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Background: Synthetic biomaterials have played an increasingly prominent role in the sub-
stitution of naturally derived biomaterials in current surgery practice. In vitro and in vivo 
characterization studies of new synthetic biomaterials are essential to analyze their physico-
chemical properties and the underlying mechanisms associated with the modulation of the 
inflammatory process and bone healing.
Purpose: This study compares the in vivo tissue behavior of a synthetic biomaterial 
nano-hydroxyapatite/beta-tricalcium phosphate (nano-HA/ß-TCP mixture) and deprotei-
nized bovine bone mineral (DBBM) in a rat calvarial defect model. The innovation of 
this work is in the comparative analysis of the effect of new synthetic and commercially 
xenogenic biomaterials on the inflammatory response, bone matrix gain, and stimulation 
of osteoclastogenesis and osteoblastogenesis.
Methods: Both biomaterials were inserted in rat defects. The animals were divided into 
three groups, in which calvarial defects were filled with xenogenic biomaterials 
(group 1) and synthetic biomaterials (group 2), or left unfilled (group 3, controls). 
Sixty days after calvarial bone defects filled with biomaterials, periodic acid Schiff 
(PAS) and Masson’s trichrome staining, immunohistochemistry tumor necrosis factor- 
alpha (TNF-α), matrix metalloproteinase-9 (MMP-9), and electron microscopy analyses 
were conducted.
Results: Histomorphometric analysis revealed powerful effects such as a higher amount 
of proteinaceous matrix and higher levels of TNF-α and MMP-9 in bone 
defects treated with alloplastic nano-HA/ß-TCP mixture than xenogenicxenogic bioma-
terial, as well as collagen-proteinaceous material in association with hydroxyapatite 
crystalloids.
Conclusion: These data indicate that the synthetic nano-HA/ß-TCP 
mixture enhanced bone formation/remodeling in rat calvarial bone defects. The nano- 
HA/ß-TCP did not present risks of cross-infection/disease transmission. The synthetic 
nano-hydroxyapatite/beta-tricalcium phosphate mixture presented adequate properties 
for guided bone regeneration and guided tissue regeneration for dental surgical 
procedures.
Keywords: biomaterial, hydroxyapatite, beta-tricalcium phosphate, bone healing, 
histomorphometry

Correspondence: Lucio Frigo  
Periodontology Department, School of 
Dentistry, Universidade Guarulhos, Praça 
Teresa Cristina, 01, Guarulhos, São Paulo, 
07023-070, Brazil  
Tel/Fax +55-11- 2464-1684  
Email luciofrigo@uol.com.br

International Journal of Nanomedicine 2021:16 3473–3485                                               3473
© 2021 da Silva Brum et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/ 
terms.php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing 

the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. 
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 5 February 2021
Accepted: 26 April 2021
Published: 18 May 2021

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-7522-205X
http://orcid.org/0000-0001-9131-1071
http://orcid.org/0000-0002-7560-6926
mailto:luciofrigo@uol.com.br
http://www.dovepress.com/permissions.php
https://www.dovepress.com


Introduction
Synthetic biomaterials play a pivotal role in tissue engineer-
ing and have been applied in a wide variety of therapeutic 
strategies. As new synthetic biomaterials are developed, it is 
essential to analyze the behavior of proteins and cells at the 
biomaterial–tissue interface. Synthetic biomaterials have 
been developed for guided bone regeneration and guided 
tissue regeneration applications for dental surgical proce-
dures. The use of natural and synthetic biomaterial 
influences osteoblastic and osteoclastic cell cells activities 
that enhance bone extracellular matrix production or induces 
bone resorption (Figure 1). By controlling the chemical 
composition, physical, mechanical properties of biomater-
ials, it is possible to obtain adequate control of their capacity 
to actively modulate cells and lead to the formation of bone 
tissue. Crystallinity, porosity, nanometric structure, particles 
size, percentage of hydroxyapatite (HA), and percentage of 
beta-tricalcium phosphate (ß-TCP) are synthetic biomaterial 
characteristics that influence bone healing.1 HA has been 
used as a bone substitute for years and has yielded promising 
results. HA has low absorption rates and high predictability 
concerning the osteoconductive potential of enhancing bone 
healing and bone tissue adapting.2

Irrespective ß-TCP did not be detected in mammalian 
bone, ß-TCP has similarities to bone mineral phase3 and is 
commonly used for guided bone regeneration with biodegra-
dation and absorption faster than other bioceramics. The ß- 
TCP has low mechanical resistance and complex biosynth-
esis that are some drawbacks.4 Nano-HA/β-TCP mixture in 
varying proportions would improve the faster neo-formed 
properties of β-TCP with the long absorption time of HA to 

maintain graft site tissue volume.5 The more efficient HA/β- 
TCP proportion studies have ascertained how HA nanometric 
structure improves the bone-forming process. Particles with 
nanometric size have suitable characteristics such as larger 
surface area and interfacial compatibility than micrometric 
particles. Nanometric biomaterial particles provide better 
cell-to-cell interactions, increase adhesion, migration, prolif-
eration, and differentiation than micrometric particles.6,7 

Literature result has been shown that nano-HA/β-TCP parti-
cles mixture is more efficient in promoting vascularization in 
bone healing than pure HA or β-TCP.1

The relationship of matrix metalloproteinases (MMP), in 
particular MMP-9, with bone remodeling has received great 
attention recently.8 MMP-9 is expressed in osteoblasts and 
osteoclasts and can degrade extracellular fibrillar compo-
nents, mainly partially hydrolyzed collagen and α2 chains 
of type I collagen.9 Diffusely MMP-9-immunolabelled in 
bone matrix suggests bone-remodeling.10 Tumor necrosis 
factor-alpha (TNF-α) is a cell-signaling mediator, also 
involved in bone metabolism. In mature osteoblasts, TNF-α 
inhibits gene expression of substances related to bone matrix 
production and induces osteoclastogenesis-related genes.11,12

In virtue of the scarce number of researches evaluating 
nano-HA/ß-TCP mixture, the objective of this experimen-
tal study was to compare the behavior of nano-HA/ß-TCP 
mixture and commercially available deproteinized bovine 
bone mineral (DBBM) biomaterial. Both materials are 
inserted in rat calvarial defects. The histomorphometric 
analysis has been done using Masson’s trichrome and 
Periodic Acid Schiff (PAS) staining, in addition to TNF- 
α and MMP-9 immunostaining testing. The biomaterials 

Figure 1 Schematic illustration of a synthetic-HA and/or ß-TCP-based biomaterials influences bone deposition, osteoblast activities, bone resorption, and osteoclast 
activities.
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morphologies were characterized by scanning electron 
microscopy.

Materials and Methods
Biomaterials
The in vivo behavior of two biomaterials was compared. 
One of them was a commercially available (xenogenic 
biomaterial), which is a deproteinized bovine bone mate-
rial named Bio-Oss® (Geistlich Pharma AG, Wolhusen, 
Switzerland). The second analyzed biomaterial was 
a synthesized (alloplastic biomaterial) mixture of nano-
metric particle size of hydroxyapatite and ß-TCP (80/ 
20%). The alloplastic biomaterial mixture was synthetized 
and named Blue Bone® at facilities of Regener 
Biomateriais Co (Curitiba, Brazil). Figure 2 shows the 
nanometric particles of hydroxyapatite and ß-TCP 
morphologies used in the alloplastic biomaterial mixture.

Animals
Thirty-six adult male Wistar rats, weighing 200–220 g, 
provided by Instituto de Biologia Roberto Alcantara 
Central Animal Facility at Universidade Estadual do Rio 
de Janeiro (Brazil), was used. Rats were housed individu-
ally in cages with free access to food and water. Twelve- 
hour light/dark cycle (7:00 AM/7:00 PM) was set and 
a 22°C temperature was kept constant. Animals were 
randomly divided into three groups, with 12 animals in 
each group. Institutional and national guide for the care 
and use of laboratory animals were followed. All 

experimental procedures and drug administration were 
approved by Universidade Estadual do Rio de Janeiro 
Ethics Committee for Animal Care (#001/2019).

Calvarial Bone Defects
Animals received xylazine/ketamine hydrochloride solu-
tion (1/1, 0.1mg/kg, intraperitoneally [i.p.]) as anes-
thetics. Two sagittal incisions were made in 
a previously trichotomized dorsal cranium using 
a sterile surgical scalp. Superficial tissue and periosteum 
in the parietal region were cleared bilaterally to provide 
enough area to bone defects, for which a sterilized 
punch (cutting edge Ø 3mm) was used. Extraction of 
bone remains was made carefully to avoid duramater 
and related blood vessel damage. One defect in each 
animal was filled with biomaterial and one defect was 
left unfilled. One bone defect in 12 animals was filled 
with deproteinized bovine bone mineral Bio-Oss®) bio-
material and an equal animals number received nano- 
HA/ß-TCP (80/20%) mixture (Blue Bone®). Twelve 
animals did not receive any biomaterial and served as 
a control group. Cotton-wire sutures were used for the 
closure of the incision.

Sixty days after surgery and placement of biomater-
ials, animals were euthanized under deep anesthesia 
with xylazine/ketamine hydrochloride solution (1/1, 
0.3mg/kg, i.p.). Animal heads were separated from the 
body and trimmed for decalcification in EDTA/phos-
phate-buffered saline (PBS) (7.0%. 0.1M, pH 7.4) for 

Figure 2 Scanning electron photomicrography showing nano-HA/ß-TCP mixture with particles size from 130 to 300µm. X 10.000, X 60.000.
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forty days. Prepared specimens were rinsed in distilled 
water, dehydrated using different grades of alcohol 
(70%, 95%, 100%), and rinsed in dimethyl benzene for 
paraffin embedding at 65°C. Seven-micrometer thick 
samples were cut with the LEICA microtome (LEICA, 
Nussloch, Germany).

Masson’s Trichrome, Periodic Acid Schiff 
(PAS), and Immunohistochemistry
For Masson’s trichrome-staining protocol, slides were 
deparaffinized and rehydrated through 100%, 90%, and 
70% alcohol, washed in distilled water, and stained in 
Weigert’s iron hematoxylin solution for 10 min. After 
being washed in distilled water, slides were stained in 
Biebrich scarlet-acid fuchsin solution for 10–15 min, 
washed again in distilled water, differentiated in the phos-
phomolybdic-phosphotungstic acid solution for 10–15 
min, stained with aniline blue solution for 5 min, washed 
with distilled water, dehydrated, and mounted with resi-
nous mounting medium.

According to the periodic acid Schiff (PAS) protocol 
recommendations, slides were stained in periodic acid 
(1%) for 5 min, washed in distilled water, stained in 
Schiff’s fuchsin-sulfite reagent for 5–15 min, washed 
under running tap water for 5–10 min, and counterstained 
with hematoxylin for 15 min.

For the protocol used in immunohistochemistry, slides 
were deparaffinized, rehydrated, and immersed in hydro-
gen peroxide (3%) to neutralize endogenous peroxidase 
for 15 min. Histological sections were previously rinsed 
in PBS and submitted citrate buffer solution (pH 6.0) and 
heated (60°C) for 20 min to achieve antigen retrieval. 
Sections followed a PBS-containing (3%) bovine serum 
albumin rinse for 20 min to address antigen cross-reaction. 
After that, incubation with primary-antibody, anti-MMP-9 
(1:200) (Santa Cruz Biotechnology, USA), and TNF-α 
(1:200) (Santa Cruz Biotechnology, USA) in 
a humidified chamber at 4°C overnight was conducted. 
Sections were, finally, incubated with VECTASTAIN® 

Universal Quick HRP kit detection system, revealed with 
DAB (3,3-diaminobenzidine), and counterstained with 
hematoxylin.

Three randomized slide fields in PAS, Masson’s tri-
chrome-stained, MMP-9, and TNF-α immune-stained 
were selected by a researcher unaware of the groups tested 
(Figure 3). Images were captured in a Carl Zeiss photo-
microscope (Carl Zeiss – JVCTK-1270) at X 400 

magnification. GraphPad Prism (8.0 version) was used to 
image quantification. Pink-stained areas in PAS and blue- 
stained areas in Masson’s trichrome were set for quantifi-
cation. In immune-stained slides (MMP-9 and TNF-α) 
brownish deposits were considered immune-marked for 
quantification. Quantification was based on measuring the 
area of the selected color set in the GraphPad Prism 
computer program.

Scanning Electron Microscopy
After periosteum removal, bone defects filled with bioma-
terials were exposed, before fixation in glutaraldehyde 
solution (2.5%) in sodium cacodylate buffer (0.1M, pH 
7.4) at 48°C for 12 h. Post-fixation procedures started with 
an osmium tetroxide and potassium ferrocyanide (1.0%, 
0.8%, respectively) in a cacodylate buffer (0.1M, pH 7.4) 
incubation for 1 h in the dark, followed by three sodium 
cacodylate buffer rinses in distilled water (0.2 M, pH 7.4) 
for 1 h. Followed sequential ethanol grades (25–100%) 
rinse for specimen dehydration. Sections were immersed 
in hexamethyldisilazane for 10 min before placing in an 
evaporation chamber to get dried. Specimens mount on 
aluminum stubs were achieved by colloidal silver adhesive 
(Electron Microscopy Sciences, USA). The critical point 
was accomplished (Critical Point Dryer – CPD 030, Bal- 
Tec, Germany) and the specimens were coated with gold 
film by sputtering (Cool Sputter Coater – SCD 005, Bal- 
Tec, Germany). Gold-coated specimen surfaces were ana-
lyzed using a scanning electron microscope (Quanta 250 
FEG, FEI Company, USA). An ×5000 magnification was 
set for biomaterial homogeneity, ×15,000 magnification 

Figure 3 Calvarial samples analyzed sixty days after surgery. X 25 magnification. 
Abbreviations: BIO, biomaterial; NB, native bone; BV, blood vessel.
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was set for cell clusters and architecture, and ×20,000 
magnification was set for specific cell types.

Statistical Analysis
Results are expressed as mean and standard (SD). Data in 
the three groups were compared with the Kruskal–Wallis 
test and Mann–Whitney as the posttest. Statistical signifi-
cance was set at P < 0.05. The GraphPad Prism version 8.0 
and BioEstat 5.0 were used for statistical analyses.

Results
Histomorphometric and immunohistochemical results are 
shown in (Table 1). Masson’s trichrome is a traditional 
staining technique that is composed of aniline blue, among 
other chemicals. Aniline blue has a strong affinity to basic 
proteins, notably collagen fibrils. Considering that col-
lagen fibrils are the main organic component of bone 
matrix, mainly Type I collagen, the blue displayed in the 
bone matrix suggests a net gain or reduction of 

bone matrix (Figure 4A–C). The percentage of the stained 
area was significantly larger in the rat calvaria defects 
filled with nano-HA/ß-TCP mixture compared with those 
filled with DBBM (P = 0.04) and controls (P = 0.0006) 
(Figure 5).

PAS staining method is based on the oxidizing poten-
tial of the periodic acid, which oxidizes cell compounds 
that harbors free hydroxyl or amino/alkylamine turning 
them into dialdehydes. These dialdehydes react to 
Schiff’s reagent, resulting in an insoluble magenta color 
(Figure 6). PAS technique detected the presence of poly-
saccharides and polysaccharides-rich compounds, like gly-
coproteins, proteoglycans glycolipids in the tissues. 
Glycoproteins and proteoglycans were detected by PAS 
and found mainly in mineralized tissue.

The percentage of the stained area with PAS was 
significantly larger in the nano-HA/ß-TCP mixture 
group than the DBBM group (P = 0.002). The control 
group showed a higher percentage of a stained area 

Table 1 Histomorphometric and Immunohistochemical Statistical Analysis

Variables Study Groups P values

Micro-HA Nano-HA/ß-TCP Controls

Histomorphometry (% stained area) Mean (SD) Mean (SD) Mean (SD)

Masson’s trichrome 38.95 (21.82) 77.65 (13.81) 17.38 (11.56) nano-HA/ß-TCP vs micro-HA, P = 0.04 

nano-HA/ß-TCP vs control, P = 0.0006

PAS 0.49 (0.45) 33.62 (7.19) 40.3 (12.34) nano-HA/ß-TCP vs micro-HA, P = 0.002 

Controls vs HA, P = 0.0001

Immunohistochemistry (% stained area)

MMP-9 11.03 (5.19) 47.87 (4.59) 9.31 (1.96) nano-HA/ß-TCP vs micro-HA, P = 0.002 
nano-HA/ß-TCP vs control, P = 0.0001

TNF-α 28.07 (11.09) 34.46 (8.63) 28.64 (15.69) nano-HA/ß-TCP vs control, P = 0.03

Figure 4 Photomicrographs of slides stained with Masson’s trichrome. The bluish color indicates collagen fibrils in the bone matrix. (A) bone defects filled with 
hydroxyapatite; (B) bone defects filled with nano-hydroxyapatite/ß tricalcium phosphate; (C) unfilled (control). Scale bar 100 µm, X 400 magnification.
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than the DBBM group (P = 0.0001) (Figures 6A– 
C and 7).

Based on the histomorphometric analysis of Masson’s 
trichrome staining, the Group-2 (nano-HA/ß-TCP mixture) 
showed the highest collagen content. Statistical difference 
was found between Group-1 (DBBM) and Group-2 
(Figure 5).

The histomorphometric analysis of PAS staining results 
showed that Group-2 (nano-HA/ß-TCP mixture) had the 
highest glycoproteins, polysaccharides, and glycolipids 
contents. It was also found statistic difference between 
Group-1 and Group-2 (Figure 7).

Concerning immunohistochemistry, a light brown 
deposits in bone matrix and inside cells indicated the 
presence of MMP-9. The percentage of immune-stained 
areas was significantly higher in bone defects filled with 
nano-HA/ß-TCP mixture than in those filled with micro- 
HA (P = 0.002) or left unfilled (controls) (P = 0.0001). No 
difference was observed between Group-1 (DBBM) and 
Group-3 (control) (Figures 8A–C and 9)

Light brown deposits in bone matrix and inside cells 
identified the presence of TNF-α (Figure 10A–C). The 
percentage of the stained area was significantly higher in 
the nano-HA/ß-TCP mixture group compared with the 

Figure 5 Histomorphometric analysis of Masson’s trichrome-stained area results. Group-1 (micro-HA), Group-2 (nano-HA/ß-TCP compound) and Group-C (without 
biomaterial - control). *p = 0,0043, #0,0006.

Figure 6 Photomicrographs of slides stained with periodic acid Schiff (PAS). Oxidized hydroxyl and amine/alkylamine chemical groups appear as a magenta-colored complex. 
The detection of polysaccharides, glycoproteins, and glycolipids suggests new bone formation. (A) bone defects filled with hydroxyapatite; (B) bone defects filled with nano- 
hydroxyapatite/ß tricalcium phosphate; (C) defect without biomaterial (control). Scale bar 100 µm, X 400 magnification.
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group of controls defects kept empty (P = 0.03). Statistical 
analysis did not show a significant difference between 
Group 1 (DBBM) and Group 2 (nano-HA/ß-TCP mixture). 
(Figure 11)

Scanning electron micrographs of nano-HA/ß-TCP 
mixture group showed HA crystals in different shades of 
blue in contact with protein matrix (Figure 12). These 
crystals were the junction of HA and glycoproteins. The 
acicular phase was observed sparsely or combined with 
diverse types of proteins in the bone matrix, which was 
suggestive of small diameters collagen fibrils (Figure 13).

Discussion
The analysis of this work used histomorphometry and 
immunohistochemistry, these methodologies are widely 
used to assess cell tissue components involved in the 

osseointegration and bone remodeling process.13–16 The 
results of the present study showed that the synthetic nano- 
HA/ß-TCP mixture biomaterial used to fill calvarial bone 
defects in a rat model induced a better cell response than 
deproteinized bovine bone mineral (DBBM). Nano-HA/ß- 
TCP mixture showed larger percentages of stained areas 
with Masson’s trichrome, PAS, MMP-9, and TNF-α than 
DBBM biomaterial.

In an in vitro study of nano-HA through the evaluation 
of cell viability and morphological changes in L-929 
mouse fibroblasts cells, no cytotoxic effects were 
found.17 In the present study, SEM analysis of a bone 
defect filled with nano-HA/ß-TCP mixture showed 
a fibroblast possibly acting on the production of extracel-
lular matrix, supposedly to promote tissue healing. 
Mineralized type I collagen (Coll I) nanofibers, and their 
nanofibril bundles, are a marked characteristic of the nat-
ural bone tissue microstructure.18,19 We also observed, in 
SEM evaluation that images of supposedly collagen fibrils 
may serve as a scaffold for depositing the bone matrix 
mineral phase. From this initial process, mineralization 
deposition proceeds, and a new binding substrate for the 
cellular and glycoprotein components of the extracellular 
matrix follows.19–21

Experimental studies have shown that modified grafts 
can form new bone and integrate into host tissue. 
However, bone vascularization remains a barrier to be 
overcome in the case of clinically viable bone graft design 
and implantation.22 Nano-HA/ß-TCP mixture induced 
a marked increase in vascularization, due to the nano-
metric structure that favors angiogenesis.23 In the present 
study, the stained area with Masson’s trichrome in the 
nano-HA/ß-TCP mixture group was significantly greater 
than in the DBBM and control groups, supporting the view 

Figure 7 Histomorphometric analysis of PAS stained area. Group-1 (Bio Oss™), 
Group-2 (Blue Bone™) and Group-C (control). *p = 0,0022, #0,0001.

Figure 8 Photomicrographs of MMP-9 immunostained slides, with a light brown color indicating MMP-9. (A) bone defects filled with hydroxyapatite; (B) bone defects filled 
with nano-hydroxyapatite/ß tricalcium phosphate; (C) defect without biomaterial (control). Scale bar 100 µm, X 400 magnification.
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that nano-HA/ß-TCP mixture may be more efficient in 
promoting bone matrix collagen synthesis.

Research on MMP-9 has shown beneficial effects on 
inflammatory processes and bone growth. It was suggested 
that MMP-9 is deeply involved in bone matrix remodeling 
and accompanying neovascularization. Moreover, 
endothelial precursor cells can be recruited from bone 
marrow by MMP-9.8 The results of the present work 
showed that a higher amount of MMP-9 in bone defects 
treated with the nano-HA/ß-TCP mixture, supporting the 
view of greater efficiency in bone matrix formation/remo-
deling than other groups.

This finding is consistent with data reported by 
other researchers, who found that nano-HA could 

enhance TNF-α secretion.24 The nano-HA/ß-TCP mix-
ture synthesized in the present work is a promising 
biomaterial for use in bone regeneration procedures. 
Nano-HA with different particle particles sizes and 
crystals could induce changes in cell viability, cytoske-
leton, apoptosis, type I collagen, and TNF-α mRNA 
expression in cultured human osteoblast-like (MG-63) 
and Macrophage (U937) cell lines.24 Another mechan-
ism for determining the TNF-α is the Receptor 
Activator of Nuclear factor Kappa-Β ligand (RANK- 
L) which is expressed in osteocytes and regulates 
osteoclast differentiation. TNF-α is an important 
RANK-L expression inducer in osteocytes and 
enhances osteoclastogenesis during the inflammatory 

Figure 9 Histomorphometric analysis of MMP-9 stained area. Group-1 (micro-HA), Group-2 (nano-HA/ß-TCP compound) and Group-C (control). *p = 0,0022, #0,0001.

Figure 10 Photomicrographs of TNF-α immunostained slides, with a light brown color indicating the presence of TNF-α. (A) bone defects filled with hydroxyapatite; (B) 
bone defects filled with nano-hydroxyapatite/ß tricalcium phosphate; (C) unfilled (control). Scale bar 100 µm, X 400 magnification.
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process.25 TNF-α secretion was related to primed 
mesenchymal stem cells differentiation to osteoblasts 
and bone matrix production.34,35 The present work 
results showed that synthetic nano-HA/β-TCP mixture 
graft displayed higher TNF-α immunostaining, suggest-
ing a better bone remodeling performance.26

RANK-L increases the differentiation of monocytes in 
the pre-osteoclast. Immature osteoclasts are also regulated 
by the RANK/RANK-L to become mature osteoclasts.36 

Osteoclasts promote the reabsorption of the fragile fraction 
of the biomaterial (beta-tricalcium phosphate) until it 
reaches the resistant fraction (nano-hydroxyapatite), this 
osteoclastic activity induces Bone Morphogenic Protein 
(BMP) production and Tumor Growth Factor-ß (TGF-B), 
that activates mesenchymal cells to differentiate into pre- 
osteoblasts. Immature osteoblasts are induced by the levels 
of Matrix Metalloproteinase-9 (MMP-9) to differentiate 
into mature osteoblasts. Osteoblasts start the bone matrix 
deposition process and increase the levels of 
Osteoprotegerin (OPG) that act directly in the differentia-
tion of immature osteoclasts through the RANK/RANK-L 
binding.36 (Figure 14)

Concerning PAS staining, significant differences in 
favor of the nano-HA/β-TCP mixture group a faster bone 
healing process than the DBBM group. In a study on 
biopsies in human jaws, a new nanoporous-grafting mate-
rial consisting of nanocrystalline HA embedded in 
a porous silica gel matrix, showed osteoconductive and 
biomimetic properties with integration into the host’s phy-
siological bone turnover at a very early stage.27 The posi-
tive PAS reaction within the material found in our study 

Figure 11 Histomorphometric analysis of TNF-α immunostained area. Group-1 
(micro-HA), Group-2 (nano-HA/ß-TCP compound), and Group-C (control). 
*p = 0,0313.

Figure 12 Scanning electron micrographs of bone defects filled with nano-hydroxyapatite/ß tricalcium phosphate showing bone matrix surface, highlighting hydroxyapatite 
crystals (light and dark blue) in contact with proteinaceous matrix component. Scale bar = 50 µm, x500 magnification. Magnified image = Scale bar = 20 µm, X 2375.
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Figure 13 Scanning electron micrographs of bone defects filled with nano-hydroxyapatite/ß tricalcium phosphate showing the surface of the bone matrix. The highlighting 
images are suggestive of collagen fibrils (yellow), collagen fibrils associated with other types of proteins (magenta) and possibly starting the process of the extracellular 
matrix formed by an aggregate of glycoproteins and bundles of collagen fibers; and a fibroblast (red). (A) scale bar = 40 µm, x1000; (B) scale bar 100 µm, X 250 
magnification.

Figure 14 Schematic representation of TNF-α and MMP-9 activity in biomaterial inducing-bone remodeling. Nano-hydroxyapatite/beta-tricalcium phosphate (biomaterial) 
triggers a cascade of events initiated by tumor necrosis factor- α (TNF-α) increase, activating interleukin-1 (IL-1) and interleukin-6 (IL-6). IL-1 and IL-6 decrease the activity of 
Nuclear-Factor Kappa-ß (NFKB) and consequently increase the activity of the receptor.
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indicates glycoproteins, with cell activity was more intense 
during the first months of graft healing. Other studies have 
shown similar results.28,29

Different in vivo studies evaluated the cell propagation 
in calcium phosphate substrates.30–32 Noting that there is 
an increase in the adhesion of mesenchymal stem cells and 
their spread in β-TCP compared to HA because β-TCP is 
potentially more osteoinductive compared to HA, while 
HA is potentially more osteoconductive compared to β- 
TCP. For this reason, many compounds with more than 
one phase of calcium phosphate are researched and devel-
oped to combine osteoconductive and osteoinductive 
properties.1 The determination of the percentage of phases 
is not yet well defined, although a proportion 80% HA and 
20% β-TCP seem adequate because HA is a less resorb-
able framework than β-TCP, creating an ideal condition, 
where the reabsorption ratio versus bone matrix deposition 
keeps itself balanced, generating results in the quality of 
newly formed bone much more satisfactory than those 
found in other materials that present substrates of calcium 
phosphate in different concentrations.33 The present results 
support these characteristics with an osteoinductive poten-
tial more relevant in the nano-HA/β-TCP mixture than in 
the DBBM group.

It is worth mentioning that the presented results are 
related to a late period of bone healing (60 days) and could 
be more properly considered as a remodeling process, at 
least, as far as the nano-HA/β-TCP mixture is considered. 
The presence of a higher number of DBBM particles in 
histological sections suggests that it is experiencing 
a slower process of healing/remodeling. Besides, evalua-
tion of only two types of mediators (MMP-9, TNF-α) 
narrows the discussion about cell mechanisms in the heal-
ing/remodeling process and demands information obtained 
from other types of scientific approaches (cell cultures) to 
add support to the proposed hypothetical mechanism that 
drives the process. Hence, conclusions based on a late 
period of bone regeneration and a limited number of cell 
modulators can be considered limitations of this study and 
interesting future perspectives.

Conclusion
The results of the study are innovative once they showed 
that:

(a) At sub-critical calvarial bone defects (in a rat 
model) the use of a synthetic nano-HA/β-TCP bio-
material promoted more favorable bone matrix gain 

than a commercially available xenogenic HA, 
enhanced osteoclastogenesis and osteoblastogenesis 
by stimulating TNF-α and MMP-9.

(b) The synthetic nano-HA/β-TCP biomaterial stimu-
lated new bone formation, as shown by the percen-
tage of PAS stained area on histological studies.

(c) The electron microscopy analysis showed that the 
synthetic nano-HA/β-TCP revealed the presence of 
HA crystals and collagen fibrils, which are 
involved in the tissue regeneration process.

(d) The research showed the powerful effect of a new 
nanostructured synthetic material that may be sui-
ted to maxillary bone filling and maxillary sinus 
floor augmentation.
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