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Abstract

A biphasic bone grafting biomaterial based on a mixture of calcium phosphates
and beta-tricalcium phosphate (S-TCP) phases with high nanoporosity was
synthesized. The synthesis route was based on calcium phosphate composition
and the incorporation of glycolic acid as a pore former, giving a material com-
posed of 97% B-TCP and 3% calcium orthophosphates (CaPO,). An in vitro
study of the purity, microstructure, crystalline domain, and pores size for the
material obtained was performed by SEM analysis as well as full structural
characterization. The region of interest related to the surface was determined
by the specific surface area measured with the BET method. /n vivo evalua-
tion of bone response was performed by implanting the new low-cost biphasic
manufacturing material synthesized in this work, which was compared with a
biphasic material of similar chemical and microstructural composition exist-
ing in the commercial market and with higher cost called Synergy Odontit®
F-TCP. The materials were implanted separately into 5 mm diameter defects
in the tibias of New Zealand White rabbits at 30, 60, and 90 days. The results
obtained showed that the host tissue well accepted the new biphasic material;
the presence of new bone formation was observed. A more complete resorp-
tion was observed for the new microcrystalline biphasic material compared to
for a commercial S-TCP material.
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1. Introduction

This template, Bone tissue is in constant formation and resorption called the
remodeling process. It consists of the reabsorption of a certain amount of tissue
carried out by osteoclasts, while, simultaneously, osteoblasts produce an osteoid
matrix that is subsequently mineralized. This process takes place in small areas
of the cortical or trabecular surface called “basic bone remodeling units” (basic
multicellular units, BMUs) formed by osteoclasts, osteoblasts, preosteoblasts, and
macrophages. In these units, the activation of osteoclasts first occurs at a specific
place in the skeleton, which results in bone tissue resorption, and then and in the
same place, osteoblasts are activated, forming new bone tissue [1] [2] [3]. Osteoc-
lasts and osteoblasts exert their activities in the so-called bone remodeling com-
partments (BRCs), which are separated from the bone marrow cavity by a mo-
nolayer of flat cells. It has been shown that BRCs in their three-dimensional real-
ity are part of a previously unrecognized anatomical microstructure, which in-
volves microcapillaries, and there are communications between bone marrow
niches and tissue surfaces in the process of remodeling [4].

Some osteoblasts are finally buried within the lagoons of a mineralized matrix.
These cells are called osteocytes and are characterized by a striking star morphol-
ogy, reminiscent of the dendritic network of the nervous system. Surface cells,
osteoblasts, and osteoclasts are found on the bone surface, while osteocytes are
inside the bone. Osteocytes are the most abundant cells of bone tissue (10 times
more than osteoblasts). Its body is located inside osteoplasts or osteocytic lacunae,
and cytoplasmic processes are arranged inside calcophoric ducts that are filled
with an extracellular matrix (ECM). Osteocytes are organized forming a sync of
interconnected cells through multiple cytoplasmic processes; they communicate
through nexus junctions with each other and with the bone tissue surface cells
along canaliculi, representing a unique structure. Osteoblasts, in turn, can com-
municate with bone marrow stroma cells, as they extend cell projections into en-
dothelial cells within sinusoids. This large contact surface between osteocytes and
the blood vessel wall throughout its path allows them to ensure oxygen and nu-
trients. When trauma to bone tissue occurs, the cessation of blood circulation
causes hypoxia and necrosis of osteocytes that occur more than 0.1 mm from an
intact capillary. Osteocytes also participate in the synthesis and mineralization of
an osteoid matrix, but their main function is to control the modeling and bone
remodeling by a mechanotransduction process, detecting mechanical loads through
changes in the flow of interstitial fluid in canaliculi. The cyclic compression load
promotes osteoblast differentiation. Consequently, compression on bone tissue

produces deformations on osteocytic membranes that induce biochemical mod-
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ifications thereof. This allows these mechanosensory cells to detect the need for
augmentation or reduction of bone tissue during the functional adaptation of the
skeleton, the need for microlesion repair, and, in both cases, to transmit signals
that lead to an appropriate response. Osteocytes constitute the final stage from
the osteoblast line and are unable to renew [5] [6] [7]. A new study confirmed
that autogenous bone tissue fragments generated during surgery (for example, in
the preparation of an implant site), accelerate the formation of tissue by releas-
ing a wide variety of growth factors from an ECM and cells contained within this
matrix. Osteocytes, whether viable or in apoptosis, within such fragments are
able to recruit osteoclasts to a bone remodeling site and support the formation of
bone tissue on their surfaces. In addition, osteocytes within autogenous fragments
are often able to repair interrupted canalicular networks to connect with other
osteocytes or osteoblasts in the new bone tissue formed on the surfaces of frag-
ments [8].

When an osseointegrated implant is placed or a graft is performed to increase
the bone substrate before the insertion of implants, bone regeneration, which
means the new bone tissue is identical to the pre-existing ones, is sought. A bone
matrix must have suitable mechanical properties to provide structural support
during bone growth, allowing vascular neoproliferation and consequently bone
formation. Biodegradable or resorbable ceramics are ceramics that gradually de-
grade and replaced by reactive bone tissue, a process also known as bioabsorp-
tion [9]. Tricalcium phosphate (TCP) in its active forms and calcium sulfate he-
mihydrate (plaster of Paris) are part of this group. These types of bioceramics
are superior, since they remain in the body only as long as their function is ne-
cessary, disappearing as tissues are regenerated. Its major drawback is that its re-
sistance also decreases during the resorption process. Therefore, synchronization
and balance control between scaffolding-material resorption and new bone tis-
sue formation are crucial aspects for the success of bone tissue engineering [10]
[11] [12].

Ceramics have been used as grafts for decades and are seen as a viable solution
to the problem of bone loss. However, the challenge is to develop a biomaterial
that mimics macro- and microstructures and can be part of the composition of
bone tissue, so that it harmonizes locally with the host tissue and provides a biolog-
ically stable implant [13]-[18]. Calcium orthophosphates, such as beta-tricalcium
phosphate (S-TCP) and hydroxyapatite (HA), are the most commonly used re-
sorbable bioceramics as synthetic bone tissue implants [19]. Currently, these CaPO,
are used combined in different proportions forming biphasic compounds that
can improve their therapeutic performance [20] [21] [22].

Porosity is an essential factor that allows for the union between bioceramics
and bone tissue, and interconnected porous structures allow for the penetration
of vasculature into pores connecting mesenchymal stem cells (MSCs) and osteo-
tropic agents. A larger contact area allows for a more significant contact and ex-

change relationship with the recipient bone tissue. Porous scaffolding must have
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a porosity higher than 50% with a recommended minimum pore size of 100 pm
[23] [24] [25], which is the same requirement for physiological Havers systems
of bone tissue that have an approximate diameter greater than 100 pm. The mini-
mum porosity necessary for the regeneration of a blood vessel is approximately
30 to 40 pum to allow for the exchange of metabolic components and to facilitate
the entry of blood vessels [26]. However, the average size of macropores and pore
interconnections of more than 300 um induction provides bone neoformation,
increasing the differentiation and proliferation of osteoblasts throughout scaf-
folding with mass oxygen transport and nutrient flow, also facilitating waste dis-
posal [26] [27]. A significant impact on osteogenic response is microporosity (pore
size < 10 pm), roughness of a pore wall, and macroporosity (pore size > 50 pm);
all of them contribute to adsorption of osteoinductive proteins, ion exchange,
and the formation of apatite similar to bone tissue by dissolution and reprecipi-
tation [9] [28] [29].

Microporosity improves the load transfer between tissues and the hardness of
a material. It also facilitates the material establishment of a continuous mecha-
nosensory network [30]-[36]. Although increase in porosity and a larger pore
size facilitate bone tissue growth, the structural integrity of the scaffold can be
jeopardized and can adversely affect its mechanical properties if the porosity is
very high at the same time. Therefore, manufactured scaffolds from biomaterials
should not have high porosities (>90%) in order to avoid compromising the struc-
tural and mechanical integrity before proper replacement by the newly formed
bone tissue [37]. The small size of crystalline domains forms a smaller size of the
microstructure of a surface that allows for a more significant contact stability
and reaction at the interface between a grafted material and the host bone. The
activation and adsorption of MSCs would support the intrinsic stimulation of
the formation of new bone tissue to surfaces with nanometric topographic fea-
tures [38] [39] [40]. Achieving a balance between resistance to deformation and
porosity is vital to develop porous scaffolds with mechanical stability optimally.
The pore structure of scaffolding is an essential consideration for vasculariza-
tion, cell migration, and a better organization for cell growth and ECM produc-
tion [41].

Previously, we presented a method to obtain a mixture of HA/S-TCP by a
chemical method [42]. The method is low-cost, because it uses technical grade
precursors and the use of glycolic acid during the synthesis to provide a highly
porous material without the need to use additional porogenic agents. This reduces
manufacturing cost, which impacts marketing cost and expands the possibility of
massive application of bone grafting. Using light microscopy, we made a compara-
tive analysis of the distribution and activities of osteoblastic cells on biomaterials
30, 60, and 90 days after implantation. The present work takes a multimodal ap-
proach consisting of a study of the crystallinity, composition, and pore-volume,
as well as compression testing, of this new material and its cellular biodegrada-

tion when used to fill critically sized bone defects in rabbit tibia, comparing its
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performance with those of a commercially available f-TCP graft material (Syn-

ergy Odontit®; Buenos Aires, Argentina) [43] and unfilled control defects.

2. Materials and Methods

2.1. Sample Preparation

A biphasic f-TCP/CaPO, mixture was obtained by using a technical-grade dust
calcium phosphate tribasic with 34.0% - 40.0% Ca basis (Sigma-Aldrich® Merck,
Buenos Aires, Argentina), and an aqueous glycolic acid solution at a concentra-
tion of 70% V/V with a pH value of 0.1 (DuPont®, Wilmington, DE, USA). Gly-
colic acid was added to the powder at a concentration of 1 mL/g in a glass vessel
and continuously stirred (20 rpm) for 10 min. An exothermic reaction with a
maximum temperature of 57.5°C was produced. Afterward, the sample was dried
in a furnace (at 160°C for 8 h) to evaporate the water excess. Then, the material
is ground to break up agglomerates and sieved to obtain particle sizes of 650 -
1250 um. After that, the sample was heated at 500°C for 20 min under a 60°C/min
heating rate at atmospheric pressure. Then, the temperature was raised (with the
same heating rate) up to 1150°C, and the material was maintained at this tem-
perature for three hours at atmospheric pressure and then for three more hours in
a vacuum atmosphere. The last thermal treatment produced a solid-state reaction,
which reduced 50% of the sample weight and transformed the material into the
biphasic f-TCP/CaPO, phase (ARG. GLICO pS-TCP) (see in Figure 1(a) and
Figure 1(b)).

2.2. Material Characterization

The microstructure of the material obtained was characterized by a Zeiss Sigma
Field Emission-SEM (Carl Zeiss,Oberkochen, Germany), operated at 5 kV. XRD
patterns were acquired in a Panalytical Empyrean Philips PW 3710 X-ray dif-
fractometer in a 26 range of 5° - 90° (step size: 0.02°) with Cu-Ka radiation at
a voltage of 30 kV and a current of 25 mA to determine the mineral phases

present in both study materials. Patterns were quantified by the Rietveld method.

(a) ()

Figure 1. SEM images of biphasic materials particles used to fill critical size defects of
tibia rabbits: (a) Granules of beta-tricalcium phosphate (-TCP) ARG. GLICO material;
(b) Commercial Synergy Odontit® A-TCP material (Buenos Aires, Argentina).
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The specific surface area (BET area) allowed obtaining the total area of the sam-
ple that was in contact with biological tissues and was determined by a DigiSorb
2600 Micromeritics micrometer surface area analyzer. For compression tests, the
materials were compacted in the form of bars. The bars of the ARG. GLICO
SB-TCP and commercial Synergy Odontit® - TCP materials (Odontit Argentina,
Buenos Aires, Argentina) were obtained by cold isostatic pressing at 200 MPa for
one hour, followed by sintering at 1000°C during the second hour with a tem-
perature rise range of 5°C/min. The bars were cut into circular discs with a di-
ameter (D) of approximately 7.14 mm and a thickness (#) of approximately 2.11
mm (#/ Dratio: approximately 0.29).

Strength was determined using compact disc diametral compression tests
(DCDTs) following the procedures described in previous studies [44] [45]. Six-
teen circular discs of each composition were placed between two stainless steel
plates with their faces perpendicular to loading plates in a universal testing ma-
chine (MicroTest, Madrid, Espafia). The load was applied at a machine frame
travel speed of 0.5 mm/min.

For DCDT samples, the highest tensile force was uniform across the central
part of the diametral plane of the samples, and the areas closest to the load with-
stood the compression. The compression ratio was smaller for more rigid samples.
The fault occurred through the diametral plane, and the samples were broken
into two similar pieces, corresponding to a drop in load in the load-displacement
curves recorded during the tests. The maximum load before the fall was used to
calculate the diametral force, o using Equation (1):

2f

o =
7Dt

T

The results of 16 valid tests were used to calculate Weibull parameters using
the procedure of ENV-843-5 [46], which implies the simplest form of the Wei-
bull function [47] shown as Equation (2):

o 2

where P; is the probability of failure in the tension o, ¢, is the breaking
stress, which is the maximum stress that the material endures before it is broken,
corresponding to the tension at which the probability of failure is 63.2%, and m
is the Weibull module. The probability of failure was calculated using Equation
(3):

where Nis the total number of specimens tested and n is the sample range in as-
cending order of fault voltage. This function of Weibull has been shown to ade-
quately describe the distribution of the strengths of dense and porous materials
(up to 60% by volume) [48] [49] [50].
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The same analyses for microstructures, mineral phases detections, specific sur-
face areas, and compression tests were completed for a control material (Sinergy

Odontit® S-TCP, Buenos Aires, Argentina) with the same evaluation conditions.

2.3. Implantation Procedure

The experimental study was carried out following the ethical principles for expe-
rimental animals research of Catholic University of Cuyo San Juan Argentina
Institute of Bioethics (UCCS]) San Juan October 10 2012 (Ref: Project M.A
Garcés).

Fifteen New Zealand male rabbits of six months age weighted 3.1 - 3.6 kg were
used in the study. The ARRIVE guidelines for animal experimentation were fol-
lowed. The sample size per group was calculated at a statistical power of 80%
and an error of 0.5%. The group allocation in each tibia was randomly selected
using the software Research Randomizer.

Rabbits were fed “Ad libituns” with solid food and water for adaptation in cages
at 24°C and 50% humidity with a 12/12h light/dark photoperiod [51]. Before the
surgery, rabbits were anesthetized with Ketamine Hydrochloride (Ketalase®) (body
weight (BM): 50 mg/kg), IM, and chlorpromazine (Ampliactﬂ@, Sanofi, Aventis,
Buenos Aires, Argentina) (BW: 10 mg/kg), IM [52]. Antibiotic prophylaxis was
performed with amoxicillin (Amoxidal®, Roemmers, Buenos Aires, Argentina)
with a BW of 15 mg/kg, administered in single doses and 30 min before the in-
tervention. The two hind legs were shaved, and a full-thickness incision was made
to expose the proximal antero-internal area of each tibia. Two critical defects
(holes with 5 mm in diameter) were made in each of tibias, the graft filled one of

them, and the other was kept as a control (Figure 2).

Figure 2. Defects created in a tibia filled with 0.176 cm’ of the ARG. GLICO S-TCP ma-
terial in the present work (left) and unfilled for controls (right).
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The animal surgery was done on each of the legs, in the proximal antero-
internal area of each tibia to place the graft. Five milimeters bone defects were
filled with substitute materials previously sterilized in a dry heat stove at 170°C
for two hours and then stored in phosphate-buffered saline (PBS) before place-
ment. Subsequently, the wound was carefully closed with continuous interlaced
resorbable suture of Glicosorb® polyglycolic acid 3/0, starting with the perio-
steum and a deep muscular plane. The cutaneous plane was also faced employing a
continuous suture entwined with Silk 3/0. Finally, after washing the surgical wound
with a physiological serum, a Rifocina® rifampicin spray (Sanofi-Aventis, Buenos
Aires, Argentina) was applied. Postoperative pain and inflammation of rabbits
were controlled with the administration of Helenil® ketoprofen (Roux-Ocefa,
Buenos Aires, Argentina) (BW: 1000 ug/kg) every 24 hours, one hour before the
intervention and for three days [53]. Two perforations were made in each of tibi-
aes of each rabbit for a total of 60 perforations. In one tibia, the synthesized ma-
terial was placed, and one empty defect was left, whereas in the other tibia, a
commercial bone substitute was applied to one defect and the other one was left
empty (Figure 3). The volume (V) of the bone substitute that was placed in cy-
lindrical bone defects with a critcial size was calculated using the following vol-
ume equation: V= nr’h = 3.14 X 2.5> x 9 mm®, which was 176 mm® equaling to
0.176 cm®. No filling (n = 30) was applied in the control group, Sinergy Odontit®
F-TCP (Odontit Argentina, Buenos Aires, Argentina) (n = 15) was used in test A,
and ARG. GLICO (n = 15) S-TCP was used in test B. Day 0 (zero) was consid-
ered at the time of surgery. After 30, 60, and 90 days of healing, five rabbits were
sacrificed at each of experimental times under anesthesia by administering an
intravenous sodium thiopental overdose obtaining a sample of 10 tibiaes at a

time.

2.4. Histological Analysis

After sacrifice, tibias were extracted, soft tissues were removed to expose the rab-
bit’s tibia, and bone blocks containing experimental areas were obtained with an

oscillating saw. The blocks were fixed in a 10% formaldehyde solution at pH 7.0.

BTCP Sinergy ®  BTCPARG. GLICO

{

- conTROL—L&

|
L i |

Figure 3. Surgical protocol in both tibias. Critical defects with a diameter of 5 millimeter
were made in both tibias; 10 millimeters of separation was left between the perforations in
one defect material implanted and the other left as a control without filling.
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Bone samples were demineralized for five weeks in a 10% EDTA solution (pH 7.4).
Then, the pieces were dehydrated in a gradient of ascending alcohol (60% - 100%)
and processed for later inclusion in paraffin. Next, samples were sectioned in 5 um
thickness with a microtome. Finally, the samples were stained with hematoxylin
and eosin to perform the histomorphometric analysis by optical microscopy.
Histological images were obtained with an Olympus BX 50 fluorescence micro-
scope (Leica, Wetzlar, Germany) connected to a Sony CCD-IRIS digital camera
(Sony Global Eng Net, Argentina) equipped with lenses for detailed evaluation
and morphometric measurement. Measurements in the area of a newly formed
bone in the defect were obtained using Image-Pro Plus software version 4.5.2
(Media Cybernetics Inc, Rockville, Maryland, USA). In histological images, os-
teoblasts were seen aligned in contact with trabecular bone, while osteocytes were
scattered on the surface of bone trabeculae. For this reason, osteoblasts were
measured in millimetres, and osteocytes were measured in square millimeters.
Osteoblasts and osteocytes can be differentiated and counted perfectly with a 40x
optical microscope. The number of osteocytes per surface (mm?) was calculated,
and the osteoblasts were linear (mm) using 30 images at a magnification of 40x
in total, that is, 10 images for each time of the study. Biomaterial particles re-
maining at the end of the study (90 days) were observed and measured with a 1.3
MP Motic camera considering the area they occupied in a reference region. Im-
ages were captured with a 10x objective and calibrated with a circle of 150 pm
using the Motic Images Plus 2.0 ML program (Laboquimia, La Rioja, Spain).

A two-way ANOVA test was used for the statistical analysis of histomorpho-
metric data, (group and stage), and to evaluate the differences between specific
means, post hoc tests (Tukey DHS) were performed. For all tests, the value of
statistical significance was set at p < 0.05. Data were processed with the statistical
software package SPSS v.20 (IBM-SPSS Inc., Chicago, IL, USA). The researchers
of this work were blinded, that is, they were unaware of the intervention the

groups under study were receiving.

3. Results

3.1. Material Characterization

The physical structures at the micrometer scale of the material synthesized and
the commercial S-TCP can be observed in Figure 4.

Particles corresponding to the ARG. GLICO S-TCP had irregular forms with
spherical edges, associated with a high macroporosity. In addition, the specific
surfaces of these particles were microcrystalline and concave. The nanostruc-
tures of the material synthesized and the commercial A-TCP can be seen in Fig-
ure 5. Even when the shapes of the subunits were similar for both samples, the
size of the commercial sample was almost twice that of the synthesized material.

The Ca/P ratios, estimated by quantification of energy-dispersive X-ray spec-
tra, were 1.5 and 1.6 for the synthesized and commercial S-TCP samples, respec-

tively. XRD patterns of the material synthesized and the corresponding Rietveld
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(a)

(®)

Figure 4. SEM micrographs at a magnification of 150x: (a) ARG. GLICO f-TCP having irregular shapes and rounded edges and
macropores between 150 and 500 um; (b) Sinergy Odontit® A TCP (Buenos Aires, Argentina) having regular shapes and straight

edges and no macropores.

Figure 5. SEM photomicrographs at a magnification of 3500x: (a) ARG. GLICO S-TCP. Micropores with sizes between 1 and 9
um were observed and had a smaller surface microstructure; (b) commercial Sinergy Odontit® A-TCP (Buenos Aires, Argentina).

Micropores with sizes between 1 and 4 um and a larger surface microstructure were observed.

refinement are shown in Figure 6. No remains of the starting materials were
observed, and the mass concentrations of the detected phases were 97% S-TCP,
1.04% dicalcium phosphate, and 1.89% phosphate tetra calcium oxide.

The phases identified for commercial grafting were 90% S-TCP, 8.68% dical-
cium phosphate, and 1.29% phosphate tetra calcium oxide shown in Figure 7.
The Rietveld method allowed obtaining structural refinement, in addition to the
phase concentrations of the analysis, the parameters of the crystalline cell, and
the size of the crystals. The crystalline sizes obtained in the refinement were 120
nm for the commercial Sinergy Odontit® A-TCP (Buenos Aires, Argentina) and
67 nm for the ARG. GLICO S-TCP phase, which represented almost twice the
domain size (1.79 nm). These crystalline domain sizes represented the mean value

of coherent domains for diffraction, and they did not coincidence with the sub-
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unit sizes observed by SEM, since these subunits were composed by many of the
crystallites domains. A detailed study on diffraction of biphasic ceramics by X-ray
techniques can be found elsewhere [42].

Regarding the mechanical tests of the biphasic sample synthesized here, the
parameters of the Weibull force distribution, determined by diametral disk com-
pression, were as follows: modulus, m = 5.4, and ¢, = 4.9 MPa (80% confidence
interval: m = 5.4 - 6.0, g, = 4.6 - 5.3), whereas for the commercial S-TCP m = 6.7
and g, = 5.9 MPa (80% confidence limit: m = 6/7 - 7/3, ¢, = 6.2 - 5.6). The Wei-
bull distribution calculated using the specified Weibull module and the characte-
ristic resistance is shown in Figure 8 together with the experimental data. The
lower and upper limits for Weibull parameters are summarized in Table 1.

The total porosity was calculated by comparing the theoretical density pc of a
CaPO,-4-TCP mixture with the measured density pm and represented the frac-
tion of volume occupied by pores. The porosity values obtained from this me-
thod were 80% for the present biphasic sample and 50% for the commercial
sample. The specific surface areas by the BET method were 3.98 + 0.05 m?/g for

the material studied obtained and 1.50 + 0.05 m*/g for the commercial material.
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Figure 6. XRD pattern and Rietveld analysis of the ARG. GLICO S-TCP.
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Figure 7. XRD pattern and Rietveld analysis of the commercial Sinergy Odontit® A-TCP (Buenos Aires, Argentina).
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Figure 8. Weibull distributions (indicated by lines) calculated using the determined Weibull
parameters (Table 1) and experimental data (indicated by points). Pf: probability of failure.

Table 1. Weibull parameters following the procedures of ENV 843-5 with an 80% confi-
dence limit. Du and DI represent upper and lower limits for the Weibull distribution. Cu
and Cl represent upper and lower limits of a characteristic resistance, ¢;. Distribution calcu-
lated using the unbiased values of Wexp and Wcorr.

Material W Weoer D, D, o, (MPa) C, G
Comercial S-TCP 7.3 6.7 8.9 5.2 5.9 6.2 5.6
ARG. GLICO B-TCP 6.0 5.4 7.2 4.2 4.9 5.3 4.6

3.2. In Vivo Study

The experimental areas healed uneventfully along the entire experimental periods.
Considering the critical size of the wound and the effect of the biomaterial eva-
luated, only the repair at the level of the defect could be clearly observed from
cortical walls in the histological sections 90 days after the study. However, the ad-
vantages of using a graft material for filling bone defects can be seen in Figure 9,
which shows healing in a cortical area with greater amounts of bone trabeculae
than in an unfilled defect, regardless of a graft material employed.

Figure 10 shows histomorphometric images on the decalcified sections at 30,
60, and 90 days after implantation of the ARG. GLICO g-TCP and the commer-
cial B-CTP. The corresponding quantitative analysis is shown in Figure 11.

After 30 days, the formation of bony trabeculae of lamellar bone tissue was ob-
served in the graft areas of both biomaterials. Hematopoietic marrows and adi-
pocytes were found in the area of unfilled boreholes, but no trabeculae were ob-
served. In the biphasic material presented here, the vascularization of the porous
network of the biomaterial was observed through the homogeneous formation of
a new vessels network that occupied a substantial extension of the graft, and some

trabeculae penetrated inside.
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Figure 9. Cross-sectional photomicrographs of a tibia at 90 days in the cortical zone of a critical defect:
(a) control without a bone cortical wall in the area of critical defects and abundant hematopoietic marrows;
(b) ARG. GLICO S-TCP; and (c) Sinergy Odontit® F-TCP (Buenos Aires, Argentina).

Blank control BTCP ARG.GLICO ~ Commercial
sample

:“1}‘: ,,\\\ e I . ." iy y 4

TSN L BRe
¥ -

60 days 30 days

90 days

Figure 10. Histomorphometric images of the blank control, biphasic STCP ARG. GLICO
S-TCP material presented in this work, and the commercial S-TCP at 30, 60, and 90 days
after implantation.

At 60 days in the control perforation for the commercial sample, hematopoie-
tic marrow adipocytes and some isolated small elliptical trabeculae were observed
with incomplete vascularization in the graft area. Vascularization of the graft, he-
matopoietic marrows, adipocytes, and remnants of the biomaterial was observed
in intimate contact with a large number of osteoblasts, and osteocytes and trabe-
culae organized with lamellar bone tissue were observed for the biphasic sample
presented here (Figure 10).

At 90 days, the control perforation maintained the histological characteristics
observed at 60 days. For the commercial graft, trabeculae organized with lamel-
lar bone tissue were observed and, although there were large unresorbed residual

particles (size: 450 pm) without reabsorption, intimate contact of the biomaterial
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Figure 11. Values of central tendency and dispersion (mean and standard deviation) of
densities of osteocytes and osteoblasts according to group and stage. Groups with signifi-
cantly lower densities of osteocytes and osteoblasts were indicated with * at each stage.
When considering the density of osteocytes, the differences between groups were signifi-
cant (p = 0.018), specifically between the ARG. GLICO S-TCP and control groups (p =
0.020), but not between both experimental groups (p = 0.837), while the differences between
stages were not significant (p = 0.109) despite observed higher densities in all groups at 90
days. When considering the density of osteoblasts, the differences between groups were
again significant (p = 0.015), but this time only between the test groups (p = 0.011), and
not between the commercial f~-CTP and control groups (p = 0.294). The differences be-
tween stages were not significant (p = 0.193), although in this case the osteoblastic activity
decreased over time. Numbers of samples for each time point: n = 5 for ARG. GLICO
F-TCP, n = 5 for the commercial A-TCP, and n = 10 for the control group.

with the osteoblasts of the trabecula was verified. The microcrystalline biphasic
graft also organized trabeculae (lamellar bone tissue) with a large number of os-
teoblasts with abundant hematopoietic marrows and adipocytes, but no rem-

nants of the biomaterial were observed.

4. Discussion

The particle morphology of bone substitute graft materials (visible under SEM)
has a significant effect on determination of cell proliferation and adhesion, which
will accelerate the start of bone tissue neoformation [54]. In this context, small
domains are desirable, as they enable stronger attachment between graft materials
and natural bone [54]. The biphasic ceramic, ARG. GLICO S-TCP, described in
the present work presented greater solubility than the commercial material, evi-

denced by the inverse proportion of the calcium/phosphorous ratio [55] [56].

DOI: 10.4236/msce.2020.86002

21 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2020.86002

M. A. Garcés-Villala et al.

Regarding the mineral phases concentration, the composition obtained for the
present material favors bone induction, since, according to the observation of oth-
er authors, bone induction occurs more quickly in samples with CaPO,/S-TCP ra-
tios of around 20/80, compared with biphasic samples with higher CaPO,/S-TCP
ratios, pure HA, and pure S-TCP [57] [58]. Graziano and Zhang demonstrated
direct contact between cells and the nanometric surface of calcium phosphate
ceramics by means of osteogenic differentiation (osteoinduction) [59] [60]. They
also postulated that the size of the surface microstructure could be large enough
to induce MSC differentiation, leading to bone tissue formation. Lower crystal-
linity may facilitate a higher calcium release rate, as evidenced by dissolution
testing in an acid environment [61].

These results of compression tests expressed more compression resistance for
the commercial sample. However, the values obtained for both materials were
large enough to use as bone substitutes and were similar to those published by
other authors in studies of porous scaffolds of S-TCP [62] [63] [64]. These re-
sults shown in the present work verified that the degree of purity and architec-
ture of the scaffold (surface morphology and porosity) presented had a signifi-
cant influence on the union, differentiation, and proliferation of the cells, which
ultimately enabled the reabsorption of granules by macrophages and their gra-
dual replacement by new bone. The present study determined the size of nano-
crystals of the S-TCP phases, but the percentage of nanocrystals present in both
materials was not measured. The use of glycolic acid as a precursor achieved a
high total porosity with a large surface area (determined by the BET method)
that allowed for better penetration and integration of recipient tissues.

Porosity is a main key related to bioimplants setups that stimulate bone tissue,
which must have a total porosity higher than 50% with a minimum recommended
pore size of 100 pum, corresponding to the diameter found in physiological Ha-
versian systems in bone tissue [65] [66]. The same method to increase porosity
was applied by Li et al [67] for two commercial materials, resulting in respective
values of 75% and 80%. A porosity of 79% (measured by the Archimedes me-
thod) was reported by Amera et al [58] for a sample with a CaPO,/STCP ratio of
16/84. The huge difference in porosity between ARG. GLICO S-TCP (porosity:
82%) and B-TCP Sinergy Odontit® S-TCP (Buenos Aires, Argentina; porosity:
50%) was a crucial factor in this work, since the greater porosity increased graft
vascularization and cell proliferation, which was observed in the bone healing
during in vivo studies. Therefore, the key differences found between the material
presented here and the commercial graft were the higher cellularity and vascula-
rization and less amount of biomaterials remaining in the synthesized sample
compared with in the commercial graft, which has a more considerable amount
of the residual biomaterial due to its lower purity and low porosity.

The high porosity observed in SEM images and high surface areas obtained can
be associated with the effect of glycolic acid in the sintering process [67] [68].
A higher release of ions is favored by larger BET areas, which favors the degra-

dation of the material while providing molecules for the new bone formation
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[69] [70]. The synthesized material had a large number of interconnections be-
tween nanopores that allowed for vascularization, with increased osteoblast pro-
liferation and differentiation throughout scaffolding. This increased oxygen trans-
port and the flow of nutrients, while facilitating the elimination of waste. ARG.
GLICO p-TCP’s high open porosity presented partial oxygen pressure inside the
implant equal to outside the graft. Moreover, its architecture was closely related
to the structure and morphology of the new bone tissue.

The larger microporosity and roughness of the pore wall (related with the BET
area) obtained for the synthesized sample had a significant impact on the osteo-
genic response, since these large surface areas contributed to the adsorption of
osteoinductive proteins, the exchange of ions, and the formation of apatite simi-
lar to bone tissue by dissolution and reprecipitation.

Bone regeneration in the area of critical cortical defects observed in both ma-
terials (Figure 9) confirmed the benefit of using biomaterials to fill bone defects
and facilitate healing [71]-[78].

The clinical implications of this experimental work lie in the in vivo confir-
mation of the nanocharacteristics of the designed grafting material and the en-
hanced in vivo integration promoted by the nanoporosity of the material. Syn-
thetic bone grafts should be customized to the specific site/patient requirements
and adapted for the mechanical environment, in which they will function.

Future steps, including nanoindentation studies to know if there is plastic de-
formation on a nanometric scale, will provide additional light to the biomechanics

of nanoporous S-TCP/CaPO, mixtures.

5. Conclusion

In this work, a granulated bone grafting material based on S-TCP/CaPO, mix-
tures was synthesized by chemical precipitation. The biomaterial obtained was
resorbable with high purity, porous, and microcrystalline, which was formed
from the reaction between calcium phosphate and glycolic acid, both precursors
of technical grade and low cost. This bioceramic can be used as a graft for the re-
placement of lost bone tissue in humans. The histological and histomorphometric
study of neoformed bone tissue and the remnant of the biomaterial were carried
out during the first, second, and third months after implantation in tibias from
New Zealand White rabbits. The new synthesized biphasic biomaterial used in-
dustrial-grade precursors that reduced manufacturing cost, possessing advanta-
geous physical-chemical characteristics, mechanical properties, variable porosity,
and appropriate bioactivity. In addition, it presented a smaller surface microstruc-
ture with 68 nm nanocrystals. The crystalline domain size of 120 nm obtained for
the commercial bone graft formed a more extensive surface microstructure. No
local inflammatory response was observed in any of the periods studied both in
bone implantation of the biphasic graft and in the commercial graft. Therefore,
the two grafts used were biocompatible. At 90 days (sufficient time for the healing
of human bone defects) in the biphasic graft, no biomaterial remains were ob-
served. Large residual particles (450 um) were observed in the commercial graft.
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