Ceramics International 48 (2022) 37114-37121

Contents lists available at ScienceDirect

CERAMICS

INTERNATIONAL

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

FI. SEVIER

Check for

3D calcium silicophosphate porous scaffold: In vitro and in vivo response ol

Patricia Ros-Tarraga®, Carlos M. Martinez ”, Miguel A. Rodriguez®, Piedad N. De Aza™"

# Instituto de Bioingenieria, Universidad Miguel Hernandez, Avd. Ferrocarril s/n, 03202, Elche, Alicante, Spain
b Instituto Murciano de Investigacion Biosanitaria Virgen de la Arrixaca, Crta. Buenavista s/n, 03120, El Palmar, Murcia, Spain
¢ Instituto de Ceramica y Vidrio, ICV-CSIC, C/Kelsen 5, Madrid, 28049, Spain

ARTICLE INFO ABSTRACT

Keywords:

Bone tissue engineering
Calcium silicophosphate
Ceramic scaffold
Mesenchymal stem cells
Biomaterial

The elderly population (65 years and older) is expected to increase from 524 million people in 2010 to 1.5 billion
by 2050, with the corresponding increase in bone-related and joint damage problems. Many of these problems
can be solved by using scaffolds for bone tissue regeneration, and material selection is a critical step to obtain
satisfactory results. This selection is crucial for the cell division process, cell-cell communication pathways,
nutrient transport and osteogenic differentiation. In this study, we designed a tridimensional porous ceramic
scaffold composed of 85 wt%CsyS — 15 wt%TCP by the polymer sponge replica method combined with ceramic
slurry, and we analyzed its biocompatibility and osteoinductive capacity by in vitro and in vivo assays. The in vitro
tests showed good biocompatibility because the cells that were seeded over the biomaterial had spread over the
entire surface. The in vivo results showed no cytotoxicity signs at the implant site, and the percentages of defect
closure and residual biomaterial, and the resorption rate, were adequate. All these results demonstrate that 85 wt
%CaS — 15 wt%TCP bioceramics can be taken as potential bone substitutes to be employed for a range of medical

applications.

1. Introduction

Bones are composed of inorganic crystals of hydroxyapatite an
extracellular organic matrix, cells, lipids and water. This complex
structure confers the skeleton ductility, strength and stiffness, which
allow it to carry large loads and absorb impacts without breaking or
deforming. Bones are also capable of self-regeneration when damaged
thanks to modeling and remodeling processes [1,2]. These processes
allow bones to change in size, shape and position during development
and aging. Due to these physical changes, functional bone ability may
also be modified. Mechanical weakening increases, bone stiffens and the
cross-sectional area (trabecular surface over which the mechanical load
is distributed) decreases with aging, which causes greater bone defor-
mation that can lead to bone fractures in fragile bones [2].

The elderly population (>65 years) has been growing for years now.
Globally in 2010, 524 million people were 65 years or older, and this
figure is expected to triple to around 1.5 billion by 2050 [3]. This is due
to our society’s longer life expectancy thanks to the health improve-
ments achieved in recent times. However, this increase is associated
with suffering more problems related to bone and joint damage.

* Corresponding author.

Bone tissue regeneration requires the spreading, proliferation,
migration, adhesion and differentiation of cells. Selecting material
scaffolds with appropriate surface properties is critical for the cell di-
vision process, cell-cell communication pathways, nutrient transport
and osteogenic differentiation [4-9]. Some of these processes can be
regulated by surface topography and different inorganic ions, such as
calcium (Ca), silicon (Si) and phosphorus (P), as described by the pre-
vious literature [10-13]. For this reason, calcium silicophosphate ce-
ramics (CSC) are excellent candidates for developing 3D porous
scaffolds. These ceramics can be obtained by several techniques like
rapid prototyping, electrospinning processing, gel casting, the polymer
replication method, among others [14]. A methodology based on poly-
mer replication allows us to acquire porous 3D scaffolds that mimic
human trabecular bone. Micropores and some mesopores bring about a
larger surface area, which increases ion exchange and the bone-implant
interaction, and macropores improve cell adhesion and migration to
allow cell colonization and angiogenesis [15-18]. For both, bone for-
mation and capillary in-growth purposes, the bibliography recommends
macropores size exceeding 300 pm [19].

In this study, we designed a 3D hierarchical porous ceramic scaffold
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composed of 85 wt% dicalcium silicate (C2S) — 15 wt% tricalcium
phosphate (TCP), 85 wt%CaS — 15 wt%TCP, by combining the polymer
sponge replica and barbotine methodologies. Then materials’ in vitro
behavior was analyzed using adult human mesenquimal stem cells (ah-
MSCs) and the in vivo response was studied with New Zealand rabbits.

2. Material and methods

The chemicals used in the synthesis of dicalcium silicate — tricalcium
phosphate (C2S — TCP) ceramic powders with a composition of 85 wt%
CaS — 15 wt%TCP were Ca-hydrogen phosphate anhydrous (CaHPO4 >
98.0 wt% Panreac, Barcelona, Spain) and calcium carbonate (CaCO3 >
99.0 wt% Fluka, St. Louis, MO, USA), with an average particle size of 13
pm and SiOy > 99.7 wt% (Strem Chemicals Inc., Newburyport, MA,
USA), as the previous literature describes [20]. First a manual agate
mortar was used to mix stoichiometric quantities of raw powders in
acetone. A laboratory attrition miller was used to grind this mixture with
3 mm @ PSZ-Zirconia balls, using isopropyl alcohol as suspension media.
Then, the powders mixture was isostatically pressed at 200 MPa to form
a green body, which was heated in a platinum crucible at 1500 °C for 3h
at a heating rate of 12.5 °C/min. Next, samples were quenched with
liquid nitrogen by being rapidly removed from the furnace. Then, the
samples were ground and pressed again, and the final samples were
sintered at 1500°C, with a heating rate of 8°C/min and with 5-h main-
tenance, followed by a temperature drop of 2.5 °C/min until 700 °C,
24-h maintenance at 700 °C and slow cooling until room temperature.
These temperatures were selected following the C,S — TCP phase equi-
librium diagram [21].

To obtain the porous 3D ceramic scaffolds, a ceramic suspension was
prepared using 55% solid content (85 wt%CyS — 15 wt%TCP powders)
and 45% water media. Then 2 wt% of defloculant (Dolapix CE-64,
Zschimmer Schwartz, Germany) was employed in accordance with the
previous literature [22]. Having obtained the ceramic slurry, poly-
urethane foams were immersed in barbotine ceramic suspension. Slurry
excess was removed using compressed air to avoid plugging pores. Next,
samples were sintered at a heating rate of 2 °C/min until a final tem-
perature of 1350 °C was reached, which was maintained for 2 h. Tem-
perature was lowered at a cooling rate of 2 °C/min until 500 °C and
maintained for 7 h. Finally, samples were subjected to slow cooling to
obtain the final 3D porous ceramic scaffolds.

A Nikon SMZ1500 stereomicroscope equipped, with a Nikon
DXM1200F digital camera, was used to observe the macroscopic struc-
ture of the ceramic samples. A Scanning Electron Microscope (SEM,
Hitachi S-3500 N) was employed to study samples’ microstructure.
They were covered with palladium, as previous literature describes [14].

To evaluate porous scaffolds’ mineralogical composition, X-Ray
Diffraction (XRD) patterns were obtained using a Bruker-AXS
D8Advance automated diffractometer with CuKa 1.2 radiation
(1.54056 A). Data were collected in a Bragg-Brentano (6/20) vertical
geometry (flat reflection mode) between 20° and 50° (26) at 0.05° steps,
with 6 s per step. The X-ray tube operated at 40 kV and 30 mA, as the
previous literature describes [14]. The database provided by the Joint
Committee on Powered Diffraction Standards (JCPDS) was employed to
compare samples’ diffractogram.

To determine the ceramic samples’ structural composition, the
Fourier Transform Infrared (FTIR) spectrum was obtained in a Thermo
Scientific Nicolet iS5 equipped with an iD5 ATR Accessory. A spectrum
was collected by employing 64 scans with a 4 cm™! resolution at room
temperature.

Inductively Coupled plasma Optical Emission Spectrometry (ICP-
OES Perkin Elmer Optima 200™, Massachusetts, USA) was used to
determine the ionic release of Ca, Si and P from the ceramic samples to
the basal culture growth medium (GM). The GM comprised three
products supplied by Sigma-Aldrich (St. Louis, MO, USA): Dubelcco’s
Modified Eagle Medium (DMEM); 10% Fetal Bovine Serum (FBS); 1%
penicillin-streptomycin. Five pieces of porous ceramics (7 mm diameter,
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4 mm thick) were sterilized in an autoclave at 121 °C and then placed in
a 24-well plate with 1 mL of the GM per well. Samples were incubated at
37 °Cin a 95% humidified atmosphere with 5% CO5 for 1, 3 and 6 h, and
for 1, 3, 7, 14, 21 and 28 days. Fresh GM was immediately added every
time GM was collected and stored at 4 °C until ionic determination [23].

After analyzing ionic release, the cytotoxicity of this porous ceramic
was evaluated by the lactate dehydrogenase assay (LDH Cytotoxicity
Detection Kit, TAKARA, Tokyo, Japan). Porous scaffolds (4 mm diam-
eter, 3 mm thick) were placed in a 48-well plate with 500 mL of the GM
and 1% FBS to be incubated for 1 and 3 days at 37 °C in a 95% hu-
midified atmosphere with 5% COs. Then, this medium (hereinafter
referred to as the conditioned medium) was collected and stored at 4 °C.
After waiting the necessary time to obtain the conditioned medium,
5,000 cells/cm? were seeded overnight in a 96-well plate with the GM.
They were incubated for 1 day. After discarding the cellular medium, it
was replaced with 200 pL of the conditioned medium and incubated for
1 day. Finally, following the manufacturer’s protocol, 100 pL were
collected to measure absorbance at 490 and 660 nm.

The cytotoxicity of the conditioned medium was compared to the
spontaneous LDH release from the untreated cells (low control) and with
the maximum LDH release by the cells treated with Triton X-100 (high
control). The low control was composed of 200 pL of the GM with 1%
FBS, while the high control comprised 100 pL of the GM with 1% FBS
and 100 pL of Triton X-100 solution, prepared at 2% in the GM with 1%
FBS.

Cell adhesion and morphology were studied by seeding 30,000 cells/
scaffold in 48-well culture plates for 1, 7, 14, 21 and 28 days with the
GM, which was replaced every 3 days. Prior to cell seeding, scaffolds
were incubated with 5 pg/cm? of fibronectin from human plasma
(Sigma-Aldrich, St. Louis, MO, USA) for 45 min. After each study time,
the seeded ceramics were rinsed with phosphate buffer solution 1X (PBS
1X) and fixed for 1 h with 3% glutaraldehyde. After fixation, cells were
conserved in 0.1 M cacodylate buffer until postfixation with 1% osmium
tetroxide. Then samples were dehydrated in a gradient series of ethanol
solutions (30%, 50%, 70%, 90%, 100% v/v). Critical point drying was
undertaken with liquid CO,. Finally, samples were observed by Field
Emission Scanning Electron Microscopy (FESEM-Merlin™ vp Compact,
Carl Zeiss Microscopy S.L., Oberkochen, Germany) after sputter-coating
them with gold.

To finish the cell tests, the Alamar Blue assay was run to establish
cellular viability (AB, Invitrogen, Carlsbad, CA, U.S.A.). Porous scaffolds
were seeded with 5,000 cells/cm? in 48-well plates to be incubated with
the GM for 1, 7, 14, 21 and 28 days. The medium was discarded after all
the study times. Then PBS 1X was used to wash wells, which were then
filled with 500 pL of the fresh GM and 10% v/v of the Alamar Blue re-
agent. The seeded ceramics were incubated at 37 °C in a 95% humidified
atmosphere with 5% of COs for 4 h in the dark. After this time, 200 pL of
the dissolution were placed in a 96-well plate to take fluorescence
measurements in a Synergy MX ultraviolet visible (UV-Vis) (Bio Tek
Instuments Inc., Winooski, VT, USA) at the respective excitation and
emission wavelengths of 560 nm and 590 nm. All the studies were run at
least in triplicate. The results are expressed as arbitrary units (au).

To study the porous ceramics’ in vivo behavior, six scaffolds (4 mm
diameter, 3 mm thick) were implanted in six pathogen-free male New
Zealand rabbits. The study protocol was examined and approved by the
Institutional Ethics and Animal Experimentation Committee of the
University Miguel Hernandez (Spain) according to Spanish Government
Guidelines and European Community Guidelines for animal care (EU
Directive 2010/63/EU for animal experiments, authorized No. 2018/
VSC/PEA/00056 tipo2). Rabbits were 28-30 weeks old and weighed
about 4-4.5 kg (skeletally mature to ensure growth plates or physis
closure). Two tibial bone defects (5 mm diameter x 4 mm high) per
animal were created. One of the defects was occupied by the porous
scaffold and the other acted as the study control. The six animals were
allocated randomly to two groups (n = 3 each) corresponding to two
study periods: 1 and 3 months.
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After a 2-3-week adaptation period, ceramics were implanted
following the procedure previously described by our group [24,25]. The
general anesthesia procedure employed ketamine hydrochloride (10 mg
kg~!, viai.m.) and the pre- and postoperative broad-spectrum antibiotic
prophylaxis consisted in amoxycillin at 0.1 mL kg™!, via i.m., single
dose). After shaving surgical areas, they were washed with Betadine®
antiseptic and an incision (5 mm diameter x 4 mm high) was made in the
upper third of the anteromedial zone of tibias (metaphysis). This inci-
sion was made using a manual drill to prevent necrosis processes
occurring. Before implanting ceramics, bone defects were thoroughly
washed with saline solution to eliminate bone debris and any chips
produced while creating the defect. Next, ceramics were introduced by
press-fit (Fig. 1a) and the surgical wound was closed by performing an
anatomical plane suture with resorbable sutures (Vicryl® 3/0). Finally,
the wound was cleaned with Betadine® and a plastic dressing spray,
Nobecutan®, was applied. Postoperative pain and inflammation were
controlled with Buprenorphine at 0.3 mg kg™! via i.m. twice daily for 4
days. Finally, rabbits were sacrificed after 1 and 3 months by intracar-
diac pentobarbital overdose (Dolethal®) to obtain tibias. The two tibias
of each rabbit (one with the ceramic material, the other one as a control)
were segmented and fixed in 4% buffered formalin (Panreac, Barcelona,
Spain) for 72 h (Fig. 1b) to carry out the histological and histo-
morphometric analyses. Samples were decalcified for 7 days with a
21-23% (v/v) formic-acid-based solution (Shandon TBD2, Thermo
Corp., Madrid, Spain), processed and paraffin-embedded. Four
micrometer-thick transversal sections, laid perpendicularly to the bone
axis, were stained by a standard hematoxylin and eosin protocol ac-
cording to the literature [24].

All the stained sections were microscopically scanned (Pannoramic
MIDI-II, 3D Histech, Budapest, Hungary) at 400X. The scaffold’s indi-
vidual regions of interest (ROIs) were manually selected to measure two
different elements: residual implant and new bone tissue. The total
surface of each was analyzed in all the microphotographs to calculate
the total surface of each one by summing all the data in the micropho-
tographs from all sections. A digital microscopy application was used to
examine all the sections (Slide Viewer, Ver. 2.5, 3D Histech). Finally,
manual measurements of ROIs were taken by a digital image analysis
software (Zeiss ZEN, ver. 3.0, Carl Zeiss, Jenna, Germany) after cali-
brating the system and digitizing images.

The data from the assays are shown as the means + standard devi-
ation (SD) of at least three specimens per treatment condition. A Stu-
dent’s t-test was used to make a comparison between groups in the LDH
and Alamar Blue assays. Any differences between the measured pa-
rameters in the histomorphometric analysis were studied by a Mann-
Whitney nonparametric test. A p-value below 0.05 was considered to
be statistically significant.

3. Results

Fig. 2 shows the porous 3D ceramic scaffolds fabricated with the
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polymer replica and the ceramic slurry composed of the 85 wt%CyS — 15
wt%TCP ceramic powders. Fig. 2a-b depicts the macroscopic
morphology of the porous scaffolds, and shows interconnected porosity
and pores with uniform dimensions. This structure is confirmed by
Fig. 2c-d, where we can see the microscopic morphology with the
presence of elliptical pores, as well as the well-open porosity of samples
with macropores of 300-600 pm (AB length) and 150-250 pm (CD
length), and the whole surface is covered by micropores.

As microporosity (<40 pm pore size) and macroporosity (>100 pm
pore size) in tissue engineering biomaterials are necessary for bone
growth, the porosity control is the most important factor to control
scaffold designs [26]. The macro- and microstructural analyses of the
bioceramics showed a similar interconnected structure to natural
cancellous bone [27] with pores bigger than 15 pm, which are needed to
allow cell infiltration, and higher than 300 pm, which improves vascu-
larization, nutrient diffusion and new tissue in-growth [28-30]. The
roughness created by the structure’s microporosity increases the bio-
material’s surface contact, which improves cell adhesion and protein
adsorption [31].

Both the XRD pattern and FTIR spectrum of the porous ceramics are
found in Fig. 2e. Samples are monophasic and composed of o'CySss
(JCPDS card no. 09-348). The FTIR spectrum shows the presence of the
Si—0-Si, Si-O-NBO and PO3~ groups. Phosphate groups appeared in not
only the region between 1000 and 1100 cm™!, which correspond to
asymmetric stretching vibration, but also in the band located at 586
em ™! and corresponds to PO3~ bending vibration. The band located at
843 cm ™! was identified as the bending mode of the Si-O-Si groups, and
that located at 882 cm ™! was associated with the stretching mode of the
Si-O-NBO groups. To gain a better understanding of the results obtained
from the FTIR spectrum, each IR frequency is associated with the
different vibrational modes, which appear in Table 1.

The XRD spectra results of the 85 wt%CsS - 15 wt%TCP bioceramic
correspond to the monophasic phase of the starting material obtained by
the solid-state reaction technique (data not shown), which agrees with
the data obtained from the equilibrium phase in subsystem
CaySi04-7Ca0P2052Si0; in system CaySiO4 (C2S) - tricalcium phos-
phate (TCP) [21] at temperatures below 800 °C, where only the o CySsg
phase exists.

Changes in the Ca, Si and P ion concentration in the GM after the
different immersion times of the 85 wt%CyS — 15 wt%TCP samples are
shown in Fig. 3a. The Ca ion concentration increased from 1 h to 3D with
a value of 283 +15 mg/L, before lowering at 7D and increasing again at
14D, with a maximum value of 314+20 mg/L. It continued to lower
until the assay ended. Si ion behavior was similar to Ca for the early
study times. It first increased until 14D and its maximum value was
85.08 + 8 mg/L. Then, it remained constant until the study ended.
Finally, the P ion concentration remained constant from 1 h to 6 h. Then
it lowered from 33 + 6 mg/L to 9 & 2 mg/L at 7D, and then increased to
16 + 3 mg/L during the last assay period. The pH values ranged from
7.54 to 7.65 (graphic not shown).

Fig. 1. a) Scaffold in the bone tissue defect, b) Bone segment with the implant 1 month after implantation, as a representative segment.
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Fig. 2. a-b) Optical micrographs, c-d) SEM micrographs and e) the XRD pattern and the FTIR spectrum of the 85 wt%CyS — 15 wt%TCP ceramics synthesized

at 1350 °C.

Table 1

Infrared vibrational modes of the porous ceramics sintered at 1350 °C.
FTIR wave (cm ™) Vibrational mode/group Reference
500-600 PO~ bending [11,14,32]
760-850 Si-—O-Si bending [11,14,32]
890-975 Si-O-NBO stretching [11,14,32]
1000-1100 PO%’ asymmetric stretching [11,14,32]

Ca phosphate biomaterials are widely accepted for bone tissue
regeneration thanks to their good biocompatibility, osseointegration
and osteoconduction [33]. It is known that Si plays a central role in
physiological bone tissue formation, particularly given its ability to
favor the precipitation of hydroxyapatite (HA) and bone mineralization
[34]. For these reasons, the effect of the dissolution of the scaffolds
composed of 85 wt%CyS — 15 wt%TCP when immersed in DMEM should
be studied in cytotoxicity, cell adhesion and proliferation terms.

Fig. 3b offers the LDH quantification results. The cells without any
material (low control) obtained 11 + 2%% spontaneous cell death.
When 85 wt%CsS — 15 wt%TCP were immersed in the GM for 1 day, the
ionic release from the material induced 11 + 2% cell death. When this
time was prolonged to 3 days, the ionic release from the ceramic ma-
terial induced 8 + 2% cell death. Both results showed no significant
differences with the low control, which means that this ceramic mate-
rial, composed by 85 wt%CzS — 15 wt% TCP, is not cytotoxic for ah-
MSCs.

The adhesion, morphology, proliferation and metabolic activity of
the ah-MSCs seeded on 85 wt%CyS — 15 wt%TCP are shown in Fig. 4.
After only 1-day incubation in the GM, the porous ceramic surface was
covered by small calcium phosphate nodules and cells had completely

spread out. At 7 days, the number of cells increased and covered most of
the surface. After 21 days and 28 days, cells completely covered the
surface by a uniform monolayer, even pores, and showed their charac-
teristic branched random morphology of ah-MSCs. The numerous
created filopodia, which enhanced their adhesion and contact surface
with the porous ceramic, allowed new connections to be made with the
adjacent cells. It was not easy to recognize individual cells at this point
and no cytotoxicity signs were noted at any study time; e.g. lysis, cell
detachment, changes in membrane integrity (Fig. 4a).

Fig. 4b shows the viability and metabolic activity of the ah-MSCs
incubated in contact with the porous ceramics. The AB fluorescence
measurements taken after 1, 7, 14, 21 and 28 days in the GM are dis-
played. Both, the control and material cells (cells seeded on tissue cul-
ture polystyrene, TCPS, and porous ceramic, respectively) showed
enhanced cell metabolic activity with time, which indicates the good
viability of the cells in contact with the ceramic material. There were
some significant differences (p < 0.05) between the control and material
cells during early study periods, although no significant differences
appeared in the fluorescence values between the control and material
cells at 21 and 28 days, and the values of both were high.

The AB results showed bioceramics’ biocompatibility because no
significant differences were observed at 21 and 28 days between the
control and material cells. However, early study times (1 and 7 days),
cells did not show any incremented cell metabolic activity, which may
be explained by ah-MSCs’ self-renewal capacity, a property that is
associated with growth and proliferation properties [12]. Cells need
time to adapt and proliferate because the porous bioceramic is a new
environment for them.

The 1-month postsurgery histopathological analysis showed slight
cortical bone closure in the control animals (Fig. 5a, bidirectional arrow

a) 35 b) 12 -
300
5 250
E =
-] High control
£ 200 ——Ca (mg/L) g ng i ml
£ . 0P (mglL) = ow control
g 10 i = 1D 85 WI%C,S - 15 Wi%TCP
g ~&-Si (mg/L) o e p—
g 100 = 3D 85 Wi%C,S - 15 wi%TCP
=
=
0
GM b 3 6h ID 3D 7D 14D 21D 28D

Fig. 3. a) Ca, P and Si ion concentrations of the GM, as a control, and the GM after immersing the 85 wt%C,S — 15 wt%TCP porous ceramics for 1, 3,6 hand 1, 3, 7,
14, 21 and 28 days (1 h, 3 h, 6 h, 1D, 3D, 7D, 14D, 21D and 28D); b) Cytotoxicity of the material in cell death percentage terms after 1 and 3 days (1D and 3D). The
maximum LDH release acted as the high control and the spontaneous LDH release from cells as the low control. * means significant differences (p < 0.05) between the

high control and the other measurements.
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Fig. 4. Representative FESEM images of the ah-MSCs seeded on the surface of the 85 wt%C,S — 15 wt%TCP bioceramics after a) 1 day, 7 days, 21 days and 28 days
(1D, 7D, 21D and 28D) with the GM, and b) cellular metabolic activity of the cells in contact with the porous ceramic compared with cells in TCPS (positive control).
* means significant differences (p < 0.05) between TCPS cells during different time periods. # means significant differences (p < 0.05) between porous ceramic cells
during different time periods./means significant differences (p < 0.05) between porous ceramic and TCPS cells during the same experimental time.

and Table 2), microscopically characterized by the presence of
numerous bone trabeculae (Fig. 5a, T) with no organized pattern and
prominent bone callus formation (Fig. 5a, BC), and histological evidence
for condrogenic differentiation (Fig. 5a, C) during endochondral ossifi-
cation transition (Fig. 5a, EO). The neoformed trabeculae located in the
cortical bone (Fig. 5b) showed immature lamellar bone (Fig. 5b,
asterisk) and well-vascularized (Fig. 5b, V) connective tissue (Fig. 5b,
CT) with numerous active osteoblasts (Fig. 5b, head arrows) that
configured the neoformed bone.

The animals with the intraosseous biomaterial implant showed more
prominent defect closure (Fig. 5c, bidirectional arrow) than the control
animals (Table 2), and more organized neoformed cortical bone with
fewer bone trabeculae (Fig. 5c¢, T) and less prominent bone callus
(Fig. 5c, BC). The presence of the biomaterial (Fig. 5c, B) can be
microscopically detected in both cortical and medullary bone. At higher
magnification (Fig. 5d), the neoformed lamellar bone had completely
developed (Fig. 5d, asterisk) with a few bone trabeculae (Fig. 5d, T), and
also with the same histological characterization described in the control
animals. The cortical zone, which was still closing (Fig. Se), displayed
granulation tissue (Fig. 5e, GT), which can be considered a precursor to
new bone formation. It was surrounded by lamellar bone trabeculae
(Fig. 5e, T) with many osteoblasts (Fig. Se, head arrow). At the medul-
lary level (Fig. 5f), well-vascularized granulation tissue was observed
(Fig. 5d, GT) with a discrete inflammatory infiltrate (Fig. 5f, I) composed
mainly of macrophages and biomaterial deposits (Fig. 5f, B), some with
histological trabecular bone neoformation features (Fig. 5f, T) and lots
of active osteoblasts (Fig. 5f, head arrow).

At 3-month postsurgery, cortical closure complete was observed in
the control animals (Fig. 5g, CC). At higher magnification (Fig. 5h),
cortical bone showed fully developed lamellar bone (Fig. 5h, asterisk),
and some points of endochondral ossification were still detected
(Fig. 5h, EO).

The cortical closure in the animals with the intraosseous biomaterial
implant at 3-month postsurgery was also complete (Fig. 5i, CC). At
higher magnification (Fig. 5j), cortical bone showed well-developed
lamellar bone (Fig. 5j, asterisk) with some points of endochondral
ossification (Fig. 5j, EO), similarly to those described in the control
animals. Interestingly, these animals presented lamellar bone formation
in the medulla (Fig. 5k, asterisk) and the discrete presence of biomaterial
deposits (Fig. 5k, B).

The in vivo assays demonstrated properties of bioceramic stimulate
bone tissue regeneration. When we looked at the results obtained for the

bone to implant contact (%), we observed a drop in the percentage from
8 + 3% in the animals with intraosseous biomaterial at 1 month post-
surgery to 7 + 1% in the animals with intraosseous biomaterial at 3
months postsurgery. For the percentage of defect closure 1 month after
surgery, the animals with the intraosseous biomaterial showed a higher
value than the control animals (44 + 10% and 30 + 1%, respectively).
This finding indicates that the biomaterial is capable of accelerating
bone tissue regeneration. All the animals showed complete defect
closure 3 months after surgery. Finally, the results obtained from the
percentages of the resorption rate and residual biomaterial revealed that
bioceramics were biodegradable. The percentage of the resorption rate
rose by approximately 17% when the postsurgery time increased from 1
to 3 months (60 + 13% and 77 + 4%, respectively), which agrees with
the results obtained for the percentage of residual biomaterial showing a
drop in percentage when the postsurgery time was prolonged from 1 to 3
months (30 + 4% and 21 + 5%, respectively).

This research demonstrates that the bioceramics are capable of
mimicking bone tissue, and osteoblasts are able to adhere and prolifer-
ate over their surface better than with other materials. Calcium phos-
phate ceramics (CPC) have been profoundly studied for bone tissue
engineering because of its physico-chemical properties, osteoconduction
and osteoinduction. For these reasons, improvements in the different
properties of CPCs, such as compressive strength, biodegradability,
bioactivity, solubility, surface topography, among others, have been the
focus of different studies in recent years [35,36]. Extremely biode-
gradable materials are excellent candidates for bone tissue engineering.
However, an equilibrium between new bone growth and the material
degradation rate is essential for creeping substitution, where a slow
near-complete graft resorption must take place with simultaneous new
bone deposition [37]. CPCs’ biodegradability can be improved by
combining them with ceramics composed of Si, like CyS, which lower a
materials’ resorption rate and speed up bone regeneration to well
contribute to creeping substitution. The results obtained in the present
work reveal a progressive resorption rate for the bioceramics, which
allows whole scaffold colonization and the formation of new bone
around and inside it.

4. Conclusions
Porous o/ C2Sgs monophasic scaffolds composed of 85 wt%C2S — 15 wt

%TCP were fabricated by immersing polyurethane sponges in ceramic
slurry and following a sintering process in accordance with the C,S-TCP
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Fig. 5. a) Representative image of a 1-month post-surgery
tibia sample of a control animal; b) Detailed image of the
characteristic bone structures of a 1-month post-surgery
tibia sample of a control animal; c¢) Representative
image of a 1-month post-surgery tibia sample of an animal
with the intraosseous biomaterial implant; d-f) Detailed
images of the characteristic bone structures of a 1-month
post-surgery tibia sample of an animal with the intra-
osseous biomaterial implant; g) Representative image of a
3-month post-surgery tibia sample of a control animal; h)
Detailed image of the characteristic bone structures of a 3-
month post-surgery tibia sample of a control animal; i)
Representative image of a 3-month post-surgery tibia
sample of an animal with the intraosseous biomaterial
implant; j-k) Detailed images of the characteristic bone
structures of a 3-month post-surgery tibia sample of an
animal with the intraosseous biomaterial implant. C =
Condrogenic differentiation; EO = Endochondral ossifi-
cation; BC = Bone callus; T = Bone trabeculae; > and <
Active osteoblasts; CT = Connective tissue; V = Vascu-
larized tissue; * = Lamellar bone; Bidirectional arrow =
Closure of cortical bone; B = Biomaterial; GT = Granu-
lation tissue; I = Inflammatory infiltrate; CC = Complete
cortical closure.
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Table 2
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Histomorphometrical analysis of the animals with the biomaterial versus the control animals after 1 month and 3 months postsurgery. * means significant differences
(p < 0.05) between the animals with the biomaterial at 1 and 3 months postsurgery. # means significant differences (p < 0.05) between the animals with the

biomaterial and the control animals 1 month after surgery.

1 month postsurgery - Biomaterial

1 month postsurgery - Control

3 months postsurgery - Biomaterial 3 months postsurgery - Control

BONE TO IMPLANT CONTACT (%) 8 + 3 -
DEFECT CLOSURE (%) 44 + 10* 30 + 1%
RESIDUAL BIOMATERIAL (%) 30 + 4* -
RESORPTION RATE (%) 60 + 13* -

7+1 -
100+ 0 100.00 + 0
21 + 5* -
77 + 4* -

phase equilibrium diagram. The results of the in vitro tests using ah-
MSCs seeded directly on the material showed bioceramics’ excellent
biocompatibility because cells had spread over the entire surface, and
even covered the biggest porous structure, at an adequate proliferation
rate.

The 85 wt%CaS — 15 wt%TCP ceramic scaffolds are capable of
accelerating bone defect closure only 1 month after surgery compared to
the control animals, which contributes to bone regeneration. Further-
more, the resorption rate recorded for the biomaterial is higher and
directly proportional to the postsurgery time. This fact, together with
the noncytotoxic effects observed in both the in vitro and in vivo assays,
demonstrate that these bioceramics are biodegradable and innocuous
for humans. All these results demonstrate that 85 wt%CsS — 15 wt%TCP
ceramics are potential bone tissue engineering candidates.
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