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Abstract: The development of new bone substitutes has become an area of great interest in materials
science. In fact, hydroxyapatite is the most commonly used biomaterial in defects that require bone
reconstruction, and that is certainly why the discovery of new products with its formulation has been
increasing continuously. The aim of this study was to analyze the biological behavior of a xenogeneic
hydroxyapatite widely disclosed in the literature and a synthetic nano-hydroxyapatite/Beta trical-
cium phosphate in critical defects in the calvaria of Wistar rats. For this, the groups were divided
as follows: 24 adult male Wistar rats were used, weighing between 300 and 350 g, in three groups
with eight animals each. In the CTRL group (control), only the clot was kept, without material
insertion; in the Bioss group (bovine hydroxyapatite), Bio Oss®—Gleistlich® was introduced; and in
the Blue Bone group (REG), the defect was filled in with synthetic nano-hydroxyapatite associated
with betatriphosphate of calcium, Blue Bone®—Regener®. According to the results in Goldner’s
Trichromics, we can observe a higher percentage of newly formed bone matrix in the REG group
than in the CTRL and Bioss groups; in the VEGF, we had a more adequate cell modulation for blood
vessel formation in the Blue Bone group (REG) compared to the Bioss and CTRL groups, while in
osteopontin, a higher percentage of bone formation was observed in the Blue Bone group (REG) and
Bioss group when compared to the CTRL group. We conclude that bone formation, mitosis-inducing
cell modulation and main osteoblast activity were higher in the Blue Bone group (REG) than in the
CTRL and Bioss groups.

Keywords: alloplastic; graft; nanohydroxyapatite; btcp

1. Introduction

Hydroxyapatite, an inorganic compound that constitutes 70% of the weight of bones
and dental enamel, has been widely used for bone reconstruction surgeries [1], the de-
velopment of new dental implant surfaces, and more recently in 3D technology for area
replacement totally compromised by lesions caused by tumors or cancers of bone origin [2].
However, even though hydroxyapatite is already an established material in the literature,
many studies seek to understand more deeply how the physicochemical behavior related
to the cells involved in the ossification process occurs [3–5].

Recently, nanotechnology has been improving the bioactive properties of hydroxyap-
atite in relation to its crystals, resulting in a better response in association with nanocrystals
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than with thicker crystals [6]. The crystallinity is the property responsible for the biomate-
rial remaining for more or less time in the body, and with these advances in the way the
crystals are manufactured, it is possible to control not only the reabsorption time but also
the replacement of the material more efficiently [7–9].

Another very important factor in the construction of a new biomaterial is its degree
of porosity, which must be at a ratio greater than 50% [3]. This characteristic is directly
correlated with better cell behavior, as it provides a more favorable environment for the
proliferation and adequacy of cells involved in the ossification process, biomaterials with
low porosity have a lower level of cellular response than biomaterials with more porosity,
and consequently the production of extracellular matrix becomes irrelevant in relation to
biomaterials with greater porosity [10].

The morphology of the particles must be considered when analyzing a new biomate-
rial; nanotechnology allows us to control the beginning, middle and end of the production
of particles, and in this way it is possible to manufacture materials faithfully following
what was predetermined at the beginning of the project. In addition, the standardization
of particles provides a 30% to 50% increase in the surface area of the samples when related
to micrometric materials [11]. These characteristics are directly correlated with the cells
involved in the ossification process, especially in relation to osteoblasts, which, when
compared to their activity as micrometric materials, was inferior in the formation of bone
matrix compared to manometric materials [12].

The aim of this study was to compare the participation of osteoprogenitor cells and
the extracellular matrix in the regeneration of critical bone defects with the application of
grafts composed of nano-hydroxyapatite/Beta tricalcium phosphate of synthetic origin
and hydroxyapatite of xenogeneic origin using histomorphometrics to compare the groups
presented, generating a statistical result that would be relevant for a better analysis of the
two biomaterials commonly used in guided bone regeneration surgeries.

2. Materials and Methods
2.1. Animals

The project was submitted to the Ethics Committee for the Care and Use of Exper-
imental Animals, being approved by protocol 10/2020. Twenty-four adult male Wistar
rats weighing between 300 and 350 g, produced by the vivarium of the Roberto Alcântara
Gomes Biology Institute of the State University of Rio de Janeiro, were used. The animals
were kept in cages with three animals from birth with access to food and water. A 12 h
light/dark cycle and a temperature of 22 ◦C were both maintained throughout the project.

2.2. Surgical Procedures

The surgical procedures were performed in the laboratory of the Roberto Alcântara
Gomes Biology Institute. Anesthesia was performed intraperitoneally, 1 mL for every
100 g of a combination of medications in 8.5 mL of 0.9% saline solution. The medications
were: 0.2 mL of tramadol hydrochloride 5%, corresponding to 2 mg/kg, 0.5 mL of xylazine
hydrochloride 2%, corresponding to 10 mg/kg, 1 mL of ketamine 10%, corresponding
to 100 mg /kg, and 0.6 mL of midazolam maleate, corresponding to 5 mg/kg. When
necessary, 1/3 of the solution was repeated after 20 min. After anesthesia of each specimen,
the following surgical sequence was performed: trichotomy of the temporoparietal region
with a No. 10 scalpel blade, antisepsis with povidine, triangular incision with a full-
thickness flap with a 15 C scalpel blade, detachment of the skin and periosteum, and
exposure of the surgical bone of the temporoparietal region with the Molt detacher, using
an 8 millimeter diameter trephine (Alpha instruments SKU AI6005, SPSS v8.0 (IBM Corp.,
Armonk, NY, USA)) with a 20:1 counter-reducer angle (Driller do Brasil), coupled to the
implant motor (Driller BLM 600), promotion of the critical bone defect from 8 millimeters
to the dura mater (Figure 1), detachment of the trephined bone portion with a Molt spatula,
replacement of the periosteum and skin, and suture of the flap with 3-0 nylon thread.
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Figure 1. Photographs showing surgical procedures details: parietal bone osteotomy (8 mm diameter)
to create the critical defect, followed by the biomaterial application: Bioss (A) and Blue Blone
(B) groups.

2.3. Distribution of Groups

The animals were divided into 3 groups with 8 animals each. In the CTRL group
(control), only the clot was kept, without material insertion, in the BO group (Bio Oss®,
which does not have porous structure) [13], bovine hydroxyapatite (Geistlich, Wolhusen,
Switzerland) was introduced, and in the other REG group, the defect was filled with
nano-hydroxyapatite from Blue Bone® (porosity 63.84% and pore diameter size was from
0.10 to 18.08 µm) [3], synthetic origin (Regener, Curitiba, Brazil).

After 8 weeks of insertion of the materials in the bone defects, the animals were
euthanized by anesthetic overdose. The animals’ calvaria were separated for processing.

2.4. Morphological Analysis Protocol

The animals’ calvaria were separated and fixed with paraformaldehyde for one week.
Soon after, they were decalcified in EDTA (10%) in phosphate buffered saline (PBS) (0.1 M,
pH 7.4) for 80 days. The samples were washed in distilled water and dehydrated alcohol
(70%, 95%, 100%), clarified in dimethylbenzene and embedded in Paraplast™ (Sigma-
Aldrich, St. Louis, MO, USA) at 65 ◦C. Serial 7 µm sections were cut into ceramic mass
(LEICA, Nusslochonetos Siliceous, Wetzlar, Germany) and collected.

2.5. Goldner’s Trichromic Staining Protocol

Weigert’s hematoxylin was used for 10 min, washed in running water and rinsed
in distilled water. Soon after, it was stained with Ponccau Acid Fuchsin dye for 5 min,
washed with 1% acetic acid, inserted in phosphomolybdic acid-orange G solution until
the collagen was discolored and washed in 1% acetic acid for 30 s. Then, the slide was
stained in a light green solution for 5 min, washed in 1% acetic acid for 5 min and gently
dried, just removing the excess. Then, the slide was quickly dipped in absolute alcohol,
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dehydrated in 95% alcohol and absolute alcohol, with 3 passes each, and clarified in Xylene
with 3 fluid changes.

2.6. Vascular Endothelial Growth Factor (VEGF) and Osteopomtin (OPN) Immunoreactivity
2.6.1. Histochemical Protocol

Histological slides were initially deparaffinized in xylol baths (3 × 5 min) and hydrated
in decreasing concentrations of alcohol (100%, 90%, 70%) for 5 min in each bath. Slides were
incubated in 3% hydrogen peroxide solution for 15 min in the dark, to inhibit endogenous
peroxidase. After the inhibition of endogenous peroxidase activity, rinsing in PBS buffer at
pH 7.2 was performed (3 × 5 min).

Antigenic site re-exposure was conducted in citrate buffer solution (pH 6.0 at 96 ◦C,
for 20 min). After the slides cooled and were rinsed with a PBS buffer at pH 7.2 (3 × 5 min),
nonspecific sites were blocked with PBS/BSA solution (3% for 20 min). After the rinsing,
slides were incubated with the primary anti-VEGF antibody (Santa Cruz, sc-1876), diluted
in PBS/BSA 1% (1:100) and primary anti-OPN antibody (Santa Cruz, sc-21742), and diluted
in PBS/BSA 1% (1:200) overnight in a refrigerator (4.0 ◦C) in a humid chamber. After pri-
mary antibody incubation, 3 baths in PBS buffer solution at pH 7.2 (5 min) were carried out,
followed by secondary biotinylated antibody (VECTASTAIN® Universal Quick HRP Kit,
Ingold Road, Burlingame, CA, USA) incubation for 1 h at room temperature. After another
PBS buffer solution rinse, slides were incubated with streptavidin (VECTASTAIN® Univer-
sal Quick HRP Kit) for 30 min at room temperature. The streptavidin–biotin–peroxidase
complex was revealed with diaminobenzidine (DAB) (VECTASTAIN® Universal Quick
HRP Kit). Slides were counterstained with hematoxylin solution (0.15%), dehydrated in
increased alcohol concentrations (70%, 90%, 100%) (ethanol), diaphanized and mounted
using Entellan resin (Sigma-Aldrich, St. Louis, MO, USA).

2.6.2. Image Acquisition and Histomorphometry

Goldner’s trichrome-stained randomized slides were photographed with a photomi-
croscope (Carl Zeiss-JVC TK-1270 color video camera, Oberkochen, Germany) at 40×
magnification. The images were quantified using GraphPad Prism version 8.0 (GraphPad,
San Diego, CA, USA) (Figure 2).

Minerals 2021, 11, x FOR PEER REVIEW 4 of 11 
 

 

dehydrated in 95% alcohol and absolute alcohol, with 3 passes each, and clarified in Xy-
lene with 3 fluid changes. 

2.6. Vascular Endothelial Growth Factor (VEGF) and Osteopomtin (OPN) Immunoreactivity 
2.6.1. Histochemical Protocol 

Histological slides were initially deparaffinized in xylol baths (3 × 5 min) and hy-
drated in decreasing concentrations of alcohol (100%, 90%, 70%) for 5 min in each bath. 
Slides were incubated in 3% hydrogen peroxide solution for 15 min in the dark, to inhibit 
endogenous peroxidase. After the inhibition of endogenous peroxidase activity, rinsing 
in PBS buffer at pH 7.2 was performed (3 × 5 min) 

Antigenic site re-exposure was conducted in citrate buffer solution (pH 6.0 at 96 °C, 
for 20 min). After the slides cooled and were rinsed with a PBS buffer at pH 7.2 (3 × 5 min), 
nonspecific sites were blocked with PBS/BSA solution (3% for 20 min). After the rinsing, 
slides were incubated with the primary anti-VEGF antibody (Santa Cruz, sc-1876), diluted 
in PBS/BSA 1% (1:100) and primary anti-OPN antibody (Santa Cruz, sc-21742), and di-
luted in PBS/BSA 1% (1:200) overnight in a refrigerator (4.0 °C) in a humid chamber. After 
primary antibody incubation, 3 baths in PBS buffer solution at pH 7.2 (5 min) were carried 
out, followed by secondary biotinylated antibody (VECTASTAIN® Universal Quick HRP 
Kit, Ingold Road, Burlingame, CA, USA) incubation for 1 h at room temperature. After 
another PBS buffer solution rinse, slides were incubated with streptavidin (VEC-
TASTAIN® Universal Quick HRP Kit) for 30 min at room temperature. The streptavidin–
biotin–peroxidase complex was revealed with diaminobenzidine (DAB) (VECTASTAIN® 
Universal Quick HRP Kit). Slides were counterstained with hematoxylin solution (0.15%), 
dehydrated in increased alcohol concentrations (70%, 90%, 100%) (ethanol), diaphanized 
and mounted using Entellan resin (Sigma-Aldrich, St. Louis, MO, USA). 

2.6.2. Image Acquisition and Histomorphometry 
Goldner’s trichrome-stained randomized slides were photographed with a photomi-

croscope (Carl Zeiss-JVC TK-1270 color video camera, Oberkochen, Germany) at 40× mag-
nification. The images were quantified using GraphPad Prism version 8.0 (GraphPad, San 
Diego, CA, USA). (Figure 2) 

Masson’s trichrome (MT) is a special stain used mainly to characterize and discrimi-
nate different tissues, including bone, where, when stained in green or blue, the collagen 
present in the ossification process is visible. When collagen is stained green, the stain is 
called Goldner’s modified Masson’s trichrome. Phosphotungstic or phosphomolybdic 
acid is used along with anionic dyes to create a balanced color solution. Staining consists 
of a sequence of staining with iron hematoxylin, which stains the nuclei black; Biebrich 
scarlet, which stains the cytoplasm red; and aniline blue or light green aniline, which 
stains the collagen blue or green, respectively. 

 
Figure 2. Histomorphometric analysis performed on a Goldner trichrome slide. We can 
see in the representative scheme performed by GraphPad Prism Version 8.0 (GraphPad, 
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the chosen boundary areas (A), to measure the percentage of green color representing the newly
formed matrix (B). Scale bar 100 µm, ×400 magnification.

Masson’s trichrome (MT) is a special stain used mainly to characterize and discrimi-
nate different tissues, including bone, where, when stained in green or blue, the collagen
present in the ossification process is visible. When collagen is stained green, the stain is
called Goldner’s modified Masson’s trichrome. Phosphotungstic or phosphomolybdic acid
is used along with anionic dyes to create a balanced color solution. Staining consists of a
sequence of staining with iron hematoxylin, which stains the nuclei black; Biebrich scarlet,
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which stains the cytoplasm red; and aniline blue or light green aniline, which stains the
collagen blue or green, respectively.

2.6.3. Statistical Analysis

The data were analyzed using one-way ANOVA, followed by the Wilcoxon matched
pair test (p < 0.05). All analyses were performed with specific software (GraphPad Prism
Version 8.0 and BioEstat 5.0).

3. Results
3.1. Goldner’s Trichromic Staining

Goldner’s trichromic staining was chosen due to its ability to clearly distinguish
osteoid and mature collagen bone matrix.

The red stained osteoid matrix was more evident in lining the bone marrow, blood
vessels and the biomaterials. Group differences relied on the amount of red staining
(Figure 3).
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Figure 3. Goldner’s trichrome-stained slides photomicrographs showing the representative images
of each experimental group that were observed and evaluated. The osteoid bone matrix presents a
red color and the bone matrix mature collagen can be observed in green: (A) control group (CTRL),
(B) Bio Oss group (Bioss) and (C) Blue Bone group (REG). Scale bar 100 µm, ×200 magnification.

The non-parametric Kruskal–Wallis test showed a very significant statistical relevance
in the REG group in relation to the others, showing that the production of a newly formed
matrix is more relevant in this group (Figures 4 and 5 and Table 1).
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Figure 5. In photomicrography-stained slides with Goldner’s trichrome, the red color suggests the
formation of the newly formed matrix (osteoid) in the groups; (A) control group, (B) Bioss group and
(C) Blue Bone group (REG). Scale bar 100 µm, ×400 magnification.

Table 1. Statistical analysis indicating significance, with *** p < 0.5, in relation to the CTRL and Bioss
group in comparison with the REG group.

Kruskal–Wallis Test

Mean 0.516 0.3936 4.685

Std. Deviation 0.314 0.3981 3.405

p value 0.0001

Exact or approximate p value? Exact

p value summary ***

3.2. Osteopontin

Osteopontin-stained slides showed brownish deposits mostly found scattered in the
decalcified bone matrix. Some round-nucleus cells (probably osteoblasts) presented high
intensity deposits in cytoplasm. These round-nucleus-immunoreactive cells were found in
higher numbers around biomaterials groups (Bioss, REG) (Figure 6).
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Figure 6. In osteopontin-stained slides photomicrography, shades of brown indicate osteopontin
deposits and suggest the activity of cells involved in the bone remodeling process (osteoblasts).
(A) Control group (CTRL), (B) Bio Oss group (Bioss) and (C) Blue Bone group (REG) Scale bar
100 µm, ×400 magnification.

The non-parametric Kruskal–Wallis test showed a very significant statistical relevance
between the REG and Bioss groups in relation to the CTRL group, showing that there was
greater cellularity in the groups with the use of biomaterial than with the use of the clot
(Figure 7, Table 2).

3.3. Vascular Endothelial Growth Factor (VEGF)

Vascular endothelial growth factor-immunoreactivity (VEGF-ir) was observed mainly
in cells’ cytoplasm close to and in the blood vessels in all tested groups. However, in
the REG group only, VEGF-ir was found in round nucleus cells scattered around nano-
hydroxyapatite/beta-tricalcium phosphate and inside the degrading biomaterial as well
(Figure 8).
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The non-parametric Kruskal–Wallis test showed that a very significant statistical
relevance was found in the REG group in relation to the others, showing an increase in the
growth rate of new blood vessels in the REG group (Figure 9, Table 3).
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Table 3. We can observe through the analyses a statistical relevance with *** p < 0.5 in relation to the
CTRL and Bioss groups in comparison with the REG group.

Kruskal–Wallis Test

Mean 1.778 4.439 10.71

Std. Deviation 0.7124 1.049 2.068

p value 0.0001

Exact or approximate p value? Exact

p value summary ***

4. Discussion

In this research model, the nano-hydroxyapatite/beta-tricalcium phosphate com-
pound induced a higher immunoreactivity of osteopontin and VEGF than xenogenic
biomaterial and control group in the calvarial critical bone defects model. The same finding
was observed in relation to Goldner’s trichrome staining. Goldner’s trichrome staining is a
very appropriate technique to evaluate bone or bone regenerative process. In this staining
method, the osteoid bone matrix, which is richer in different types of proteins, is observed
in red. On the other hand, the calcified bone matrix, which is richer in type I collagen, is
observed in green [14].

Several authors analyzing nano-hydroxyapatite in critical defects have concluded
that porous nano-hydroxyapatite scaffolds can promote angiogenesis in the early stage of
bone regeneration, suggesting that the graft has significant potential as a bioactive material
for bone regeneration in large-scale defects [15–17]. The biochemical mechanism of nano-
hydroxyapatite VEGF expression-induction and the subsequent blood vessel enhancing
effect was not fully described yet. However, the biomaterial pore size and superficial area
seems to have a relevant role. It is believed that a greater area and pore size improve
cell adhesion and proliferation, including blood vessels [15]. From this perspective, nano-
hydroxyapatite would perform better than xenogenic hydroxyapatite due to its greater
surface area and pores size.

Hu J et al. [18] analyzed the morphology response of nano-hydroxyapatite particles
in relation to bone formation. They obtained as results that nano-hydroxyapatite favored
cell adhesion and promoted osteogenic differentiation, as evidenced by the up-regulated
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expression of osteogenic genes, increasing alkaline phosphatase activity and increasing
osteopontin production. In the present study, we can observe similar results when compar-
ing the cell adhesion response of micro-hydroxyapatite in relation to nano-hydroxyapatite.
Therefore, it is already possible to say that the organized scaffolds provided by nanotech-
nology favor cell differentiation.

Vascularization is a pivotal and step-limiting process in bone regeneration. Different
types of cell modulators and growth factors may contribute to blood vessel sprouting;
however, VEGF is the central player. VEGF is more intensely expressed in the first few days
of the regenerative process, basically due to local hypoxia. VEGF induces endothelial cell
division and capillary sprouting; additionally, it is related to osteogenic cell migration and
differentiation [19]. In addition to hydroxyapatite-based biomaterials, functionally modi-
fied polyethylene glycol-based hydrogel can successfully induce VEGF gene expression
and consequently be considered in bone regenerative therapeutic protocols [20].

In a series of studies, when evaluating the response of new blood vessel formation
through the VEGF in critical defects in rat calvaria, it was possible to reach the conclusion
that the use of biomaterials from different sources presents more statistically relevant
responses than when compared with clot use [21–24]. These results were very important
for the elaboration of the methodology of this study, and we can verify that the use of
nano-hydroxyapatite and micro-hydroxyapatite obtained similar results to the studies
that served as support, in addition to the fact that nano-hydroxyapatite promotes a more
adequate response to the protein of signaling the formation of new blood vessels.

Through immunohistochemistry, histology and scanning electronic microscope analy-
sis, the factors involved in bone regeneration processes can be characterized in a broader
and easier way [25]. A study that analyzed the use of Masson’s trichrome, metaloproteinase
(mmp-9), periodic acid Schiff (PAS), tumor necrosis factor (TNF-alpha) and associated
ultrastructural results in non-critical defects in rat calvaria compared the use of clots, xeno-
geneic hydroxyapatite and synthetic nano-hydroxyapatite, reaching the conclusion that
nano-hydroxyapatite presented a more favorable inflammatory response, formation of a
more relevant bone matrix and it was possible to identify some structures involved in the
bone repair process through electron microscopy of sweep [26]. These results corroborate
the findings found in this study, even in critical defects, indicating that the use of syn-
thetic nano-hydroxyapatite has become the best alternative for bone defect reconstruction,
whether critical or non-critical.

It is noteworthy that this study addressed the bone repair process in only one surgical
time of late healing (60 days), indicating a better formation of bone matrix for the nano-
hydroxyapatite group; in addition, only two immunohistochemical modulators were used
(osteopontin and VEGF), limiting a wide discussion on the healing process and bone
remodeling. However, all findings are of great scientific relevance and encourage further
investigations on the subject.

5. Conclusions

We can conclude from the results presented in this study that:

a. Synthetic nano-hydroxyapatite had more significant relevance in the formation of
newly formed bone matrix compared to xenogeneic hydroxyapatite and clot groups.

b. The rate of the protein that promotes the growth of new blood vessels (VEGF) was
higher in the nano-hydroxyapatite group than in the other groups.

c. The response of the extracellular matrix protein (osteopontin) was similar in the
synthetic nano-hydroxyapatite and xenogeneic hydroxyapatite groups compared to
the control group.

Synthetic nano-hydroxyapatite proved to be a biomaterial with excellent biological
response, thus being indicated for any type of bone reconstruction.
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