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Simple Summary: The search for regenerative treatments is one of the main objectives of researchers
to find effective ways of repairing bone defects and forming areas of bone of sufficient quality and
quantity which can receive osseointegrated implants to reconstruct areas affected by periodontal
lesions and/or systemic diseases. Biphasic bioceramics are synthetic bone substitutes made of
hydroxyapatite (HA) and β-tricalcium phosphate (β-TCP). These materials have osteoconductive
properties and are chemically and structurally similar to bone matrix, providing better safety and
predictability during guided bone regeneration. This study aimed to evaluate the bone repair process
using a new biphasic bioceramic (Plenum® Osshp—70HA: 30β-TCP) compared to a synthetic graft
(Straumann® BoneCeramic™) in a critical defect in the calvaria of rats. It was observed that the
new Plenum® Osshp bioceramic, in the rat calvaria model, offered excellent safety and surgical
predictability, being efficient in the bone repair process. Plenum® Osshp behaved similarly to the
commercial control (BoneCeramic™) and can be considered an effective option as a synthetic bone
substitute in the dental clinic, especially for implantology.

Abstract: (1) Background: Biphasic bioceramics are synthetic bone substitutes that provide greater
safety and better predictability in guided bone regeneration. This study aimed to evaluate the bone
repair process using a new biphasic bioceramic of synthetic origin (Plenum® Osshp—70HA: 30β-TCP)
in critical calvarial defects. (2) Methods: seventy-four defects were created in rat calvaria and divided
into two groups—Plenum® Osshp (PO), right side, and Straumann® BoneCeramic™ (BC), left side.
Euthanasia was performed at 7, 15, 30, and 60 days after surgery. (3) Results: Lower gene expression
was observed for runt-related transcription factor 2 (RUNX2) and vascular endothelial growth factor
(VEGF) and higher expression for Integrin Binding Sialoprotein (IBSP). The results correlated with
moderate immunolabeling for osteocalcin (OCN) and slight immunolabeling for osteopontin (OPN)
in the PO group. Histometry showed a greater amount of biomaterial remaining in the PO group at
60 days. The microtomographic analysis showed a lower density of bone connectivity and a greater
thickness of the trabeculae for the remnants of the PO group. (4) Conclusions: the Plenum® Osshp

showed no differences compared to BoneCeramic™ and is therefore considered an effective option as
a synthetic bone substitute in bone regeneration.

Keywords: bioceramics; bone substitutes; bone grafting; biomaterials; osteoinduction; animal models

1. Introduction

Critical bone defects are classified as those in which bone repair is not completed
spontaneously, requiring the use of grafts for filling or reconstruction and simultaneous
stimulation of bone neoformation [1].
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Areas of extensive bone defects are still considered a challenge for dental practice [2].
The search for regenerative treatments is one of the main objectives of researchers, aiming
to create techniques capable of repairing bone defects and forming areas of sufficient bone
quality and quantity to receive osseointegrated titanium implants capable of supporting
functional load for reconstruction of regions affected by periodontal and/or systemic
diseases [1–3].

Autogenous bone grafts are the gold standard for guided bone repair and regeneration
(GBR) due to their osteoinductive and osteogenic properties [3–7]. However, the disad-
vantages related to this technique, such as a limited amount of bone, a need for a donor
site, infections, and post-surgical trauma, make the search for new alternatives increasingly
requested [3–6,8].

In recent decades, efforts to search for efficient procedures and biomaterials for re-
constructing bone defects in clinical dentistry have been extensively documented [1,5,7].
Synthetic bone grafts must meet specific prerequisites to develop healthy bone tissue for-
mation, offering biocompatibility and safety, thus being free from the risk of infection [2,5].
Living tissues must be able to modulate inflammatory responses and accept the properties
released by synthetic biomaterials [2].

Among the classes of alloplastic regenerative materials, which are alternatives to
autogenous bone, we have bioceramics, developed to serve as a mineralized framework for
the proliferation of osteoprogenitor cells [1,5]. These biomaterials can influence osteoblasts’
viability and activity mainly because they have a chemical and physical composition resem-
bling bone tissue [2]. Bioceramics are composed of hydroxyapatite (HA) and β-tricalcium
phosphate (β-TCP), thus indicating their use as efficient bone substitutes [1,9–15].

Hydroxyapatite has similarities to bone tissue and is widely applied as a grafting
material in bone regeneration surgeries due to its excellent biocompatibility and osteocon-
ductive characteristics [8,16–18]. Beta tricalcium phosphate is one of the most attractive
bone repair materials for regenerative areas, has excellent osteoconductive and osteotrans-
ductive properties, and has a crystalline structure of simple degradation and thermal
stability [1,19,20].

Due to the slow resorption rate, HA presents deficiencies in the bone neoformation
process. However, it is capable of maintaining its structure and framework for a longer
period [2,8,19]. On the other hand, β-TCP presents high solubility and rapid resorption,
favoring bone formation but hindering the maintenance of the framework [2,11,15,19,21].

In the study conducted by Fabris et al. in 2018 [22], which evaluated the osteocon-
ductive potential of BoneCeramic™ in critical calvarial defects in rats, compared with
autogenous bone and clot, it was observed that there was greater bone formation with
the use of autogenous bone in the 28-day period, and in the 14-day period, there was no
difference. Thus, the authors concluded that the biomaterial tested was favorable for filling
bone defects but not superior to autogenous bone graft.

Lee et al., in 2013 [12], evaluated the use of a bioceramic composed of β-TCP:HA, in
the proportion of 60%:40%, compared to Bio-Oss® in critical defects in rat calvaria. They
observed better bone neoformation in the group where the bioceramic was applied, with an
increase in bone formation and volume in the central region of the defect when compared
to the defects filled with Bio-Oss®, concluding that the bioceramic obtained a superior
bone formation, both in quantity and quality, in the studied model, suggesting its use as an
effective bone substitute.

There is still no consensus on the proportion of bioceramics most suitable for bone
grafting procedures, and this concentration should be adjusted according to clinical con-
ditions. For patients who require the maintenance of the framework for a longer time,
the proportion of HA should be higher than that of β-TCP. In contrast, for cases where a
framework exists and requires a higher rate of bone formation, the proportion of β-TCP
should be higher than HA [15,19]. In support of those findings, it is known that the union
of β-TCP to HA provides osteoinductive effects and the promotion of bone neoformation in
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animal models which were not evident when either material is used alone, and the junction
of the two ceramics demonstrates their biofunctionality [3].

The new Plenum® Osshp bioceramic (M3 Health Ind. Com. de Prod. Med. Odont. e
Correlatos S.A, Jundiaí, Brazil) is composed of hydroxyapatite and β-tricalcium phosphate
in a ratio of 70% HA/30% β-TCP. The combination of these two biomaterials overcomes
their disadvantages, creating a potential alternative for guided bone regeneration in critical
defects that do not allow for the possibility of other means of grafting [5].

Thus, the objective of this study was to evaluate the bone repair process using a new
biphasic bioceramic (Plenum® Osshp-M3 Health Ind. Com. de Prod. Med. Odont. e
Correlatos S.A, Jundiaí, Brazil) compared to a synthetic graft (BoneCeramic™-Straumann
Holding AG, Peter Merian-Weg 12, 4002 Basel, Switzerland), regarding the analysis of gene
expression (RT-PCR), computed microtomography, and histometry and immunohistochem-
istry in the filling of critical defects in rat calvaria.

2. Materials and Methods
2.1. Experimental Design

This study was approved by the Ethics Committee on Animal Use (CEUA) of the
Araraquara School of Dentistry, with registration number 43/2017. The experiments were
performed according to the standards established by the ISO 10993 standard—“Biological
evaluation for medical devices—Part 6: Tests for local effects after implantation” [23].

To create the critical defects in the calvaria, 37 adult male rats (Rattus Norvegicus
Holtzman) weighing approximately 350 g, with an average of 3 months of life, provided
by the Animal Facility of the São Paulo State University—UNESP/Araraquara, were used.
The animals were kept under standardized conditions, with water and food ad libitum and
under room temperature of 22 ± 2 ◦C, with 12-h light/dark cycles.

The sample consisted of 74 critical defects made in rat calvaria. In each rat calvaria, two
critical defects were created and filled with different materials that constituted two groups:
Group PO—Plenum® Osshp (M3 Health Ind. Com. de Prod. Med. Odont. e Correlatos
S.A, Jundiaí, SP, Brazil) and Group BC—Straumann® BoneCeramic™ (Straumann, Basel,
Switzerland), filling the right and left defect of the rat calvaria, respectively.

2.2. Randomization and Sample Size

The sample size calculation was based on data from a study on critical defects in the
calvaria of rats. In this experiment, 24 rats were divided into three groups, which was
sufficient to carry out comparative analyses of the process of bone formation, maturation,
and mineralization [24]. Thus, for the present study, the power of the test was calculated,
giving a power of 0.8 and a type 1 error of 0.05. Based on these experiments, we calculated
that 37 animals comprising 74 calvarial defects, group PO and group BC, respectively,
right and left rat calvarial defect, would be sufficient to reveal statistical differences in
this study. We used n = 8 samples for immunohistochemistry and histometry in the 7-day
period, n = 5 samples for RT-PCR in the 15-day period, n = 8 samples for histometry in
each of the 15- and 30-day periods, and n = 8 samples for Micro-CT in the 60-day period, so
n = 37 samples for each of the groups evaluated.

2.3. Surgical Procedure (Critical Calvarial Defect)

The animals were anesthetized by intramuscular administration of ketamine hy-
drochloride at a dose of 30 mg/kg (Syntec—Santana de Parnaíba, SP, Brazil) and xylazine
hydrochloride at a dose of 10 mg/kg (Syntec—Santana de Parnaíba, SP, Brazil) [25]. After
anesthesia and trichotomy, the animals received a V-shaped incision over the parietal
bones, followed by detachment. The two bone defects in the calvaria of the animals were
made with the aid of a 5 mm internal diameter trephine (Ref 103.027, Neodent System,
Curitiba, PR, Brazil) under constant irrigation of 0.9% saline, and consisted of full-thickness
perforation of the parietal bone, maintaining the integrity of the dura mater [24].
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After filling the defects, right side (Plenum® Osshp) and left side (Straumann® BoneCe-
ramic™) (Figure 1) sutures were performed with 5-0 mononylon (Ethicon®, Johnson &
Johnson, São José dos Campos, SP, Brazil).
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Figure 1. (A) Critical defects in calvaria, with 5 mm internal diameter. (B) The defect on the right
side, group PO, was filled with Plenum® Osshp, and the defect on the left side, group BC, was filled
with Straumamn® BoneCeramic™.

All animals received a single intramuscular dose of Dipyrone Sodium D 500 (Zoetis®,
Campinas, SP, Brazil) and pentabiotic for small animals, 12,000UI (Zoetis®, Campinas, SP,
Brazil) in the immediate post-operative period, and all evolved without signs of infection
or other post-operative complications.

2.4. Euthanasia and Sample Separation

The animals were euthanized by anesthetic overdose at 7, 15, 30, and 60 days post-
operatively, and the samples were collected. These were distributed according to the
analyses to be performed: RT-PCR, using the antibodies runt-related transcription factor
2 (RUNX2), Integrin Binding Sialoprotein (IBSP), and Vascular Endothelial Factor (VEGF);
micro-computed tomography (Micro-CT); histometric analysis (HE stain) and immunohis-
tochemistry, for the proteins RUNX2, osteocalcin (OCN), and osteopontin (OPN).

First, the calvaria collected at the time of euthanasia were fixed in 4% paraformalde-
hyde solution for 48 h and washed in running water for 24 h, except for the samples for
RT-PCR analysis, which were immediately added to cryotubes and stored in a −80 ◦C
freezer until the time of analysis.

2.5. Gene Expression Analysis (RT-PCR)

The animals of the 15-day period were anesthetized by intramuscular administration
of ketamine hydrochloride at a dose of 30 mg/kg (Syntec—Santana de Parnaíba, Brazil, SP)
and xylazine hydrochloride at a dose of 10 mg/kg (Syntec—Santana de Parnaíba, Brazil,
SP) [25]. Then, bone tissue was collected from the critical defects of 5 animals destined
for the analysis of the expression of runt-related transcription factor 2 (RUNX2), Integrin
Binding Sialoprotein (IBSP), and Vascular Endothelial Factor (VEGF) genes in the PO and
BC groups.

Each bone fragment was removed using a 7 mm diameter trephine (Harte®, Ribeirão
Preto, SP, Brazil) (Figure 2). Removal was performed under constant irrigation of a cooled
phosphate-buffered saline (PBS) solution and subsequently packed in 2.0 mL cryotubes
(Corning®, Corning, NY, USA), frozen in liquid nitrogen, and stored in a −80 ◦C freezer
(Thermo Scientific, Waltham, MA, USA) so that total RNA could be isolated using the
Trizol reagent (Life Technologies: Invitrogen, Carlsbad, CA, USA). RNA extraction was
performed using the Promega kit (Promega Corporation, Madison, WI, USA).
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RNA was quantified on a NanoDrop® 2000 spectrophotometer (Thermo Scientific
NanoDrop Technologies, Wilmington, DE, USA), and cDNA was prepared using 1 µg RNA
by reverse transcriptase reaction (M-MLV: high-capacity reverse transcriptase (Waltham,
MA, USA)). The primer sequence was amplified, and its products were subjected to elec-
trophoresis with 1.5% agarose gel stained with ethidium bromide and visualized using
Quantity One software (Version 4.5, Bio-Rad Laboratories, Philadelphia, PA, USA).

Finally, real-time PCR was conducted on the StepOne system (Applied Biosystems,
Foster City, CA, USA) using the SybrGreen fluorescent detection dye system (Primer Design
Ltd., Southampton, Hampshire, UK) under the cycling conditions of 95◦ for 10 min for
primary denaturation, 35 cycles of 95◦ for 15 s for strand opening, and finally 60◦ for 60 s
for primer annealing and fragment extension.

Gene expression was calculated by reference to mitochondrial ribosomal protein
expression and normalized by gene expression of the defect wall fragments over the
15-day period.

2.6. Computerized Microtomography (Micro-CT)

The pieces from the 60-day period were stored in 70% alcohol for scanning in the
microtomograph. For image acquisition, a spatial resolution of 12 µm was adopted; the
images were acquired with a Phoenix V|tome| × M Microfocus Scanner (General Electric
Company®, Wunstorf, Hanover, Germany), with a voltage setting of 80 kV. After image
acquisitions, the axial, coronal, and sagittal planes were aligned to identify all regions
of interest visually. Volumes of interest (VOIs) were acquired by reconstructing two-
dimensional (2D) images, and 3D volumetric image reconstruction was obtained using
SkyScan software, DataViewer® v. 1.4.1.

In the CTAnalyser® (SkyScan v. 1.11.8.0), a 5.0 mm circumference was positioned
in the center of the defect areas, and a thickness of 1.0 mm was considered for analysis.
A threshold of 105 (maximum) and 75 (minimum) was adopted for the evaluation of
bone tissue, and 255 (maximum) and 105 (minimum) for the evaluation of regenerative
materials. The parameter values for the regenerative materials were subtracted from the
values obtained for the bone tissue to separate the volumes of the remaining regenerative
materials from the newly formed bone tissue (Figure 3).

The following parameters were used for the dimensional analysis of trabecular bone
microarchitecture, based on the nomenclature standardized by the American Society of
Bone Mineral Research (2010) [26]: percent bone volume (BV/TV), trabecular number
(Tb.N), trabecular separation (Tb.Sp), trabecular thickness (Tb.Th), and connectivity density
(Conn.Dn).
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2.7. Histometry Analysis (HE)

After microtomography, the pieces were decalcified in 10% EDTA for 4 weeks and
verified by the correct demineralization; 6 µm thick sections of each piece were obtained
and divided into slides with 4 sections each, stained by hematoxylin–eosin (HE).

Histometric evaluation of the specimens was performed at 15, 30, and 60 days using a
DIASTAR light microscope (Leica Reichert & Jung Products®, Wetzlar, Hessen, Germany)
with 5× magnification objectives. Representative images were sent to a microcomputer
using a digital camera (Leica Microsystems® DFC-300-FX, Wetzlar, Hessen, Germany),
coupled to the ordinary light microscope, and saved under the TIFF extension. The values
were determined using ImageJ FIJI® image analyzer software (Broken Symmetry® Software
1.43.76, Bethel, CT, USA). A trained examiner performed the analysis, taking the bone
stumps as references and delimiting the defect. The area was delimited using the “freehand”
feature in the software itself, and the total area of the samples was set as 100%. Then, the
amount of bone tissue, biomaterial remnant, and connective tissue was measured using
the color threshold tool, and the empty spaces were subtracted from the calculation when
present (Figure 4). The percentage of each component was obtained by averaging duplicates
of each defect.

2.8. Immunohistochemistry Analysis

Part of the decalcified specimens in 10% EDTA were used for immunohistochemistry
analysis within 7 days. After a paraffin embedding processing, 6 µm histological sections
were obtained. After deparaffinization, endogenous peroxidase activity was inhibited
with hydrogen peroxide for 45 min. The slides were then subjected to antigen retrieval
with phosphate–citrate buffer (pH 6.0) and endogenous biotin blocking using 1% bovine
albumin and skimmed milk.

The primary antibodies used were against the proteins runt-related transcription factor
2 (RUNX2), osteopontin (OPN), and osteocalcin (OCN) (Santa Cruz Biotechnology, Dallas,
TX, USA). Negative control was performed by omitting primary antibodies. As a positive
control, the healthy cortical bone of the parietal bone outside the defect was used to verify
the antibodies’ effectiveness. The secondary antibody used was a biotinylated anti-mouse
antibody (Jackson Immunoresearch Laboratories, West Grove, PA, USA). Biotin avidin was
used to amplify the immunolabeling signal, and the chromogen used was diaminobenzidine
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(Dako, Glostrup, Capital Region, Denmark). Samples were counterstained with Mayer’s
hematoxylin solution. Images were obtained using a camera attached to a light microscope
(Leica Reichert Diastar Products & Jung, Wetzlar, Hessen, Germany).
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Descriptive analysis was performed by a single trained examiner (R.O), assigning
scores to verify protein expression in the region of bone defects: (0) no labeling (0%
cells/matrix), (1) light (<25% cells/matrix), (2) moderate (50% cells/matrix), and (3) intense
(75% cells/matrix) [27–29].

2.9. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (GraphPad
8.01 Software, Inc.; San Diego, CA, USA). Micro-CT and histometry analyses were subjected
to Shapiro–Wilk normality and Levene homoscedasticity tests, with more than 90% of the
data showing normal distribution (Shapiro–Wilk, p > 0.05).

For the micro-CT analyses, the comparison of parameters at the threshold of neoformed
bone tissue and biomaterial remnant was performed using the one-way ANOVA test. For
histometry evaluations, the two-way ANOVA test and Tukey’s post-test were used.

The data from the gene expression analysis were submitted to the assumption of nor-
mality and homogeneity of variances by means of the Shapiro–Wilk and Brown–Forsythe
tests, respectively, and presented values of p > 0.05 for normality and p < 0.05 for homo-
geneity. Statistical analysis was performed by comparing the mean and standard deviation
(SD) values between groups.

3. Results
3.1. Gene Expression Analysis (RT-PCR)

The PO group (2.34 ± 0.13) showed lower RUNX2 expression compared to the
BC group (2.93 ± 0.18). Lower VEGF gene expression was observed in the PO group
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(3.45 ± 0.21) compared to the BC group (4.93 ± 0.64). Bone sialoprotein (IBSP) expression
was higher in the PO group (5.66 ± 0.32) compared to the BC group (2.79 ± 0.82) (Table 1).

Table 1. Gene expression analysis of RUNX2, VEGF, and IBSP for the analysis of regenerative
biomaterials (PO vs. BC).

Expression Genes Plenum® Osshp (PO) Straumann® BoneCeramic™ (BC)

RUNX2 2.34 ± 0.13 a 2.93 ± 0.18 b

VEGF 3.45 ± 0.21 a 4.93 ± 0.64 b

IBSP 5.66 ± 0.32 a 2.79 ± 0.82 b

Note: Statistical differences are represented by lowercase letters (a, b). One-way ANOVA (p > 0.05).

3.2. Micro Analysis—CT

Regarding evaluation of the threshold of newly formed bone tissue at 60 days, in the
PO group, there was a formation of mineralized tissue similar to the BC group in propor-
tion to bone volume, as well as the number, separation, and thickness of trabeculae, but
with a lower density of connections between them, with a statistical difference (Conn.Dn:
PO = 26.74 ± 24.56 vs. BC = 69.12 ± 60.67) (Figure 5, Table 2).
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Table 2. Microtomographic parameters for mineralized tissue threshold.

Bone Tissue Parameters Plenum® Osshp (PO) Straumann® BoneCeramic™ (BC)

BV/TV 10.93 ± 3.00 a 14.26 ± 4.19 b

Tb.N 1.58 ± 0.35 a 2.12 ± 0.61 b

Tb.Th 0.07 ± 0.02 a 0.07 ± 0.02 b

Tb.Sp 0.47 ± 0.12 a 0.38 ± 0.15 b

Conn.dn 26.74 ± 24.56 a 69.12 ± 60.67 b

Note: Statistical differences are represented by lowercase letters (a, b). The difference for Conn.dn:
PO = 26.74 ± 24.56 vs. BC = 69.12 ± 60.67. One-way ANOVA (p > 0.05).

As for the threshold for the biomaterial remnants, no statistical differences were
observed in relation to the parameters BV/TV, Tb.N, Tb.Sp, and Conn.Dn, with a difference
only for the thickness of the trabeculae (Tb.Th: PO = 0.32 ± 0.05 vs. BC = 0.16 ± 0.03)
(Figure 5, Table 3).

3.3. Histometric Analysis

Newly formed bone tissue, connective tissue, and remnants of regenerative biomateri-
als were quantitatively analyzed as volumetric percentages (Table 4). The PO group did
not show statistical differences compared to the BC group in the formation of connective
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tissue and bone (p > 0.05) for all of the periods evaluated (15, 30, and 60 days). When evalu-
ated in relation to the biomaterial remnant, the PO group presented a higher percentage
(0.78 ± 0.32) at 60 days compared to the BC group (0.4 ± 0.05) (Figure 6).

Table 3. Microtomographic parameters for the remaining biomaterial threshold.

Biomaterial Parameters Plenum® Osshp (PO) Straumann® BoneCeramic™ (BC)

BV/TV 25.63 ± 9.13 a 15.8 ± 6.7 b

Tb.N 0.80± 0.21 a 0.96 ± 0.36 b

Tb.Th 0.32 ± 0.05 a 0.16 ± 0.03 b

Tb.Sp 0.55 ± 0.13 a 0.48 ± 0.15 b

Conn.dn 4.64 ± 2.8 a 8.80 ± 2.7 b

Note: Statistical differences are represented by lowercase letters (a, b). The difference for Tb.Th: PO = 0.32 ± 0.05 vs.
BC = 0.16 ± 0.03. One-way ANOVA (p > 0.05).

Table 4. Histometric analysis of calvarial defects.

Period (Days) Plenum® Osshp (PO) Straumann® BoneCeramic™ (BC)

C
on

ne
ct

iv
e

Ti
ss

ue

15 0.82 (0.43) b 0.87 (0.5) b

30 0.44 (0.17) a 0.47 (0.26) a

60 0.80 (0.18) b 0.75 (0.27) b

N
eo

fo
rm

ed
B

on
e

Ti
ss

ue

15 0.64 (0.3) a 0.50 (0.19) a

30 0.45 (0.11) a 0.28 (0.06) a

60 0.64 (0.3) a 0.37 (0.21) a

R
em

ai
ni

ng
B

on
e

G
ra

dt 15 0.68 (0.3) ab 0.64 (0.1) ab

30 0.56 (0.17) a 0.40 (0.11) a

60 0.78 (0.32) a 0.40 (0.05) b

Note: Statistical differences are represented by lowercase letters (a, b). Two-way ANOVA and Tukey’s post-test
(p > 0.05).
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Figure 6. Histological section of the critical defect area in calvaria and adjacent regions. Pho-
tomicrograph showing histologic features of connective tissue (yellow arrow), bone tissue (black
arrow), and remaining biomaterial (asterisk) at 60 days, post-operatively. (A). Plenum® Osshp group.
(B). Straumann® BoneCeramic™. Staining: HE. Original magnification: 50×. Scale bars: 100 m.

3.4. Immunohistochemistry Analysis

RUNX2 labeling was observed in cells characterized as pre-osteoblasts and young
osteoblasts, quite close to the biomaterials and with a moderate pattern (2) for all groups.

Osteopontin was immunolabeled in both cells and the extracellular matrix. Light
labeling (1) was found for OP and moderate labeling (2) for BC.
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For osteocalcin, it was possible to observe the presence of moderate labeling (2) for the
PO group. For the BC group, moderate labeling (2) was observed but with less evidence
than when compared to the PO group (Figure 7).
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4. Discussion

Synthetic bone grafts should be able to return sufficient bone quality and quantity to
support prostheses on implants [30–33]. Today, a large proportion of surgeries requiring
post-exodontic grafting or for the repair of small fenestrations, and bone dehiscences are
performed using synthetic alloplastic grafts [32].

These synthetic bone substitutes are excellent because they are similar to bone tissue.
Hydroxyapatite maintains the space and integrity of the defect, offering long-term mainte-
nance, while β-TCP stimulates the formation of new bone through the release of calcium
and phosphorus ions [30–33].

In order to define the best proportion between HA and β-TCP for reconstruction
procedures, taking into account that a balance between bone resorption and deposition
is needed for successful bone remodeling to occur, those biomaterials are produced and
tested to determine their clinical use with greater predictability and safety [15,34,35]. Thus,
this work tested a new biphasic bioceramic, comprised of 70% HA and 30% β-TCP, to verify
its influence on bone healing [12,36–38].

Plenum® Osshp was compared to a positive control biomaterial (Straumann®

BoneCeramic™—60HA: 40β-TCP) that is widely used in the field of surgery and im-
plantology nowadays [39–41]. Thus, it was observed that Plenum® Osshp is compatible
as a bone substrate, since in the analysis of gene expression, there was osteoblastic differ-
entiation during the repair process; in the comparison of mineralized tissue, there was
no statistically significant difference with the leading product on the market (Straumann®

BoneCeramic™), and the osteoblastic cells showed activity in the bone mineralization stage
in the PO group.

A lower expression of genes related to osteoblast differentiation was observed in the
PO group. RUNX2 expression is present in pre-osteoblasts and is therefore an essential
feature of bone neoformation at the beginning of the inflammatory process [42,43]. The OP
group showed lower gene expression for bone neoformation when compared to the control
group. However, it was observed that once synthesized, the new bone tissue shows greater
mineralization and greater expression of bone sialoprotein (IBSP). IBSP has an osteogenic



Biology 2023, 12, 1417 11 of 15

action and acts in the differentiation of bone marrow precursor cells into osteoblasts during
the bone repair process [44].

Endothelial growth factor (VEGF) is derived from osteoblasts and acts directly in
regulating the interaction between osteogenesis and angiogenesis, which is essential for
the development and homeostatic maintenance of bone [45]. For angiogenesis, lower
expression was also observed in the PO group compared to the BC group, a result similar
to that published in 2014 by Chen et al. [46], who, when assessing angiogenesis in biphasic
bioceramics with different proportions of HA and β -TCP, concluded that the higher the β

-TCP phase, the higher the expression for VEGF, inducing an increase in the neovasculariza-
tion of biphasic bioceramics. This statement corroborates the results of the present study, as
the PO group has a lower β -TCP phase (30%), thus showing a lower expression of VEGF,
with less invasion of blood vessels and migration of mesenchymal progenitor cells to the
repair site [35,46,47]. This leads us to believe that the high proportion of HA (70%) leads to
a lower rate of resorption and replacement by new bone, which impairs bone neoformation,
since biological behavior is influenced by topography, particle size, and physical–chemical
composition [48].

When comparing the mineralized tissue formed in the PO and BC groups, in the
computed microtomography analysis, no statistical differences were observed between the
volume of mineralized tissue, number of trabeculae, thickness, and separation between
trabeculae, differing only in the connectivity density parameter (Conn.Dn), thus indicating
a lower resistance of the newly formed bone tissue for the PO group. One hypothesis for
this result is related to the difference between the proportions of its components, with
the material tested having a more significant amount of HA compared to BoneCeramic™
(70:30 PO vs. 60:40 in BC). Although HA has a chemical composition resembling that of
bone, it has greater fragility and less remodeling potential due to its low resorption rate
after insertion, thus reducing the number of multiple connections [12].

In the study conducted by Lee et al. in 2013 [12], the authors evaluated a biphasic
ceramic composed of 60 β-TCP:40 HA vs. Bio-Oss® in critical defects in rat calvaria
and observed, by microtomographic analysis, an increase in the BV/TV proportion in
the biphasic bioceramic group when compared to Bio-Oss®, as well as a higher Tb.N
and Tb.Th in the evaluated periods of 4 and 8 weeks, without statistical difference. The
authors concluded that the better bone neoformation obtained by biphasic bioceramics
is probably related to the superior osteoconductivity and osteoinductivity found in the
biphasic composition of bioceramics compared to Bio-Oss®, which is in line with the results
of our study which also showed similarities for BV/TV, Tb.N, and Tb.Th.

The immunohistochemical analysis performed after the 7-day period is of paramount
importance, as it demonstrates the initial phase of the repair stage of the defect, a period
in which there is a greater amount of cells that will be responsible for the synthesis of
proteins which will participate in the reparational responses. Therefore, it is possible to
evaluate the cellular response to the stimuli promoted by biomaterials. The RUNX2 protein
is an important transcription factor that regulates osteoblast activity and mesenchymal
cell differentiation, playing a critical role in bone formation [42,43,49]. RUNX2 labeling
was moderate in both groups, with a normal bone neoformation process; so, at the be-
ginning of the inflammatory process, the mesenchymal cells and pre-osteoblasts were
differentiating normally.

Bone mineralization proteins are secreted by osteoblasts, OPN acts in the initial phase
of bone mineralization, and OCN is a late marker of mineralization [50–52]. It was observed
that the OP group presented a more advanced stage of bone mineralization in relation to
the BC group for the OCN protein; however, both had moderate marking, a result that also
corroborates the analysis of gene expression, with greater expression for IBSP [53], but the
OP group had mild marking for the OPN protein. It was therefore possible to observe that
the bone neoformation process was slow due to the low rate of HA resorption.

A critical point to be analyzed concerns the biomaterial remnant. Synthetic bone sub-
stitutes must have a controlled degree of resorption, as occurs in biphasic bioceramics, by
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balancing the rapid resorption of β-TCP and a lower rate of HA, preventing the biomaterial
from being completely resorbed before bone neoformation occurs or remaining longer than
necessary, impairing replacement by newly formed bone [12].

In the present study, when comparing the remnants of the PO group to the BC group
by Micro-CT analysis, we observed similar volumes and the number, separation, and
connectivity density of these particles, with greater thickness of the remnants in the PO
group. The histological findings showed a greater amount of biomaterial remaining in
the PO group only at 60 days. Nevins et al., in 2013 [54], when evaluating different
formulations of biphasic bioceramics in the reconstruction of bone defects in an animal
model, observed that the groups which had higher proportions of HA also had a greater
amount of bioceramic remnant. These results suggest that, due to the difference in pore
size and the ratio of bioceramics, the PO group, due to a greater amount of HA and larger
particles, needs a longer time to be resorbed, presenting a biomaterial particle remaining
with greater thickness than that of the BC group [54].

Takauti et al., in 2014 [55], compared Bio-Oss®, Endobon®, and BoneCeramic™ in
critical defects in rabbit calvaria and observed that the synthetic regenerative biomaterial
showed higher rates of newly formed bone tissue when compared to bovine biomaterials
such as Bio-Oss® and Endobon®. The present study observed that the PO group obtained
similar results to the positive control (BC group).

In the near future, synthetic bone substitutes may be the gold standard of choice
for GBR, replacing autogenous and xenogenous bone. Due to their osteoconductive and
osteoinductive capacity, these materials have an excellent resorption rate and new bone
formation rate, are safe and infection-free, are easy to handle, and, in addition, can be used
with growth factors and/or cell transplantation [33].

Thus, in view of these findings, it was observed that the new bioceramic Plenum®

Osshp, in the rat calvaria model, offered excellent safety and surgical predictability, being
efficient in the bone repair process, and can serve as a synthetic bone substitute in clinical
practice. However, because its particle size is larger than that of Straumann® BoneCe-
ramic™, this difference can be observed and the waiting time between resorption and
replacement with new bone can be longer, thus generating differences between the bioma-
terials and the responses evaluated. More studies are therefore needed to assess the clinical
effectiveness of alloplastic bone substitutes and to help dentists choose the ideal material.

5. Conclusions

Plenum® Osshp proved to be effective in the bone repair process of critical defects in
the calvaria of rats and behaved similarly to the commercial control (Straumann® BoneCe-
ramic™), thus being considered an effective option in histometric, immunohistochemical,
and Micro-CT analyses as a synthetic bone substitute in the dental clinic, especially for
reconstruction in implant dentistry. However, new percentages between the use of β-TCP
and HA should be evaluated for a higher replacement rate of the biomaterial by bone, thus
favoring bone formation.
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Ž. Synthetic Injectable Biomaterials for Alveolar Bone Regeneration in Animal and Human Studies. Materials 2021, 14, 2858.
[CrossRef]

31. Sheikh, Z.; Hamdan, N.; Ikeda, Y.; Grynpas, M.; Ganss, B.; Glogauer, M. Natural graft tissues and synthetic biomaterials for
periodontal and alveolar bone reconstructive applications: A review. Biomater. Res. 2017, 21, 9. [CrossRef]

32. Cheah, C.W.; Al-Namnam, N.M.; Lau, M.N.; Lim, G.S.; Raman, R.; Fairbairn, P.; Ngeow, W.C. Synthetic Material for Bone,
Periodontal, and Dental Tissue Regeneration: Where AreWe Now, and Where AreWe Heading Next? Materials 2021, 14, 6123.
[CrossRef]

33. Fukuba, S.; Okada, M.; Nohara, K.; Iwata, T. Alloplastic Bone Substitutes for Periodontal and Bone Regeneration in Dentistry:
Current Status and Prospects. Materials 2021, 14, 1096. [CrossRef] [PubMed]

34. Kim, J.H.; Moon, S.Y. Effect of hydroxyapatite on critical-sized defect. Maxillofac. Plast. Reconstr. Surg. 2016, 38, 26. [CrossRef]
[PubMed]

35. Macedo, R.M.; Lacerda, S.A.; Okamoto, R.; Shahdad, S.; Brentegani, L.G. Vital Bone Formation After Grafting of Autogenous Bone
and Biphasic Calcium Phosphate Bioceramic in Extraction Sockets of Rats: Histological, Histometric, and Immunohistochemical
Evaluation. Implant. Dent. 2018, 27, 615–622. [CrossRef] [PubMed]

36. Anavi, Y.; Avishai, G.; Calderon, S.; Allon, D.M. Bone remodeling in onlay beta-tricalcium phosphate and coral grafts to rat
calvaria: Microcomputerized tomography analysis. J. Oral Implant. 2011, 37, 379–386. [CrossRef] [PubMed]

37. Luvizuto, E.R.; Tangl, S.; Zanoni, G.; Okamoto, T.; Sonoda, C.K.; Gruber, R.; Okamoto, R. The effect of BMP-2 on the osteoconduc-
tive properties of β-tricalcium phosphate in rat calvaria defects. Biomaterials 2011, 32, 3855–3861. [CrossRef] [PubMed]

38. Wei, S.; Ma, J.X.; Xu, L.; Gu, X.S.; Ma, X.L. Biodegradable materials for bone defect repair. Mil. Med. Res. 2020, 7, 54.
39. Bontá, H.; Galli, F.G.; Gualtieri, A.; Renou, S.; Caride, F. The Effect of an Alloplastic Bone Substitute and Enamel Matrix Derivative

on the Preservation of Single Anterior Extraction Sockets: A Histologic Study in Humans. Int. J. Periodontics Restor. Dent. 2022,
42, 361–368. [CrossRef]

40. Schmitt, C.M.; Doering, H.; Schmidt, T.; Lutz, R.; Neukam, F.W.; Schlegel, K.A. Histological results after maxillary sinus
augmentation with Straumann® BoneCeramic, Bio-Oss®, Puros®, and autologous bone. A randomized controlled clinical trial.
Clin. Oral Implant. Res. 2013, 24, 576–585. [CrossRef]

41. Van Assche, N.; Michels, S.; Naert, I.; Quirynen, M. Randomized controlled trial to compare two bone substitutes in the treatment
of bony dehiscences. Clin. Implant. Dent. Relat. Res. 2013, 15, 558–568. [CrossRef]

42. Komori, T. Molecular Mechanism of Runx2-Dependent Bone Development. Mol. Cells 2020, 43, 168–175.

https://doi.org/10.1002/jbm.b.34867
https://doi.org/10.1016/j.ijbiomac.2022.04.056
https://doi.org/10.2106/00004623-199506000-00016
https://www.ncbi.nlm.nih.gov/pubmed/7782368
https://doi.org/10.1590/1678-7757-2016-0531
https://scc-medical-devices.com/biological-evaluation-biocompatibility-iso-10993
https://doi.org/10.1080/03008207.2018.1430143
https://www.ncbi.nlm.nih.gov/pubmed/29745810
https://www.gov.br/mcti/pt-br/acompanhe-o-mcti/concea/arquivos/pdf/legislacao/resolucao-normativa-no-33-de-18-de-novembro-de-2016.pdf/view
https://www.gov.br/mcti/pt-br/acompanhe-o-mcti/concea/arquivos/pdf/legislacao/resolucao-normativa-no-33-de-18-de-novembro-de-2016.pdf/view
https://www.asbmr.org/Default.aspx
https://doi.org/10.3390/ma15010207
https://www.ncbi.nlm.nih.gov/pubmed/35009347
https://doi.org/10.1111/j.1600-0501.2009.01747.x
https://www.ncbi.nlm.nih.gov/pubmed/19531103
https://doi.org/10.1007/s00784-014-1369-0
https://doi.org/10.3390/ma14112858
https://doi.org/10.1186/s40824-017-0095-5
https://doi.org/10.3390/ma14206123
https://doi.org/10.3390/ma14051096
https://www.ncbi.nlm.nih.gov/pubmed/33652888
https://doi.org/10.1186/s40902-016-0072-2
https://www.ncbi.nlm.nih.gov/pubmed/27441185
https://doi.org/10.1097/ID.0000000000000815
https://www.ncbi.nlm.nih.gov/pubmed/30188365
https://doi.org/10.1563/AAID-JOI-D-09-00128.1
https://www.ncbi.nlm.nih.gov/pubmed/20553149
https://doi.org/10.1016/j.biomaterials.2011.01.076
https://www.ncbi.nlm.nih.gov/pubmed/21376389
https://doi.org/10.11607/prd.4917
https://doi.org/10.1111/j.1600-0501.2012.02431.x
https://doi.org/10.1111/j.1708-8208.2011.00408.x


Biology 2023, 12, 1417 15 of 15

43. Lian, J.B.; Javed, A.; Zaidi, S.K.; Lengner, C.; Montecino, M.; van Wijnen, A.J.; Stein, J.L.; Stein, G.S. Regulatory controls for
osteoblast growth and differentiation: Role of Runx/Cbfa/AML factors. Crit. Rev. Eukaryot. Gene Expr. 2004, 14, 1–41. [CrossRef]
[PubMed]

44. Mizuno, M.; Imai, T.; Fujisawa, R.; Tani, H.; Kuboki, Y. Bone Sialoprotein (BSP) is a Crucial Factor for the Expression of Osteoblastic
Phenotypes of Bone Marrow Cells Cultured on Type I Collagen Matrix. Calcif. Tissue Int. 2000, 66, 388–396. [CrossRef] [PubMed]

45. Hu, K.; Olsen, B.R. Osteoblast-derived VEGF regulates osteoblast differentiation and bone formation during bone repair. J. Clin.
Investig. 2016, 126, 509–526. [CrossRef] [PubMed]

46. Chen, Y.; Wang, J.; Zhu, X.D.; Tang, Z.R.; Yang, X.; Tan, Y.F.; Fan, Y.J.; Zhang, X.D. Enhanced effect of β-tricalcium phosphate phase
on neovascularization of porous calcium phosphate ceramics: In vitro and in vivo evidence. Acta Biomater. 2015, 11, 435–448.
[CrossRef] [PubMed]

47. Ge, R.; Xun, C.; Yang, J.; Jia, W.; Li, Y. In vivo therapeutic effect of wollastonite and hydroxyapatite on bone defect. Biomed. Mater.
2019, 14, 065013. [CrossRef] [PubMed]

48. De Oliveira Lomelino, R.; Castro-Silva, I.I.; Linhares, A.B.; Alves, G.G.; Santos, S.R.; Gameiro, V.S.; Rossi, A.M.; Granjeiro, J.M.
The association of human primary bone cells with biphasic calcium phosphate (βTCP/HA 70:30) granules increases bone repair.
J. Mater. Sci. Mater. Med. 2012, 23, 781–788. [CrossRef]

49. Cohen, M.M., Jr. Perspectives on RUNX genes: An update. Am. J. Med. Genet. A 2009, 149, 2629–2646. [CrossRef]
50. Kuroshima, S.; Kovacic, B.L.; Kozloff, K.M.; McCauley, L.K.; Yamashita, J. Intra-oral PTH administration promotes tooth extraction

socket healing. J. Dent. Res. 2013, 92, 553–559. [CrossRef]
51. Luvizuto, E.R.; Dias, S.M.; Queiroz, T.P.; Okamoto, T.; Garcia, I.R., Jr.; Okamoto, R.; Dornelles, R.C. Osteocalcin immunolabeling

during the alveolar healing process in ovariectomized rats treated with estrogen or raloxifene. Bone 2010, 46, 1021–1029. [CrossRef]
52. Goldberg, H.A.; Warner, K.J.; Li, M.C.; Hunter, G.K. Binding of Bone Sialoprotein, Osteopontin and Synthetic Polypeptides to

Hydroxyapatite. Connect. Tissue Res. 2001, 42, 25–37. [CrossRef]
53. Nagata, M.; Messora, M.; Okamoto, R.; Campos, N.; Pola, N.; Esper, L.; Sbrana, M.; Fucini, S.; Garcia, V.; Bosco, A. Influ-

ence of the proportion of particulate autogenous bone graft/platelet-rich plasma on bone healing in critical-size defects: An
immunohistochemical analysis in rat calvaria. Bone 2009, 45, 339–345. [CrossRef]

54. Nevins, M.; Nevins, M.L.; Schupbach, P.; Kim, S.W.; Lin, Z.; Kim, D.M. A prospective, randomized controlled preclinical trial
to evaluate different formulations of biphasic calcium phosphate in combination with a hydroxyapatite collagen membrane to
reconstruct deficient alveolar ridges. J. Oral Implant. 2013, 39, 133–139. [CrossRef] [PubMed]

55. Takauti, C.A.; Futema, F.; Brito Junior, R.B.; Abrahão, A.C.; Costa, C.; Queiroz, C.S. Assessment of bone healing in rabbit calvaria
grafted with three different biomaterials. Braz. Dent. J. 2014, 25, 379–384. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1615/CritRevEukaryotGeneExpr.v14.i12.10
https://www.ncbi.nlm.nih.gov/pubmed/15104525
https://doi.org/10.1007/s002230010078
https://www.ncbi.nlm.nih.gov/pubmed/10773110
https://doi.org/10.1172/JCI82585
https://www.ncbi.nlm.nih.gov/pubmed/26731472
https://doi.org/10.1016/j.actbio.2014.09.028
https://www.ncbi.nlm.nih.gov/pubmed/25246313
https://doi.org/10.1088/1748-605X/ab4238
https://www.ncbi.nlm.nih.gov/pubmed/31491772
https://doi.org/10.1007/s10856-011-4530-1
https://doi.org/10.1002/ajmg.a.33021
https://doi.org/10.1177/0022034513487558
https://doi.org/10.1016/j.bone.2009.12.016
https://doi.org/10.3109/03008200109014246
https://doi.org/10.1016/j.bone.2009.04.246
https://doi.org/10.1563/AAID-JOI-D-12-00185
https://www.ncbi.nlm.nih.gov/pubmed/23611676
https://doi.org/10.1590/0103-6440201302383
https://www.ncbi.nlm.nih.gov/pubmed/25517771

	Introduction 
	Materials and Methods 
	Experimental Design 
	Randomization and Sample Size 
	Surgical Procedure (Critical Calvarial Defect) 
	Euthanasia and Sample Separation 
	Gene Expression Analysis (RT-PCR) 
	Computerized Microtomography (Micro-CT) 
	Histometry Analysis (HE) 
	Immunohistochemistry Analysis 
	Statistical Analysis 

	Results 
	Gene Expression Analysis (RT-PCR) 
	Micro Analysis—CT 
	Histometric Analysis 
	Immunohistochemistry Analysis 

	Discussion 
	Conclusions 
	References

