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a  b s  t r a  c t

Scaffolds have proven to be an excellent option for the regeneration of bone tissues; since

they  present excellent results of architecture, composition, and functionality. Therefore,

scaffolds can be used as implants to repair bones and show guided regeneration, allowing

complete restructuring of damaged tissue, as well as  allowing the site where the implant

is  located to have functionality. In the  present investigation, three different beta-phase tri-

calcium phosphate/zirconia-reinforced phosphate-based bioactive glass compositions were

evaluated: V1, VZ0.5, and VZ1.0 (0, 0.5, and 1 mol%). All scaffolds showed excellent bioac-

tivity and osteoconductivity results. They were forming HA  crystalline aggregates with the

typical cauliflower morphology in vitro studies in simulated body fluid and with human

osteoblasts (MG-63).

On the  other hand, cell proliferation analyzed using the BrdU assay and apoptosis using

Annexin V. As well as  the  viability (MTT assay) and adhesion (RT-PCR of beta 3 integrin) of

osteoblasts at day 14. Zirconia had a  significant positive effect on cell proliferation as well as

in the cell adhesion, with a  substantial proliferation for the scaffold with VZ1.0 composition.

Due  to the  zirconia modifies the  scaffold surface, allowing greater cell adhesion, an essential

step  for cell proliferation to take place.

© 2020 SECV. Published by Elsevier España, S.L.U. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fabricación,  caracterización  y evaluación  in  vitro  de andamios  de
�-TCP/ZrO2-vidrio  bioactivo  a base de fosfato  para  la reparación  ósea

Palabras clave:

Fosfato de calcio

Vidrio bioactivo

Andamio

Zirconia

Hidroxiapatita

r  e s u m  e n

Los  andamios han mostrado ser una excelente opción para la regeneración de los tejidos

óseos, ya que presentan excelentes resultados de arquitectura, composición y funcionali-

dad.  Por lo tanto, los andamios pueden ser empleados como implantes para reparar huesos

y  mostrar regeneración guiada, permitiendo la  reestructuración completa del tejido dañado,

así  como permiten que el sitio en donde se  encuentra el implante tenga funcionalidad. En la

presente investigación, se evaluaron tres diferentes composiciones de  fosfato tricálcico fase

beta/vidrio bioactivo base fosfato reforzado con zirconia: V1, VZ0.5, y  VZ1.0 (0,  0,5 y  1 mol%).

Todos los andamios mostraron excelentes resultados de bioactividad y de  osteoconductivi-

dad.  Se observó la formación de agregados cristalinos de la fase HA con la típica morfología

coliflor en los estudios in vitro de los andamios sumergidos en fluido corporal simulado y  con

osteoblastos humanos (MG-63). Por otro lado, se analizó la proliferación celular mediante

ensayo de  BrdU, y  apoptosis mediante anexina V. Así como la viabilidad (ensayo de  MTT)

y  la adhesión (RT-PCR de integrina beta 3) de los osteoblastos al día 14. La zirconia tuvo

un  efecto positivo significativo en la proliferación celular, así como en la adhesión celular

para  el andamio con la composición VZ1.0, debido a  que la zirconia modificó la superficie

del andamio, permitiendo una mayor adhesión celular, paso importante para que se pueda

llevar  a cabo la proliferación celular.

© 2020 SECV. Publicado por Elsevier España, S.L.U. Este es un artı́culo Open Access bajo

la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Scaffolds have suitable characteristics to be used in tissue
engineering to repair and restore bone tissue. One of the
most important is interconnected porosity that is  essential
for cell nutrition, cell proliferation, and the migration of bone
cells through the scaffolds [1–3]. Other important scaffold
properties are biocompatibility, osteoconductivity, controlled
degradation, mechanical properties, and formability [4–7].
Materials with a composition close to  that of natural bone,
such as hydroxyapatite (HA) and tricalcium phosphate (TCP),
especially the beta phase (�-TCP), possess those characteris-
tics [8], but its low level of mechanical properties and high
solubility have limited �-TCP use in medical applications
[9]. On the other hand, phosphate-based bioactive glasses
have showed a  favorable response in biological environments
because they are free of silica, resulting in  better biocompati-
bility in biological tissues [10,11].  Furthermore, the addition
of metal oxides, such as  MgO,  TiO2, ZrO2,  Al2O3,  and Li2O,
into glass composition can enhance their physicochemical
properties of  osteoconductivity and compressive strength and
reduce degradation activity [12,13].  The mechanical properties
and bioactivity of bioglasses have been favorably influenced
by the addition of ZrO2, due to its capacity to decrease their
solubility [14]. The combination of calcium phosphates (HA
and TCP) and bioactive glasses (silica- and phosphate-based
glasses) improved their biological properties and the compos-
ites showed a faster bioactive response than the use of bioglass
and HA, separately [15].  However, it  is  important to note that
dissolution depends on other factors, such as porosity, pore
shape, pore size, and pore interconnectivity in the samples
[16].

Five different scaffolds compositions were physically,
chemically, and structurally characterized in a previous inves-
tigation [17].  Where, V1, VZ0.5, and VZ1.0 were the best
three scaffolds composition, which showed pore size, porosity,
and mechanical properties adequate for bone tissue applica-
tions. The three compositions referred before are the samples
evaluated in vitro in  the present work, complementing the
information of the scaffolds in cell culture and in simulated
body fluid.

The main objective of our research was to evaluate
the in vitro  bioactivity and human osteoblast viability of
TCP/phosphate-based bioglass scaffolds containing 0, 0.5, and
1 mol.% of ZrO2.  The morphological and structural characteri-
zation of various compositions of doped scaffolds with varying
amounts of zirconia (0,  0.25, 0.5, 0.75, and 1.0 mol.%) were
reported in  a previous analysis [18],  and the samples whose
compositions contained 0.5 and 1.0 mol  % of zirconia had bet-
ter results in  terms of interconnected porosity, compressive
strength (0.6–1 MPa), porosity (51–53%), and pore size distribu-
tion (1.41–303 mm).

Materials  and  methods

Scaffold  fabrication

Phosphate-based bioglass with the  composition of
45P2O5–30CaO–(25–x) Na2O–xZrO2 was produced in the
laboratory by melt-quenching technique. It was doped with
ZrO2 IV (Sigma–Aldrich, 99%) in various amounts: 0, 0.5,
and 1.0 mol.%. The combined method of powder technology
and foaming of polymers was  used for scaffold fabrication
in this research [19].  The scaffolds were performed used
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�-tricalcium phosphate (Sigma–Aldrich, >95%) and bioglass.
Powders relation was 55 wt.% (80 wt.% of �-TCP/20 wt.% of
bioglass). The 45 wt.% powders remaining were distributed in
2.5 wt.% of p-toluene sulfonyl hydrazide (TSH) (foaming agent,
Sigma–Aldrich 97%) and 42.5 wt.% of phenolic resin (binder).
The mixture was homogenized on a conventional ball mill
for 30 min  and compressed into a  stainless-steel mold. The
thermal process was carried out in three stages: foaming,
pyrolysis, and sintering. During foaming, the binder was
melted and a  suspension of phosphate-based bioglass/�-TCP
particles was  produced. At this same stage, the foaming
agent also decomposed and released a gas  that expanded
the structure, which allowed the  formation of interconnected
porosity throughout the scaffold. At the second stage, the
burn-out of the polymer was performed at an intermediate
temperature (500 ◦C), and at the third stage, the  sintering of
the scaffold at 980 ◦C for 1 h provided mechanical strength by
the necking between particles.

Bioactivity  assays

In vitro bioactivity studies were conducted to examine the abil-
ity of the scaffolds to  form hydroxyapatite. SBF solution was
prepared in the laboratory, following the protocol proposed by
Kokubo et al. [20],  using polyethylene containers, high purity
chemical reagents from Sigma-Aldrich, and deionized water.
The SBF was  stored at 4 ◦C for 24 h to determine the presence of
precipitates. Each scaffold (V1, VZ0.5, and VZ1.0, the nomen-
clature used for scaffolds containing 0, 0.5, and 1 wt.% of ZrO2,
respectively) was  placed in  a conic vial  with 15 mL of SBF solu-
tion for varying immersion times: 7, 14, 21, and 28 days in
static conditions. The scaffolds were then washed with dis-
tilled water, dried in a furnace at 100 ◦C for 12 h, and kept in a
desiccator for further characterization. The variation of pH in
the SBF was  measured in all samples every three days, for 28
days, using a  pH-meter (Thermo Onion, USA Model-720A).

For the calculation of the SBF volume was necessary to con-
sider the porosity of the  scaffold. The radius of the scaffolds
was  5 mm and a  height of 20 mm. Therefore, the surface area
of each scaffold was 157.07 mm2, and the volume was calcu-
lated according to the  empirical equation: Vs =  Sa/10, where
denominator 10 allowed direct conversion of units from mm2

to  mL  [21]. The variable Vs corresponded to  the volume in mL
of the SBF solution. The Sa variable was the apparent surface
area of the specimen in mm2. The volume calculated obtained
in the previous equation was  15.70 ml.  However, the scaffolds
absorbed part of the SBF, decreasing the volume. Thus, it con-
sidered that the initially calculated volume was multiplied by
a factor of 1.28, allowing a better interaction of the SBF solu-
tion with the scaffolds, obtaining a  total volume of 20.09 ml
for each sample.

Mass  spectrometer  by  inductively  coupled  plasma

(ICP-MS)

The equipment used to carry out the analyzes of Inductively
coupled plasma mass spectrometry (ICP-MS) was  the Spectro
Analytical Instruments Aligent, model 7500c, a micromole of

SBF sample was  used as a control to analyze the amount in
ppm of Zr, in addition to of the elements Ca and P.

Cell culture

The MG-63 (ATCC CRL-142) osteoblasts cells were main-
tained in  growth medium �-MEM (Gibco, Thermo Fisher,
Massachusetts, MA, USA) with 10% Fetal Bovine Serum (Gibco,
Thermo Fisher) and 1% antibiotics. The cells were harvested
at confluence with trypsin/EDTA (Gibco, Thermo Fisher) and
transferred into cell culture flasks and maintained at 37 ◦C in
humidified atmosphere of 5% CO2 and 95% air.

The MG-63, ATCC CRL-142 osteoblasts cells (5X104 cell/well)
were cultured in  96-well plates (Costar, Thermo Fisher) for 14
days at 37 ◦C, 5% CO2 and 95% air. The cells were placed on the
scaffolding V1, VZ0.5, VZ1.0.

Cell  viability  assay

After incubation for 14 days, 100 �L of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT, 5.0 mg/mL) was
added to each well. After 4 h, the formazan product was dis-
solved in dimethyl sulphoxide and the  absorbance at 570 nm
was measured using a  microplate reader. Non-treated cells
were used as negative.

Apoptosis  analysis

Apoptotic cells were measures using Annexin V-FITC (475 nm)
Apoptosis Staining/Detection Kit according to the manufac-
turer’s instructions. Briefly, cells were washed once with PBS
1×,  and centrifugated at 13,000 rpm for 5 min. After that,
were washed once in 1× binding buffer and resuspended
in 1× staining buffer to 106–107 cells/ml. Then, 100 �l  (about
5  × 105 cells) were incubated with 10 ul de Annexin V- at room
temperature for 15  min  in  the  dark. Finally, annexin V stained
cells were analyzed with confocal microscopy as a  measure
of cell apoptosis. The staining of treated cell lines and exper-
iments were repeated three times.

Cell  proliferation  assay

The cells were incubated on glass coverslips in  a  Petri dish at
37 ◦C in a humidified atmosphere containing 5% CO2 with or
without 10 �M BrdU, for 20 min  or 1 h. After 10-min fixation
with 2% formaldehyde and permeabilization in 0.1% Triton
X-100 in PBS, the incorporated BrdU was revealed using flu-
orescence Anti-BrdU antibody, [BU1/75 (ICR1)].

Real-time  PCR

On day 14, cells cultured on V1, VZ0.5, VZ1.0 submitted to
total RNA extraction with Trizol reagent (Invitrogen) follow-
ing the manufacturer’s instructions. An equal amount of each
sample (1 �g) was  used for reverse transcription reaction (Kit
High Capacity, Invitrogen-Life Technologies). Real-time PCR
was performed in a  Step One Plus Real-Time PCR (Thermo
Fischer Scientific) with TaqMan® PCR Master Mix  (Applied
Biosystems, Foster City, CA, USA). The reactions were done
in triplicates (n = 3), using 5 �L  of TaqMan® Gene Expression
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Fig. 1 –  FESEM micrographs of the V1, VZ0.5, and VZ1.0 scaffolds before immersion and after 7 and 14 days of immersion in

SBF.

Master Mix, 0.5 �L of TaqMan® probes and 4.5 �L of cDNA
(11.25 ng). The relative integrin �3  gene expression in  was nor-
malized to �-actin expression and the changes were relative
to the expression of cells.

Fourier-transform  infrared  spectroscopy  Characterization

Infrared analyses were performed in a  Bruker Tensor 27  FTIR
Spectrometer to determine the functional groups present on
the scaffold, before and after immersion in SBF. For this pur-
pose, tablets of 1 mm in thickness and 1.3 cm in diameter were
prepared with 0.003 g of the sample and 0.3 g of KBr, and the
data were collected in a  range of 4000–400 cm−1.  The scaf-
folds were analyzed through X-ray diffraction to identify the
crystalline phases, before and after immersion in SBF, and
to confirm the formation of hydroxyapatite. The D8 Advance
Bruker X-ray Diffractometer was used with CuK� radiation
in the 2-theta range of 10–80◦ with 16 s/step. A  Field Emis-
sion Scanning Electron Microscope (FESEM JEOL JSM-7600F)
was used to analyze the microstructure of sintered scaffolds,
before and after immersion in SBF. Additionally, EDS was used
to determine the Ca/P ratio present on the  surface of the scaf-
folds after immersion in SBF and the reported value was  the

average of 5 measurements. The adhesion of MC3T3-E1 sub-
cloned 4 cells on the scaffolds was also analyzed by SEM after
3 days. The preparation of samples included the  dehydration
of the material, which was performed by immersing the  sam-
ples at various concentrations of ethanol solutions (mixture
of absolute ethanol with PBS) for 10 min  each: 25, 50, 75, and
98%, respectively. The immersion at 98% was done twice. The
samples were dried in a  laminar flow hood for at least 12  h.
Finally, each scaffold was sealed with parafilm and stored at
−20 ◦C.

Micro-Raman  characterization

The micro-Raman measurements performed on a  Thermo Sci-
entific DXR spectrometer. The line laser wavelength excitation
was 532 nm.  The microscope objective was used at 50  × with
a laser power of 20 mW for the sample. Spectra recorded at
room temperature within a  3572–35 cm−1 range.

Results

Fig. 1 shows the FESEM images of the porous scaffolds, before
and after immersion in SBF. In the as-sintered scaffolds, the
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variation of pore size can be observed, as  well  as the good inter-
connection between the pores and their necks. The samples
formed hydroxyapatite (HA) precipitates on the surface at 7
days of immersion in SBF and the growth of the HA layer con-
tinued up to days 14 and 21. The HA almost completely covered
the surface with a  cauliflower-like morphology. A slower HA
formation rate was observed in the VZ0.5 scaffold than the V1
and VZ1.0 compositions. The HA behavior in the VZ0.5 sample
was  attributed to the  manipulation before it  was  observed by
FESEM. Nevertheless, at 14 days all the compositions showed a
total coverage of HA on the surface of the scaffolds. The images
took at 21 days did not show a significative variation of HA for-
mation in comparison of the samples submerged in SBF after
14 days. The role of zirconia in  the scaffolds was essential to
enhance their bioactivity, observing with more  clarity in all
the samples from 14  days.

Fig. 2 shows the  FTIR spectrum for the as-sintered VZ1.0
scaffolds, before immersion in SBF. The presence of phosphate
groups at 561 and 606 cm−1 corresponded to  the stretching
modes for PO4 [23–27] At 720 cm−1,  a functional group related
to calcium pyrophosphate (P2O7)  was found [22,26,27]. Phos-
phate groups of the v1 type were located at 974 cm−1 and v3

PO4 groups were located at 1006, 1025, 1100, and 1213 cm−1

[24,25,27,29]. It should be mentioned that the principal func-
tional phosphate groups of the �-TCP were located at the 1100,
1006, and 974 cm−1 wavelengths, as reported by other authors
[24,29].

The FTIR spectra for  the VZ1.0 scaffolds at various SBF
immersion times (7, 14, 21, and 28 days) are also shown in
Fig. 2. Peak transmittance bands at 570 and 962 cm−1 corre-
spond to the phosphate groups in the �-TCP phase, related to
the v4 and v1 vibrational modes, respectively [22,23,25,29–32].
The same pyrophosphate as  previously observed in the FTIR
of the scaffold, before being immersed in SBF, was observed at
720 cm 1 [26–29]. On the other hand, the characteristic FTIR
chemical groups for the hydroxyapatite phase were PO4

3−,
OH−, and CO3

2−. The peaks found at 1420 and 1650 cm−1 were
characteristic bands of carbonate functional groups (CO3

2−)
for the v3 and v4 vibrational modes [23,25,27,33] and OH−1

groups at 2250, 2890, and 3432 cm−1 [23,26,30,34].  Oliveira
et al. [35] reported of the formation of a  hydroxyapatite
layer on scaffolds after 7 days of immersion in  SBF, show-
ing variations in wavelength at 3400 cm−1, as a consequence
of water molecules incorporated in  hydroxyapatite, due to
apatite has a  hygroscopic nature, it  means, HA contains chem-
ically bound water in  its structure also known as structural
water.

The main changes in the samples after immersion in
SBF were the elimination of several peaks corresponding to
the phosphate groups at 606 cm−1,  related to the v4 PO4,  in
addition to the peaks at 1006, 1025, and 1100 cm−1,  corre-
sponding to the v3 phosphate groups, and the appearance
of new functional groups, such as  the carbonate groups
(CO3

2−), with two different vibration modes (v3 and v4), and
the OH− groups, as  a  result of the hydroxyapatite phase
formation.

However, the scaffolds revealed the content of type B car-
bonate, which replaced the phosphate groups at 7  and 14 days.
On the other hand, the supersaturation of calcium and phos-
phate ions from the SBF solution and the  scaffolds caused a

Fig. 2 – FTIR spectra showing the main functional groups of

the VZ1.0 scaffolds before and after various immersion

times in SBF.

greater dissolution effect of the  HA layer, as  a  consequence
of the static conditions, occasioning in  a decrease of the car-
bonate peak, exhibiting an imbalance between the layer of HA
formed and the layer in process of formation.

The FTIR spectra showed that as  the immersion time in SBF
increased, the characteristic signals of the carbonate and OH−

groups grew. However, the phosphate group peaks decreased
at a  range of 1000 and 1100 cm−1. These results corrobo-
rate the presence of the hydroxyapatite phase observed in
the SEM images. Fig. 3 offers a  better view of the phosphate
groups partially replaced by the  carbonate groups in  the crystal
structure.

The three predominant crystalline phases identified for the
V1 scaffold before SBF immersion were: Ca3(PO4)2,  (JCPDS 01-
073-4869), Ca2P2O7 (JCPDS 01-071-2123), and Na3PO4 (JCPDS
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Fig. 3 – FTIR spectrum showing absorption bands of the VZ1.0 scaffold after 28 days of immersion in SBF.

01-076-0201). The VZ0.5 and VZ1.0 scaffolds presented two
additional phases: CaZrO3, (JCPDS 01-072-7552) and ZrP2O7

(JCPDS 00-024-1490). After 7 days of SBF immersion, the
scaffolds formed the new crystalline phase, hydroxyapatite
Ca10(PO4)6(OH)2 (JCPDS 01-071-2123), as  showed in Fig. 4,  along
with the beta tricalcium phosphate Ca3(PO4)2 and Na3PO4

major phases and the CaZrO3 and  ZrP2O7 minor phases. The
two phases CaZrO3 and ZrP2O7 were results of the substitu-
tion of zirconium in the structure of tricalcium phosphate and
phosphate-based glass. Rajkumar et al. [10] studied the effect
of zirconia on the internal structure of phosphate-based glass
after SBF, where they reported that zirconia caused anoma-
lous behavior in the network of the  glass structure, that is, at
amounts less than 0.5 mol.% of zirconia, causing a  decrease in
density. However, from 0.5 and 1.0  mol.% of zirconia, the sam-
ples presented an increase in its density, promoting an inverse
relationship between the  zirconia content and the  molar vol-
ume.

The pH measures at 7, 14, 21 and 28 days were made in
all the samples dipped in SBF. Showing a  pH increase close to
8  at 7-day. Nevertheless, at 14, 21 and 28  days, the  samples
were stabilized between 7.6 and 7.7, allowing the HA forma-
tion on the surface of the scaffolds as Fig. 5 illustrates. After
the scaffolds immersed in SBF, it was observed that the cal-
cium pyrophosphate phase was  dissolved entirely due to the
lack of thermodynamic stability as it has  a  Ca/P ratio equal
to 1. Reason why the interaction of PO4

3− ions acidified the

environment of the SBF, provoking the  dissolution of the scaf-
fold, but at the same time, the Ca2+ ions alkalinize the SBF
medium. These two phenomenons generated that the ther-
modynamic driving force involved in  HA precipitation on the
scaffolds occurred due to nuclei formation on the surface of
the scaffold being the pH is a determining parameter. When
the pH  is at values above 7.4 and less than 10, in addition
to the presence of carbonate ions, HA is more  stable and
kinetically favors precipitation [36].  On the other hand, the
effect of zirconium decreases the dissolution effect on scaf-
folds, increased surface roughness, and the hydroxyapatite
formation [17].

The scaffolds V1, VZ0.5, and VZ1.0 indicated dissolution
in  the SBF  solution of the calcium and phosphorus elements,
and zirconium was contained in the samples VZ0.5 and VZ1.0.
On the other hand, the  V1 scaffold presented a bimodal ten-
dency of the values of calcium and phosphorus ions, as  a
result of degradation uncontrolled of the sample, exhibit-
ing a pH variation in the simulated body fluid, besides the
static condition of the bioactivity test could have affected to
pH results. Nevertheless, the  Zr  helped to  stabilize the cal-
cium and phosphorus ions in the samples VZ0.5 and VZ1.0 as
Fig. 6 shows.

Fig. 7 shows the Raman results obtained from the V1
scaffolds after being evaluated in  vitro in SBF. The mode �2

vibration corresponds to PO4 type symmetric links presented
in the range of 389–450 cm−1;  this group is  the result of the
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Fig. 4 – XRD patterns for the V1, VZ0.5, and VZ1.0 scaffolds

immersed in SBF for 7 days.

composition of the scaffolds from both �-TCP and the bioac-
tive calcium phosphate-based glass. The �4 vibration mode
matches to links of the PO4 type of asymmetric type (O P O)
in the range of 600–680 cm−1.  In addition to a peak found
at a wavelength of 735 cm−1 corresponding to a  pyrophos-
phate (CaP2O7) [37].  Calcium pyrophosphate phase decreased
at longer exposure times in SBF as  a  consequence of solubil-
ity kinetics, where the microporosity of the scaffolds was  a
decisive biodegradation factor [38].

On the other hand, the  presence of the �1 vibration mode
was observed in the wavelength range of 900–1000 cm−1, rep-
resenting P O type symmetric bonds in a characteristic double
band of the �-TCP compound. This crystalline phase was
part of the scaffold compositions, which showed a significant
increase at 7 and 14 days after the scaffolds submerged in
SBF. This change was as a consequence of the ionic inter-
action of PO4

3− and Ca2+ ions. Similarly, an intense peak
was  found at 1073 cm−1 before the scaffolds evaluated in SBF.

Which corresponds to the asymmetric stretching vibration
�3 mode (P O), however, at 7  and 14 days it was observed
that there was a  significant decrease in  the  peak due to
the substitution of carbonate A and B type, mostly of type
B. Due to the carbonate ion type �1 substitutes phosphate
sites, forming of carbonated hydroxyapatite in the scaffolds.
The peaks presented in the range from 1050 to 1180 cm−1

correspond to  the �3 vibration mode of the functional
group P O [39–42].

On the other hand, Fig. 8a  and b shows the two scaffolds
VZ0.5 and VZ1.0 with a  splicing of functional groups in the
peak presented at 745 cm−1. The first corresponds to the crys-
talline phase of calcium pyrophosphate and the  second to the
vibration mode �4 matching to the  group asymmetric type PO4

phosphate (O P O). CaP2O7 presented the physicochemical
phenomenon of dissolution at the longest exposure time in
SBF. However, the peak consistent with the  �4 vibration mode
phosphate ions increases due to the incorporation of carbon-
ate ions of type B.

The peaks of the vibration mode of the  �3 type phos-
phates shown in  the range of 1050–1180 cm−1, increases the
intensity due to the presence of the carbonate groups as  a
consequence of the formation of carbonated hydroxyapatite
[39].  The VZ1.0 sample presented more  significant bioactiv-
ity after 7 days result of the incorporation of CO3

2− ions,
increasing the intensity of the peak corresponding to  the
�3 vibration mode, followed by the VZ0.5 sample with a
lower intensity at that of the VZ1.0 scaffolds and finally the
V1 sample.

Fig. 9  shows us in  (a) cell viability, in (b) percentage of
cells in proliferation, and in (c) the percentage of apoptotic
cells. In (a), MTT results showed that activity metabolism
of osteoblasts increased on day 14 with a significant differ-
ence in the VZ1.0 biomaterial. These results also indicate that
osteoblasts remain viable on biomaterial treasures until day
14. In (b), the BrdU antibody binds to the cells in  the synthesis
phase, what the results tell us  is that the VZ1.0 biomate-
rial had a  better effect on the  proliferation of osteoblasts,
indicating that it is a  better surface for cell proliferation. Sim-
ilarly, in the case of annexin V, which is a protein that binds
phosphatidylserine and indicates the formation of apoptotic
bodies, or programmed cell death. The results indicate that the
VZ1.0 biomaterial is the best, since it induces less apoptosis
in a  significant way.

Fig. 10 shows the relative gene expression of �3 integrin,
this protein is of cellular adhesion and its participation in the
differentiation of osteoblasts has been described. So,  in  this
sense, the VZ1.0 scaffold is  the one that presents a  signifi-
cantly higher adhesion.

Discussion

The interconnected macroporous structure is  considered
essential for the growth of new bone tissue, which provides
an environment of high ionic strength, in which fluids are
bone cell carriers. The range of pore size in the scaffolds
was 1.41–303 mm,  which resulted from the sintering between
the bioglass necks and the �-TCP particles, as reported in a
previous investigation [17].  No significant relation was  found
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Fig. 5 – pH variation as a function of immersion time in SBF solution in the different compositions of the scaffolds.

Fig. 6 – Ca, P  and Zr ions concentrations of the samples (a) V1, (b) VZ0.5 and (c) VZ1.0 before they were dipping in SBF

solution at different times (7, 14, 21 and 28 days).
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Fig. 7 – Raman spectrum of sample V1 shows the main

groups found after being immersed in SBF at different days

(7 and 14 days).

with respect to pore size and fixation force. Kenapfel et al.
[34] observed that the effect of pore size in the scaffolds was
crucial for adequate attachment. They carried out studies ver-
ifying that information in  canine animal models, in which
pore sizes were as  small as 50  �m and as large as 800 �m
and found that pore sizes smaller than 100 �m increased
the attachment force. Furthermore, Mastrogiacomo et al. [43]
concluded that bioceramics made from a  porous cellulose
matrix with HA particles were osteoconductive because 70%
of the micro pores were smaller than 100 �m and only 3%
of the macro pores were larger than 200 �m.  The pore size
of 200 mm  in the interconnected porosity also helped induce
cell attachment. The micro and macro pore sizes are con-
sidered fundamental aspects of scaffold functionality. New
bone tissue can be  formed on the  surface that is  suitable
for good cell adhesion and growth. The pore interconnectiv-
ity provides the cells with the necessary conditions for cell
distribution and migration, as  well as  the formation of blood
vessels and the possibility of remodeling the bone tissue in the
future.

Spherical HA particles were observed on the surface
of the scaffolds, and at high magnifications each image
revealed the formation of crystalline aggregates with a  typical

cauliflower-like morphology in  the HA phase (Fig. 1) [44,45].
Theories on the HA formation process in calcium phosphates
are the subject of debate. Bohner and Lemaitre [46] explained
that HA has  different growth strategies: (i) providing apatite
nuclei, which eliminates the need for apatite crystal nucle-
ation, (ii) providing a surface with low interfacial energy with
apatite, or (iii) changing the local supersaturation towards
apatite precipitation. The first strategy explains why  HA is
rapidly covered with the new apatite crystals, the second
strategy provides an explanation for the  formation of apatite
on the �-TCP surface, and the third strategy elucidates why
bioglass and other materials, such as calcium sulfate hemi-
hydrate (CSH), are rapidly covered by an apatite layer upon
immersion in  SBF. Kim et  al. [47] stated that the process of
the bone-like apatite formation on sintered HA in  SBF can be
defined in 3 steps, as  follows: the first structural change in the
surface of the HA immersed in SBF came about through the
formation of a Ca-rich ACP (amorphous calcium phosphate)
on its surface, by means of the interaction with the positive
calcium ions in  the fluid. The second structural change in the
surface was the formation of Ca-poor ACP, in which Ca-rich
ACP with a  positive surface charge interacting with the nega-
tive phosphate ions in the fluid. The third structural change
in the surface was the formation of apatite, with the Ca-poor
ACP on the HA stabilized by being crystallized into bone-like
apatite.

Regarding the FTIR and Raman results, hydroxyapatite is
known to be the mineral phase of bone tissue, and it is
substituted with carbonate groups. There are two types of
carbonate substitution: (1) direct substitution of OH− with
CO3

2− (A-Type substitution CO3
2−

« 2 OH−) and (2) necessity
after change compensation, PO4

3− substituting a  tetrahedral
group with (CO3)2− (B-type substitution). The characteris-
tics of HA crystallinity, crystal symmetry, thermal stability,
morphology, solubility, and the  physical, chemical, and bio-
logical characteristics in the lattice parameters are dependent
on the type of substitution [48].  The Ca/P ratio of the  HA
was determined at 1.8, which corresponds to carbonated
hydroxyapatite. The HA Ca/P ratio can vary from 1.2 to  2,
depending on the site of the  bone tissue or the stoichiometric
apatite [49].

The X-ray diffraction patterns showed various phases.
Na3PO4 manifested due to the incorporation of Na+ ions
into the bioglass phase structure of the scaffold. The second
phases, CaZrO3 and ZrP2O7, resulted from the incorporation
of the Zr4+ ion  into the structure of the  pyrophosphate phase
(P2O7

4−), which has two equivalent P sites as explained by
Birkedal et  al. [50]: Zr interact with the phosphate groups of
the P-O-P type, in which the zirconium atoms are octahedrally
coordinated as the Zr-O type, causing the  bonds between the
phosphate ions and the Zr  to  interact and form the P-O-Zr
bonds, mainly as a ZrP2O7 phase.

The study of osteoblasts’ behavior on different zirconia sur-
faces tends to  mimic  the behavior of dental implants, which
promote stability in implant treatments based on higher and
better osseointegration. In this work, the analysis of cell pro-
liferation was performed; by cell counts at three, seven, and
14 days, the surfaces evaluated. We observed that at 14  days,
the cells had a  greater cell proliferation in VZ1.0. This effect
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Fig. 8 – Raman spectrum of samples (a) VZ0.5 and (b) VZ1.0 after  being immersed in SBF at different days (7 and 14 days).

Fig. 9 – (a) MTT; (b) BrdU; (c) Anexinn V of the scaffolds V1, VZ0.5 and VZ1.0. The data are  presented as mean ±  standard

deviation (n  = 3) and the asterisks (*) indicate statistically significant difference (p ≤ 0.05).

observed in all the culture periods, 3, 7, and 14 days. We  also
obtained a lower degree of cellular apoptosis in osteoblasts
cultured on VZ1.0.

Furthermore, in those same discs (VZ1.0), the cultured
osteoblasts presented more  active mitochondria, showing
a more  active cellular energy state, by the MTT method.
Acid-treated TZP surfaces have reported to demonstrate a

significant increase in cell proliferation during the first days
of culture but without strong surface adhesion. The latter
does not agree with our data, since we found strong cellu-
lar adhesion, in VZ1.0, data that verified with the expression
of the beta 3  integrin mRNA.  Zirconia modified the  scaffold
surface, enabling better cell adhesion, a  crucial step, and cell
proliferation [51,52].
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Fig. 10 – Gene expression of integrin �3 on osteoblast cells

cultured on V1, VZ0.5 and VZ1.0. The data are presented as

mean ± standard deviation (n = 3) and the asterisks (*)

indicate statistically significant difference (p ≤ 0.05).

Conclusions

In our research, we analyzed three different scaffold composi-
tions of beta tricalcium phosphate/phosphate-based bioglass
reinforced with zirconia (0,  0.5, and 1 mol.%). All three scaf-
folds, the so-called V1, VZ0.5, and VZ1.0, produced excellent
results in relation to bioactivity in  simulated body fluid and
osteoconductivity in  cell-culture media, with HA formation
showed in both in  vitro tests. Cells adhered well to scaf-
folds, especially VZ1.0 For all of the  above, we  conclude that
the increase in surface porosity in the VZ1.0 biomaterial
accelerates the proliferation, adhesion, and differentiation of
osteoblastic cells, giving greater osteoinduction and osteocon-
duction.
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