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ABSTRACT 

 

The aim was to evaluate the bone formation and bone augmentation in two different 

models of craniofacial reconstructive surgery using comparatively different calcium 

phosphate-based ceramics or using deproteinized bovine bone (DBB) in association with 

angiogenic fraction F1 obtained from latex (Hevea brasiliensis) and hyaluronic acid hydrogel 

(HAH). In the article 1, bilateral maxillary sinus augmentation (MSA) was performed using 

carbonated deproteinized bovine bone (cDBB), sinterized deproteinized bovine bone (sDBB) 

or porous biphasic calcium phosphate (pBCP) in rabbits. After 2, 4 and 8 weeks the samples 

were collected and analyzed under microtomography, histomorphometry and 

immunohistochemistry for TRAP labeling. All treatments promoted maintenance of the MSA 

volume over time. The bone formation occurred in close contact with the surface of all 

materials particles. In cDBB group the number of TRAP+ cells maintaining stable during all 

experimental periods, while in sDBB and pBCP groups a peak was observed at 2 weeks. In all 

experimental periods, bone formation in sDBB group was higher compared to cDBB group 

and similar to pBCP group. In the article 2, bilateral cranial bone defects were performed and 

filled with F1/HAH/DBB or HAH/DBB and the contralateral side with F1/HAH or HAH in 

rabbits. After 2, 4 and 8 weeks the samples were collected to microtomography and 

histomorphometry analyzes. The total volume (TV) in the HAH/DBB and F1/HAH/DBB 

groups were significantly higher than in the HAH and F1/HAH groups. At 2 weeks, the 

F1/HAH/DBB group presented a greater volume bone (BV) compared to the other groups.  In 

HAH/DBB and F1/HAH/DBB groups the bone tissue grew on the surface and pores of the 

DBB increasing progressively the maturity and the volume occupied. The DBB structure not 

changed. In defects of the HAH and F1/HAH groups occurred the invasion of the adjacent 

tegument with formation of a thin layer of connective tissue and small new bone formation 

limited to the edges during all periods. In conclusion, cDBB, sDBB and pBCP maintained the 

MSA volume, favoring bone formation and maturation being safe alternatives in the MSA 

technique. And, the F1 fraction associated to DBB provided significant increase in the bone 

formation of the cranial bone defects especially at the initial healing phase, suggesting a 

promising strategy for the treatment of craniomaxillofacial defects. 

 

Key-words: Biocompatible Materials. Bone Density. Bone Regeneration. Ceramics. Rabbits. 

X-Ray Microtomography. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

RESUMO 

 

O objetivo foi avaliar a formação e o ganho ósseo em dois diferentes modelos de 

cirurgia reconstrutiva craniofacial, usando comparativamente diferentes cerâmicas à base de 

fosfato de cálcio ou usando osso bovino desproteinizado (OBD) em associação à fração 

angiogênica F1 obtida do látex (Hevea brasiliensis) e hidrogel de ácido hialurônico (HAH). 

No artigo 1, o levantamento do seio maxilar (LSM) bilateral foi realizado utilizando osso 

bovino desproteinizado carbonatado (OBDc), osso bovino desproteinizado sinterizado 

(OBDs) ou cerâmica bifásica de fosfato de cálcio porosa (BFCp) em coelhos. Após 2, 4 e 8 

semanas, as amostras foram coletadas e analisadas sob microtomografia, histomorfometria e 

imunohistoquímica para marcação de TRAP. Todos os tratamentos promoveram a 

manutenção do volume do LSM ao longo do tempo. A formação óssea ocorreu em íntimo 

contato com a superfície das partículas de todos os materiais. No grupo OBDc, o número de 

células TRAP + manteve-se estável durante todos os períodos experimentais, enquanto nos 

grupos OBDs e BFCp foi observado um pico em 2 semanas. Em todos os períodos 

experimentais, a formação óssea no grupo OBDs foi maior em comparação ao grupo OBDc e 

similar ao grupo BFCp. No artigo 2, defeitos ósseos cranianos bilaterais foram realizados e 

preenchidos com F1/HAH/OBD ou HAH/OBD e o lado contralateral com F1/HAH ou HAH 

em coelhos. Após 2, 4 e 8 semanas, as amostras foram coletadas para análises de 

microtomografia e histomorfometria. O volume total (VT) nos grupos HAH/OBD e 

F1/HAH/OBD foi significativamente maior que nos grupos HAH e F1/HAH. Em duas 

semanas, o grupo F1/HAH/OBD apresentou maior volume ósseo (VO) em comparação aos 

demais grupos. Nos grupos HAH/OBD e F1/HAH/OBD, o tecido ósseo cresceu na superfície 

e nos poros do OBD, aumentando progressivamente a maturidade e o volume ocupado. A 

estrutura OBD não foi alterada. Nos defeitos dos grupos HAH e F1/HAH ocorreu invasão do 

tegumento adjacente com formação de fina camada de tecido conjuntivo e pequena e nova 

formação óssea limitada às bordas durante todos os períodos. Concluindo, OBDc, OBDs e 

BFCp mantiveram o volume LSM, favorecendo a formação e maturação óssea, sendo 

alternativas seguras na técnica de LSM. E a fração F1 associada ao OBD proporcionou 

aumento significativo na formação óssea dos defeitos ósseos cranianos, principalmente na 

fase inicial do reparo, sugerindo ser uma estratégia promissora para o tratamento de defeitos 

craniomaxilofaciais. 

 

Palavras-chave: Materiais Biocompatíveis. Densidade Óssea. Regeneração Óssea. Cerâmica. 

Coelhos. Microtomografia por Raio-X. 
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1 INTRODUCTION 

 

 

The craniofacial region is a complex array of bone, cartilage, soft tissue, nerves and 

blood vessels (Ward et al., 2010). The lack of sufficient bone volume in the oral and 

maxillofacial area, especially resulting from cancer surgeries, trauma, chronic infection, 

maxillary atrophy, congenital and acquired defects can compromise the normal function and 

aesthetics (Petrovic et al., 2012; Ezirganli et al., 2015; Pilipchuk et al., 2015). Bone grafts or 

substitute biomaterials are commonly used therapeutic strategies for craniofacial 

reconstructions such as bone augmentation and repair of bone defects (Ezirganli et al., 2015; 

Li et al., 2015). The American Academy of Orthopedic Surgeons estimates that over 500,000 

bone grafting procedures are performed in the United States each year (Greenwald et al., 

2001). To date, autogenous bone is considered the gold standard for bone substitutes because 

it presents osteogenic, osteoinductive and osteoconductive properties (Amini et al., 2012; 

Almubarak et al., 2016; Delgado-Ruiz et al., 2018). However, its use involves some 

disadvantages, such as tendency of resorption, obtaining limited by the quantity in the 

intraoral area and by the increase in surgical complexity in the extraoral area, leading to the 

need for hospitalization, general anesthesia, increased risk of infection and increased 

morbidity (Ozdemir et al., 2013; Esposito et al., 2014; Nkenke e Neukam, 2014; Stacchi et 

al., 2017). In the attempt to overcome these limitations, researches have proposed and tested 

the performance of different bone substitutes biomaterials as an alternative to autogenous 

bone graft (Lutz et al., 2015; Stacchi et al., 2017; Oh et al., 2019). 

Bone substitutes biomaterials are divided into allogens, xenogens and alloplastic 

according to their origin (Papageorgiou et al., 2016). Allogenic graft is obtained from a 

genetically different donor, but of the same species (Jensen e Terheyden, 2009; Pilipchuk et 

al., 2015). The bone harvested often from a cadaveric tissue is submitted to various treatments 

in order to decrease its antigenicity and, depending on the method of processing, to maintain 

its osteoinductive property (Pilipchuk et al., 2015). The bone allografts is treated with 

antibiotics, solvents and cold-freeze-disinfection at -80ºC, and can also be lyophilized, 

demineralized or irradiated (Salai et al., 2000; Nguyen et al., 2007; Holtzclaw et al., 2008). 

However, allografts are associated with risks of infections (as hepatitis and HIV) and 

immunoreactions (Amini et al., 2012; Ezirganli et al., 2015).  
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Xenogeneic grafts are derived from different species than the recipient as coral, 

porcine, equine or bovine sources (Jensen e Terheyden, 2009; Esposito et al., 2014; Pilipchuk 

et al., 2015). Among these, the deproteinized bovine bone (DBB) has been one of the most 

used, well documented and effective in reconstructive implantology (Lutz et al., 2015; Fienitz 

et al., 2017). Therefore, it has been used as a control group or substitute bone control material 

in several studies (Cordaro et al., 2008; Jensen et al., 2009; Jun et al., 2014; Calasans-Maia et 

al., 2015; Mordenfeld et al., 2015). The DBB is produced with bovine cancellous bone by 

deproteinization process at high temperatures and chemical cleaning procedures, resulting in a 

mineral, inorganic bone matrix of natural, porous and non-antigenic hydroxyapatite (Accorsi-

Mendonca et al., 2008; Calasans-Maia et al., 2009). This biomaterial presents natural bone 

architecture, biocompatibility, osteoconduction and slow resorption (Yildirim et al., 2000; 

Iezzi et al., 2012; Kolerman et al., 2012; Mordenfeld et al., 2015). 

Alloplastic graft are materials synthetically produced that can present different forms: 

polymers, ceramics, metals and composites (Jensen e Terheyden, 2009; Matassi et al., 2011; 

Esposito et al., 2014). In this sense, calcium phosphate-based ceramics such as hydroxyapatite 

(HA), beta tricalcium phosphate (β-TCP) and biphasic calcium phosphate (BCP) have been 

used for teeth or bone replacement, bone augmentation or repair (Legeros, 2008; Pilipchuk et 

al., 2015). These ceramics are biocompatible, bioactive and osteoconductive (Legeros, 2008; 

Zimmermann e Moghaddam, 2011; Yip et al., 2015) and have shown osteoinduction property 

in animal models (Ozdemir et al., 2013; Santos et al., 2018). BCP is composed of a more 

stable (HA) and a more resorbable phase (β-TCP) and is currently used and studied with 

different rates of proportion between the phases, however, the optimal ratio between HA and 

β-TCP is not yet established (Lim, Kim, et al., 2015). 

All non-autogenous bone substitute materials can have different shapes and can be 

mixed with autogenous bone or with growth factors and cells (Klijn et al., 2010). Depending 

on their chemical characteristics, they can be slowly resorbing or fast-resorbing over time 

(Esposito et al., 2014). The presence of pores and concavities in the structure of the 

biomaterial allowing adequate space through increased surface area for diffusion of nutrients 

and cells, blood vessel formation, as well as for growing tissues such as bone tissue inside 

material (Legeros, 2008; Zimmermann e Moghaddam, 2011; Pilipchuk et al., 2015; Denry e 

Kuhn, 2016). Pores also influence the rate of degradation, so materials with high porosity are 

more quickly degraded than materials with low porosity (Zimmermann e Moghaddam, 2011).  
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Despite advances in bone biology and bone substitutes materials studies, limitations 

and challenges still remain (Issa et al., 2016). And, the ideal bone graft substitute for all 

situations does not exist, being necessary application of different types of bone substitutes or 

their association, according to the clinical problem (Janicki e Schmidmaier, 2011). In this 

sense, investigations in tissue engineering area employing scaffolds alone or in combination 

with growth factors, cells and/or gene delivery have shown great potential to overcome 

existing challenges and limits in reconstructive craniofacial surgery (Pilipchuk et al., 2015). 

Studies of new bone substitute materials, growth factors and stem cells largely involve 

the choice of rabbits as an in vivo preclinical model (Li et al., 2015; Peric et al., 2015). The 

rabbit is the most used animal in musculoskeletal research (Neyt et al., 1998) and among 

larger animals it is the model most commonly used to bone repair evaluation (Peric et al., 

2015), researches on dental implants (Coelho et al., 2009) and surgical strategies for 

craniofacial application such as maxillary sinus augmentation (MSA) due to the similarity of 

the rabbit's maxillary sinus to the human maxillary sinus (Muschler et al., 2010) (Lim, Zhang, 

et al., 2015). The advantages of its use include: low cost, size and ease of handling, 

maturation of bone tissue in a short period of time, bone density similar to that of humans, 

considerable amount of data previously existing in the literature and the possibility of creating 

multiple defects, allowing the evaluation of different treatments in the same animal and 

reducing risk of errors in the analyzes (Wang et al., 1998; Pearce et al., 2007; Coelho et al., 

2009; Pripatnanont et al., 2009; Li et al., 2015). Another advantage of this experimental 

model is to be able to harvest the entire region of interest, which facilitates its evaluation 

through various techniques and processes.  

In this context, microcomputed tomography (micro-CT) has been increasingly used in 

preclinical studies, because it is a non-destructive technique that allows obtaining high 

resolution three-dimensional images, and information to assessing the microstructure of the 

biomaterial and bone tissue, as well as quantifying the relative and total volume of the region 

of interest (Chappard et al., 2010; Lambert et al., 2013; Peyrin et al., 2014). In addition, 

Micro-CT correlated to conventional histological technique can bring interesting findings for 

the evaluation of craniofacial reconstructions such as MSA and treatment of bone defects with 

the use of biomaterials. 

Given the above, the general aim of this study is to evaluate the potential effects of 

different biomaterials for craniofacial reconstructions such as large bone defects and bone 
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augmentation in posterior maxilla by MSA technique. Using rabbit experimental model, the 

microtomographical and histological evaluations were performed for the purpose of to 

understand the possible contribution of each treatment/material to bone formation and bone 

augmentation.  

Specifically, the article 1 (in submission) presents the results of investigation of three 

bone substitutes materials of calcium phosphate-based ceramics in rabbit maxillary sinus 

augmentation (MSA). Thus, microtomographic, histomorphometric and 

immunohistochemical for TRAP labeling analyzes were performed to evaluate the bone 

formation and maintenance of gained bone volume throughout the experimental periods.  

The article 2 (in preparation) presents findings in rabbit cranial defect repair model 

using the angiogenic fraction F1 obtained from latex and carried to the hyaluronic acid 

hydrogel (HAH) and deproteinized bovine bone (DBB) in order to verify the capacity of 

different treatments to stimulate bone formation and osteoconduction capacity by 

microtomographic and histomorphometric analyzes.  
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4 CONCLUSIONS 

 

 

In conclusion, this study originally demonstrated that: 

 

 cDBB, sDBB and pBCP granules are good osteoconductive materials favoring the 

bone growth in theirs surface. The slow resorption of these materials could be an 

advantage in that it helps in keeping the dimensions of the MSA (article 1). 

 Although no reduction of sDBB and pBCP was observed along of 8 weeks of MSA, 

both materials stimulate an initial increase of number of TRAP+ cells compared to 

cDBB in MSA technique (article 1). 

 Porous DBB block-shaped plus HAH is biocompatible and good osteoconductive 

material for treatment of bone large defects in cranial region and its association with 

F1 is able to improve the bone formation in the early repair phase (article 2). 

 The treatment of bone large defects in cranial region only with HAH or HAH plus F1 

results in fibrous connective tissue formation and surrounding soft tissues collapse 

into the defect (article 2). 
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