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In this work, p-TCP (p-tricalcium phosphate) bioresorbable scaffolds were prepared by the gel casting method.
Then, they were impregnated with a 45S5 bioglass sol gel solution to improve biocompatibility and promote
bioactivity and antimicrobial activity. The p-TCP scaffolds had an apparent porosity of 72%, and after the
incorporation of the bioglass, this porosity was maintained. The elements of the bioglass were incorporated into

Sol-gel . . . . .
B(i)oagcetivi ty B-TCP matrix and there was a partial transformation from the -TCP phase to the a-TCP (a-tricalcium phosphate)
Biocompatibility phase, besides the formation of bioactive calcium and sodium-calcium silicates. The scaffolds p-TCP with 45S5

bioglass incorporated ($-TCP/45S5) did not show a reduction in their values of mechanical strength and Weibull
modulus, despite the partial transformation to the a-TCP phase. Bioactivity, cell viability, and antimicrobial
activity improved significantly for the f-TCP/45S5 scaffold comparing to the scaffold without the bioglass. The
mineralization of carbonated hydroxyapatite was verified in Simulated Body Fluid (SBF). The cell viability,
evaluated by the reduction of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide — MTT in MG63
cells, increased by 178%, and p-TCP/45S5 scaffold also enhanced cell activity and osteoblast differentiation
observed by means of total protein contend and alkaline phosphatase activity, respectively. The formation of
growth inhibition zones was also observed in the disk diffusion assay for three tested microorganisms: Staphy-
lococcus aureus, Escherichia coli and Candida albicans. To conclude, the vacuum impregnation method in 45S5
bioglass sol gel solution was effective in penetrating all the interconnected macroporosity of the scaffolds and
covering the surface of the struts, which improved their biological properties in vitro, bioactivity and antibac-
terial activity, without reducing mechanical strength and porosity values. Thus, the p-TCP/45S5 scaffolds are
shown as potential candidates for use in tissue engineering, mainly in bone tissue regeneration and recovery.

Antimicrobial activity

implantation [3].
Bone grafts can be produced in the form of scaffolds. Scaffolds are

1. Introduction

Every day, damage resulting from trauma, disease or injury to bone
tissues requires treatment systems that facilitate their repair, replace-
ment, or regeneration. These systems are generally based on the trans-
plantation of autografts or allografts to the injured site. However, this
practice is laborious, painful, subject to infections, bruising, rejection,
and introduction of diseases [1]. Thus, the use of bioceramics bone
grafts has been an alternative for these treatment systems [2,3]. It is
desirable that these grafts have biocompatibility, compatible mechani-
cal resistance to the implantation site, bioactivity, bioresorbability and
resistance to common microorganisms in surgical procedures for
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three-dimensional porous supports that assist in tissue reconstitution,
supporting and inducing cell proliferation and growth. Calcium phos-
phates (CaPs) are bioceramics widely used in the production of scaffolds
for implantation and treatment of damage to bone tissue. The most used
CaPs are hydroxyapatite (HA), tricalcium phosphate (TCP) and biphasic
mixtures of these two. Among the TCPs, p-TCP and «o-TCP stand out for
their high bioresorbability, higher than that of HA [4]. B -TCP is a stable
phase up to 1125 °C, when it turns into a-TCP, which is maintained up to
1430 °C [5]. However, the transformation temperature § — o can be
significantly altered by the presence of ionic impurities in the precursor
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materials, which may extend up to higher temperatures [6].

Despite having good biocompatibility and high bioresorbability,
B-TCP does not have antimicrobial activity. It is also not a bioactive
biomaterial, since it does not establish a chemical connection with bone
tissue, in vivo or in vitro, through the formation of an apatite layer
[4,7,8,9]. It is believed that the mechanism acting at the interface of
p-TCP with bone tissue in vivo, involves mechanical micro-anchoring to
the tissue followed by progressive degradation through cellular pro-
cesses, such as phagocytosis and cell digestion, and its replacement by
healthy bone tissue [7,10].

45S5 bioglass is a bioactive glass with a molar composition of 46.1%
SiO, 24.4% Na0, 26.9% CaO and 2.6% P20s, being considered the
gold standard in its class due to its high bioactivity [11]. Bioactive
glasses are able to promote bond with bone tissue when in contact with
physiological fluids (in vivo or in vitro) through the formation of an
apatite layer similar to the mineral phase present in the bone [11]. Be-
sides the high bioactivity, the 45S5 bioglass also have antimicrobial
activity against some microorganisms [12,13]. Allan et al. evaluated the
ability of the 45S5 bioglass to inhibit the activity of oral bacteria that
commonly affect synthetic repairs of periodontal defects [12]. They
found a high antimicrobial capacity of 45S5, which was associated with
the release of ions from the bioglass into the medium and a consequent
change in the local physiological pH. Zhang et al. evaluated the anti-
microbial capacity of six bioglasses with different compositions,
including 45S5 [13]. They found that all exhibited antibacterial activity
for several of the bacteria tested, attributing this activity to the increase
in the concentration of alkaline ions and pH of the medium.

Several studies have shown that the incorporation of bioglasses on
p-TCP scaffolds can induce a significant improvement in both bioactivity
and biocompatibility, but we have not found studies reporting antimi-
crobial properties in this composite. Hesaraki et al. prepared composites
of B-tricalcium phosphate (B-TCP) and sol gel derived bioactive glass
(10, 25, and 40 wt%) based on the SiO,-CaO-MgO-P,0s5 system by
uniaxial pressing [4]. The B-TCP/bioactive glass composites showed
superior bioactivity compared to pure p-TCP, and better ability to sup-
port the growth of human osteoblastic cells. Liu et al. incorporated nano-
58S bioglass produced by sol gel as a phase dispersed in p-TCP scaffolds
[3]. They checked that the incorporation of nano-58S facilitated cell
adhesion and proliferation and favored the formation of apatite. Lopes
et al. produced porous scaffolds of 3-TCP and $-TCP/BG45S5 derived
from fusion by the gel casting method [14]. They also reported an
improvement in cell proliferation with the addition of bioglass on the
B-TCP scaffold. Like the studies cited, most B-TCP/BG scaffolds are
produced from a mixture of powders of §-TCP and bioglass, the latter
being produced by melting/cooling or sol gel processes with alkoxide
precursors (TEOS and TEP).

The covering of inert biomaterials with bioglasses of different com-
positions (45S5, 58S, among others) using a sol-gel solution is a strategy
that has been used to confer bioactivity and improve its biocompati-
bility. Mesquita-Guimaraes et al. manufactured zirconia scaffolds using
the replica method and covered them with 58S bioglass by immersion in
a sol-gel solution [15]. The authors verified an increase in the bioactivity
and cell viability of the bioinert ceramic with the bioglass coating.
Haftbaradaran et al. also employed a 58S sol-gel solution to coat porous
scaffolds from Vittalium, a cobalt based alloy (Co-28Cr-6Mo), verifying
a significant increase in its bioactivity [16]. Yu et al. coated biocarbon
scaffolds with SiO,-CaO bioglass by immersion in sol-gel solution and
also verified an increase in bioactivity [17]. However, we did not find
reports in the literature of the incorporation of the 45S5 bioglass (gold
standard) by sol-gel solution in B-TCP scaffolds (bioresorbable).

In this context, this work reports for the first time the production of
bioresorbable scaffolds of B-TCP with 45S5 bioglass incorporated from
by a sol-gel solution without alkoxide precursors, with the objective of
inducing a bioactive and antimicrobial behavior to f-TCP. The study also
sought to understand the influence of the incorporation of bioglass on
the crystalline structure, on the physical, mechanical, biological,
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Table 1
Precursors used in the sol-gel synthesis of the 45S5 bioglass.

Sol-gel synthesis

Final compound Precursor Content (%mol)
SiO, H,4SiO4 0,185
P20s (NHg4)3PO4 0,010
Na,O NaNOj3 0,098
Ca0 Ca(NO3),.4H,0 0,110

antimicrobial properties and on the bioactivity of B-TCP/455545S5
scaffolds.

2. Materials and methods
2.1. pB-TCP synthesis

B-TCP powder was synthesized by solid state reaction. Calcium
phosphate (CaHPOg, Synth, 99.00%) and calcium carbonate (CaCOs,
Synth, 99.00%) were mixed in a 2:1 M ratio for 30 min. Then, this
mixture was calcined at 1050 °C with a heating rate of 5 °C/min and
maintained for 360 min, in a muffle furnace (EDG, 3P—S). After calci-
nation, the p-TCP powder was ground in a ball mill (Marconi, MA500)
for 24 h with 6 mm diameter alumina spheres, using the weight:spheres
ratio of 10:1. After grinding, the powder was analyzed by X-ray
diffraction (XRD), to check the formation of the crystalline phase of
B-TCP, and laser diffraction (Cilas, 1190), to control particle size.

2.2. B-TCP scaffolds fabrication

B-TCP scaffolds were obtained using the gel casting method. The
procedure used was similar to that used in other studies and is detailed
below [18]. Ceramic suspensions with solids content of 30% wt. were
prepared by dispersing the p-TCP powder in an aqueous solution con-
taining 15% of the organic monomers, as hydroxymethylacrylamide
(HMAM), methacrylamide (MAM) and methylenebisacrylamide
(MBAM), in a 3:3:1 M ratio (HMAM:MAM:MBAM). Ammonium poly-
acrylate (0.5% of B-TCP mass) was added as a dispersant and the sus-
pension was homogenized in a ball mill for 20 min. Then, a foaming
agent (Lutensol ON-110, BASF) was added to the suspension (0.5%
related to the suspension mass) and the suspension was agitated with a
low power mixer for 3 min to produce the ceramic foam. In the
sequence, it was added 2.5% related to suspension mass of initiating
agent (ammonium persulfate - APS) and catalyst (tetramethylethylene-
diamine - TEMED) were added in 1:1 M ratio of APS:TEMED to turn the
foam into a gel. The foam was poured into cylindrical molds of polyvinyl
chloride (PVC) of 12 mm in diameter and 30 mm in height. The molds
were maintained 24 h at room temperature (23 °C), 24 h at 70 °C and 24
h at 100 °C. The gelled foams were then demolded and submitted to the
heat treatment to eliminate the monomers organic and to promote the
densification of the scaffolds. The following parameters were adopted:
heating from 25 to 200 °C at a rate of 5 °C/min, from 200 °C to 500 °C
with 1 °C/min and maintained for 60 min, from 500 °C to 1200 °C with
5 °C/min and maintained for 120 min. After the last step, the furnace
was turned off and the scaffolds were cooled into the furnace to room
temperature (24 °C), without control on the cooling rate.

2.3. 4585 bioglass synthesis

45S5 bioglass (46.1 SiO9, 26.9 Ca0O, 24.4 Nay0, 2.6 P20s, %mol) was
synthesized by sol-gel process, without TEOS (Tetraethyl Orthosilicate,
Si(OCyHs)4) and TEP (Triethyl phosphate, PO(C2Hs)s), as previously
described by Spirandeli et al. [19]. Briefly, the precursors listed in
Table 1 were added to a beaker containing a solution of silicic acid
(H4Si04, 0.5 mol/L) under constant stirring, at 30 min intervals. At the
end of the additions, a transparent bioglass sol was obtained, which was
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used to impregnation the p-TCP scaffolds.
2.4. Incorporation of 45S5 bioglass in -TCP scaffolds

B-TCP scaffolds were immersed in 200 mL of the sol-gel solution and
placed in a vacuum chamber. A vacuum pressure of —1 Bar was applied
and the solution was forced to fill the interior of the -TCP scaffold. After
10 min under vacuum the scaffolds were removed from the solution and
left for 10 min in an oven at 100 °C. This immersion and drying process
was repeated three times. After the third impregnation, they were
removed from the solution, dried for 24 h at 100 °C and resintered at
1200 °C, for 2 h at a heating rate of 5 °C/min for the fusion and incor-
poration of the bioglass in the struts. Non-impregnated $-TCP scaffolds
were also resintered to demonstrate that the heat treatment alone did
not induce changes in the crystallized phases.

2.5. Characterizations

X-ray fluorescence (XRF) analyzes were performed to determine the
composition of the B-TCP and B-TCP/45S5 scaffolds, using an Axios
MAX, PANalytical equipment. The characterization was semi-
quantitative without standards with determination of chemical ele-
ments from fluorine to uranium. For the analysis, the B-TCP and p-TCP/
4585 scaffolds were macerated and 10 g of each were used, which were
pressed with boric acid to form the tablets. The FRX results were
expressed as percentage of mass of compounds, normalized to 100%. An
estimate of the percentage of glass incorporated was carried out through
stoichiometric calculations, considering the silicon content, an element
presents in greater quantity in the bioglass.

The morphology of the B-TCP and B-TCP/45S5 scaffolds was
analyzed by scanning electron microscopy (SEM) in a TESCAN model
MIRA 3 microscope operating at 10 kV. The pore size was measured in
the SEM images using the Image-J software.

X-ray diffraction (XRD) analyses were performed on the B-TCP
powder after synthesis, on the macerated p-TCP and -TCP/45S5 scaf-
folds (in powder form), and on the surface of the p-TCP/45S5 scaffold
(using a cylindrical sample with a diameter of 7 mm and a thickness of 2
mm). For this purpose, a model X'pert Powder diffractometer, PAN-
alytical, Almelo, Holland was used. The analysis was from 20 to 40°,
with a scan step of 10.1600 s, step size of 0.0170°, and CuKa radiation.

FT-IR analyses of macerated scaffolds (powders) were performed on
a Perkin Elmer Spectrum spectrometer, Frontier model, covering the
range of wave numbers from 4000 to 400 cm ™! in UATR mode using a
diamond crystal.

The porosity and density of the 3-TCP and p-TCP/45S5 scaffolds were
calculated using Egs. (1) and (2).

scafpords
P(%):{p(i-ﬁ“”xmo €}
teoric
du’tﬁvlds = (%) (2)
‘Scaffolds

where, dieoric is the theoretical density of -TCP (3.07 g/crns), Mscaffolds
and Vicqfrolds are the measured mass (g) and the calculated volume (cm®)
of the scaffolds, respectively.

The compressive strength of the §-TCP and p-TCP/45S5 scaffolds was
determined by uniaxial compression testing on a universal testing ma-
chine (DL2000, EMIC, 5KN load cell). The scaffolds used in this test had
dimensions of 7 mm diameter and 20 mm height. To obtain statistically
reliable values, 20 scaffolds were used for each group and the analysis of
the experimental results was performed using the Weibull statistics, to
determine the resistance and the Weibull module of the scaffolds.
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2.6. In vitro bioactivity assay (SBF)

The bioactivity of the p-TCP and B-TCP/45S5 scaffolds was evaluated
in in vitro tests by immersion in simulated body fluid (SBF) in a strictly
controlled environment at 36.5 °C and pH of 7.40 [8]. The scaffolds
remained for 12, 24, 48, 72, 120, 168, 360 and 504 h in constant linear
agitation of 100 rpm, in a shaker (Julabo model SW22). The SBF solution
simulates the human blood plasma inducing the mineralization of an
apatite layer on the surface of bioactive materials and was prepared
following the protocol developed by Kokubo and Takadama [8]. It was
used in the test cylindrical samples with diameter of 7 mm and thickness
of 2 mm (apparent surface area of 120 mm?). For the calculation of the
SBF volume per sample, a volume ratio for a fixed surface area was used,
as recommended by the ISO/FDIS standard [20], and expressed in Eq.
(3.

Sa—xm[ﬁ)ld [ml] (3)

Vsgr = 10

In the Eq. (3), Vspr is the volume of SBF used e Sq.scqffold is the cy-
lindrical sample superficial apparent area. This ISO standard is designed
for disk-shaped samples and recommends using a higher volume than
that calculated by the Eq. (3) in the test of porous samples. Thus, 30 mL
of SBF was used for each sample. During the bioactivity test, the pH of
the SBF solution was measured at the end of each immersion period
using a pH meter (Marconi MA522) with glass electrode (AF405). There
was no exchange of the SBF of the samples during the test. The miner-
alization of the apatite layer was verified after the test by means of XRD
and SEM analyses, using the same equipments already described above.

2.7. Invitro biocompatibility assay

The human osteoblast cell line (MG63) was obtained from the cell
bank of the Paul Ehrlich Technical Scientific Association (APABCAM,
Rio de Janeiro, Brazil). The cells were cultured in Dulbecco's Modified
Eagle Medium (DMEM, Cultilab, Sao Paulo, Brazil), supplemented with
10% fetal bovine serum (SBF, Cultilab, Sao Paulo, Brazil) and 100 pmL
of penicillin-streptomycin (5000 U/5000 pg/mL) (LGC, Biotechnology),
and were kept in an oven at 37 °C in a humid atmosphere containing 5%
CO, in cell culture flasks (Kasvi, Parand, Brazil) until about 80%
confluence, the medium was changed each 48 h. After confluence, the
cells were washed with phosphate-buffered saline (PBS—Cultilab) and
disaggregated with 0.25% trypsin solution (Cultilab Ltda, Campinas,
Brazil). The cell suspensions were centrifuged at 3000 rpm/5 min
(Hermle—Z-300, Labnet, Edison, NJ, USA), and the pellet was sus-
pended in fresh medium. MG-63 cells were seeded into a 48-well plate at
a density of 1,5 x 10* cells/well per experiment.

Cell culture was used to evaluate cell viability (MTT), alkaline
phosphatase activity (ALP) and total protein content (PT). These in vitro
tests were performed in accordance with ISO-10993-5 [21] in triplicate
and were performed as described by Andrade et al. [22]. All samples
were subjected to ultraviolet (UV) sterilization for 30 min prior to all cell
experiments. The human osteoblast cell line (MG63) was seeded and
cultivated on cylindrical samples of the cut scaffolds with a diameter of
7 mm and thickness of 2 mm. Each test used five samples of p-TCP and
B-TCP/45S5. The data were presented using p-TCP without bioglass as a
control group, considering that this material have good biocompatibility
[10]. The data were analyzed statistically by means of the One-way
ANOVA test, considering p- value less than 0.05, and using the Graph-
Pad Prism software (GraphPad Software, La Jolla California USA, www.
graphpad.com).

2.7.1. Cell viability

Cell viability were evaluated by the 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT) (Sigma Aldrich, Sant Louis,
USA). After 3 days of cell culture on the B-TCP and B-TCP/45S5 scaffolds,
quantitative assays of viable cells were conducted, through exposure to
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Fig. 1. (a) XRD patterns of p-TCP powder synthesized by solid state reaction, (b) Analysis of laser diffraction of B-TCP powder after synthesis and grinding.

the agent by incubation with 1 mL of MTT solution (0,5 mg/mL PBS).
Spectrophotometric analysis of the dye incorporated at the 570 nm
wavelength (EL808IU Biotek Instruments, Winooski, USA) was per-
formed. Cell viability was graphically expressed as the percentage of
optical density compared to the values expressed in the control group,
taken as 100%.

2.7.2. Total protein content (TP)

The total protein content was calculated after 10 days of culture,
according to the modified Lowry method [23]. After performing the
procedures, the absorbance was measured at 690 nm in a spectropho-
tometer (EL808IU Biotek Instruments, Winooski, USA). The protein was
based entirely on a standard curve supplied from bovine albumin and
expressed in pg/mL.

2.7.3. Alkaline phosphatase activity (ALP)

The alkaline phosphatase activity was determined after 10 days of
cell culture in the cell lysates of the scaffolds used to quantify the total
protein, through the release of thymolphthalein by hydrolysis of the
thymolphthalein monophosphate substrate, using a commercial kit ac-
cording to the manufacturer's instructions (Labtest Diagnéstica).
Absorbance was measured on a spectrophotometer (EL808IU Biotek
Instruments, Winooski, USA) using a wavelength of 590 nm. The alka-
line phosphatase activity was calculated from a standard curve using
thymolphthalein on a scale from 0.012 to 0.4 pmol of thymolphthalein/
h/pg protein.

2.8. Antimicrobial activity

The antimicrobial activity of the B-TCP and ($-TCP/45S5 scaffolds
was evaluated using the disk-diffusion assay on an agar plate, stan-
dardized by the M2-A8 Vol. 23, N° 1: Performance Standards for Anti-
microbial Disk Susceptibility Tests; Approved Standard [24]. It was
determined from the diameters of the microbial growth inhibition zones,
measured under the established experimental conditions. The test was
performed using Sabouraud agar (Sabouraud Dextrose Agar-Oxoid
Microbiology Products) and TSA (Trypticase Soy Agar-KASVI), Tetra-
cycline Hydrochloride (Sigma-Aldrich®) and Vancomycin Hydrochlo-
ride (Sigma-Aldrich®) as control antibiotics. Scaffolds with a diameter
of 7 mm and thickness of 2 mm and control samples were tested for
gram-negative (Escherichia coli, ATCC 25992), gram-positive (Staphylo-
coccus aureus, ATCC 6538) strains and for a fungus (Candida albicans,
ATCC 10231). The zones of inhibition formed were photographed and
their diameters were measured using the ImageJ software. The measures
were analyzed statistically by means of the One-way ANOVA test, fol-
lowed by the Tukey significance test, considering p- value less than 0.05,
and using the GraphPad Prism software (GraphPad Software, La Jolla

Table 2

Semi-quantitative analysis of XRF. Results expressed as percentage of mass of
compounds, normalized to 100%. Other elements found in trace levels: SrO, SO3,
Fe,03, Cl, MnO, CuO, and MgO (0.18% in p-TCP and 0.01% in p-TCP/45S5).

X-ray fluorescence

Elements Concentration (%)
B-TCP scaffold B-TCP/45S5 scaffold

P05 48.6 45.0

CaO 46.8 45.7

SiO, 0.3 4.6

Al,O3 3.6 2.4

NaO 0.1 1.9

MgO 0.2 -

Other (SrO, SOs, Fe;0s, Cl, MnO, CuO) 0.4 0.4

California USA, www.graphpad.com).
3. Results and discussion

Fig. 1(a) and (b) show the analyses of XRD and laser diffraction of the
B-TCP powder used to manufacture the scaffolds, respectively. The
powder used in the gel casting method presented only $-TCP crystalline
phase, without any transformation into «-TCP or hydroxyapatite (HA).
The distribution of particle size was narrow with average particle size of
1.53 pm (dl() =0.78 pm, d50 =1.42 pm and dgo =24 pm)

The results of the X-ray fluorescence analyses are shown in Table 2.
The B-TCP scaffolds mostly presented the chemical elements calcium
(Ca) and phosphorus (P), as denoted by the presence of the respective
oxides in the analysis. A small amount of aluminum oxide (Alo03) was
also found, possibly from the milling process. Other oxides appear in
trace levels, such as magnesium oxide (MgO), which was probably
responsible for stabilizing the p-TCP phase at 1200 °C in the B-TCP
scaffolds. The p-TCP/45S5 scaffold also showed a predominance of the
elements Ca and P, however a significant amount of sodium oxide
(Nay0, 1.87% wt.) and silicon oxide (SiO3, 4.63% wt.). Considering the
silica content (45% wt.) in the 45S5 bioglass, the stoichiometric calcu-
lations allowed to estimate that a little more than 10% of bioglass was
incorporated in the B-TCP scaffold during the vacuum impregnation
procedure.

Fig. 2(a-f) shows SEM images of the 3-TCP and B-TCP/45S5 scaffolds.
For B-TCP scaffolds it is observed a bimodal pore structure with mac-
ropores uniformly distributed, in the range of 100 to 500 pm and
intragranular micropores (<1 pm) in the struts (indicated by circles in
Fig. 2(a)). The interconnectivity between the pores is adequate to
facilitate angiogenesis and promote a good vascularization, fixation,
proliferation and cell differentiation, fundamental requirements for
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Fig. 2. SEM images of the scaffolds: (a, d) B-TCP, (b, e) -TCP after vacuum impregnation with 45S5 bioglass sol gel solution, (c, f) p-TCP/45S5 after heat treatment

at 1200 °C. Magnification: 250x and 10,000x.
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Fig. 3. (a) DRX patterns of the scaffolds: 3-TCP, 3-TCP/45S5 after heat treatment at 1200 °C, 3-TCP/45S5(Surface) (surface analysis). p: f-Caz(PO4)z o: a-Caz(PO4)2;
c: high-combeite, Najs 75Ca3(SigO12); W: wollastonite, CaSiOs; S: cristobalite, SiO. (b) FT-IR analysis using the ATR mode with powder samples from p-TCP and

B-TCP/45S5 scaffolds.

bone regeneration. In turn, the microporosity found in struts plays an
important role in bioactivity, especially in its interactions with proteins,
in the expression of the cellular phenotype and in the osteogenesis
process [25,26,27]. The micrographs of the scaffolds impregnated with
bioglass (Fig. 2(b) and (e)) showed the deposition of products arising
from sol gel solution on the surface of the pores, forming 45S5 xerogel
plates (indicated by the arrows in Fig. 2(e)). However, for p-TCP/45S5
scaffolds after heat treatment at 1200 °C (Fig. 2(c) and (f)) the plates
were no longer observed.

Fig. 3(a) and (b) show the XRD diffractograms and the FT-IR spectra
of the B-TCP and p-TCP/458S5 scaffolds, respectively. The B-TCP scaffold
(powder) showed only peaks referring to the B-TCP crystalline phase

(JCPDS 00-009-0169). The absence of the a-TCP phase at the employed
sintering temperature (1200 °C) is probably related to the inclusion of
ionic impurities in the reagents used in the synthesis, such as MgO. As
reported in other studies, commercial powders (CaHPO4 and CaCOs3)
invariably present trace levels of magnesium oxide (MgO), a potent
stabilizer of the B-TCP phase [28,29]. The XRF analysis of the p-TCP
scaffold showed traces of MgO, corroborating this hypothesis.

The diffractogram of the p-TCP/45S5 scaffold (powder) presented
besides the main B-TCP crystalline phase, several new peaks attributed
to the a~TCP phase (JCPDS 00-009-0348), indicating the presence of the
bioglass on the structure of the scaffold. None crystalline phase related
to the crystallization of bioglass (sodium or sodium-calcium silicates)
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Table 3

FT-IR bands assignment for §-TCP and B-TCP/45S5 scaffolds.
Bond Transmittance (cm 1) Reference
vi—(PO4") 970 e 944 [5] [32]
v3—(PO43’) 115, 1080, 1025, 1015, 1009, 995 e 980 [51 [32] [34]
va—(POS7) 602, 590 e 542 [51 [33]
Si-O-Si 800 [4] [30] [35]

Table 4

Values of density, porosity, compressive strength, and Weibull modulus for
B-TCP and p-TCP/45S5 scaffolds.

Scaffolds Density (g/ Porosity Compressive Weibull
cm®) (%) strength (MPa) modulus
p-TCP 0.8 +£0.03 72.4 £ 0.9 2.98 (2,40-3,71) 2.12
(1.48-3.04)
p-TCP/ 0.8 £0.04 729 +1.3  3.29 (2,68-4,05) 2.23
45S5 (1.57-3.17)

was found for B-TCP/45S5. However, in the diffractogram of the p-TCP/
45S5 scaffold analyzed without macerated (p-TCP/45S5(Surface)),
additionally to the -TCP and a-TCP phases, it was observed the crys-
talline phases of Najs7gCas(SigO12) (high-combeite, JCPDS 01-078-
1650), CaSiO3 (wollastonite, JCPDS 00-027-0088) and SiO, (cristoba-
lite, JCPDS 01-076-0940). These phases are characteristic of the crys-
tallization of the 45S5 bioglass.

With the heat treatment at 1200 °C, the bioglass melted and diffused
into the struts, inducing not only the f — o transformation, but also the
crystallization the silicates and sodium-calcium phosphate in cooling.
These phases are favorable to the bioactivity of the p-TCP/45S5 scaf-
folds. Among calcium phosphates, a-TCP, in addition to being bioactive,
has the highest dissolution rate and the capacity to replace with new
bone [5]. Combeite and wollastonite are crystalline phases of high
bioactivity, capable of inducing a strong tissue-implant connection
through the formation of an apatite layer [30,31].

FT-IR spectra of the both scaffolds -TCP and B-TCP/45S5 confirmed
the predominance of bands characteristic of B-TCP [32,33]. The bands
are briefly described in Table 3. Bands of the asymmetric stretching
bond V37(PO43’) (1115, 1080, 1015 e 995 cm’l), stretching bond
symmetrical vl—(PO43’) (970 e 944 cm 1) and asymmetric elongation
connection v4—(P04>7) (602, 590 e 542 cm™ ') also were observed.

In the B-TCP/45S5 scaffold spectrum, some changes are noted. The
bands v;—(P04>") were less intense and the 970 cm ™! bands practically
disappeared. A low intensity peak of the asymmetric stretching bond
V3—(PO43’) appeared at 980 cm’l, which can be related to the o-TCP
phase [34]. A new band appeared at 800 cm ' and was associated with
the Si-O-Si bond of colloidal silica [35]. The peaks at 1015 and 995 cm !
found in B-TCP scaffold appeared displaced in §-TCP/45S5 to 1025 and
1009 cm ™}, respectively, being attributed the bond v3—(P0O4>"), which is
characteristic of the a-TCP [5]. The other bands (v3 e v4) were the found
in both B-TCP and p-TCP/45S5 FT-IR spectra, and they are characteristic
of B-TCP phase. The FT-IR analysis show that the spectrum of -TCP/
45S5 presented several bands indicating the formation of the o-TCP
phase, which agrees with the XRD results.

Several studies report changes in the stability of the TCP phases due
to the ion substitution promoted by Si, which reduces the thermal sta-
bility of -TCP and induces the transformation to a-TCP phase at tem-
peratures lower than the theoretical ones [36]. This substitution is
facilitated because the species PO4>~and Si04*™ have similar tetrahedral
structures. Thus, Si enters the p-TCP network occupying positions of P
[36]. The distinction between the B-TCP and a-TCP FT-IR spectra is
quite difficult. However, some peculiarities of the spectra can give in-
dications and this way such analyses allow identify small differences
between both phases. Besides the appearance of the peak of the Si-O-Si
bond at 800 cm’l, there were changes in the intensities of the bands v;-
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Fig. 5. Curve of the pH variation as a function of the time of immersion in SBF
solution for B-TCP and p-TCP/45S5 scaffolds.

(PO4>7) and the appearance of a no-intense band associated with the
asymmetric elongation v3-(PO437), at 980 cm ™, which can be related to
the formation of the a-TCP phase.

Table 4 presents the values of density, porosity, compressive strength
and Weibull modulus of the -TCP and p-TCP/45S5 scaffolds. The -TCP
scaffolds showed a total porosity of 72.4 + 0.9% and density of 0.8 +
0.03 g/cm®. The incorporation of bioglass did not cause any change in
the values of total porosity (72.9 + 1.3%) and density (0.8 + 0.04 g/
cm?®). The compressive strength and Weibull modulus values, obtained
from the Weibull analysis, showed no statistical difference between the
B-TCP and B-TCP/45S5 scaffolds. Before the incorporation of the bio-
glass, the resistance value was 2.98 (2.40-3.71) MPa, whereas in the
B-TCP/45S5 scaffolds it was 3.29 (2.68-4.05) MPa.

These results show that the mechanical strength, density and
porosity of the §-TCP and p-TCP/45S5 scaffolds are in accordance with
the values reported in the literature for strength (0.1-30 MPa), density
(0.05-1 g/cm3) and porosity (50-90%) of human trabecular bone
[37,38,39]. Fig. 4 shows the Weibull results, expressed as the probability
of failure as a function of the compressive strength (MPa) and their
respective confidence intervals. It was observed the overlapping of the
resistance and reliability, which indicates that the incorporation of
bioglass did not cause changes in the failure mode.
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Fig. 8. SEM images of the p-TCP/45S5 scaffolds after immersion in SBF (a) 0 h (b) 12 h (c¢) 24 h (d) 48 h (e) 72 h (f) 120 h (g) 168 h (h) 360 h (i) 504 h.

The mechanical behavior is related to the process of obtaining the
composite: vacuum impregnation in the sol gel solution, fusion of the
bioglass after the heat treatment at 1200 °C and slow cooling in the
furnace. In the heat treatment, the $-TCP was partly transformed into
o~TCP and silicates were formed by the portion of bioglass that was not
used in the polymorphic transformation § — o. It is known that the
transformation to the a-TCP phase causes microcracks in the p-TCP
matrix due to the volumetric expansion of the unit cell and to differences
in density between the p- and o—TCP phases. Thus, it would expect a
reduction in mechanical strength of the composite, as observed in other
studies [1], however this did not occur. The formation of silicates, me-
chanically resistant phases, may also have contributed to a lesser extent
to compensate for the deleterious aspect of polymorphic transformation
in the resistance of 3-TCP.

Fig. 5 shows the curves of the pH variation as a function of the im-
mersion time in SBF for the -TCP and p-TCP/45S5 scaffolds. The p-TCP/
4585 scaffolds showed a pH value higher than that of 8-TCP throughout
the study period. In the first 12 h of immersion, f-TCP showed no change
in pH, while in the same period p-TCP/45S5 showed a slight increase
(7.42). Next, the pH dropped for both scaffolds, but the drop was more
accented for -TCP, which between 12 and 48 h reduced from 7.40 to
7.35. The decreasing trend of the curves after 12 h was maintained until
the end of the test for both scaffolds.

The variation of pH with time in the -TCP test presented a behavior
like that observed in other studies, showing a decrease with time [1,40].
The slight increase in the pH of p-TCP/45S5 in the first 12 h and the less
accented drop with the immersion time can be attributed to the rapid
release of products from the ionic dissolution of the incorporated bio-
glass, such as Nat and Ca*, and the phase portion a-TCP formed (which
is more soluble than 3-TCP) [1,4,41]. The dissolution enriches the me-
dium of these ions making it more alkaline and favoring the deposition
of CaP on the surface of the scaffold.

Fig. 6 (a) and (b) shows the XRD diffractograms of p-TCP and p-TCP/
4585 scaffolds after immersion in SBF. No changes in the crystalline
phases were verified for p-TCP scaffold (Fig. 6 (a)). Conversely, p-TCP/
45S5 diffractograms (Fig. 6 (b)) showed changes over time, such as
variations in intensities and dissolution of some original phases, in
addition to apatite mineralization. The mineralized apatite showed a
very close correspondence for carbonated hydroxyapatite, HCA,
(Cayp(PO4)6(CO)3 - JCPDS 00-035-0180) and for hydroxyapatite, HA,
(Ca19(PO4)3(0OH), - JCPDS 00-09-0432). However, the exact identifica-
tion of the mineralized phase was not possible since both phases share
the same crystalline structure. In addition, it can occur the incorporation
of other ions from dissolution of 45S5 in the hydroxyapatite network,
preventing the accurate match of the peaks. After 48 h, the B-TCP peak
located at 32.4° dissolved. After 168 h, the wollastonite peaks located at
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Fig. 9. In vitro biocompatibility assays for p-TCP and p-TCP/45S5 scaffolds: (a) Cell viability (Optical Density); (b) Total Protein (ug-Protein/mL); (c) Alkaline
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denotes absence of statistical differences, while pair a-b indicates that the groups compared were statistically different.

29.9° and 25.3° completely dissolve, and the formation of a peak
referring to apatite. After 360 h, apatite was almost nonexistent in the
diffractogram, but after 504 h new apatite peaks are found. This may
indicate that the mineralization of the apatite may not have been ho-
mogeneously increased with increasing immersion times, and that the
mineralized regions of the apatite may be poorly distributed on the
surfaces of the scaffolds.

Figs. 7(a-i) and 8(a-i) show the micrographs of the -TCP and $-TCP/
4585 scaffolds after immersion in SBF. For B-TCP scaffolds, there was no
presence of mineralized regions on the surfaces of the struts, nor of
precipitates with the characteristic morphology of the apatites, which
corroborates with the XRD analyses.

Fig. 8(a-i) shows micrographs of the p-TCP/45S5 scaffolds after im-
mersion in SBF. No changes in the surface were observed until 24 h of
immersion. The characteristic aspect of the struts (gray areas in the
micrograph) was maintained, with the micropores visible (in dark tone,
indicated by the arrows in Fig. 8(a) and (b)). After 48 h of immersion,
some regions with precipitates, attributed to mineralized apatite, were
found in the struts of the $-TCP/45S5 scaffold, as highlighted by the
circle in Fig. 8(d). In the micrograph of Fig. 8(e), after 72 h of immer-
sion, struts presented a characteristic dissolution aspect, while the
micrograph of Fig. 8(f) after 120 h and Fig. 8(g) after 168 h presents a
similar aspect to that after 504 h (Fig. 8(i)), with some regions where the
characteristic microporosity appears covered (as showed in the high-
lighted region) and others with an aspect of the beginning of minerali-
zation (Indicated by the arrows). After 360 h, there were globular
shaped nuclei deposited on the struts, as highlighted by the arrows in
Fig. 8(e). After 504 h (Fig. 8(f)), regions apparently covered with the
mineralized layer were found, as highlighted by the contoured region in
the micrograph, where the characteristic micropores of the struts are no

longer perceived.

In the same way as in XRD analyses, SEM images indicated the
occurrence of mineralization but did not allow an exact relationship
between the formation of apatite and the test time. The 48 h scaffolds
showed more mineralization points than the 168 h, for example. Addi-
tionally, the formation of apatite does not appear to have occurred ho-
mogeneously across the surface, as several particles of mineralized
globular shape can be seen in the 360 h micrograph, however practically
none apatite was found in the region analyzed in the sample of X-ray
diffraction.

The bioactivity the p-TCP/45S5 scaffolds was credited to the for-
mation of the o-TCP phase and the bioactive phases of the 45S5 on the
struts. It is known that the o-TCP phase can induce the formation of
apatite in physiological medium, either alone or when present in
o/B-TCP composites [1,9,42]. Combeite and wollastonite are also known
to induce a bioactive behavior in glass-ceramics, favoring mineralization
in vitro and in vivo [26,31,30].

Fig. 9 shows the results of the biocompatibility tests for the B-TCP
and B-TCP/45S5 scaffolds. The results of the MTT assays (Fig. 9 (a))
indicate both scaffolds presented good cell viability, the cells were able
to stick to the surface and proliferate, indicating a good interaction with
the material. However, the viability for p-TCP/45S5 was significantly
higher (p < 0.05), with an increase of 178% compared to §-TCP, and the
optical density values were ODp.rcp = 0.11 and ODg 1cp/45s5 = 0.30,
which suggests that the cells showed greater interaction and affinity
with p-TCP/45S5. Fig. 9 (b) shows that the total protein content was
only slightly higher for the p-TCP/45S5 (approximately 8%) compared
to B-TCP, but no statistical difference was observed (p < 0.05). The re-
sults of the ALP assay (Fig. 9 (c)) showed that ALP activity was also
statistically higher in cultures established on the surface of §-TCP/45S5
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Fig. 10. Photographs of Petri dishes containing (a, e, i) the samples negative control, (b, f, j) positive control, (c, g, k) B-TCP and (d, h, 1) B-TCP/45S5 after disk
diffusion assays in Agar against the microorganisms E. coli, S. aureus, and C. albicans. In the images, the inhibition areas are highlighted with a circle and scattered

colonies are indicated with arrows.

(p < 0.05), with an increase of 13%. The behavior shown in the total
protein test was consistent with the increase in activity observed in
alkaline phosphatase, since both processes are related to the bone
regeneration process.

The behavior verified in the biocompatibility tests can be related to
the presence of Si from the bioglass, which during dissolution in the
culture medium is released in the form of SiO4*". Qiu et al. reported a
significant effect of SiO4* on the process of bone formation and collagen
biosynthesis and described a probable mechanism by which Si improves
bone mineralization [43]. Si would act by increasing the bioactivity of
prolyl 4-hydroxylase (P4H), an enzyme involved in collagen biosyn-
thesis [44,45]. Dissolved SiO4*~ enters into the cell by endocytosis or
transported by a specific ion channel reaching the rough endoplasmic
reticulum (RER). In the RER, P4H hydroxylates the pre-procollagen
proline to hydroxyproline, an amino acid present in the collagen,
forming the procollagen. In this hydroxylation an important cofactor is
Fe?", but several other cofactors may be present, such as AI>*. Thus, the
Fe2* bonding site can be occupied concurrently by Al**, inhibiting P4H
activity. SiO4*"can bond preferentially with AI*" jons forming
aluminum silicates and neutralizing the inhibition of P4H activity by
AI**, leaving Fe?* bonding sites free. Thus, it improves bone minerali-
zation, collagen synthesis and alkaline phosphatase activity [43,44].

The antimicrobial activity of the B-TCP and B-TCP/45S5 scaffolds
was assessed through measurements of the mean diameters of the in-
hibition halos formed in the disk diffusion test, shown in Fig. 10. The
negative controls (—) of the three microorganisms (Fig. 10 (a), (e) and
(i) indicated that microbial cultures attach and proliferated, covering
the entire plate with a thick microbial film. Positive control samples (+)
tested for bacteria and the fungus showed inhibition of the growth of
microorganisms, as shown by the inhibition halos formed (Fig. 10 (b), (f)
and (j)). p-TCP did not show growth inhibition of any of the tested mi-
croorganisms. The growth of the cultures occurred without any
impediment, being comparable to the result obtained by the tests of the
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negative controls, as shown in Fig. 10 (c), (g) and (k). Already p-TCP/
45S5 was able to create an inhibition zone comparable to positive
control, preventing the proliferation of E. coli (Fig. 10 (d)), S. aureus
(Fig. 10 (h)) and C. albicans (Fig. 10 (1)).

The measurements of the diameters of the inhibition halos formed in
the assay are shown in the graphs of Fig. 11. The results obtained from
the Tukey test and expressed in the graphs showed that there was no
statistical difference between the 3-TCP/45S5 scaffolds and the positive
control (p < 0.05) in the test against E. coli (Fig. 11 (a)). On the other
hand, the inhibition presented by p-TCP/45S5 was statistically higher
than that of the positive control (p < 0.05) for both S. aureus and
C. albicans. Thus, the microorganisms tested were susceptible to the
B-TCP/45S5 scaffolding, with antimicrobial activity equal to or greater
than that of antibiotics and antifungals commonly used to combat mi-
crobial infections.

These results indicate that the incorporation of the 45S5 bioglass in
the B-TCP scaffolds induced an antimicrobial behavior that does not
exist in pure B-TCP, preventing the fixation and proliferation of the
tested microorganisms. This behavior can be attributed to the release of
ionic species from bioglass in the test medium and the consequent in-
crease in local pH. The change in pH can induce changes in osmotic
pressure, alter the integrity of the cytoplasmic membrane and cause
denaturation of proteins, affecting intracellular functions, such as the
activity of enzymes, that are essential to the cellular metabolism of the
microorganism [46,47]. Echezarreta-Lopez et al. [48] proposed a
mechanism of action antimicrobial the bioglass described in three
stages: (1) ionic release, (2) increased osmolarity and (3) increased local
pH. These phenomena interfere with the bacterial intracellular ionic
balance, which results in depolarization of the cell membrane and its
subsequent disruption. In addition, residuals from the bioglass dissolved
in the medium can also get in contact direct with the microorganisms,
damaging the cell walls [47].
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were statistically different.
4. Conclusion

Bioresorbable B-TCP scaffolds with incorporated 45S5 bioglass by sol
gel process were successfully obtained by the procedure presented in
this work. The scaffolds produced by the gel casting method showed
total porosity of 72% and macrostructure with open and interconnected
pores. The incorporation of the 45S5 bioglass induced the partial
transformation of B-TCP into o-TCP as well as the crystallization of
highly bioactive calcium and sodium-calcium silicates. Despite the for-
mation of the a-TCP phase, there was no decrease in the mechanical
strength or in the Weibull modulus values, suggesting that the bioglass
acted by improving the bonding strength of the p-TCP grains. Also, the
presence of 45S5 conferred bioactivity, inducing the formation of an
apatite layer on the p-TCP/458S5 scaffold that was not found in the -TCP
scaffold, in addition to increased biocompatibility, as indicated by in
vitro biocompatibility tests. This increase was related to the dissolution
of ionic species from the incorporated bioglass, mainly silicon, which
neutralizes the inhibition of the activity of the enzyme prolyl 4-hydrox-
ylase. Ionic dissolution also leads to a rise in the pH of the medium,
contributing to the apatite mineralization in SBF and to the inhibition of
microbial growth (disk diffusion tests), since the tested microorganisms
are susceptible changes in the pH of the medium. The biocompatibility
tests showed an increase of cell viability number, and better activity and
osteoblast differentiation in MG63. Thus, the -TCP/45S5 scaffold pre-
sented a set of very promising properties and it can be considered a
potential candidate for application in bone tissue engineering.
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