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Bioactive glasses are mainly used to repair bone defects since they stimulate the natural
healing of damaged tissues, allowing the adhesion and proliferation of bone-forming cells.
On the other hand, tantalum is known to have good chemical resistance and biocompatibil-
ity, with no adverse biological response in organisms. In the present work, 45S5 bioglass
systems undoped and doped with Ta;Os were prepared according to the following sto-
ichiometric molar relationship (46 —x)SiO, —26.9Ca0 — 24.4Na,0 — 2.6P,0s — xTa,0s (x=0,
0.1, 0.5) by the conventional melt quenching technique. Subsequently, scaffolds from these
glassy systems were prepared using the combined method of powder technology and poly-
mer foaming. Both, glass powders and scaffolds, were physicochemical characterized. The
results showed that the 0.5 mol% Ta,0s-doped scaffolds exhibited less contraction (36.53%)
and higher porosity (84.24%) during sintering, with interconnected porosity, pore size in the
range of 19-260 um, and a greater surface area (17.431 4+ 0.846 m?/g) than the scaffolds with
no TayOs. Furthermore, the tantalum oxide promoted the formation of a sodium tantalum
phosphate phase, along with the combeite and silicorhenanite present in the undoped-glass
scaffolds. The maximum compressive strength of scaffolds ranged from 0.42 to 1.40 MPa and

the elastic modulus (E) from 0.19 to 0.47 GPa.
© 2024 The Authors. Published by Elsevier Espana, S.L.U. on behalf of SECV. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

Efecto del contenido de Ta,Os en las propiedades microestructurales
de andamios vitroceramicos de biovidrio 45S5

RESUMEN
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Los vidrios bioactivos se usan principalmente para reparar defectos 6seos ya que pueden
estimular la curacién natural de los tejidos dafiados permitiendo la adhesién y prolif-
eracién de las células formadoras de hueso. Por otro lado, se sabe que el tantalio posee
buena resistencia quimica, biocompatibilidad, sin respuestas biolégicas adversas en los
organismos. En el presente trabajo, se prepararon sistemas de biovidrio 45S5 sin dopar y
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dopados con Ta,0s de acuerdo con la siguiente relacién molar estequiométrica (46-x)SiO,-
26,9 Ca0-24,4Na,0-2,6P,05-xTa,0s (x=0, 0,1, 0,5) mediante la técnica convencional de fusién
y temple. Posteriormente, se prepararon andamios a partir de estos sistemas vitreos uti-
lizando el método combinado de tecnologia de polvos y espumado de polimeros. Tanto
los polvos como los andamios de biovidrio fueron caracterizados fisicoquimicamente. Los
resultados mostraron que los andamios dopados con 0,5 mol% Ta,0s presentaron menos
contraccién (36,53%) y més alta porosidad (84,24%) durante la sinterizacién, con porosidad
interconectada, tamafno de poro en el rango de 19-260 pm, y una mayor area superficial
(17,431 + 0,846 m?/g) que los andamios sin Ta,0s. Ademds, la adicién de éxido de tantalio
promovié la formacién de la fase de fosfato de tantalio y sodio, junto con la combeita y la
silicorhenanita presentes en los andamios sin dopar. La méaxima resistencia a la compre-
sién de los andamios varié entre 0,42 y 1,40 MPa y el médulo de elasticidad (E) entre 0,19 y

0,47 GPa.

© 2024 Los Autores. Publicado por Elsevier Espana, S.L.U. en nombre de SECV. Este es un

articulo Open Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

Introduction

A silica-based glass is formed by tetrahedra in a
sodium-calcium-silica system (Na,O-CaO-SiO;) and is
resistant to different chemical environments. Specific glasses
can be active in the body and stimulate the natural healing
of damaged tissues, mainly in defects around the host bone.
Their degradation upon implantation is essential because the
stimulation of osteoprogenitor cells that differentiate into
osteoblasts (osteoinduction) and the space for new tissue
growth depends on their dissolution [1].

Impurities and network modifiers can influence the
mechanical and chemical properties of the glass, and depend-
ing on the ions used, their functionality such as Ag ions for
antibacterial use [2], Ca ions to accelerate blood coagulation
[3], Eu ions to stimulate bone formation in vitro and in vivo in
rats [4], Ga ions as possible hemostatic agents and antibacte-
rial properties [5], etc.

Tantalum (Ta) forms a thin oxide film on the surface of the
metal that makes it impenetrable, which inhibits the access of
harmful substances, including acids and alkalis. In medicine,
Ta nanoparticles have been used as contrast agents for X-rays,
for instance, increasing the radiopacity of bone cement [6],
hydrogel compounds [7], etc. Ta, compared to titanium, has a
higher density of living cells on the surface; its adhesion and
cell growth promote the formation of an extracellular matrix
[8], with 80% occupancy of new bone in pores [9]. Furthermore,
Ta has proved to be bioactive and biocompatible, able to form
apatite on its surface upon immersion in simulated body fluid
[10].

For its part, TayOs is part of the refractory metal oxides,
which, when combined with other oxides, can form glass.
Mendoca et al. [11] employed Ta-doped bioglass to improve
clotting time in hemostatic clips; TapOs powder has also been
deposited on gauze to prevent bacterial infections and accel-
erate blood clotting [12].

Scaffolds are temporary, biodegradable, and biocompatible
three-dimensional structures to which cells can adhere and
differentiate to create new bone tissue. When manufacturing
them, the technique that allows controlling the topography

and roughness of the surface, as well as the size and intercon-
nection of the pores, must be considered to enable migration
and adhesion on the surface [13]. Scaffolds have been designed
from biopolymers such as alginate, collagen, and chitosan [14]
and bioceramics such as calcium phosphate, hydroxyapatite,
and bioglass [15]. Several authors have incorporated metal
ions into the bioactive glass to functionalize scaffolds and
promote the differentiation of cells that stimulate the forma-
tion of bone tissue. Miguez-Pacheco et al. [16] incorporated Li
into the glass composition and fabricated scaffolds with 90%
interconnected porosity that enhanced osteoblast cell activity.
Li et al. [17] included Co by extrusion in 3D printed struc-
tures, with 40% interconnected porosity in 500 pm pores and
increased osteogenic and angiogenic activity. Also, Zhao et al.
[18] used the hydrothermal method to fabricate bioceramic
scaffolds doped with Sr with 80% porosity, which delayed the
bone loss induced by osteoporosis. Du et al. [19] prepared cal-
cium silicate scaffolds doped with Mg and Mn, with a porosity
of 57%, that promoted osteogenic differentiation of the mes-
enchymal stroma of bone marrow.

In the present work, 45S5 bioglass was doped with tanta-
lum oxide at two different compositions, 0.1 and 0.5mol%,
to produce 3D scaffolds by the combined method of pow-
der technology and polymer foaming to evaluate its effect on
the physicochemical, microstructural, and mechanical prop-
erties that can affect their performance in future studies of
bioactivity in biological medium and biocompatibility with
osteoprogenitor cells. Although studies have already been car-
ried out on bioactive glasses and glass-ceramics with the
addition of different ions for therapeutic purposes, this is the
first time that the effect of Ta;Os on the microstructure of
bioglasses and bioglass scaffolds derived from 45S5 has been
studied.

Experimental

Glass network connectivity

The network connectivity (NC) of an inorganic glass, that is,
the number of bridging oxygens (BO) per tetrahedron [SiO4]*~,
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is a measure of the degree of crosslinking and connectivity
of the silica, and there is a supporting equation for predict-
ing glass properties from composition, including bioactivity.
The NC of bioglass formulations in this work were calculated
using Eq. (1), considering SiO; and P,0s as network formers,
CaO and Na,O as modifiers, and Ta,Os as an intermediate.
Intermediate oxides are network former (NC!) or modifiers
(NC2) [1].

(BO — NBO)

NC=2 1
C + G (2)

BO =number of bridging oxygens per network-forming ion.

NBO=number of non-bridging oxygens per network-
modifier ion.

G=number of glass-forming units.

Bioactive glass preparation

Glasses were made by the conventional melt-quenching
technique from a mixture of high-purity oxide and carbon-
ate powders (SiOy, CaO, NayCOs3, P,0s, and TayOs, >98%,
Sigma-Aldrich); the powder was then placed in a fused sil-
ica crucible and heated at 900°C for 90 min; subsequently, it
was brought to 1350°C for 90min, in a Carbolite HTF 17/10
furnace. The molten mixture was quenched in water at room
temperature (RT) to obtain a frit, then dried in a Thermo
Scientific Lindberg Blue M vacuum oven for 24 h. Afterward,
it was pulverized in a Retsch RS200 vibratory disk mill and
sieved to a particle size of <63 um; finally, powder was fur-
ther ground in a planetary ball mill Restch PM400 at 200 RMP,
and the particle size and its distribution were determined
by a Horiba centrifugal automatic particle analyzer. The 45S5
bioglass undoped and doped with 0.1mol% and 0.5mol% of
TayOs were labeled as BGO, BG-0.1%Ta and BG-0.5%Ta, respec-
tively.

Scaffolds preparation

The combined method of powder technology and polymer
foaming was used to obtain the scaffolds, following the
methodology reported by Aguilar-Reyes et al. [20] First, the
glass powder was dry-mixed with a phenolic resin and a
foaming agent (p-toluene-sulfonyl hydrazide, TSH 97%) in
a ratio of 45:52:3wt.%, respectively, in a conventional ball
mill, the powder mixture was then placed into cylindrical
stainless-steel molds. The molds were placed in a muffle
for heat treatment; the resin was melted at 80°C to form
a suspension of TSH and glass particles; at 120°C, the TSH
decomposed, releasing gas, and expanding the suspension,
and the temperature was further increased to 200°C for the
complete decomposition of the TSH. Finally, at 500°C, the
resin was burned out, and at 900 °C, the microporous bioglass
structure was sintered for 1h. The scaffolds of 45S5 bioglass
undoped and doped with 0.1mol% and 0.5mol% of TayOs
were labeled as SBGO, SBG-0.1%Ta and SBG-0.5%Ta, respec-
tively.

Characterization

Bioactive glass powders

The quantitative analyses of the prepared bioglass formu-
lations were determined in a Rigaku WDXRF Primus II
sequential X-ray Fluorescence (XRF) spectrometer; tantalum
was analyzed in compressed powder using EZscan soft-
ware, prepared and validated by Rigaku, for comparison. The
glass powder densities were measured using the AccuPyc
1330 pycnometer. Values for reported density are the aver-
age of 5 measurements. The particle size was measured in
a Horiba centrifugal automatic particle analyzer CAPA-300.
The Barret-Emmett-Teller (BET) method was used to calculate
the specific surface area (Sger) in a Horiba Scientific SA-9600
series surface area analyzer. X-ray diffraction (XRD) patterns
were recorded using a Bruker D8 Advance diffractometer using
Cu-Ka radiation (»=1.5414) from 10 to 70° at a step size of
0.02°. A TA Instruments SDT Q600 simultaneous thermal ana-
lyzer was used to study the thermal behavior at a heating
rate of 20°C/min from RT to 1300°C and argon atmosphere,
using alumina crucibles. The Raman analysis was carried out
using Raman Luminicent microscope equipment, Rammics
M532, and an Olympus CX-41 microscope. Fourier Transform
infrared spectroscopy (FTIR) spectra were recorded using a
Bruker Tensor 27 FTIR spectrophotometer.

Scaffolds

The theoretical porosity and the surface area of scaffolds
were determined from the apparent density of the foams
(app), which was calculated from the mass and dimensions
of the scaffolds, the theoretical density of 45S5 bioactive glass
was taken as pgeo = 2.7 g/cm> [21]. Each reported value is an
average of 6 measurements. The percentage of shrinkage of
the scaffolds after heat treatment was calculated consider-
ing the volume before and after sintering. A Jeol-JSM 7600F
field emission scanning electron microscope (SEM) was used
to analyze the microstructure and porosity of the scaffolds.
A copper coating was deposited on the sample’s surface to
improve the electrons’ scattering. The pore size and pore size
distribution in pure and Ta;Os-doped scaffolds (Feret diam-
eter) were evaluated with the Nano measurer 1.2 software
from micrographs taken at 100x. XRD analyses in the pulver-
ized sintered scaffolds were used to determine the crystalline
phases, and the measurements were carried out in the 26
range 10-80° with increments 0f 0.02° at 0.6 s per step. The FTIR
analyses were conducted to determine the vibration modes
of the functional groups in the pulverized sintered scaffolds
that were diluted in KBr before the spectrum recording. More
detailed microstructural characterization of sintered scaffolds
was obtained by transmission electron microscopy (TEM) (Jeol
TEMJEM2010 FEG). Interplanar distances were calculated from
the FFT patterns to identify the crystalline phases present
in the sample. A Lloyd Instruments EZ Series EZ50 universal
materials testing machine was used to measure the uncon-
fined compressive strength of the scaffolds from cylindrical
specimens of approximately 23mm in height by 15mm in
diameter, with a 5 KN preload cell. The crosshead speed was
100 mm/min. The compressive strength was defined as the
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Table 1 - Nomenclature, composition in mol% (wt.%), and network connectivity values of glassy systems.

Nomenclature Si0, Ca0 Na,0 P,0s Ta, 05 NC? NC?
BGO 46.1 (45) 26.9 (24.5) 24.4 (24.5) 2.6 (6.0) _ 1.90 1.90
BG-0.1%Ta 46 (44.6) 26.9 (24.3) 24.4 (24.4) 2.6 (6.0) 0.1(0.7) 1.90 1.89
BG-0.5%Ta 456 (43.1) 26.9 (23.8) 24.4 (23.8) 26(5.8) 0.5 (3.5) 1.90 1.86

maximum on the stress-strain curves, reporting the average
compressive strength of six specimens for each glass formu-
lation.

Results and discussion
Determination of glass network connectivity

The NC provides the degree of crosslinking of the glass and,
in turn, estimates whether the formulation can promote the
bioactivity of glass in the body. Tilocca et al. [22] reported that
in the glass formation process, P,Os in amounts of 2-5mol%
forms PO4 groups that are incorporated into the glass net-
work, giving rise to Si—O—P or P—O bonds, which are isolated
as orthophosphates, and act as glass formers in the Si lattice.
For this reason, in the bioglass formulations, P,Os was con-
sidered a network-former, and Ta,Os was considered both a
network-former and a modifier.

The calculated NCs are shown in Table 1; values of 1.90
were calculated for all compositions in which Ta;0s is con-
sidered as a former in the SiO, network (NC!); in contrast,
the values are reduced as the percentage of tantalum oxide
increases if it is regarded as a modifier of the network (NC?).
If TayOs acts as a modifier of the SiO, network, the probability
of rapid dissolution when immersed in SBF increases. Glasses
with NC greater than 2.4 are not likely to be bioactive since the
energy barrier for crystallization is more significant due to the
stabilizing effect of the crosslinking of the silicate chains [1].
It should be noted that glasses with NC values greater than
2.4 slow down new bone formation, increasing tissue regen-
eration time. In contrast, glasses with NC values less than
1.8 increase the material’s solubility and could fragment the
scaffold structure. De Siqueira et al. [23] concluded, based on
the cell viability results, that Nb behaves as a network modifier
when the composition is 1.2 mol% with an NC=1.77, observ-
ing more significant proliferation of the MG63 cell line; on the
other hand, it acts as a network former at concentrations of
2.5mol% with an NC=2.34, reducing the viability of the lin-
eage. With the results obtained from NG, it is expected that the
degradability and biological response of the material will allow
tissue regeneration in the different bioglass formulations.

Bioactive glass characterization

The chemical composition of the different bioactive glass for-
mulations determined by XRF is very close to those stated by
stoichiometry, with a slight increase in the SiO; content; this
increase is due to the minor dissolution of the fused silica cru-
cible used to melt the mixture of oxides. The Ta;Os content
was 0.73 and 3.18 wt.%, corresponding to 0.1 and 0.5mol% of
TayOs added to the formulations. The presence of other oxides

as impurities, such as MgO, K,0, Al,03, Fe;03, TiOy, and MnO,
was also detected by XRF and equivalent to 2.3-2.6 wt.%.

The density, particle size, and specific surface area of each
bioglass formulation are reported in Table 2. Itis noted that the
density of BGO (2.7117 g/cm?) agreed well with that reported by
Sepulveda et al. [21] and O’Donnell et al. [24], and it is greater
than those of the formulations containing Ta;Os. As the molar
proportion of Ta;Os increases, the density decreases, with BG-
0.5%Ta being the formulation with the lowest density. Also,
it can be observed that there is a greater surface area in the
BG-0.5%Ta formulation with 0.5649 m?/g, which agrees with
the results obtained in the particle size analysis since this
formulation has the smallest particle size compared to the
other formulations and consequently higher surface reactiv-
ity, which would promote the growth of hydroxyapatite on the
surface [25].

The differential scanning calorimetry (DSC) curves with
the thermal events recorded for the formulated glasses are
shown in Fig. 1. The glass transition temperatures (T,) were
found to be 562.7°C, 562.9°C and 566.3°C for BGO, BG-0.1%Ta
and BG-0.5%Ta samples, respectively, which increases as the
TayOs content increases. Various authors have reported that
the incorporation of transition metals, such as Ta, in glasses
increases Tg; this incorporation process requires higher tem-
peratures to relax the glass structure, which is associated with
the presence of ionic bonds of Ta—O in orthorhombic form
that cross the network; since they are stronger than Si—O0—Si
or P—O—P bonds and thus facilitates the incorporation of the
transition metal oxide into the glass network [26]. The silicon
(Si**) can generate four binding sites while tantalum (Ta*)
generates 5, so it is considered a crosslinking site in the lat-
tice, which reduces the mobility of the glass chains. Since
the net relaxation temperature is influenced by the bonding
of the atoms, the greater the amount of tantalum oxide, the
more energy is required to relax the lattice chains. After the
glass transition, the crystallization temperature (T¢) is found,
where BG-0.1%Ta shows a higher exothermic peak of 783.3°C
concerning BGO where crystallization occurs at 778.7°C due
to the increase in the amount of energy that requires the for-
mulation to order the crystalline phases. In comparison, in
BG-0.5%Ta, the exothermic event occurs at 775.9°C, so the T
of the material is reached more quickly than in the other for-
mulations. Finally, the melting temperature (Ty) is presented
at 1176°C, 1193°C and 1171.6°C for BGO, BG-0.1%Ta, and BG-
0.5%Ta, respectively; this last endothermic reaction indicates
the slow melting of some glass elements present in BG-0.1%Ta,
which may reveal the presence of a more complex crystalline
structure of the material concerning the BGO and that in the
BG-0.5%Ta formulation.

Some authors have analyzed the crystallization of bio-
glasses since this influences the mechanical properties of the
scaffolds, and, in turn, there are crystalline phases that could
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Table 2 - Density, particle size and specific surface area for the glass powders.

Sample Density (g/cm?) Particle size (um) Sger (M2/g)
BGO 2.7117 £+ 0.0012 3.51 +£ 0.94 0.4052
BG-0.1%Ta 2.6614 £ 0.0013 3.25 £ 0.82 0.4099
BG-0.5%Ta 2.6463 £ 0.0009 2.87 £ 0.97 0.5649

DSC (mW/mg)

| (@)

400 600

T
800

Temp (°C)

Fig. 1 - DSC curves for the glassy systems: (a) BGO, (b) BG-0.1%Ta, and (c) BG-0.5%Ta.

Table 3 - Characteristic temperatures and AT, Ky and Kw values estimated for (46 — x) Si0,-26.9

Ca0-24.4Na;0-2.6P,05—xTa,0s5 (x=0, 0.1, 0.5 mol%) glassy systems.

Bioglass T, (°C) T (°C) T (°C) Tm (°C) AT (°C) Kn Kw

BGO 562.7 620 778.7 1176 57.3 0.144 0.049
BG-0.1%Ta 562.9 656 783.3 1193 93.1 0.227 0.078
BG-0.5%Ta 566.3 626 775.9 1171.6 59.7 0.151 0.051

be detrimental to the bioactivity of the material [27,28]. For
this reason, the thermal behavior of powdered glasses was
analyzed to predict the crystalline phases, the glass stability,
and the change in the T, of the compositions and to predict its
effect on the bioactivity of the scaffold. Table 3 summarizes the
characteristic glass temperatures such as Ty, onset crystalliza-
tion temperature (Tx), maximum of the T, and Ty,. Based on
the results obtained, the thermal stability and glass-forming
ability of the glasses under study were evaluated using vari-
ous thermal stability criteria (Dietzel factor, Hruby parameter,
and Weinberg parameter) [26,28].
Dietzel factor:

AT =Ty T,

Hruby parameter:

T — Ty

K P
H= T —T.

Weinberg parameter:

Ta— Ty
Tm

Kw = (4)

The results obtained from the thermal analysis are influ-
enced by the presence of Ta;Os and the non-bridging oxygens
(NBO) present in the glass network; on the other hand, the
AT of glasses should not exceed 100°C since glasses with
higher values present a compact structure, which might slow
down the bioactivity of the material in a biological environ-
ment. Table 3 shows that the AT values of glassy systems are
less than 100°C, so they are considered feasible for bioactivity
analysis. The Ky obtained is less than 0.5, which suggests that
glasses have good thermal stability and present crystalliza-
tion and nucleation processes [27]. The Ky indicates that the
BG-0.1%Ta devitrification occurs more slowly than the other
formulations [28].

To better understand the thermal behavior observed in
DSC, Raman analysis was performed to determine the anionic
structure and dynamics of the formulations. Fig. 2 depicts a
comparison of Raman spectra for the glassy systems; the pre-
dominant bands in the three spectra are located: the band at
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Intensity (a.u.)

Si-O;NBO(S) ' '
Sl;O-Sl(S)

(c)

(@)

T
600

T
700

T T T 1
800 900 1000 1100

Raman Shift (cm™)

Fig. 2 - Raman spectra of glassy systems, (a) BGO, (b) BG-0.1%Ta and (c) BG-0.5%Ta.

438 cm~! corresponds to wy (>5 rings linking the glass tetrahe-
dron structure), at 494 cm~! §; (4-membered rings) is detected,
and both bands at 530cm~! and 610 cm~! correspond to 8, (3-
membered rings) which are attributed to the equilibrium of BO
bonds in structural units containing NBO and Si—O—Si bonds
in rings of silanol units [29]; the band at 945cm™? is associ-
ated with the metasilicate unit [SipOg]*~ of the 5;Q? species
in the vitreous structure, where the tetrahedron of the sil-
icon structure is shared (Si—NBO) [29,30]; and the band at
1066 cm~?! corresponds to the asymmetric stretching of the BO
in all Q species. It should be noted that as the amount of Ta;0s
increases, thereis a slight band shift, and its intensity weakens
since its incorporation influences the arrangement of P in the
glass lattice [31]. With the incorporation of Ta,Os, an 825 cm !
band weakens in intensity as the amount of dopant increases.
It is suggested that the incorporation of Ta,Os breaks the sil-
icate chains and modifies the reticular structure into a new
one of orthorhombic Ta—O chains that share its vertices; this,
in turn, influences the increase in T, and Ty, in BG-0.1%Ta
to reduce the mobility of the chains; this behavior has been
reported for phosphosilicates, borosilicates, and other glasses
with alkaline and alkaline earth oxides [31]. The band that is
observed at 993 cm~? expressed only in the formulations with
Ta,Os but decreased in BG-0.5%Ta indicating the entry of tan-
talum as a network former between silicon and phosphorus
since the latter is expressed at 430cm~! POs3(s), 946cm™?
PO, ~3(st) and 1030 cm~1 PO4~3(as) [31], forming the crystalline
structure with lower energy.

The diffraction pattern for the formulated glass powders
doped with TayOs presented in Fig. 3(a) confirmed their amor-
phous nature, with no crystalline phases present during glass
formation. The resultindicates that the incorporation of Ta;Os
did not cause any changes in the glass since only the amor-
phous halo in the range from 20 to 40° is observed.

The amount and type of crystalline phases obtained from
the glassy systems are essential since they set the parameters

for using glasses and/or glass ceramics. From the diffrac-
togram of Fig. 3(b)—(d), the main crystalline phases present
in all three glassy systems are combeite (NagCas3SigO1g) ICDD
98-002-1442 with a hexagonal crystalline structure and a
secondary crystalline phase similar to apatite, known as sil-
icorhenanite (Na;Ca4(PO4),5i04) ICDD 032-1053 [26], which
agrees well with the glass formulations since they are rep-
resentative structures of silicates and phosphates vitreous
network. Lefebvre et al. [30] pointed out that the orthophos-
phate ions in the glasses contribute to the crystallization
of the silicorhenanite, while the diphosphate ions remain
in the glass. On the other hand, in the formulations BG-
0.1%Ta and BG-0.5%Ta, in addition to the crystalline phases
of combeite and silicorhenanite, sodium tantalum phosphate
(NaTa(PO4),) JCPDS 038-0204 was detected. In the Raman spec-
tra, it is inferred that the vibrations at 825 and 974cm~1! are
due to Ta—O bonds; these bands are more pronounced in BG-
0.1%Ta, but the XRD reflections of sodium tantalum phosphate
increase in intensity in BG-0.5%Ta due to the increase in the
molar concentration of the glass formulation; the reduction in
intensity of the silicorhenanite phase is associated with the
extraction of phosphorous and sodium ions by the tantalum
to crystallize into sodium tantalum phosphate. The formation
of crystals of silicorhenanite and sodium tantalum phosphate
increased the energy requirements verified with the AT, and
in turn, an increase in both the T. and Ty, expressed by the
Ky consistent with the nucleation and formation of new crys-
talline phases in the BG-0.1%Ta.

FTIR can detect and quantify local changes in the structural
symmetry of glass. Fig. 4(a)-(c) presents the FTIR transmission
spectra; the stretchingbands at495 cm~! and bend at 788 cm ™!
are associated with the Si—0—Si bending of silicate [SiO4]?~
group [32], silicate that is related to the BO units in silanol
units as seen in Raman; the reflection at 924cm™! is identi-
fied as Si—NBO [33], it is observed in all glass formulations
as well as the vibration in Raman at 945 cm~? associated with
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Fig. 3 - XRD diffractograms of bioglass powders heat-treated at 900 °C for 1h, (a) BGO, (b) BG-0.1%Ta and (c) BG-0.5%Ta.
Sintered bioglass scaffolds, (d) SBGO, (€) SBG-0.1%Ta and (f) SBG-0.5%Ta.
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Fig. 4 - FTIR spectra for the glassy systems: (a) BGO, (b) BG-0.1%Ta, and (c) BG-0.5%Ta. Sintered bioglass scaffolds, (d) SBGO,

(¢) SBG-0.1%Ta and (f) SBG-0.5%Ta.

NBO units present in all formulations, and the 1041 cm~?! band
represents the stretching Si—O—Si and which in turn overlaps
with the asymmetric stretching PO4~3 [34]; the asymmetric
stretching band at 1454 cm ™! is related to the non-hydrolyzed
species retained by the bases [29]. When Ta;0s was incor-
porated, the main differences in the spectra were found in
the PO, 3 bend detected at 584cm™?, at 625cm~1 Si—0—Si
87 (3-membered rings), and in turn, the amplitude in the

924cm~! mode up to 800cm™?!, which correspond to vibra-
tion Si—NBO [34] that is associated with the incorporation
of tantalum as part of the structure where it shares bonds
with phosphorus to form sodium tantalum phosphate phase
and consequently modifying the silicon lattice. The formation
energy of the oxide of Ta is higher than that of Si; there-
fore, the Ta—Si reactivity is more likely than the Si—Si reaction
[35].
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Scaffold characterization

The results obtained for the physical properties are presented
in Table 4; from these data, it is observed that the higher the
tantalum oxide content, the lower the density and the higher
the porosity and the surface area. The influence of incorpo-
rating TayOs in the glass formulation was analyzed in the
previous section, as this could modify the properties of the
scaffold. As mentioned, the material’s interconnectivity and
porosity are essential for cell migration and adhesion without
sacrificing its physical properties. It has been observed that
the % shrinkage and the surface area are affected by heat
treatments and the compressive strength, which decreases
proportionally with the increase in the material’s porosity.

The scaffolds’ shrinkage percentage was determined since
it directly influences the material’s porosity and compressive
strength. Table 4 also shows the shrinkage results for the
scaffolds after heat treatment, highlighting the SBG-0.5%Ta
formulation scaffolds that had 36.53% shrinkage, being the
lowest shrinkage of the three formulations; in the second step
of the scaffold fabrication, the resin is pyrolyzed, and the
structure of the scaffold is fragile since it is supported only
by the bioglass particles which in turn during sintering densi-
fied due to the exposure of the particles to high temperatures
with the formation of necks and contraction of the material,
reducing the axial dimensions of the structure and decreasing
porosity. Regarding the density values, the BG-0.5%Ta powder
density was 2.6463 g/cm?, being the least dense and there-
fore the one that exhibited the most negligible contraction
that agrees well with the 84.24% porosity presented in Table 4,
which also is the highest porosity value compared to the other
compositions; added to this, it had the highest surface area
of 17.431cm?, considering that the surface area influences
aspects such as the kinetics of the reactions. In this case, it is
related to the available surface of the scaffold for cell adhesion.

The microporosity of the scaffolds was studied by SEM, and
the micrographs are observed in Fig. 5. In the SBGO, Fig. 5(a),
it can be observed that both walls and struts have a rough
surface, which would enable the adhesion of cells; a micro-
graph at higher magnification of 350x, Fig. 5(d), shows an
interconnected porosity with microporosity of the walls. The
SBG-0.1%Ta is observed in Fig. 5(b), and it is an evident lower
porosity with crystals on the walls of the scaffold; however, in
Fig. 5(e), it is shown that pores are interconnected, which can
allow filtration of biological fluids into the material. Fig. 5(c)
shows the surface of the SBG-0.5%Ta; there are pores of vari-
ous sizes with rough surfaces, and the interconnectivity can be
better observed at higher magnification in Fig. 5(f). Allundoped
and doped scaffolds are expected to provide the ideal mor-
phology for adhesion and cell proliferation on the surface and
inside the material.

The samples’ pore size and pore size distribution were
evaluated from the SEM images taken for the undoped and
doped 45S5 bioglass scaffolds at 100x and with the assis-
tance of the Nano measurer 1.2 software. SBGO had pore
size distribution within the range of 30-218 pm, average pore
size of 77.6 £13.86 pm (Feret), with 38% repeatability; on the
other hand, the SBG-0.1%Ta presented pore size distribution in
the range of 21-177 um, average pore size of 57.11+11.44 um

(Feret) with 33% repeatability; finally, in the SBG-0.5%Ta, pore
size distribution were estimated in the range of 19-260 um,
average pore size of 78.06 £9.71 Feret um) and 37% repeata-
bility. Cell penetration is possible since the osteoblasts are
approximately 20-30 um in size [18] in scaffolds with a pore
size of 100 um [36]. As it is known, the particle size of glass
powders (3.51-2.87 wm) is inversely proportional to the surface
reactivity of the precursor (0.4052-0.5649 m?/g) and, in turn,
is directly proportional to the density (2.7117-2.6463 g/cm?3)
so, during foaming, the formulation with higher Ta content
presents more significant expansion due to the lower den-
sity of the precursors and a better contact area and when
the material is consolidated the porosity is more open. It can
be added that Liang et al. [37] analyzed the impact of parti-
cle size on scaffold formation and demonstrated that smaller
particles exhibit more efficient packing with better pore size
distribution. They emphasize that microporosity is controlled
by the particle size and the processing of the material; as for
nanopores, the conversion reaction governs their formation.
The size of the pores of the three scaffold formulations will
allow the exchange of body fluid within the structure and
cell migration so that adhesion and cell proliferation may be
achieved along with the formation of new bone.

Fig. 3(e)—(g) presents the XRD analysis performed on doped
and undoped 45S5 bioglass scaffolds after sintering. The
primary crystalline phase, combeite (NagCasSig O1g) ICDD
98-002-1442 and silicorhenanite (NayCas(PO4),Si04) were
identified, which agree with the results of the different heat-
treated glass powders. Several authors report NagCasSigO1g
[33,34], NayCa;Si3Oq [35], and NayCaSiyOp [25,38] as the main
crystalline phases in bioglass scaffolds, which are isostruc-
tures that change depending on the temperature at which
they are treated and the size of the glass particle; being
Na,Ca;SizOg the crystalline phase that predominates in treat-
ments above 900°C [26,39]. The reflections of this phase
decreased in intensity as the amount of Ta;Os increased. How-
ever, in scaffolds with Ta,0s, the presence of peaks at 18.35°,
23.83°, 35.55°, 46.65° and 57.99° is observed, which are associ-
ated with the sodium tantalum phosphate phase (NaTa(PO4)2)
JCPDS 038-0204. The same crystalline phases were found in the
heat-treated glassy powder systems. The size of the crystal-
lites for the highest intensity peak (26 ~ 33°) was calculated
from the Scherrer equation, D = Ki/Bcos6, where K is the
Scherrer constant, A is the wavelength of the X-ray, 8 is the
full width at half maximum (FWHM) of the peak and 6 is the
Bragg angle. From the diffractograms in Fig. 3(e)-(g), the appar-
ent size of the combeite crystals was determined to be 14.86,
14.37 and 13.79 (SBGO, SBG-0.1%Ta and SBG-0.5%Ta, respec-
tively), a shift in the amplitude of the peak from 33.45°-33.99°
(SBGO) to 33.43°-33.91°(SBG-0.5%Ta), is interpreted as a reduc-
tion in the size of the combeite crystal, Si and O rich phase,
with the growth of silicorhenanite and sodium tantalum phos-
phate crystals, which are P rich phases; therefore, the particle
or grain that is made up of one or more crystallites may have a
greater surface area, as observed in Table 2, as the molar con-
centration of tantalum in the bioglass formulation increases.

The FTIR spectra for sintered scaffolds are shown in
Fig. 4(d)~(f), where the change in vibration mode at 451 cm~?
associated with silicates [SiO4]>~ w1 (>5 membered rings) is
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Table 4 - Physical and mechanical properties for undoped and doped 45S5 bioglass sintered scaffolds.

Sample Papp. (g/cm?) Porosity (%) SA (cm?/g) Shrinkage (%) Compressive E (GPa)
strength
(MPa)
SBGO 0.687 + 0.041 74.890 + 1.525 14.415 £ 0.273 50.04 1.40 £ 0.07 0.47 +0.19
SBG-0.1%Ta 0.544 + 0.067 79.838 + 2.489 16.101 + 0.669 42.31 0.53 +£ 0.27 0.18 + 0.07
SBG-0.5%Ta 0.425 + 0.027 84.242 + 1.012 17.431 + 0.846 36.53 0.42 + 0.10 0.19 £ 0.16

SA =apparent surface area.

SBGO
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xXouw
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Fig. 5 - SEM images of the porous structure of undoped and doped bioglass scaffolds.

observed [32]; the bend at 530cm~! is associated with PO 3,
while 578 and 624 cm~! with §; and 8, respectively of Si—0—Si
network, overlap the P—O link [32], due to the interaction
of P,0s, as a BO former in the silicon network when crys-
tallization occurs [29], which in turn, it can be seen with
the silicorhenanite phase observed in the diffractogram, it is
known that within the silicon network a silicon ion shares
a bond with 4 silicon or phosphorus ions, for its part the
phosphorus only shares 3 bridge bonds, since an oxygen ions
shares a double bond with the phosphorus (P=0). This ion
functions as NBO in the formation of polymerized anions. Still,
it can be linked to cations in the network to form M—0O—PO3
bonds (M: Ca, K, Na, and Ta), which are developed in the
scaffold manufacturing process during sintering; the 730 cm~?
band is identified as the Si—O—Si bending [34,38]; the vibra-
tion at 913cm™! is identified as Si—NBO [33,38], since the
introduction of modifiers into the glass network can break
Si—0—Si, Si—O—P, and P—O—P bonds, leading to depolymer-
ization of the network with the detection of NBO’s such as
Si—0 and P—O [26] and the band at 1036 cm ™ representative of
the asymmetric extension Si—O—Si is observed [32]. The same
band was observed in the as-melt-quenched glass, but with
more significant bending and with a displacement of less than
20cm™1; this is due to the better interaction of the network-
forming bridges after the heat treatment, which was already
reported by Bretcanu et al. [40], subjecting glasses to low heat-
ing rates for prolonged times promotes crystallization. Note
that after 800cm~! and 500cm~1, there is a widening in the
bands associated with Si—-NBO and P—O, respectively, as the

molar concentration of Ta,Os increases; this is attributed to
the presence of the crystalline phase sodium tantalum phos-
phate and tantalum acting as a network modifier, reducing the
crystallinity of the glass but, in turn, favoring the bioactivity
of the material.

Fig. 6 shows HRTEM images for pulverized SBG-0.5%Ta
sample. It can be observed that the three crystalline phases
identified are in agreement with the XRD results; in Fig. 6(a),
the combeite crystals, d=2.53248 plane (015), are displayed
with a shorter interplanar distance with respect to the sil-
icorhenanite crystalline phases, Fig. 6(b), d=2.812 plane (031),
and the NaTa(PO4), phase, Fig. 6(c), d=2.6100; as identified
in the diffractograms when incorporating Ta;Os. The EDS
analyses determined that the ratio Ca/Si=0.713 is consistent
with the values of the combeite crystals. Likewise the ratio
Ca/Si=5.710 corresponds to the silicorhenanite crystals, as
well as the ratio Na/Ta=0.127 for NaTa(POy), crystals [41].

Mechanical characterization

Table 4 shows the average compressive strength of bioglass
scaffolds without doping, and the scaffolds doped; it was
determined that for the doped scaffolds there was a decrease
in the compressive strength being more noticeable in SBG-
0.5% Ta with a value of up to 0.42MPa, which is consistent
given the increase in porosity of the scaffolds, which is
estimated at 84.24%. Meanwhile, the SBG-0.1% Ta had a com-
pressive strength of 0.53MPa. The E evaluates the increase
in the deformation of the material concerning the tension
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Fig. 6 - TEM micrographs of the pulverized SBG-0.5%Ta, the
selected area for the FFT pattern (insert) is shown, and the
three crystalline phases identified were (a) combeite
(NagCasSig O13), (b) silicorhenanite (NayCas(P0O4)2Si04), and
(c) sodium tantalum phosphate NaTa(PO4),.

applied to the material. Trabecular or cancellous bone has a
compressive strength that varies between 2 and 12 MPa and an
E between 0.5 and 5 GPa [42]. Compressive strength and E are
close to the lower limit for trabecular bone, and the scaffolds
are intended to be used as temporary bone grafts to favor cell
adhesion and proliferation and promote the formation of new
bone matrix.

The values obtained in this study are representatively
higher in terms of porosity and pore size ranges; however,
their compressive strength values are low compared to those
obtained by other synthesis routes (with lower porosity), but
like those scaffolds obtained by sol-gel/template, freeze dry-
ing, solvent casting, and replica techniques. Du et al. [19]
improved the porosity of silica-based scaffolds by doping with
Mg and Mn since the incorporation of these ions modified
the structure of the Si—O—Si network, forming new crys-
talline phases of magnesium and manganese silicates, which
in turn changed the microstructure of the pore walls and
consequently the compressive strength was reduced; also
demonstrated that the sintering temperature can densify the
scaffold walls and collapse the microporosity by shrinking the
material. For their part, Gerhardt et al. [43] produced scaffolds
by infiltration of poly(D,L lactide) (PDLLA) suspension with
micro and nanoparticles of bioglass (BG); it is worth mention-
ing that the scaffolds with a smaller particle size of infiltrated
BG did not improve the mechanical properties, but increased
the porosity up to 91%, this associated with the reduced inter-
facial bond between PDLLA and BG caused by the increase
in the specific surface area of the nanoparticles, limiting the
resistance of the material to low applied stresses. The sin-
tering temperature in powder technology plays a crucial role

since it increases the crystallinity of the material and its den-
sification, which can slow down the growth of hydroxyapatite
on the surface of the material and its dissolution. Further-
more, the micropores collapse during sintering, the material
shrinks, and the mechanical resistance increases [44]. The
shrinkage level of the structure increases with increasing sin-
tering temperature [25]. Doping the bioglass formulations with
TayOs produced a change in the microstructure and crystalline
morphology of the material by increasing the crystalline
phases, which led to lattice distortion by breaking silicon
and phosphorous network to form phosphorous crystalline
structures with tantalum, modifying the silicon network and
consequently decreasing the compressive strength of the scaf-
folds with the increase in the amount of doped Ta ions
[17,19].

Conclusions

TayOs-doped bioglass was successfully produced from melt-
quenching and pulverized to obtain particle sizes of
3.51-2.87 pm; the density of BGO (2.7117 g/cm?3) decreased
(2.6463 g/cm?®) with the integration of TayOs. BG-0.1%Ta had
the highest estimated values for AT, Ky, and Kw. The higher
the Ky value, the greater the thermal stability and thus glass
forming ability, that is, higher resistance of the glass to devit-
rification at heating, increasing T.. In contrast, the T in
BG-0.5%Ta was reduced by the presence of NBO due to Ta;0s
addition. For all formulations, AT <100°C, so glasses exhib-
ited open structures that favor bioactivity. By Raman and
FTIR spectroscopies, 5;Q? species generated by NBO and P-
O vibrations were identified, modifying the crystalline lattice
of silicon in BG-0.1%Ta and BG-0.5%Ta, which in turn, devel-
oped the sodium tantalum phosphate phase that reduced
the size of the combeite crystals present in all formulations
while increasing the specific surface area to 0.5649m?/g in
BG-0.5%Ta. These characteristics improve the physical prop-
erties of the doped glasses; with this, the pore size of scaffolds
expanded to 19-260 pm, with an average of 78.05+9.71um
(Feret), and the porosity increased to 84% in SBG-0.5%Ta.
The reduction in density led to the formation of microporos-
ity in the walls of the scaffolds. The reactivity and density
of the doped glasses and the sintering temperature during
the scaffold manufacturing process reduced the compres-
sion resistance in proportion to that of undoped scaffolds.
However, compression resistance values are close to that of
trabecular bone and favor their use as temporary implants
for bone tissue regeneration. It is proposed as future work
to analyze the effect of doping on the bioactivity of the
scaffolds, and subsequently carry out in vitro and in vivo
tests.
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