of glass powders (A) BG, (B) BG–Gd, (C) BG–Yb [Colour figure can be viewed at wileyonlinelibrary.
com]

  Diameter at 10% Diameter at 50% Diameter at 90% Mean Diameter

BG 11.76 ± 0.26 71.65 ± 0.98 124.64 ± 00.56 72.78 ± 1.07

BG‐Gd 7.68 ± 0.43 55.14 ± 0.30 111.33 ± 0.18 57.51 ± 0.31

BG‐Yb 10.79 ± 0.61 69.03 ± 1.01 121.833 ± 0.57 70.18 ± 1.09

T A B L E  2  Values related to particle 
size distribution of BG, BG–Gd, and BG–
Yb glasses

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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F I G U R E  2  Si, Na, Ca, and P concentration as a function of immersion time in Tris‐HCl. In (A) and (C) areas of K1 and K2 of silicon and 
sodium, respectively. In (B) highlighting the points of K2 regime of silicon. Dissolution trends of calcium and phosphorous is presented in (D) and 
(E), respectively [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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The glass‐derived ionic products were also monitored in 
SBF solution in order to compare with data obtained in TRIS‐
HCl, and the concentration of the dissolution products of the 
studied glasses is shown in Figure 3A‐D for the based‐glass 
elements. Figure 3E,F show the concentration of Gd and Yb 
in BG–Gd and BG–Yb, respectively.

Regarding silicon concentration (Figure 3A), a quicker 
dissolution was noted on the first day, followed by a reduced 
dissolution rate for more extended periods. Similar behavior 
was observed for all glasses. About sodium release (Figure 
3B), BG glass showed a continuous release over time, while 
BG–Gd and BG–Yb glasses showed a nearly constant re-
lease. On the other hand, calcium and phosphorous release 
behave differently. Calcium concentration (Figure 3C) has an 
initial increase followed by a decrease in concentration.

Interestingly, the decrease in calcium concentration oc-
curs after three days for BG glass and after only one day 
for rare earth‐containing glasses. Comparable behavior was 
observed in phosphorous concentration (Figure 3D), that is, 
an increase in concentration followed by a decrease. For BG 
glasses, the decrease in phosphorous concentration was noted 
after five days soaked in SBF solution, and in rare earth‐con-
taining glasses, such decrease was noticed right on the first 
day. The release of gadolinium and ytterbium from rare earth‐
containing glasses (Figure 3D,E) was deficient, which might 
be related to a shallow concentration of such elements in SBF 
solution after different periods.

Figure 4 presents the surface morphology and EDS spec-
tra of glass surface before and after 7 days immersed in SBF 
solution for all studied glasses. Figure 5 shows the EDS com-
position mapping of BG, BG–Gd, and BG–Yb glasses, re-
spectively, where calcium, sodium, phosphorus, and silicon 
were mapped. The SEM micrographies and EDS spectra for 
other periods of immersion in SBF other than 7 days can be 
checked in the Figures S1, S2, S3, and S4.

The immersion of these glasses in SBF solution changed 
their surface morphologies, which are related to an amor-
phous calcium phosphate layer formation. In Figure S1, S2, 
and S3 it is noted that changes in morphology caused by the 
precipitation of calcium phosphate on the glass surface is ob-
served in different kinetics for rare earth‐containing glass and 
its parent glass. In BG glass (Figure 4A,D, and Figure S1), 
these differences in morphology are more evident after three 
days of immersion in SBF. On the other hand, in BG–Gd 
(Figure 4B,E, and Figure S2) and BG–Yb (Figure 4C,F, and 
Figure S3) glasses, these differences can be observed after 
one day immersed in SBF solution, indicating a quicker cal-
cium phosphate deposition. Such difference in morphologies 
was also noted in the EDS spectra (all the details in Figure 
4, S1, S2, and S3) and chemical element mapping images 
(Figure 5 and Figure S4), which shows a decrease in inten-
sity of silicon and sodium, and an increase in the intensity of 
calcium and phosphorous for rare earth‐containing glasses.

XRD patterns before and after bioactivity experiments are 
shown in Figure 6. Before immersion in SBF solution (Figure 
6A), XRD results were typical of glassy materials, showing 
broadband between 24° and 36°, and did not exhibit any crys-
talline peaks. After immersion in SBF for seven days, some 
characteristic peaks of an calcium phosphate phase were ob-
served at 26 and 32° (Figure 6B‐D), which are often related 
to the conversion of the amorphous calcium phosphate into 
hydroxyapatite. However, the absence of a typically crystal-
line pattern suggests that this calcium phosphate phase grown 
on the glass surface was not fully crystallized.

Figure 7A‐C shows FTIR spectra of studied glasses be-
fore and after different periods soaked in SBF solution. 
Initial characterization of these glasses showed that all of 
them presented the same functional groups, ie, structural 
SiO2 (800 cm−1), Q1 (850 cm−1), Q2 (950 cm−1), Si–O‐Metal 
(1050  cm−1), Q3 (1100  cm−1), and Q4 (1200  cm−1).31‒34 
After immersion in SBF solution, all spectra predominantly 
showed a contribution of phosphate (PO4) groups (960, 1000, 
and 1040 cm−1)35 in the overall spectra. Notably, after one 
day in SBF solution, the FTIR spectra of all glasses showed 
a combination of silicates and phosphate functional groups, 
while after three days in SBF solution, the FTIR spectra shifts 
for a dominant phosphate functional group. Interestingly, for 
rare earth‐containing glasses, after one day phosphate func-
tional groups of FTIR spectra are more intense than in the BG 
glass, suggesting a faster phosphate deposition in rare earth‐
containing glasses.

The results of the cytotoxicity behavior are shown in Figure 
8. All studied glasses presented cell viability higher than 80%, 
being considered non‐cytotoxic in any concentration of the 
conditioned medium. The proliferation of the SHED cells in-
creased with the decrease of conditioned medium concentra-
tion, indicating that viability is dose‐dependent. The behavior 
of all samples was similar, and when the different glasses are 
compared, no statistical difference was noted.

4 |  DISCUSSION

Initial characterization of the glass powders included the 
measurement of particle size distribution. Our results showed 
that the BG and BG–Yb glasses have the same main parti-
cle diameter, while the BG–Gd glass has a smaller size. 
However, we considered that such difference was not that 
significant to affect the dissolution results, considering that 
all the glasses showed similar particle size distribution and 
range (from 0.03 to 125 μm). Therefore, we propose that all 
our finds discussed hereinafter are more influenced by glass 
composition rather than any effect related to particle size or 
surface area.

Usually, the dissolution kinetics of multicomponent glasses 
is studied considering that the dissolution kinetics relies upon 
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the glass former species, once the break of bridging oxygen 
bonds requires more energy than breaking the bonds between 
glass modifiers and non‐bridging oxygens,36‒39 or even the 
energy needed for ionic percolation in the glass structure.40 

Therefore, we established some assumption to be considered 
during the understanding of our results: (a) Since we have sili-
cate‐based glasses, it was considered that cleavage of Si–O–Si 
bonds was the limiting‐step of glass dissolution. Therefore, 

F I G U R E  3  Elementary concentration of (A) silicon, (B) sodium, (C) calcium, (D) phosphorus from BG, BG‐Gd, and BG‐Yb glasses, and 
release of (E) Gadolinium and (F) Ytterbium from BG‐Gd and BG‐Yb, respectively [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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glass dissolution kinetics of our glasses was firstly based on 
the analysis of silicon concentration41; (b) we understood 
sodium leaching as a percolation phenomenon, consider-
ing that sodium has a higher mobility in glass structure than 
other ions20,37,40; (c) dissolution kinetics constants cannot be 
attributed to calcium and phosphate ions, once these ions un-
dergo precipitation reactions during the dissolution test.

Therefore, the dissolution behavior of bioactive glasses 
in aqueous media was divided into two stages, named K1 
and K2, respectively. In the first stage (K1), such process 
is dominated by the exchange of alkali ions with protons 
in solution in which the dissolution rate varies with the 
square root of time. It is noteworthy to mention that in the 
first hour, silicon dissolution varies from zero to 135 mg/
mL, and such concentration remained almost constant up 
to 24 hours of experiment. From our point of view, in the 
first hour the dissolution rate was very quick because the 
dissolution rate was governed only by surface reaction 
mechanism. After one hour, there was the formation of a 
hydrated layer which slowed down the dissolution rate, as 

well as promoted the precipitation of calcium and phosphate 
ions, which led to a near zero dissolution. All these steps 
are well reported in the literature,25,39 and they are used as a 
general dissolution theory of glasses. The formation of the 
calcium phosphate layer was observed by the decrease in 
calcium and phosphate concentration in the first 24 hours of 
experiment, suggesting the precipitation of these elements 
onto glass surface.

In the second stage (K2), the network dissolution is the 
primary mechanism, and silicon concentration is linear‐de-
pendent with time.42 Thus, in the studied glasses, it can be 
observed that the first stage occurred within the first 24 hours 
and later the second stage takes place. As observed in the K2 
regime (Figure 2B), the dissolution of the glasses was more 
affected by incorporation of rare earth elements, resulting 
in a diminished release of silicon and sodium ions, in both 
rare earth‐containing glasses. Also, the dissolution rate was 
slower for gadolinium than ytterbium glasses, which can be 
related to the larger atomic radius of gadolinium due to the 
occurrence of the lanthanide contraction.

F I G U R E  4  Scanning electron micrographies and energy dispersive spectra (in detail) of all glasses before (A‐C) and after 7 d immersed in 
SBF solution (D‐F)

(A) (B)

(C) (D)

(E) (F)
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F I G U R E  5  Energy dispersive 
elementary mapping of glasses before and 
after 7 d immersed in SBF solution. BG (A), 
BG–Gd (B), and BG–Yb (C). The elements 
mapped were: calcium (red), sodium 
(yellow), phosphorous (gray), and silicon 
(purple) [Colour figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  6  258699071628000X‐ray diffraction of the glass powders soaked in SBF solution: (A) glass powders before the bioactivity test; 
BG (B), BG–Gd (C), and BG–Yb (D) glasses after different periods soaked in SBF solution. • calcium phosphate phase [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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The decrease in glass dissolution as rare earth is added 
in the structure also suggests that rare earth establish stron-
ger chemical bonds with oxygens than calcium and sodium. 
In a previous work,21 we showed that gadolinium and ytter-
bium has an intermediate ionic role in the glass structure, 
being found either as glass modifier or glass former, which 
also matches with computational simulations carried out by 
other researchers.15,16 Therefore, considering the existence of 
Si–O–RE bonds, where RE act as a glass former, we can infer 
that such bonds are stronger than Si–O–Si, which resulted 
in a slower glass dissolution rate. In fact, after theoretically 
modeling the structure of bioactive glasses containing yt-
trium, Christie and Tilocca15,16,43 have already pointed out 
that Si–O–RE bonds could be stronger, which could lead 
to changes glass dissolution, and then affect bioactivity be-
havior. Thus, our experimental finds not only confirms that 
Si–O–RE bonds are stronger than Si–O–Si but also assured 

that such decreased dissolution kinetics did not affect bioac-
tivity, as further discussed hereinafter.

The incorporation of rare earth elements also influ-
enced sodium release. These rare earth‐containing glasses 
showed a reduced sodium release rate when compared with 
the BG parent glass. Differently of silicon, whose disso-
lution depends on cleavage of Si‐O‐Si bonds, sodium re-
lease occurs by percolation in the glass structure.40 In 
such mechanism, sodium diffuses in the glass structure by 
hopping, and the neighbor atoms influence its mobility. In 
according to Tilocca,40 in 45S5 bioactive glasses, sodium 
migration depends on temporary calcium displacement in 
the glass structure in a backward‐forward movement, en-
abling sodium ions to move to this temporary calcium‐va-
cated site, also opening a pathway for sodium movement. 
Consequently, the reduced sodium release in rare earth‐
containing glasses suggests that gadolinium and ytterbium 

F I G U R E  7  Fourier transform infrared spectra of (A) BG, (B) BG–Gd, and (C) BG–Yb glasses before and after different periods immersed in 
SBF solution [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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are diminishing sodium mobility in the glass structure. 
Considering that fraction of rare earth ions acts as modi-
fier ions in the glass structure, gadolinium and ytterbium 
are hiding sodium migration because of their larger atomic 
radius compared to calcium, which could affect their back-
ward‐forward movement.

It is important to mention that the ionic concentration ob-
served in this work in the Figures 1 and 2 are in the same 
order of magnitude of other works available in the litera-
ture.42,44 However, the Si, Ca, P, and Na concentration are 
higher in this work, which we addressed to our glass compo-
sition, which differs from the 45S5 bioactive glass composi-
tion due to its higher content of Na. Because of such higher 
Na concentration, our glass exhibit higher glass dissolution 
kinetics, leading to higher ionic release.

As mentioned previously, although glass dissolution was 
affected by rare earth incorporation, we did not observe any 
adverse effect of such incorporation on bioactivity behavior 
of our glasses. Instead, bioactivity behavior was favored in 
rare earth‐containing glasses. The causes of such different 
behavior between SBF and TRIS‐HCl solution have been at-
tributed to solution ionic strength and supersaturation.45‒47 
Indeed, SBF has much more ions dissolved, thus being more 
saturated and prone to precipitation reactions.28 Besides, sil-
icon concentration in SBF is at least ten times lower than in 
TRIS‐HCl solution, indicating that the ionic strength of SBF 
solution has slowed glass dissolution, and the effect of rare 
earth on glass dissolution is not pronounced. Additionally, 
the plateau in silicon concentration observed in Figure 3A 
is related to the formation of a calcium phosphate layer on 
the glass surface, which acts as a passivation layer impeding 
further water corrosion.

The deposition of calcium phosphate on glasses surface 
during bioactivity test was observed in the XRD, EDS, and 
FTIR results. The XRD results indicate the presence of only 
showed the presence of a calcium phosphate phase deposited 
on the glass surface as an initial crystalline array. The EDS 
results showed that more calcium and phosphorous are found 
on the glass surface in the expense of silicon and sodium, in a 
time‐dependent manner. However, XRD and EDS did not show 
an evident influence of rare earth elements on glass bioactivity.

In contrast, the FTIR results showed valuable findings. 
After one day, all the samples presented phosphate functional 
groups, suggesting that even in 24 hours bioactivity was ev-
idenced in the glasses. Nevertheless, rare earth‐containing 
glasses seem to present a significant contribution from phos-
phates than the parent glass, which suggests that phosphate 
precipitation was instead promoted in the glasses containing 
rare earth. Indeed, the ICP‐OES showed that in rare earth‐
containing glasses the precipitation of phosphorous and cal-
cium begins earlier than in BG glass, which was observed 
by a decrease in concentration of such elements. Thus, FTIR 
and ICP‐OES results suggest that gadolinium and ytterbium 
favored bioactivity behavior of glasses.

The literature17,19,48,49 have shown that cerium did not alter 
bioactivity behavior when present in glass composition at 
low concentrations, which is in agreement with our results—
however, none of them shown that low concentrations of rare 
earth could promote bioactivity. According to Borges et al,21 
the incorporation of rare earth elements (Gd and Yb) in the 
glass structure results in an increase of non‐bridging oxygens 
despite their intermediate role in the glass structure, leading 
to a less connected glass network. Probably, these less con-
nected network alters the release of calcium and phosphate 
species, which favored bioactivity behavior.

Regarding cytotoxicity test, all studied glasses did not 
present toxicity in any concentration, suggesting their poten-
tial use in in vivo applications. Following the literature,50,51 
the cytotoxicity of rare earth elements increases from lute-
tium to lanthanum, which means that ytterbium is less cy-
totoxic than gadolinium. Besides, studies carried out with 
macrophages showed that loads up to 80 mg/mL of ytterbium 
oxide did not induce significant cytotoxicity response.50 
Considering the low concentration of ytterbium and gado-
linium in our glasses, possibly the amount of rare earth re-
leased was not enough to reach a minimal cytotoxic effect. In 
overall, all the results suggest that these rare earth‐containing 
glasses are suitable materials for biomedical applications.

5 |  CONCLUSIONS

In this work, rare earth‐containing bioactive glasses based on 
the SiO2–Na2O–CaO–P2O5–RE2O3 (RE = Gd or Yb) were 
obtained by melting‐quenching. The dissolution experiments 

F I G U R E  8  SHED cell viability in function of different 
concentrations of the conditioned medium containing dissolution 
products of BG, BG–Gd, and BG–Yb glasses [Colour figure can be 
viewed at wileyonlinelibrary.com]
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showed that rare earth led to a decrease in glass dissolution 
due to the more covalent character of Si–O–RE bonds re-
lated to part of rare earth that act as glass former in the glass 
structure. However, when the glasses were soaked in SBF 
solution, this behavior was not pronounced due to the higher 
ionic strength of SBF. Also, Gd and Yb elements promoted 
calcium phosphate deposition on the glass surface, suggest-
ing a possible higher bioactivity character of such rare earth‐
containing glasses. Cytotoxicity test showed that all the glass 
were biocompatible, being the viability dose‐dependent. The 
overall results suggested that these glasses are promising ma-
terials for biomedical applications.
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