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ABSTRACT. This investigation used materials based on synthetic hydroxyapatite and mineralized bovine 

tendon as a framework for bone regeneration and evaluated the osteoconductivity of these materials in the 

calvaria of Wistar rats in comparison to Bio-Oss/Geistlich. Micro-computed tomography (µ-CT) analyses 

were performed non-invasively using three-dimensional image reconstruction to evaluate new bone 

formation; in addition, conventional histological analysis was used. The µ-CT results showed that Bio-Oss 

resulted in higher volume, density and bone percentage than the other materials. Based on the three-

dimensional reconstructed images, the lowest resorption rates were observed in the Bio-Oss group, and the 

materials remained in larger quantities inside the defect at thirty days. In the synthetic hydroxyapatite 

group, intense resorption of the material and slight bone formation on the defect margins were noted, 

yielding an irregular edge. The mineralized bovine tendon group showed discrete new bone formation, and 

the material was fully resorbed. The Bio-Oss and synthetic hydroxyapatite groups yielded similar amounts 

of blood vessels and osteoblastic cells, and these were higher than the amounts found in the mineralized 

bovine tendon group. Synthetic hydroxyapatite was present within the defect and exhibited 

osteoconductive properties that were similar to the commercial brand, Bio-Oss. Mineralized bovine tendon 

did not exhibit good osteoconductivity and is contraindicated for maintaining bone space. Moreover, µ-CT 

yielded lower specificity; that is, µ-CT was not able to distinguish bone tissue from Bio-Oss, although it 

exhibited high sensitivity. Based on these results, it appears that synthetic hydroxyapatite has great 

potential for use in filling bone defects, unlike mineralized bovine tendon. 
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Introduction 

Among synthetic materials, ceramics are the main product used for bone regeneration. Ceramics are 

considered biocompatible biomaterials that exhibit low traction but excellent compressive strength, high 

load resistance and low friction (Bahremandi-Toloue, Mohammadalizadeh, Mukherjee, & Karbasi, 2022; 

Ribas et al., 2019). The low-friction resistance is increased because ceramics are hydrophilic and can be 

well polished, increasing the ability of a surface to receive loads from other materials or from the body 

itself (Ribas et al., 2019). Although inorganic ceramics do not exhibit osteoinductive ability, they 

certainly exhibit an excellent osteoconductive ability and a remarkable ability to bind to bone. In this 

respect, bioactive ceramics comprise the largest family of alloplasts, namely: TriCalcium Phosphate 

(TCP), hydroxyapatite, calcium sulfate, and calcium carbonate; calcium hydroxide-based polymers; and 

bioactive glass ceramics (Ribas et al., 2019). Among these structures, hydroxyapatite and calcium 

phosphate are the main bioceramics used for hard tissue repair due to their similarity to natural bone 

minerals, excellent biocompatibility and bioactivity (Du, Chen, Liu, Xing, & Song, 2021; Zhi et al., 2022). 

In recent years, researchers have significantly improved the properties and performance of 

hydroxyapatite and calcium phosphate (Du et al., 2021; Zhi et al., 2022). 
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Scanning electron microscopy (SEM) is widely used to characterize bone substitutes and is very effective 

in the analysis of surface topography of materials, particularly their microscopic aspect, grain size and 

porosity. However, SEM does not provide data regarding the interior of samples. Often, estimates of 

microstructure obtained using SEM produce inaccurate results that are based only on the estimation of the 

surface; therefore, image analysis of the total porosity and volumetric load distribution by micro-computed 

tomography (µ-CT) is more effective (du Plessis & Broeckhoven, 2019; Irie et al., 2018). Currently, µ-CT 

analysis has been used to quantify bone morphology and the microstructure of biomaterials (Vásárhelyi, 

Kónya, Kukovecz, & Vajtai, 2020); consequently, many investigations have used µ-CT to evaluate the 

formation of mineralized matrix on several types of in vitro and in vivo biomaterials (Olăreț, Stancu, Iovu, & 

Serafim, 2021). It is worth noting that the µ-CT analysis can be used to quantify the architecture of polymeric 

frameworks by providing parameters such as porosity, interconnectivity and anisotropy; in addition, this 

technique can be used to evaluate other parameters involved in the mineralization process during bone repair 

(du Plessis & Broeckhoven, 2019; Irie et al., 2018). In addition, some studies have evaluated bone regeneration 

using µ-CT in critical size defects (Al-Hezaimi et al., 2016; Badwelan et al., 2021; Lappalainen et al., 2016), 

alveolar cleft (Kamal et al., 2017), osteochondral defects (Flaherty, Tamaddon, & Liu, 2021) and vascularized 

tissues (Redenski et al., 2022). 

This study aims to evaluate the osteoconductive potential of experimental materials based on synthetic 

hydroxyapatite and mineralized bovine tendon. Considering that these materials are available in large 

quantities and in many shapes, they exhibit great potential for use in bone reconstruction. Thus, this study 

compares experimental hydroxyapatite and mineralized bovine tendon to an internationally known branded 

product (the commercially available Bio-Oss®) on a critical size bone defect. Another relevant aspect of this 

study is that it represents the development of a non-invasive method that showed the ability to quantify 

mineralized tissue at the site bone repair with high resolution, obtaining many clarifying images in a simple 

and effective way. In this context, the use of µ-CT represents a useful alternative for the evaluation of 

implants and vital structures. 

Material and methods 

The bone graft biomaterial Bio-Oss is produced by Geistlich Pharma (Switzerland). According to the 

manufacturer, Bio-Oss is obtained from inorganic bovine trabecular bone and is deproteinized at 

approximately 300ºC. Hydroxyapatite was synthesized using a 1.00 mol L-1 solution of Ca(NO3)2.4H2O and a 

0.60 mol L-1 solution of (NH4)2HPO4; the pH of the solutions was adjusted to lie between 11.0 and 12.0 using 

concentrated NH4OH. The synthesis was carried out under a nitrogen atmosphere, and the size of the resulting 

particles was less than 0.2 mm. 

Mineralized bovine tendon was obtained by treating tendon in an alkaline solution containing K+, Na+ and 

Ca2+ salts for 96 h at 25ºC (4 mL g-1 of material). The tendon was then balanced in a saline solution and then 

rinsed in H3BO3, EDTA and water (6 mL g-1 of material). The resulting matrices were mineralized in a solution 

containing 0.2 mol L-1 CaCl2, pH 7.4 and 0.12 mol L-1 Na2HPO4, pH 9 for 6 h; the solution was replaced every 

30 min., and the tendon was rinsed with deionized water between replacements. After mineralization, the 

matrices were frozen and lyophilized. All experimental materials were sterilized using ethylene oxide. 

The bovine tendon was subjected to thermogravimetric analysis (TGA) under an air atmosphere at 10ºC 

min-.1 in a TGA-2050 (TA Instruments, USA) device to determine the mineralization percentage. Differential 

scanning calorimetry measurements (DSC) were conducted under a dynamic air atmosphere (60 mL min.-1) 

using a DSC 2010 (TA Instruments) device. SEM analyses were conducted using a 20 kV electron beam, and 

photomicrographs of the matrices were obtained under 100 and 500X magnification using a LEO 440 (LEO 

Electron Microscope) device equipped with an Oxford detector (Oxford Instruments). X-ray diffraction 

patterns were obtained using a Universal Carl Zeiss-Jena diffractometer and an X-ray source: Mod. URD-6, 

with 40 kV power, 20 mA and radiation of 1.5406 Å. 

Biological analyses 

Male adult Wistar rats, each weighing approximately 200 g, were divided into five groups, each comprising 

five animals, on which the surgical procedures were performed; the lesions were filled with different materials 

in each group. Radiographic and morphological analyses were conducted after 30 days. The lesions were filled 

with the following materials: Bio-Oss, synthetic hydroxyapatite, mineralized bovine tendon, the control 

group (lesion filling with clot) and the intact group (the animals were not subjected to surgery). 
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The surgeries were performed under general anesthesia using an intramuscular ketamine hydrochloride injection 

(Ketalar injection, Achë Laboratórios Farmacêuticos S.A., Brazil) at a dose of 75 mg kg-1 of body mass and the muscle 

relaxant and animal sedative Ropun (Bayer S.A., Brazil) at a dose of 1.5 mL kg-1 (see Figures 1 and 2). 

Figure 1. Description of surgical procedure: sterilization of the surgical field with povidone-iodine, trichotomy of the frontoparietal 

region, incision of tegument, complete detachment of the periosteum exposing the bone of the skull and trepanation using a trephine 

drill of 8 mm diameter. A view of the bicortical bone defect and exposure of the dura mater. 

Figure 2. Filling the bone cavity with the tested materials: synthetic hydroxyapatite (A), mineralized bovine tendon (B) and Bio-Oss (C). 

After trichotomy of the frontoparietal region of the head, vigorous sterilization was performed using 

povidone-iodine and local infiltration anesthesia with 2% lidocaine with norepinephrine 1:50,000 (Merrell 

Lepetit Farmacêutica e Industrial Ltda, Brazil). Semilunar incisions were carried out of the total thickness 

using a #15 blade on the integument of the skull lining, followed by flap detachment and exposure of the bone 

surface. Then, using a surgical trephine drill (8 mm diameter), an 8-mm diameter hole was made in the 

frontoparietal region (under abundant and continuous irrigation with saline solution), crossing through the 

entire diploe bone thickness and exposing the meninges in the back of the lesion. The lesion was filled with 

one of the materials used in this study, and the flap was then placed in position and sutured using #3 thread 

(Ethicon – Johnson & Johnson). Throughout the experimental period (30 days), the animals were housed in 

the vivarium and received food and water ad libitum. This period is appropriated for bone regeneration of 

critical defects as can be seen elsewhere (Brassolatti et al., 2021; Efeoglu et al., 2009; Pripatnanont, 

Nuntanaranont, Vongvatcharanon, & Limlertmongkol, 2007). 

The animal model used for evaluating bone regeneration must meet certain criteria, including the following: the 

defect size cannot be smaller than the critical size for each species as reported in the literature; the methodology 

should not be too costly; the surgical technique should not be too complex; the implantation site should contain 

cortical and cancellous bone; the method should involve low morbidity, graft stability and impossibility of fracture; 

and finally, the method should quantify the regenerated tissue and the remainder of the implant from both 

radiographic and histological perspectives (Gauthier et al., 2005; Gielkens et al., 2008; Kochi et al., 2009). 

This research was approved by the Ethics Committee on Animal Experiments of the Ribeirão Preto Medical 

School at the University of São Paulo at a meeting on March 30, 2009 (process number 028/2009; attached). 
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Finally, the animals were killed using an overdose of ketamine hydrochloride (Ketalar injection – Achë 

Laboratórios Farmacêuticos S.A., Brazil) 30 days after surgery. The cranial caps were immediately dissected, 

placed in individual vials, labeled, and fixed in 10% formalin in phosphate buffer, pH 7.2, for 7 days. 

Histological and µ-CT analyses 

Radiographic analyses were conducted using micro-computed tomography, which was implemented 

using a SkyScan (100 kV – 100 µA) micro-tomography scanner. The animals were positioned and fixed to 

the machine saddle such that they could not move during the experiment because any movement would 

prevent image acquisition. The device was set to a resolution of 2,000 x 2,000 pixels and 16 µm -thick 

sections. The acquisition time of the images was approximately 2h per sample. The images were analyzed 

and reconstructed in two and three dimensions, and newly formed bone tissue was quantified using the 

Software CTAnalyser Version. After the radiographic images were acquired, a circular region of interest (8 

mm in diameter) was selected for analysis (at a thickness that comprised the calvarial bone diploë). The 

diameter of the region of interest was 8 mm to ensure that bone regeneration inside the critical size 

defect was fully analyzed.  

For the three-dimensional image analysis, the gray scale (gray threshold) was first fine-tuned. The gray 

value of an image is proportional to the linear attenuation coefficient of the tissue. The gray-scale values used 

in the analysis program ranged from 0 to 255. In this study, the lowest gray-scale value used was 90, and the 

highest was 250. Thus, it was possible to differentiate mineralized hard tissue from soft tissue, especially 

inside the 8-mm critical defect. 

The morphometric quantitative analysis of the tissue inside the bone defect was conducted in pixels 

corresponding to mineralized tissue, excluding non-mineralized soft tissue. Three-dimensional images were 

reconstructed for each sample, and the following morphometric parameters were obtained: (a) the volume of 

bone tissue, which refers to the amount of mineralized tissue present within the defect (BV; mm3); (b) the 

percentage of bone tissue, which refers to the ratio of the mineralized tissue volume to the total analyzed 

volume (BV/TV; %); (c) the bone contact surface associated with the interconnected mineralized tissue 

surface area (mm2); (d) and bone surface density, which is related to the ratio of the total mineralized tissue 

surface area to the total analyzed volume (BS/TV). 

Subsequently, the samples were decalcified in MORSE solution (50% formic acid + 10% sodium citrate, 1:1) 

for 30 days. After histological processing, the pieces were embedded in Histosec (paraffin + synthetic resin); 

the samples were oriented such that histological sections were obtained in the lateral-lateral direction. Semi-

serial sections of 5 µm in thickness were obtained and stained using the hematoxylin-eosin technique. The 

slide sections were evaluated and photographed using a Leica Leitz DM RX microscope equipped with an 

image analysis system. The following aspects of tissue reaction were observed in the histomorphometric 

analysis: (i) newly formed bone tissue, which refers to the young bone tissue formed in the defect area, 

especially at the margins; (ii) the remaining biomaterial, which refers to biomaterial particles remaining 

inside the defect, indicating the rate of resorption; (iii) neovascularization, which describes the blood 

capillaries around the biomaterial and inside the defect; (iv) connective tissue, which describes the presence 

of connective tissue within the defect; (v) osteoblastic cells, which describes the presence of bone-forming 

cells, including osteoblasts, osteocytes and remodeling cells, such as osteoclasts. 

During the histological analysis, the analyzed tissue parameters were accorded a semi-quantitative score 

based on the following criteria: (0) none; (1) minimum; (2) moderate; (3) well-established and (4) intense. 

Statistical analysis 

While comparing the materials using µ-CT, it was found that the groups presented a normal distribution 

according to the Kolmogorov-Smirnov test. Then, an analysis of variance was performed using a fixed model 

criterion (for each measurement); when significant differences were found, the post-hoc Tukey’s test was used 

for multiple comparisons. To compare the materials based on the histological evaluation, it was first verified 

that the groups were not normally distributed according to the Kolmogorov-Smirnov test. For each 

measurement, when the Kruskal-Wallis test indicated a significant difference, the post-hoc Dunn’s test was 

used for multiple comparisons. To verify correlations between the µ-CT measurements and the conventional 

histological evaluations, Spearman’s correlation coefficient was used. In all statistical tests, a significance 

level of 5% was adopted (p < 0.05). 
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Results and discussions 

Several studies suggest that tomographic section thicknesses should be between 9.4 to 18 µm (Cacciafesta, 

Dalstra, Bosch, Melsen, & Andreassen, 2001; Verna, Bosch, Dalstra, Wikesjö, & Trombelli, 2002), whereas 

other studies suggest a section thickness of 25 µm (Jones et al., 2004). Thus, in this study, an intermediate 

tomographic section thickness was used (16 µm). Another notable consideration is the diameter of the rat 

calvaria defect. In this study, a defect of 8 mm in diameter was created, corresponding to a critical size defect 

that does not heal completely throughout the animal’s life (Jensen, Schou, Stavropoulos, Terheyden, & 

Holmstrup, 2012). In this study, greater growth was observed from the margins on the dura mater (with a 

ramp aspect) for all groups. However, the healing of the calvarial defect normally begins at the margins of the 

surgical wound (from the underlying dura mater or overlying periosteum), and the higher the osteoconductive 

capacity of the material, the greater the growth that is observed (Pripatnanont et al., 2007). 

Based in thermogravimetric curves for the mineralized and non-mineralized bovine tendons (Figure 3a), 

the mineralized matrix yielded 60.9% residue at a temperature of 750°C, which is derived from inorganic 

material deposited on the tendon. This loss of approximately 40% of the mass corresponds to the organic 

constituent, which is derived from bovine collagen. In contrast, Bio-Oss comprises a small amount of organic 

constituents, consisting mainly of bovine hydroxyapatite (Jensen et al., 2012). 

The differential scanning calorimetry curves for the bovine tendons (mineralized and mineralized/sterilized) 

shows no significant energy variations were observed for the inorganic materials at this temperature, except in the 

mineralized bovine tendon (Figure 3b). The denaturation temperatures were as follows: bovine tendon (46.7°C), 

mineralized bovine tendon (59.0°C) and mineralized and sterilized bovine tendon (56.1°C). Temperatures of 

approximately 40°C correspond to collagen denaturation (Ogawa & Plepis, 2002). 

Figure 4(a,b) shows SEM micrographs of the mineralized bovine tendon surface. The structural images of 

the surface and cross section of the mineralized bovine tendon show that several mineral granules are 

deposited on the organic matrix, and the observed irregular shape with pores indicates a favorable 

environment for cell repopulation. SEM images of Bio-Oss (Figure 4 (c,d)) show a highly porous material that 

allows cell and vascular growth in its interior; by examining the trabecular, the framework for conduction and 

space maintenance for bone growth can be observed. 

In respect of the biological evaluation, all animals showed excellent recovery in the days after the surgery, 

and no anti-inflammatory agents or antibiotics were required. In the control group (not subjected to surgery), 

the animals were evaluated using µ-CT. Figure 5 shows three-dimensional images obtained using µ-CT of the 

cranial anatomy of the control group (surgery without graft). In the control group, the bone defect created by 

surgery persisted, and no new bone tissue was formed. This result shows that this type of defect does not 

spontaneously regenerate without the use of regenerative therapies. The 8-mm circular defect remained 

almost unchanged, with only the faintest irregularity observed in the outline (Figure 5b). 

In the bovine tendon and synthetic hydroxyapatite experimental groups (one month after surgery), intense 

resorption of biomaterials and the discrete formation of mineralized tissue was observed in all cases according 

to µ-CT images (see Figure 6); the defect space was probably filled with connective tissue. It is possible to see 

centripetal closure of the surgical wound with very irregular edges (showing new bone formation) and the 

presence of white spots floating inside the defect, representing almost fully resorbed hydroxyapatite. The 

lateral edges of the bone defect have a beveled aspect, indicating the start of new bone formation. However, 

none of the animals exhibited an exacerbated inflammatory response with intense bone resorption, which 

would contraindicate the use of these materials. Importantly, due to the chemical similarity of bovine 

hydroxyapatite and hydroxyapatite in the calvarial bone of the animal, it was not possible to differentiate the 

adjacent remainder of the bone tissue. The synthetic hydroxyapatite granules that were at the resorption 

stage inside the defect were not observed in the µ-CT analysis and therefore were not considered mineralized 

tissue. The calcium phosphate from the mineralized bovine tendon was completely reabsorbed at the end of 

the period according to µ-CT, thus corroborating the histological analysis findings. However, closure of the 

surgical wound with irregular margins was observed, indicating the resorption process (concavity) and new 

bone formation (extensions); the mineralized tendon was almost completely reabsorbed. 

The graft was slowly reabsorbed, thereby providing a framework for tissue growth therein and the formation of 

new bone tissue; however, many Bio-Oss granules remain inside the defect that have not yet been reabsorbed (see 

Figure 7). In the last animal, an unfavorable tissue reaction was observed, and the graft was eliminated; in this 

case, there was moderate bone resorption extending from the edge of the wound and little new bone formation. 
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Mineralized tissue was strongly present, almost completely closing the bone defect. This material comprising 

inorganic bovine bone was not quickly reabsorbed, allowing the bone tissue space to remain. Moreover, no 

invagination of the connective tissue was observed, thus allowing new bone formation. 

 

Figure 3. (a) Thermogravimetric curves for mineralized and non-mineralized bovine tendon (air, 10°C min−1). Black indicates the analysis 

of bovine tendon subjected to alkaline treatment for 96 h. Red indicates the analysis of mineralized bovine tendon subjected to alkaline 

treatment for 96 h. (b) Differential Scanning Calorimetry curves for bovine tendon (black), mineralized bovine tendon (blue) and 

mineralized and sterilized bovine tendon (red). 

 

Figure 4. SEM of surfaces: (a) Mineralized bovine tendon (500x magnification). (b) Mineralized bovine tendon (5,000x magnification). 

(c) Cross section of Bio-Oss (50x magnification). (d) Cross section of Geistlich Bio-Oss (500x magnification). 

Table 1 shows a comparison of the three studied materials based on µ-CT measurements. Based on a 

statistical analysis of the µ-CT results for the three materials, Bio-Oss resulted in the highest volume of bone 

tissue; that is, the Bio-Oss particles remained inside the defect and were less resorbed. Thus, this biomaterial 

exhibited better osteoconductivity; by remaining inside the defect, this material avoided connective tissue 

invagination and provided a framework for bone growth. The same result was observed when analyzing bone 

tissue percentage (the ratio of bone tissue volume to the total analyzed volume), emphasizing yet again that 

the Bio-Oss group resulted in a greater amount of mineralized tissue. 
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Figure 5. Three-dimensional images obtained using µ-CT: (a,b) Cranial anatomy of a Wistar rat (intact control). (c) Three-dimensional 

image of the control surgery without grafting after 30 days. 

 

Figure 6. Three-dimensional images obtained using µ-CT of the bone repair of sites grafted with synthetic hydroxyapatite (blue 

background) and mineralized bovine tendon (orange background) after 30 days of healing. 

Bone surface contact (representing the surface area of the interconnected mineralized tissue) was also 

evaluated using µ-CT. Bone tissue interconnectivity is an important requirement because the contact between the 

granules provides a conduit for the entry of osteoblastic cells, blood vessels and hard tissue growth (Cacciafesta et 

al., 2001; Jones et al., 2004; Verna et al., 2002). Bio-Oss exhibited a greater contact surface than hydroxyapatite, 

followed in turn by bovine tendon. µ-CT analysis also provided the bone surface density, which is the ratio of total 

mineralized tissue surface area to the total analyzed volume. Bio-Oss exhibited greater bone surface density than 

the other materials; that is, the Bio-Oss group had a larger mineralized surface area than the other groups. 

Synthetic hydroxyapatite has a porous microstructure that contains a n etwork of interconnected points with sizes 

ranging between 200 and 500 µm, thus providing a framework for the entry of osteogenic cells and blood capillaries. 

These characteristics are similar to those of inorganic bovine bone that is synthesized at low temperature, such as 

Bio-Oss. Thus, for the osteoblasts to proliferate the inside the material, a single cell requires contact with at least 

three other cells through an interconnected network of pores, which must be at least 100 µm in diameter 
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[approximately three times the size of the osteoblast (30 µm)] (Wang et al., 2004). According to Wang et al. (2004), 

a structure with pores ranging from 200 to 400 µm allows cell growth and differentiation in its interior and 

facilitates their nutrition through blood capillaries. 

 

Figure 7. Three-dimensional images obtained using µ-CT of the bone repair of sites grafted with Bio-Oss after 30 days of healing. 

Table 1. Comparison of the three tested materials according to measurements obtained using µ-CT. 

Parameter 
Bio-Oss   Hydroxyapatite   Tendon 

p 
Mean sd  Mean sd  Mean sd 

Bone tissue volume 20.59 a 4.56   5.35 b 2.52   1.86 b 1.44 <0.001 * 

Bone tissue percentage 11.49 a 2.88  3.05 b 1.42  1.09 b 0.89 <0.001 * 

Contact surface 15.98 a 2.48  9.34 b 2.7  4.01 c 3.8 <0.001 * 

Bone surface density 2.08 a 0.46   0.80 b 0.34   0.31 b 0.18 <0.001 * 

* Significant difference (p < 0.05). Materials with the same letters are not significantly different from each other. 
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After 30 days, the defects filled with Bio-Oss exhibited a large amount of particulate matter inside the 

defect, which was surrounded by connective tissue containing many cells and a large number of blood vessels. 

Many osteoblastic cells can be observed around the material in the photomicrograph of the Bio-Oss defect; 

however, in newly formed bone tissue, these osteoblasts were found mainly on the margins of the defect and 

near the dura mater. Low degradation of Bio-Oss particles has been reported fifteen months after grafting of 

the maxillary sinus in humans (Busenlechner et al., 2009). More pronounced Bio-Oss degradation (with only 

a few particles remaining after six months) has been reported in only one study (Terheyden, Jepsen, Möller, 

Tucker, & Rueger, 1999). In other study (Kuchler et al., 2013), there was no statistically significant difference 

in the proportion of the remaining particles of Bio-Oss between 7 and 18 months. This evidence of slow 

degradation justifies the large number of Bio-Oss particles found inside the defect in our study. 

During the same period, synthetic hydroxyapatite exhibited a large amount of remaining material, 

although the particle size was smaller than for the Bio-Oss particles. We also observed cell-rich connective 

tissue containing a large number of blood vessels; however, the presence of newly formed bone tissue and the 

number of osteoblastic cells were less obvious. These results corroborate the findings of Pallesen et al. (2002), 

who showed that hydroxyapatite particles with diameters of 0.5 to 2 mm are more suitable for bone 

regeneration than 10 mm particles. Hydroxyapatite particle size also appears to affect the osteogenic 

potential of mesenchymal stem cells, as observed in the in vitro study by Weissenboeck et al. (2006); in that 

study, the authors found that small particles exhibited high levels of specific alkaline phosphatase activity. 

It is noteworthy to mention that the mineralized bovine tendon was almost entirely resorbed, making way 

for abundant connective tissue containing few cells. In this case, the blood vessels were not present in large 

amounts, and almost no osteoblastic cells and newly formed bone tissue were found. O'Hara et al. (2012) 

investigated the incorporation of calcium phosphate into collagen fibers that were derived from bovine 

tendon in vitro. In that study, O'Hara et al. (2012) suggested the potential of this composite for use in the 

treatment of vertebral fractures; however, in vivo studies would be required to provide clinical evidence of its 

effectiveness, especially regarding degradation. The results of this in vivo investigation showed that this 

composite is rapidly resorbed; therefore, some improvements are needed in its composition to improve its 

clinical performance (O’Hara et al., 2012). 

In the control group (filled only with a blood clot), bone tissue space was lost, and few cells and vessels 

were present in the connective tissue; minimal amounts of newly formed tissue were present on the margins 

of the defect, showing the permanent nature of the defect. These results showed that in the control group 

(with blood clot only), there was no bone healing in the center or even at the periphery of the defect; this 

result confirms earlier studies showing that clot alone yields minimum bone formation at the periphery, even 

over long periods (Lee et al., 2010; Lu & Rabie, 2004). He, Yan, Chen, and Lu (2008) and Huh et al. (2005) also 

observed limited bone formation at the periphery of the defect in the control group. Schmitz, Schwartza, 

Hollinger, and Boyan (1990) described the behavior of cells in the critical size defect, noting that the release 

of growth factors (such as bone morphogenetic proteins) from the margin of the defect led to the 

differentiation of mesenchymal cells into osteoblasts. These cells form and mineralize the bone matrix by 

creating mineral islands that serve as a substrate for the growth of new bone tissue (Schmitz et al., 1990). 

However, due to the lack of growth and nutrition factors in the control group, not much osteoblast 

differentiation and bone formation was found beyond the wound margins. Thus, osteoblasts are not able to 

form and mineralize the bone matrix, leading to the formation of fibrous connective tissue (Ruehe, Niehues, 

Heberer, & Nelson, 2009). 

Table 2 shows a comparison between the three materials based on conventional histological evaluation. 

The Bio-Oss material resulted in higher amounts of newly formed bone tissue than hydroxyapatite, which in 

turn was more effective than tendon. Although these numerical results were very clear, they were not 

statistically significant. This might be the case because bone tissue mineralizes slowly, and the process was 

not fully concluded during the study period. Nevertheless, Bio-Oss exhibited a higher osteoconductive 

capacity than hydroxyapatite and tendon, in that order. Osteoconductivity is an essential prerequisite for 

future bone formation. 

Regarding the presence of biomaterials inside the defect, Bio-Oss and hydroxyapatite presented 

statistically similar results, and both cases exhibited a significant difference from the mineralized tendon 

(Table 2). Bio-Oss and hydroxyapatite remained within the defect during the evaluation period similarly, but 

the Bio-Oss granules were larger and were slightly more numerous than the hydroxyapatite granules. The 

mineralized tendon was almost fully resorbed during the evaluation period and showed a statistically 
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significant difference from the other groups. The mineralized tendon underwent significant resorption at 30 

days and was not able to retain the space for bone growth, demonstrating its poor osteoconductivity. Although 

the mineralized tendon group exhibited a higher amount of connective tissue than the other groups, the 

results were not statistically significant. The connective tissue in the tendon group presented fewer cells and 

vessels; in the other groups, the connective tissue presented abundant tissue repair cells and blood vessels, 

indicating the regenerative nature of the lesion. 

Table 2. Comparison of the three materials according to measurements obtained using conventional histological evaluation. 

Parameter 
Bio-Oss  Hydroxyapatite  Tendon 

p 
Mean med sqr  Mean med sqr  Mean med sqr 

Newly formed bone tissue 2.3 2.5 0.8  1.6 2.0 0.5  1.2 1.0 0.0 0.142ns 

Presence of biomaterial 2.8 a 3.0 0.8  2.2 a 2.0 0.5  1.0 b 1.0 0.0 0.025* 

Connective tissue 2.5 2.0 0.5  2.6 3.0 0.5  3.0 3.0 0.0 0.292ns 

Blood vessels 2.0 a 2.0 0.0  2.0 a 2.0 0.0  1.2 b 1.0 0.0 0.001* 

Osteoblastic cells 2.3 a 2.5 0.8  1.6 a 2.0 0.5  1.0 b 1.0 0.0 0.042* 

med = median. sqr = semi-quartile range. * Significant difference (p < 0.05). ns - Non-significant difference. Materials with the same letters are not 

significantly different from each other 

The relationship between angiogenesis and osteogenesis plays an important role in bone formation. 

Several studies have shown that osteogenesis depends on angiogenesis, and tissue oxygen tension determines 

the differentiation of mesenchymal cells into osteoblasts or chondroblasts (Gerber & Ferrara, 2000; Hausman, 

Schaffler, & Majeska, 2001; Pelissier et al., 2003). Because these blood vessels are extremely important for 

bone formation, these vessels were also measured in the histological analysis. The Bio-Oss and the 

hydroxyapatite groups did not significantly differ, but the tendon group presented significantly fewer vessels. 

Thus, Bio-Oss and hydroxyapatite are advantageous for osteogenesis due to the presence of blood vessels 

(Table 2). In addition, due to their similarity to natural bone minerals, hydroxyapatite and Bio-Oss showed 

excellent biocompatibility, osteogenic capacity and bioactivity (Chu, Orton, Hollister, Feinberg, & Halloran, 

2002; Pilliar, Filiaggi, Wells, Grynpas, & Kandel, 2001). In contrast, the mineralized tendon exhibited 

connective tissue that tended to stabilize due to the reduced number of blood vessels. 

The Bio-Oss and hydroxyapatite groups presented higher numbers of osteoblastic cells, and no statistically 

significant difference was apparent between them. The mineralized tendon group exhibited significantly fewer 

osteoblastic cells. The inorganic bovine bone, hydroxyapatite and calcium phosphate derivatives have excellent 

osteoinductive properties that appear to stimulate the differentiation and proliferation of osteoblasts, particularly 

in critical size defects, because the calvaria contains a small amount of bone marrow (Chen, Shih, Lin, & Lin, 2004). 

Sohier, Daculsi, Sourice, De Groot, and Layrolle (2010) implanted bone morphogenetic protein, which was 

associated with calcium phosphate in the muscles of rats; the authors reported bone formation in the presence of 

calcium phosphate that was twelve times higher than that observed in the presence of morphogenetic bone protein 

alone. Therefore, due to the osteoinductive character and persistence of the material inside the defect, Bio-Oss 

and hydroxyapatite showed the highest number of osteoblasts. Although the mineralized tendon included calcium 

phosphate in its composition, this does not appear to have significantly affected the recruitment of osteoblasts, 

probably because the amount of mineral in the material was small. 

Conclusion 

In a radiographic assessment, the Bio-Oss exhibited better osteoconductivity than the other experimental 

materials. Histological examinations showed that synthetic hydroxyapatite was present inside the defect and 

exhibited osteoconductive properties that were similar to Bio-Oss. The mineralized bovine tendon did not 

exhibit good osteoconductivity and synthetic hydroxyapatite exhibited great potential for use in filling bone 

defects. When comparing the two methodologies, µ-CT presented low specificity but high sensitivity while 

histological analysis was able to accurately distinguish the tested materials from the adjacent tissue, but it 

was not possible to quantify the materials easily and accurately. 
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