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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 sSDBB 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 formacdo e o ganho 6sseo em dois diferentes modelos de
cirurgia reconstrutiva craniofacial, usando comparativamente diferentes ceramicas a base de
fosfato de célcio ou usando o0sso bovino desproteinizado (OBD) em associacdo a fracéo
angiogénica F1 obtida do latex (Hevea brasiliensis) e hidrogel de acido hialurénico (HAH).
No artigo 1, o levantamento do seio maxilar (LSM) bilateral foi realizado utilizando 0sso
bovino desproteinizado carbonatado (OBDc), osso bovino desproteinizado sinterizado
(OBDs) ou ceramica bifasica de fosfato de célcio porosa (BFCp) em coelhos. Apds 2, 4 e 8
semanas, as amostras foram coletadas e analisadas sob microtomografia, histomorfometria e
imunohistoquimica para marcacdo de TRAP. Todos os tratamentos promoveram a
manutencdo do volume do LSM ao longo do tempo. A formacdo 6ssea ocorreu em intimo
contato com a superficie das particulas de todos os materiais. No grupo OBDc, 0 nimero de
células TRAP + manteve-se estadvel durante todos os periodos experimentais, enquanto nos
grupos OBDs e BFCp foi observado um pico em 2 semanas. Em todos os periodos
experimentais, a formacao 6ssea no grupo OBDs foi maior em comparacgédo ao grupo OBDc e
similar ao grupo BFCp. No artigo 2, defeitos 6sseos cranianos bilaterais foram realizados e
preenchidos com F1/HAH/OBD ou HAH/OBD e o lado contralateral com F1/HAH ou HAH
em coelhos. Ap6s 2, 4 e 8 semanas, as amostras foram coletadas para analises 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, 0 grupo F1/HAH/OBD apresentou maior volume dsseo (VO) em comparacao aos
demais grupos. Nos grupos HAH/OBD e F1/HAH/OBD, o tecido 6sseo cresceu na superficie
e nos poros do OBD, aumentando progressivamente a maturidade e o volume ocupado. A
estrutura OBD ndo foi alterada. Nos defeitos dos grupos HAH e F1/HAH ocorreu invasdo do
tegumento adjacente com formagéo de fina camada de tecido conjuntivo e pequena e nova
formacdo dssea limitada as bordas durante todos os periodos. Concluindo, OBDc, OBDs e
BFCp mantiveram o volume LSM, favorecendo a formacdo e maturagdo Ossea, sendo
alternativas seguras na técnica de LSM. E a fracdo F1 associada ao OBD proporcionou
aumento significativo na formagéo 0ssea dos defeitos 0sseos cranianos, principalmente na
fase inicial do reparo, sugerindo ser uma estratégia promissora para o tratamento de defeitos

craniomaxilofaciais.

Palavras-chave: Materiais Biocompativeis. Densidade Ossea. Regeneracio Ossea. Ceramica.

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 -80°C, 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;
lezzi 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 (-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 (B-TCP) and is currently used and studied with
different rates of proportion between the phases, however, the optimal ratio between HA and
B-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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2 ARTICLES

The articles presented in this thesis were written according to the instructions and

guidelines for article submission of the corresponding journals.

ARTICLE 1 — Maxillary sinus augmentation using different calcium phosphate-
based ceramics: a microtomographic, histomorfometric and immunohistochemical
study. Materials Science & Engineering C: Materials for Biological Applications.
(Submitted).

ARTICLE 2 — Microtomographic and histomorphometric evaluations of the in
vivo effect of the F1 fraction of the latex (Hevea brasiliensis) carried to hyaluronic
acid hydrogel adsorbed to the deproteinized bovine bone in the process of bone

repair. Clinical Oral Implants Research. (In preparation).
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2.1  ARTICLE 1 — Maxillary sinus augmentation using different calcium phosphate-based

ceramics: a microtomographic, histomorfometric and immunohistochemical study.

ABSTRACT

In the present work, the effectiveness of both sinterized deproteinized bovine bone (sDBB) and
porous biphasic calcium phosphate (pBCP) compared to carbonated deproteinized bovine bone
(cDBB) on stimulating bone formation in maxillary sinus augmentation (MSA) and participation
of TRAP positive and negative cells were assessed. A bilateral lifting of the maxillary sinuses
(MSs) in 24 rabbits was performed using 200 mm?® of filling material for sinus according to each
experimental group. After 2, 4 and 8 weeks the samples were collected to be analyzed under
microtomography, histomorphometry and immunohistochemistry for TRAP labeling. The
obtained results showed that all three materials had good biocompatibility and promoted
maintenance of the MSA volume over time averaging 213.2 mm®. In all groups, the bone
formation occurred in close contact with the surface of materials particles. In cDBB group the
number of TRAP+ cells (4 cells/mm?) maintaining stable during all experimental periods, while in
sDBB and pBCP groups a peak was observed at 2 weeks (8 and 11 cells/mm?, respectively). In all
experimental periods, bone formation in SDBB (mean of 53.0 + 10.10 mm3) was higher compared
to cDBB group (mean of 43.7£11.60 mm3) and similar to pBCP group (mean of 47.5+10.40
mm3). Although, sDBB and pBCP stimulate an initial increase of number of TRAP+ cells
compared to cDBB, they maintained the MSA volume and showed good osteoconductive
capacity, favoring bone formation and maturation over time. Thus, we conclude that these two

biomaterials can also be a safe alternative in the MSA technique.

KEY-WORDS: Biocompatible Materials. Bone Density. Calcium Phosphate. Rabbits. Sinus
Floor Augmentation. X-Ray Microtomography.
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1 INTRODUCTION

Currently, the placement of titanium dental implants is a common practice in the esthetic
and functional rehabilitation of edentulous patients [1]. Therefore, a challenge faced in this
rehabilitation is when the patient has alveolar atrophy and pneumatization of the maxillary sinus
in the posterior region of maxilla, with insufficient bone volume to implant placement [2]. In this
case, an effective and widely used surgical procedure before implant placement is the maxillary
sinus floor augmentation (MSA) [3]. In this surgical technique, the maxillary sinus membrane is
elevated, creating a space for filling with a graft material [4], promoting an increase of bone
height by the deposition of new bone on the sinus bone surface, thus allowing the placement of
implants in the region [5, 6].

For MSA procedure, autogenous bone is considered the “gold standard” graft among the
materials used [7-9], due to its osteogenic, osteoinductive and osteoconductive properties [10].
However, its use involves several problems, such as: insufficient quantity of bone, need for
hospitalization, risk of infection and morbidity in donor area, and the possibility of accelerated
graft resorption at the recipient site [11, 12]. Therefore, in the last years, various new bone
substitute materials are being proposed as an alternative to autogenous graft in MSA procedures.

Among non-autogenous bone graft materials, the most studied and well documented in the
literature is the commercially known Bio-Oss®, a carbonated deproteinized bovine bone, which
can be considered a reference between non-autogenous bone substitute materials due to its so
successful use [13, 14]. This material undergoes a low heat treatment with temperatures around
300 °C [15], resulting in a carbonated apatite compound (so-called cDBB), non-antigenic and
considered protein free [8, 16]. Another deproteinized bovine bone material with similarities of
production to Bio-Oss® is Gen-Ox®inorg, however, it is heat-treated sintered at 1000°C and
shows greater crystallinity and absence of organic waste, (so-called sDBB) [17, 18]. Both

materials have excellent osteoconductive properties allowing bone deposition directly on their
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surface [19-22]. Another material to be highlighted is the calcium phosphate biphasic ceramic
(BCP), an alloplastic biomaterial composed of two phases: HA (hydroxyapatite) and B-TCP (beta-
tricalcium phosphate) [23-25] which presents excellent bioactivity and osteoconductivity. In this
latter material, the B-TCP phase is more soluble, promoting osteogenic activity and new bone
deposition on its surface, while the HA phase is more stable, maintaining the repair space and the
total bone volume gained on the long term [26]. BCP performance is therefore influenced by
differences in the HA and B-TCP proportions, but an optimal relationship between them is not yet
known in the literature [27]. The previous study of Santos et al. (2018) [25] showed that a new
HA/B-TCP 70%:30% porous BCP (pBCP) when implanted in a heterotopic region of mice, led to
punctual bone formation on its surface, indicating having osteoinductive capacity. In the same
work, when implanted in rabbit mandibular critical-size defect, this pBCP exhibited high
osteoconductive capacity, promoting bone formation similarly to autogenous bone graft and
maintaining repaired tissue volume. These bone formations occurred initially within the pores and
concavities of the pBCP particles, highlighting the importance of their presence. According to
Hannink and Arts (2011); Zhang et al. (2015) and Perez and Mestres (2016) [28-30] , the
concavities and pores in the material particles increase their surface area, facilitating
vascularization, protein adsorption and adhesion of osteogenic progenitor cells and, consequently,
ceramic dissolution and bone formation.

It is known that differences in origin, shape, size, porosity and rate of degradation of the
various available bone substitute materials indicated for the MSA procedures can influence their
biological behavior, tissue reactions and act directly on the rate and time of bone formation [31]
and can induce cell types such as macrophages and multinucleated giant cells (MNGCs) to
influence or support bone repair [15]. Thus, it is evident that the choice of bone graft material is
an important step for the MSA procedure to be successful. The present study sought to evaluate

the efficiency of sDBB and pBCP in the technique of MSA in rabbits compared to cDBB, using
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as comparison parameter the bone formation capacity, quality of newly formed bone and

maintenance of gained bone volume.

2 MATERIALS AND METHODS

2.1 Biomaterials evaluated
Particles (size ranging from 0.5-0.75 mm) of porous biphasic calcium phosphate (pBCP)
GenPhos XP® Baumer S.A., Brazil), a composite of 70% hydroxyapatite and 30%
tricalcium phosphate;
Particles (size ranging from 0.5-1.0 mm) of sintered and deproteinized bovine bone
(sDBB) (Gen-Ox®inorg, Baumer S.A., Brazil);
Particles (size ranging from 0.25-1.0 mm) of carbonated and deproteinized bovine bone

(cDBB) (Bio-0ss®, Geistlich, Switzerland).

2.2 Animals

Twenty four male white New Zealand rabbits (Oryctolagus cuniculus) with 20 weeks of
age and weighed an average of 3.7 + 0.21kg (mean = SDM) were used. The animals were kept in
the institutional animal care facilities and were fed ad libitum. The experimental procedures and
protocols used in this work were approved by the Animal Committee of University of Sdo Paulo,
Bauru, SP, Brazil (CEEPA Process n. 028/2013). Bilateral lifting of the maxillary sinuses
(total=48 sinuses) were performed in accordance with the experimental groups: I. cDBB

(6MSs/period), 1. SDBB (5MSs/period) and 111. pBCP (5MSs/period) (see Fig. 1A).

2.3 Surgical procedures
Preoperatively the rabbits were sedated and anesthetized by intramuscular injection of

10 mg/kg xylazine and 50 mg/kg ketamine (Ceva Saude Animal Ltda, Brazil) based on the
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specifications of “The Institutional Animal Care and Use Committee” (University of
California, San Francisco). All MSA surgeries were performed by an experienced surgeon
following previously described procedures [32]. After trichotomy and asepsis with iodine
alcohol of the surgical area, a U-shaped incision was made in the tegument of nasal region
and the soft tissues with the periosteum were reflected to expose the upper nasal bone of wall
of the sinus and the nasoincisal suture line. With the use of a round bur (diameter of 4mm),
two contralateral nasal bone windows were outlined and fenestrae were made by osteotomy
under continuous sterile saline irrigation. Posteriorly the antral mucosa was gently pushed inside
using a curette dentin and both created spaces that were filled with biomaterials according to
each treatment group. The volume of filling material was standardized in 200 mm? per sinus.
The bone windows created were covered with a resorbable membrane (GenDerm®, Baumer
S.A., Brazil) to prevent fibrous connective tissue ingrowth into augmented space of the sinuses
and the suture was performed with silk thread. After suturing, topical antibacterial rifamycin
was applied on the surgical wound (Rifocina® Spray, Sanofi-Aventis, Brazil). The
postoperative care consisted of subcutaneous injection of 0.1 mL/kg body weight of anti-
inflammatory ketoprofen (Ketofen 1%®, Merial, Brazil) during 3 days and of 10mg/kg body
weight of antibiotic enrofloxacin 2.5% (Flotril® 2.5%; Intervet-Schering-Plough, Brazil)

during 7 days.

2.4 Sample collection and microtomography

At experimental periods of 2, 4 and 8 weeks (8 animals/period), the rabbits were killed
and the samples of the maxillary sinuses were dissected and fixed in 10% phosphate-buffered
formalin pH 7.2 for 7 days. Subsequently, the specimens were submitted to analysis in a
microcomputed tomography (micro-CT, SkyScan 1176, Belgium). The X-ray beam source was

operated at 80 kV and 300 pA. A Cu + Al filter was used and the sample was rotated 180 °
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with a rotation step of 0.5°. 3D-images of each MSA were reconstructed, aligned and
evaluated using the NRecon, DataViewer and CTAnN softwares (package 64 bits, SkyScan,
Bruker), respectively. In each MS was determined the width, height and length using the as a
showed in the Figure 1B1. The total volume (TV) of MSA was obtained through of images in

the coronal plane selecting manually the region of interest (Figure 1B2).
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(A) Experimental Design

Experimental Periods

RS { LS
2 weeks (n=8) 4 weeké (n=$) 8 weekS (n=8)
24 rabb Y
rabbits
thialo whito MS treatment (right x left) per rabbit (R) in each period:
New Zealand
(Oryctolagus R1: cDBB x sDBB R5: sDBB x pBCP
cuniculus) R2: cDBB x pBCP R6: pBCP x sDBB
20-weeks old R3: sDBB x cDBB R7: cDBB x pBCP
R4: pBCP x cDBB R8: sDBB x cDBB

(B) Micro-CT evaluations

(B1) 2D - Linear evaluations in DataViewer program

Coronal view RSHE LS Sagittal view LS Sagittal view

H2 H3 H4
1.’ po, - HS

Figure 1. Material and Methods: (A) Experimental Design: 24 rabbits divided in the experimental periods of
2, 4 and 8 weeks (8 animals/period), and the treatment used in the right (RS) and left sinus (LS) per rabbit (R) in
each period. (B) Micro-CT evaluations: (B1) 2D - Linear evaluations of sinus augmented in DataViewer
program: Coronal view plane with determination of width (average of tree measurements - green line) of each
maxillary sinus augmentation (MSA) individually analyzed (RS and LS) and Sagittal views with determination
of height (average of five measurements — blue lines) and length (average of tree measurements — yellow lines)
of each MSA individually analyzed (RS and LS). (B2) 3D - Total Volume of sinus augmented in CTAn
program: 3D view of bilateral sinuses augmented and adjacent native bone showing a total of 320 slices/images
obtained (representative coronal slices in blue) and one 2D-Coronal view showing MSA area (LS) manually
selected in red and individually analyzed.
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2.5 Histological procedures

After microtomographic analysis, the samples were decalcified in 4.13%
ethylenediaminetetraacetic acid (Titriplex 1l - Merck KGaA, Damstadt, Germany) plus 0.44%
sodium hydroxide for approximately 11 weeks and histologically processed for embedding in
polymer-enriched paraffin Histosec (Merck KGaA, Damstadt, Germany). The coronal semi-serial
5-um thick sections were obtained and stained with Hematoxylin-Eosin (HE) [33] or submitted to
immunohistochemistry technique. Histological sections were scanned into high-resolution
images at 20x magnification using the Aperio ScanScope CS Slide Scanner (Aperio
Technologies, Leica Biosystems Imaging, Inc., Vista, CA, USA). The digital images generated in
.svs format were viewed and pictures obtained using the ImageScope software (Version 12.4,

Aperio Technologies, Leica Biosystems Imaging, Inc., Vista, CA, USA).

2.6 Evaluation of the volume density and total volume of structures present in the MSA

The volume density (%) of newly formed bone, biomaterial, inflammatory infiltrate,
connective tissue and bone marrow was determined in two histological sections from each sample
using a Zeiss Axioskop light microscope equipped with a 20x objective lens and a Kpl 8x
eyepiece containing a Zeiss Il Integrating graticule of 100 points. The volume density (Vi) or
volume fraction occupied by each component in the examined specimen was determined by a
standard stereological point-counting volumetry method [34]. Each elevated maxillary sinus was
analysed by superimposing the graticule over 80 histological fields (40 fields/section) selected by
systematic sampling [34] and noting the points pi over a determined component (i) and the total of
points P over the entire examined area. The volume density (Vvi) of each component was
calculated by the ratio Vvi = pi/P. The total volume or absolute volume of each component (i)
present in the MSA was obtained indirectly, using the equation TVi = (TV-MSA x Vvi)/100,

where TV-MSA was determined by micro-CT analysis and VVvi by histomorphometry.
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2.7 Immunohistochemical procedures

For identification and quantification of multinucleated giant cell (MNGC)/osteoclast
activities in MSA, the mouse monoclonal antibody against tartrate-resistant acid phosphatase
(TRAP) of human origin (Santa Cruz biotechnology sc-376875) was used in the
immunoperoxidase technique. The tissue paraffin-embedded sections obtained in silanized
histological glass slides have undergone deparaffinization in xylene and rehydration in graded
ethanol. Thereafter, the sections were pretreated with sodium citrate buffer (10mM Sodium
Citrate, 0.05% Tween 20, pH 6.0) in a pressure cooker at 15 psi/121 degrees C for 5 min for
antigen retrieval. During 10 min the endogenous peroxidase activity was blocked with
hydrogen peroxide block (DHP-125, Spring Bioscience Corp) and serum proteins with a 7%
milk solution (Molico®) under 15 min. The tissue cuts were incubated with primary antibody
against TRAP diluted 1:250 in antibody diluent (ADS-125, Spring Bioscience Corporation)
for 60 min in wet chamber at room temperature. The primary antibody was omitted for
negative control and the bone tissue adjacent to MSA containing osteoclast was used for
positive control. After washing three times in PBS for 10 min, the sections were then
incubated with biotin-conjugated secondary antibody goat anti-mouse IgG (ab6788) at a
concentration of 1:400 in PBS during 1 h. With application of 3-3’-diaminobenzidine solution
for 5 min, the bound complexes were visualized. Finally, the sections were counterstained

with Harris hematoxylin.

2.8 Determination of the numbers of TRAP-positive and TRAP-negative cells

The numbers of TRAP-positive and TRAP-negative cells were determined in 40
histological fields/section using a Zeiss Axioskop light microscope equipped with a 20x objective
and a Kpl 8x eyepiece containing a Zeiss Il Integrating graticule of 100 points. The number of

TRAP-immunolabeled (TRAP+) and TRAP-negative (TRAP-) cells, both containing two or more
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nuclei, were counted in the all MSA region. The total number of TRAP+ cells and TRAP- cells

was expressed in mm? of tissue.

2.9 Statistical analysis

The quantitative data obtained were first submitted to the variance homogeneity test for
each variable of Hartley, Cochran and Bartlett. Subsequently, the data were compared between
groups and experimental periods by two-way analysis of variance (ANOVA). For the variables
that showed statistical differences, the means were contrasted with each other by the Tukey test.
All tests were performed using the Statistica software (Version 10.0; StatSoft Inc., Tulsa, OK,

USA) and the significance level was set at 5%.

3 RESULTS
3.1 Microtomographic analysis

Microtomographic images (Figure 2A-B) and morphometric results (Table of Figure
2C) showed that width, height, length and TV of MSA were similar in all groups (p=0.784,
p=0.808, p=0.279 and p=0.054, respectively), remaining stable over the evaluation period
(p=0.146, p=0.761, p= 0.094 and p= 0.106, respectively), and being in mean 4.1 + 0.40 mm,
6.4 + 0.60 mm, 9.8 + 1.20 mm and 213.2 + 36.20 mm?®, respectively. The radiodensity of all
materials did not change over the periods. However, sSDBB and pBCP particles showed higher
radiodensity than the cDBB particles and neighbouring bone tissue. The radiodensity of
cDBB and of the animal’s bone tissue presented really close, making impossible the
differentiation and volumetric quantification of neoformed bone tissue and biomaterial. At 2
weeks, the spaces between the particles were radiolucent indicating to be filled with soft
tissue. Over time the radiodensity of these areas increased due to their occupation by

mineralized tissue/bone.
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2 weeks

4 weeks

8 weeks

Micro-CT — Linear and volumetric measures of MSA

2 weeks 4 weeks 8 weeks

Measure
cDBB sDBB pBCP cDBB sDBB pBCP cDBB sDBB pBCP
Width 408t | 447% 447 3.92% 3.83% 4.06 % 4311 410+ 410+
(mm) 0.45 0.39 0.20 0.37 0.44 0.21 0.12 0.55 0.25
"('fr:?nh)t 6.65+ 6.20% 6.62% 6.21% 679+ 634+ 619+ 6.33% 6.511
0.20 0.42 0.22 0.63 0.58 1.00 0.90 0.47 1.04
"(‘:"“:t)“ 1021+ | 990 10.83 + 9.61% 9.03% 9.01% 8.59 % 10.37 9.87 %
0.28 0.97 0.88 1.64 0.64 0.64 1.48 0.88 1.49

Total Volume| 220.05% | 22442+ | 242.80% | 193.71% | 22610% | 19574+ | 181.61% | 231.49% | 211.69%

(mm?3) 29.30 23.83 21.31 32.27 31.76 37.65 43.35 26.33 46.06

Figure 2. Micro-CT results: (A-B) Sagittal (A) and coronal (B) slices of MSA filled with cDBB, sDBB and
pBCP in the each experimental period. Note that, the amount of material particles and total area of MSA were
similar in all groups and periods evaluated. In the SDBB group, the particles presented radiodensity higher than
in the group cDBB, whereas the size and irregular shape of the particles were similar between these groups. The
particles of pBCP exhibited radiodensity similar to sDBB, however larger size and more uniform shape. At 2
weeks, note that the spaces between the particles are radiolucent, indicating absence of mineralized bone tissue.
At 8 weeks, areas with radiodensity similar to the adjacent bone tissue are present in the interparticle spaces,
pointing to new bone formation. (C) Table containing mean + SDM (standard deviation of the mean) of linear
and volumetric measures of MSA obtained for each group in each experimental period.

3.2 Histomorphometric and immunohistochemistry analysis

The photomicrographs of the histological sections of MSA stained with HE and
immunolabeled for TRAP cells of each group and experimental period are showed in the
Figures 3, 4 and 5. The bar graphs for total volume of structures in the MSA and number of

TRAP+ and TRAP- cells are showed in the Figure 6.
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In all groups, the sinusal membrane showed uniform contour with integrity during 2
(Figs. 3A1, Bl and C1), 4 (Figs. 4A1, B1 and C1) and 8 weeks (Figs. 5A1, 5B1 and 5C1) and
presence of small foci of inflammation represented less than 1% or was absent. At 2 weeks
the MSA was filled with large amount of biomaterial particles (mean of 95.9mm?3) (Figs. 3A2-
3, 3B2-3 and 3C2-3, 4A2-3, 4B2-3 and 4C2-3, 5A2-3, 5B2-3 and 5C2-3). It was verified by
the statistical analysis an interaction on biomaterial TV when compared periods and materials
(p=0,022). Between 2 and 8 weeks (Graph A of Fig. 6), the sinus filled with sDBB maintained
the volume stable, while those filled with cDBB and pBCP decreased 34.3% and 22.4%,
respectively. At 2 weeks, the immature neoformed bone tissue was present on the surface of
the biomaterial particles in all groups and within pBCP concavities (Figs. 3A2-3, B2-3 and
C2-3). Over time, bone growth, remodeling and maturation occurred in all treatment groups
recovering more than 70% of theirs surfaces (Figs. 5A1, 5B1 and 5C1). The bone TV showed
statistical differences regarding the experimental period and material; however, there was no
interaction between both (Graph B of Fig. 6). Between 2 and 8 weeks, bone TV increased on
average 22.9% in all groups occupying gradually the spaces between particles replacing the
connective tissue. However, the bone TV increased by bone tissue accumulation over time
was higher in the sDBB group (mean of 53.0 £ 10.10mm?3) compared to cDBB group (mean
of 43.7+11.60mm?) and similar to pBCP (mean of 47.5£10.40mm3). Between 2 and 8 weeks,
the amount of marrow bone increased in all groups, so in the sDBB group it went from
2.56+3.20mm? to 35.40£13.20mms3, in cDBB from 0.63+£0.70mm?3 to 28.18+9.20mm3 and in
pBCP from 0.44 + 0.50 mm?3 to 39.34 + 11.90 mm?3) (see Figs. 5A2, 5B2, 5C2 and Graph C of
Fig. 6).

Regarding to immunolabeling for TRAP, the positive cells were present on the surface
of materials near to areas of new bone formation and also bone resorption at 2 (Figure 3A4-5,

B4-5 and C4-5), 4 (Figure 4A4-5, B4-5 and C4-5) and 8 weeks (Figure 5A4-5, B4-5 and C4-
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5). Two-way ANOVA showed interaction between materials and periods (p=0.000749) for
number of TRAP+ cells in the surface of biomaterial. In the cDBB, the number of TRAP+
cells maintained stable until 8 weeks. At 2 weeks, a greater amount of TRAP+ cells was
present in sDBB (8 cellssmm?) and pBCP (11 cellssmm?) surfaces compared to cDBB (4
cells/mm?). At 4 weeks, the number of TRAP+ cells in the SDBB (4 cellsymm?) and pBCP (5
cells/mm?) surfaces reduced to similar level of cDBB (2 cellss/mm?) and maintaining similar at
8 weeks (Graph D of Fig. 6). In the surface of biomaterials some multinucleated giant cells
were negative for TRAP and two-way ANOVA showed interaction between periods and
materials (p=0.003). In cDBB, sDBB and pBCP groups, the number of TRAP- cells did not
showed differences between them, being in mean 4 cellssmm? at 2 and 4 weeks. At 8 weeks,
the number of TRAP- cells reduced 75% in cDBB and sDBB, while in pBCP it was similar to
observed in 4-weeks period (Graph E of Fig. 6). On the order hand, the number of bone
TRAP+ cells i.e. osteoclasts were present on bone surfaces in area of bone resorption. Two-
way ANOVA showed only statistical differences regarding the experimental periods
(p=0.000051). At 2 weeks, these cells were few frequent in all groups (mean of 2 cells/mm?),
decreasing at 4 weeks (mean of 1 cell/mm?) and staying like that until 8 weeks (Graph F of

Fig. 6).




34 Articles

Histological features TRAP+ cells

Figure 3: Histological and immunolabeling for TRAP cells images of MSA filled with cDBB (A), sDBB (B)
and pBCP (C) at 2 weeks. Histological features: the panoramic views (A1, B1 and C1) show the bone window
access (yellow arrows), sinusal membrane integrity (black arrows) and biomaterial particles filling the
maxillary sinus cavity. HE, Bar=2mm. Details of osteotomy (A2, B2 and C2) and submucosa (A3, B3 and C3)
regions show areas of immature bone formation (blue arrows) on the surface of biomaterial particles (cDBB,
sDBB or pBCP), and the space of particles filled by connective tissue (CT) with many cells and blood vessels
(V). Note the sinusal membrane integrity (black arrows). Observe in pBCP group (C2-3) that the bone formation
occurs within the pores and concavities (area surrounded in dashed blue line). HE, Bar=200um. TRAP+ cells :
Higher magnification of cDBB (A4-5), sDBB (B4-5) and pBCP (C4-5) groups exhibit multinucleated cells
immunolabeled for TRAP (green arrows) on the particles surface and adjacent to small vessel (V) and new bone
(blue arrow). Immunoperoxidase/DAB, Bar= 40 pm.
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Histological features TRAP+ cells

cDBB

sDBB

pBCP

Figure 4: Histological and immunolabeling for TRAP cells images of MSA filled with cDBB (A), sDBB (B)
and pBCP (C) at 4 weeks. Histological features: the panoramic views (A1, B1 and C1) show no closure of the
bone window access (yellow arrows), sinusal membrane integrity (black arrows) and biomaterial particles filling
large part of the maxillary sinus cavity. HE, Bar=2mm. Details of osteotomy (A2, B2 and C2) and submucosa
(A3, B3 and C3) regions show a higher and more mature bone formation (blue arrows), recovering the
biomaterial particles (cDBB, sDBB or pBCP), than 2 weeks period. However, the space between particles still
are filled by richly cellularized and vascularized (V) connective tissue (CT). Observe in pBCP group (C2-3) the
bone formation within the pores and concavities (area surrounded in dashed blue line). HE, Bar=200um.
TRAP+ cells: Higher magnification of cDBB (A4-5), sDBB (B4-5) and pBCP (C4-5) groups exhibit
multinucleated cells immunolabeled for TRAP (green arrows) on the particles surface with variable size and
format. Immunoperoxidase/DAB, Bar= 40 pm.
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TRAP+ cells

Figure 5: Histological and immunolabeling for TRAP cells images of MSA filled with cDBB (A), sDBB (B)
and pBCP (C) at 8 weeks. Histological features: the panoramic views (Al, B1 and C1) show partial closing of
bone window (yellow arrows), integral aspect of sinusal membrane (black arrows) and similar quantity of
material particles observed in previous periods. HE, Bar=2mm. Details of osteotomy (A2, B2 and C2) and
submucosa (A3, B3 and C3) regions show a large part of space between biomaterial particles (cDBB, sDBB or
pBCP) occupied by mature bone (blue arrows) with lamellar structure (red arrows) and bone marrow (BM)
formations. A small part of spaces between particles are filled by connective tissue (CT). Observe in pBCP
group (C2-3) the bone formation within the pores and concavities (area surrounded in dashed blue line). HE,
Bar=200um. TRAP+ cells: Higher magnification of cDBB (A4-5), sDBB (B4-5) and pBCP (C4-5) groups
exhibit multinucleated cells immunolabeled for TRAP (green arrows) on the particles surface near the bone
formation (blue arrows). Immunoperoxidase/DAB, Bar= 40 pm.
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Volume of structures in the Number of TRAP+ and
MSA TRAP- cells
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Figure 6: Histomorphometric results. Bar graphs of mean + SDM for total volume of biomaterial (A), new
bone tissue (B) and bone marrow (C) present in the MSA in each group and experimental period, as well as,
number of TRAP+ cells (D) and TRAP- cells (E) in the biomaterials surface and, number of TRAP+ cells in the
bone surface (F). Different letters represent differences among groups within the period, and different symbols
represent differences among periods; p < 0.05.
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4 DISCUSSION

Bone substitutes have wide applicability in the field of oral surgery and implantology,
playing a key role for treating bone and peri-implant defects and maxillary sinus floor
augmentation [35]. The biological performance of each bone substitutes varies during
treatment period according to origin and physico-chemical properties. In the present study,
different calcium phosphate-based ceramics used as bone substitutes were evaluated in
rabbit’s MSA experimental model by micro-CT, histomorphometric and immunohistochemistry
analyzes.

The micro-CT is a non-invasive technique used for obtaining high resolution three-
dimensional images [36]. This method was used to obtain the height, width, length and TV of
MSAs. No statistical differences were observed among groups and experimental periods
indicating first a similar MS anatomy between rabbits and second a maintenance of TV of
MSAs. Other studies using the same rabbit’s model also showed that the TV of MSAs after
treatment with cDBB, sDBB (sintering at 700°C) and BCPs (30:70, 60:40 and 70:30 ratios)
were preserved until 8 weeks [32, 37] and 24 weeks [38], while with B-TCP [32] occurred a
marked decrease in the volume initially filled. In the latter case, this reduction occurred due to
quick reabsorption of B-TCP and to the action of air forces in the sinuses that promoted its
expansion. The data reported above indicate that the use of slow resorptive ceramics favors the
maintenance of augmented sinus volume resisting sinus cavity re-expansion and providing long-
term three-dimensional bone stability [39]. As noted in other studies [40, 41], we also had
difficulties in quantifying new formed bone and cDBB particles using micro-CT. Both have
similar radiodensities and it is difficult to distinguish between them.

As for the total volume (TV) of each component of the MSA, at 2 weeks no statistical
differences were observed in TV of MSA (mean of 229 mm®, p>0.97) and TV of biomaterials

(mean 96.05 mm3, p>0.23), between groups. Although, TV of MSA and of sDBB and pBCP
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maintained stable during all experimental periods, the TV of cDBB particles reduced 34.3% at 8
weeks indicating that this materials was slowly degraded over time by via passive dissolution
and cellular processes [42, 43]. In the cDBB, no sintering HA particles maintained the crystallite
size of the small sized hydroxyapatite (15nm) and with carbonate in its structures, similarly to
occurring in the natural mineral bone structure [44]. On the other hand, in the SDBB processed at
1000°C, the HA crystallite size increase for 39nm and carbonate content is deleted [17, 44],
decreasing its degradability compared to cDBB as observed here. Similarly, Riachi et al. (2012)
[45] showed that DBB sintered at 1200°C (2.7 mm particle size) had a higher crystallinity and
smaller solubility in water compared to cDBB (1 mm particle size) and it was associated to small
volume loss in MSA filled with sDBB (23.4 + 3.6%) than cDBB (33.4 + 3.1%) four years
radiographic follow-up.

It is known that multinucleated giant cells (MNGCs) observed in the materials surface
are formed by fusion of monocytes and macrophages and have been observed in the
degradation process via phagocytosis [15, 46].The MNGCs should be considered as a
"functional syncytium" of macrophages, which react similarly to their mononuclear
precursors in response to material [47]. Therefore, in current work, these cells were TRAP+
and TRAP- immunolabeled, and they were not associated with inflammatory processes. At 2
weeks, the numbers of TRAP+ cells in pBCP and sDBB surfaces were similar and 220%
higher than number of TRAP- cells. The number of TRAP+ cells in cDBB surface was in
mean 60% smaller than observed in the other materials and similar to number of TRAP- cells.
According to previous study [32], the presence of TRAP+ cells at initial period of MSA
regeneration were associated with calcium phosphate ceramic (CPC) surface preparation for bone
tissue deposition by osteoblasts. In our study at 2 weeks, the new bone volume (BV) in the MSA
filled with SDBB was similar to pBCP (mean of 46.8mm?®) and 29% higher than cDBB

(36.3mm?3). It should be noted that other studies revealed that MNGCs present on the surface of
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CPC represent a source of growth factors for tissue repair, such as vascular endothelial growth
factor (VEGF), an essential factor involved in the process of vascularization and bone formation
at the repair site [48, 49]. In this way, MNGCs can be considered currently as a tissue repair
phenotype, with release of M2 macrophage-related cytokines and growth factors [50].

In the following period, the number of TRAP+ cells in pBCP and sDBB groups
decreased to equivalent values of the cDBB. Between 2 and 8 weeks, a higher increase of BV
was observed in cDBB (34.5%) than in the sDBB (21.7%) and pBCP (12.9%) groups. Recent
study of Hung et al. (2019) [51] in mini-pigs showed after 12 weeks similar new bone
formation for both treatments, cDBB (25.6 + 2.5%) and BCP 60:40 (24.6 = 1.5%). However,
Lambert et al. (2013) [38] had observed that the bone formation after 6 months of MSA
surgeries in rabbits filled with cDBB was smaller than with BCP 60:40 and pure B-TCP.
Comparatively, the rabbit bone metabolism is 3 times faster than in humans [52]. Therefore,
the period between 6 and 8 weeks of rabbit bone repair when occurs the peak of bone
formation and substitution of immature primary bone tissue for mature lamellar bone tissue,
correspond to the period of 18 and 24 weeks in the human. Regarding clinical studies MSA
biopsy after 24 weeks of treatment with DBB (sintered or carbonated) and pBCP 60:40 also
showed no statistically significant differences to new formed bone [53-55].

The bone remodeling dynamic process verified by local bone tissue maturity and
quantity of osteoclasts on the surface of the new bone was similar in the three treatment
groups over the periods. Thus, temporally, the number of bone TRAP+ cells / osteoclasts was
significantly higher at 2 weeks, reducing 0.55 times at 4 weeks and remaining stable for up to
8 weeks. These results indicated that the major bone remodeling occurred in the early periods
after surgeries, coinciding with the period of greater bone formation. From 4 weeks onwards,
when the most of the spaces between particles was filled with a mixture of immature and

mature bone tissue plus bone marrow, there was a gradual reduction in bone formation and
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resorption rate accompanied by greater bone tissue maturity and bone marrow formation until

8 weeks.

5 CONCLUSIONS

Within the limits of this study, using the MSA technique in rabbits to check the efficiency
of sDBB and pBCP in comparison with cDBB in stimulating bone formation showed that all bone
substitutes evaluated allowed new bone formation on its surface, indicating they have excellent
osteoconductive properties, reaching at the end of 8 weeks to an adequate bone maturity.
However, these materials presented different bone growth rate, due to its differences in
physicochemical properties. The maxillary sinus augmented volume was kept in all experimental
periods by the three evaluated materials. Based in the results, it was concluded that both sDBB
and pBCP can be used clinically as alternatives to cDBB and autogenous graft in the MSA

procedures.
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2.2  ARTICLE 2 - Microtomographic and histomorphometric evaluations of the in vivo
effect of the F1 fraction of the latex (Hevea brasiliensis) carried to hyaluronic acid hydrogel

adsorbed to the deproteinized bovine bone in the process of bone repair .
ABSTRACT

The aim of this study was to evaluate the bone formation using the angiogenic fraction F1
obtained from latex (Hevea brasiliensis) and hyaluronic acid hydrogel (HAH) associated with
deproteinized bovine bone (DBB) during the process of rabbit cranial repair. 8-mm bilateral
bone defects were performed in 30 rabbits. In F1 groups, one of the defects was filled with
F1/HAH plus DBB (F1/HAH/DBB subgroup) and the other with F1/HAH (F1/HAH
subgroup). In control groups, one defect was filled with HAH plus DBB (HAH/DBB
subgroup) and the contralateral with HAH (HAH subgroup). After 2, 4 and 8 weeks the
samples were collected to 3D and 2D analyzes (micro-CT and histomorphometry,
respectively). 3D-analyzes showed that total volume (TV) in the HAH/DBB and
F1/HAH/DBB groups (251.52+29.77 mm3) were significantly higher than in the HAH and
F1/HAH groups (98.13+£8.37 mm?3). The DBB structure not changed, presenting 68.69+9.74%
of pores and 1064.00+128.68 mm? of total surface area. 2D-analyzes showed that, at 2 weeks,
the F1/HAH/DBB group presented a greater volume bone (BV) (41.36 + 3.13 mm3) with a
statistically significant difference compared to HAH/DBB group (33.65 = 5.54 mm3) and to
HAH and F1/HAH groups (8.59 + 2.32 mm?3 and 7.36 + 2.03 mms3, respectively). Between 2
and 8 weeks, in HAH/DBB and F1/HAH/DBB groups the bone tissue grew on the surface and
pores of biomaterial trabeculae and gradually gained maturity, occupying 21.78% of defect
and DBB 31.25%. In the HAH or F1/HAH groups was observed the invasion of the adjacent
tegument (occupying 73.87% of defect region), formation of a thin layer of connective tissue
(12.76%) and small new bone formation limited to the defect edges (11.01%) during all
periods. The present results showed that DBB block-shaped provided the vertical bone gain
and the F1 associated with DBB increased significantly the bone formation in rabbit cranial
defects especially at the early healing phase, suggesting it be a promising strategy for the
treatment of craniomaxillofacial defects.

Keywords: Angiogenesis Inducing Agents. Biocompatible Materials. Bone Regeneration.

Rabbits. X-Ray Microtomography.

" Santos PS, Paini S, Bighetti ACC, Cestari TM, Arantes RVN, Garlet GP, Taga R, Assis GF. Microtomographic
and histomorphometric evaluations of the in vivo effect of the F1 fraction of the latex (Hevea brasiliensis)
carried to hyaluronic acid hydrogel adsorbed to the deproteinized bovine bone in the process of bone repair.
Clinical Oral Implants Research. (In preparation).
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1 INTRODUCTION

Extensive bone defects in the cranio-maxillofacial region still represent a major
clinical challenge currently, which may be due to trauma, infections, tumors or genetic
disorders (Dos Santos Kotake et al., 2017; Garcia-Gareta, Coathup, & Blunn, 2015) and
exceed the patient's physiological regenerative capacity (Li et al., 2015). For the treatment of
these defects, several bone graft materials have been used in order to an aesthetic and
functional restoration of this area, which requires rapid and predictable angiogenesis and bone
neoformation (J. W. Park, Kang, & Hanawa, 2016). Among bone substitute materials,
deproteinized bovine bone (DBB) has been extensively investigated, because its physical-
chemical structure is comparable to that of human spongy bone and its porous nature
considerably increases its surface area (lezzi et al., 2012). The DBB is originated of bovine
cancellous bone that by process of deproteinization at high temperatures and chemical
cleaning procedures, results in a mineral or inorganic bone matrix of natural, porous and non-
antigenic hydroxyapatite (Accorsi-Mendonca et al., 2008; Calasans-Maia, Ascoli, Novellino,
Rossi, & Granjeiro, 2009), biocompatible, osteoconductive (lezzi et al., 2012; Kolerman,
Samorodnitzky-Naveh, Barnea, & Tal, 2012) and slow resorption (Mordenfeld, Lindgren, &
Hallman, 2015; Yildirim, Spiekermann, Biesterfeld, & Edelhoff, 2000). Its osteoconductive
property allows the newly formed bone tissue to be deposited directly on the surface of its
particles or trabeculae (Ayna, Acil, & Gulses, 2015; Cestari, Granjeiro, de Assis, Garlet, &
Taga, 2009; Rocha et al., 2011; Traini, Valentini, lezzi, & Piattelli, 2007).

Another critical and highly relevant phenomenon in bone repair is angiogenesis (Hu &
Olsen, 2017; L. H. Nguyen et al., 2012). The invasion of blood vessels in this region will
provide oxygen, nutrients and minerals, as well as factors and cells that will participate in the
repair process (Cui, Dighe, & Irvine, 2013; Kusumbe, Ramasamy, & Adams, 2014).

Spontaneous vascular growth occurs in a few micrometers per day, which limits large tissue
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constructions (Rouwkema, Rivron, & van Blitterswijk, 2008). Therefore, failures in
revascularization can lead to loss of mechanical resistance over time, poor osseointegration
and graft osteonecrosis (Almubarak et al., 2016; L. H. Nguyen et al., 2012). Hence, recent
advances in the area of bone tissue engineering point to the importance of including
angiogenic factors in therapy, aiming at an effective bone repair (Aravamudhan et al., 2013;
L. H. Nguyen et al., 2012; Zimmermann et al., 2015). Thus, therapeutic angiogenesis has been
suggested as a treatment for the repair of fractures in acute injuries, non-union defects and
osteogenic distraction (Almubarak et al., 2016; Hankenson, Dishowitz, Gray, & Schenker,
2011). It is known that angiogenesis is mainly modulated by the vascular endothelial growth
factor (VEGF) and osteogenesis induced mainly by bone morphogenetic proteins (BMPs)
however, these two processes are also influenced by other growth factors during the repair
phase, such as: fibroblast growth factor (FGF), platelet-derived growth factor (PDGF),
angiopoetin (Ang), insulin growth factor (IGF) and transforming growth factor beta (TGF-p)
(Almubarak et al., 2016; Cui et al., 2013). Therefore, currently preclinical research has
investigated the possibility of the association of osteogenic and angiogenic factors to enhance
and guide bone neoformation (Cui et al., 2013; Kempen et al., 2009; Shi & Wang, 2010; Xiao
et al., 2011). In this sense, other substances of natural origin have been investigated to
promote tissue regeneration. Among them is the latex of the rubber tree (Hevea brasiliensis)
which presents high biocompatibility and stimulates neovascularization, cell adhesion and
formation of the extracellular matrix (Mrue et al., 2004), important properties also in the bone
repair process. It has been suggested that such latex properties are due to growth factors
present in it capable of acting in human tissue, however its mechanisms are not yet fully
understood (lIssa et al., 2012; Penhavel, Tavares, Carneiro, & Sousa, 2016). In this context,
the FrHbl (F1) fraction extracted from the latex of the rubber tree (Hevea brasiliensis) has

shown promising results regarding its response in tissue regeneration (Dos Santos Kotake et
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al., 2017) and has important biological properties, such as increase angiogenic activity
(Mendonca, Mauricio, Teixeira Lde, Lachat, & Coutinho-Netto, 2010), cell adhesion and
extracellular matrix formation (Mrue et al., 2004), besides presenting potential to stimulate
bone formation (Balabanian, Coutinho-Netto, Lamano-Carvalho, Lacerda, & Brentegani,
2006; Machado et al., 2015). Therefore, its use has been proposed in several clinical situations
in medicine and dentistry (Arnez 2008; Mendonca, 2008).

For the therapeutic application of the F1 fraction, it is necessary to associate it with an
appropriate carrier substance that has an effect on the action of this fraction of the latex.
Therefore, hyaluronic acid (HAc) has been noted as an important component in the
construction of new biomaterials for tissue engineering and regenerative medicine (Khan &
Ahmad, 2013). It is a biodegradable and hydrophilic polymer found naturally in the
extracellular matrix (Garg, Singh, Arora, & Murthy, 2012; Kogan, Soltes, Stern, & Gemeiner,
2007) and has been used in the manufacture of hydrogels to promote the release of
proteins/growth factors or drugs into the target tissue (Hilborn, 2011; Hulsart-Billstrom et al.,
2013; Khan & Ahmad, 2013; Son et al., 2015).

Therefore, the aim of this study was to verify if the F1 fraction obtained from the latex
of Hevea brasilienses carried to the hyaluronic acid hydrogel (HAH) adsorbed on the surface
of deproteinized bovine bone (DBB) favors angiogenesis and osteogenesis in cranial defects

created experimentally in rabbits.

2 MATERIALS AND METHODS
2.1 Biomaterials evaluated:
e Hyaluronic acid hydrogel (HAH) — Polireumin® sodium hyaluronate (FIDIA

Farmaceutici SpA, Abano Terme, Italy).
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e F1 fraction (peak 1) of natural latex derived from Hevea brasiliensis — kindly provided
by Department of Biochemistry and Immunology of Medicine School of Ribeirdo
Preto - University of Sdo Paulo.

e Sintered and deproteinized bovine bone (DBB) block (Gen-Ox®inorg, Baumer S.A.,

Brazil).

2.2 Animals

Thirty male white New Zealand rabbits (Oryctolagus cuniculus) were used with 20
weeks of age with an average body mass of 3.9 + 0.07kg (mean = SDM). The animals were
maintained in the institutional animal care facilities throughout the experimental period with
fed ad libitum. All experimental procedures and protocols used in this investigation were
approved by the Animal Committee of University of Sdo Paulo, Bauru, SP, Brazil (CEEPA
Process n. 027/2013 and 003/2017). Bilateral defects were performed in the region of the
parietal bones. In F1 groups (n = 15), the effect of the angiogenic fraction F1 on the bone
repair process carried to hyaluronic acid hydrogel (HAH) and associated or not to DBB was
evaluated (F1/HAH/DBB and F1/HAH subgroups, respectively). In control groups (n = 15)
bone repair was assessed using HAH associated or not to DBB (HAH/DBB and HAH
subgroups, respectively). The experimental periods of each group were 2, 4 and 8 weeks (5

animals/period/subgroup).

2.3 Vehicle preparation and association with F1

The 1% HACc solution used in the control group was prepared from 7.5 mL of sterile
2% HAc in 7.5 mL of serum physiological to obtain a 15 mL solution of 1% HAc. The
fraction derived from the natural latex of Hevea brasilienses is obtained through a

chromatographic processing of the serum of the natural latex associated with liquid ammonia.
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Through chromatographic processing, several bands (peaks) are observed, the first fraction
being called F1. The separation of the F1 fraction is performed biochemically using
chromatographic columns and the resulting solution is lyophilized and stored in a solid state
(Ferreira, Mendonca, Coutinho-Netto, & Mulato, 2009). In the F1 group, a mixture of F1 and
HACc was used; therefore, 15mg of F1 was dissolved in 7.5 mL of saline, obtaining 7.5 mL of
2% F1. Then, 7.5 mL of 2% HAc was mixed with 7.5 mL of 2% F1 to obtain 15 mL of 1% F1
in 1% HAc. In order to eliminate the bacterial presence of the fraction obtained, micro
filtration was performed and the substances were stored in a 2 mL aliquot in sterile flasks at a
temperature of 4° C until the experiment. For the F1/HAH/DBB subgroup, the flasks were
opened in laminar flow and DBB block with 8 mm in diameter and 4 mm in height was
deposited. Then they were transferred to a kitassato flask and vacuumed for 60 seconds in a

laminar flow hood and stored again at 4°C until their use in the surgical procedure.

2.4 Surgical procedures

The surgeries were performed with the rabbits under sedation and anesthesia obtained
by intramuscular injection of 10 mg/kg xylazine and 50 mg/kg ketamine (Ceva Saude Animal
Ltda, Brazil) based on the specifications of “The Institutional Animal Care and Use
Committee” (University of California, San Francisco). After trichotomy and disinfection with
1% polyvinylpyrrolidone aqueous solution in the parietal bone region, a 4 cm semilunar
incision was performed, partially exposing the parietal bones. The periosteum was detached
and, under constant irrigation with sterile physiological saline solution, bilateral bone defects
were performed with a trephine drill (of 8 mm internal diameter) located laterally to the
animal's midline and filled according to the treatment group. Posteriorly, the flaps were
repositioned and sutured with silk thread. The postoperative care consisted of subcutaneous

injection of 0.1 mL/kg body weight of anti-inflammatory ketoprofen (Ketofen 1%®, Merial,




Articles 51

Brazil) during 3 days and of 10mg/kg body weight of antibiotic enrofloxacin 2.5% (Flotril®

2.5%; Intervet-Schering-Plough, Brazil) during 7 days.

2.5 Sample collection and microtomography analysis

The skull regions were collected at 2, 4 and 8 weeks post-surgery and the samples was
fixed in 10% phosphate-buffered formalin pH 7.2 for 7 days. Subsequently, the specimens
were submitted to analysis in a microcomputed tomography (micro-CT, SkyScan 1176,
Belgium). The X-ray beam source was operated at 80 kV and 300 pA. A Cu + Al filter was
used and the sample was rotated 180 ° with a 0.5° rotation step, generating an acquisition time
of 15 minutes per sample. 3D-images were reconstructed using the NRecon software, 2D-
images were aligned in the coronal, transaxial, and sagittal planes using the DataViewer
software. 3D-analyzes were performed using CTAn software, therefore, total volume of
defect region (TV) was determined through of images in the coronal plane selecting manually
the region of interest (ROI) and then, the images were binarized and the optimum threshold
values (grey values) were calculated in order to quantify bone volume (BV, optimum interval
of 46-121) or DBB volume (DBBV, optimum interval of 121-255). In addition, for
HAH/DBB and F1/HAH/DBB groups, the following parameters were also evaluated
regarding DBB block: percentage of biomaterial (DBBV/TV), percentage of pores, trabecular
thickness (DBB Th.Th), trabecular separation (DBB Th.Sp) and DBB surface. All softwares

used are of package 64 bits, SkyScan, Bruker.

2.6 Histological procedures and histomorphometric analysis
The samples were decalcified in 4.13% ethylenediaminetetraacetic acid (Titriplex IlI;
Merck KGaA, Darmstadt, Germany) plus 0.44% sodium hydroxide. After, the specimens

were embedded in polymer-enriched paraffin Histosec (Merck KGaA, Damstadt, Germany),
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and latero-lateral semiserial 5-um-thick sections were obtained and stained with hematoxylin
and eosin (HE). Histological sections were scanned into high-resolution images at 40x
magnification using the Aperio ScanScope CS Slide Scanner (Aperio Technologies, Leica
Biosystems Imaging, Inc., Vista, CA, USA). The digital images generated in .svs format were
viewed and pictures obtained using the ImageScope software (Version 12.4, Aperio
Technologies, Leica Biosystems Imaging, Inc., Vista, CA, USA). The vertical thickness (T) of
defect region was determined by ImageScope software in all treatment groups, at 1x
magnification. The average vertical thickness of each defect region was obtained by seven
measures to HAH/DBB and F1/HAH/DBB groups and two measures to HAH and F1/HAH
groups. The diameter (d) was obtained by a central measure in each the defect. Therefore, the
total volume (TV) for histological sections stained with HE was calculated using the
following formula for the cylinder volume: TV=AXT; where A=r(d/2)? (according to Cestari
et al., 2009).

The volume density (% or Vvi) of each structure present in defect region (biomaterial,
newly formed bone, connective tissue, bone marrow, inflammatory infiltrate) was determined
in five coronal cross-sections of each sample applying a standard stereological point-counting
volumetry method (Weibel, 1969). Using light microscope at 20x magnification and by
superimposing the graticule over 250 histological fields (50 fields/section) was determined the
points (pi) over a specific component (i) and the total of points (P) over the entire examined
area. Therefore, the VVvi was calculated by the ratio VVvi = pi/P. Posteriorly total volume or
absolute volume of each component (TVi) was calculated by formula TVi=VVvixTV (using the

TV previously obtained by ImageScope system) (Cestari et al., 2009).
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2.7 Statistical analysis

First, all quantitative data were submitted to normality test (Kolmogorov-Smirnov).
When this parameter was satisfied, the data were compared between groups per periods by
one-way analysis of variance (ANOVA) and Bartlett's test, followed by Tukey's Multiple
Comparison Test in order to compared influence of each treatment and time in the bone gain
and regeneration. The data obtained regarding DBB block were also compared between two
groups (HAH/DBB and FI/HAH/DBB) by Student’s T-Test. When normality test was not
satisfied, the non-parametric Kruskal-Wallis and the Dunn’s Multiple Comparison post-hoc
tests were applied. Finally, to evaluate the strength of the linear relationship between micro-
CT and histomorphometric data for TV, BV and DBBV in defect region, Pearson’s
correlation coefficient was used. All tests were performed using the GraphPad Prism 5
software for windows (GraphPad Software Inc., San Diego, CA, USA) and the significance

level was set at p<0.05, i.e. value taken to reject the null hypothesis.

3 RESULTS
3.1 Microtomographic analysis

Microtomographic images (Figure 1A-D) showed that in all evaluated defects, bone
formation occurred in a centripetal way, i.e., from the edges towards the center of the defect.
In the HAH/DBB and F1/HAH/DBB groups (Fig. 1A-B), the DBB block presented more
hyperdense in relation to the parietal bone throughout the study period being easily
distinguishable from the newly formed bone inside the defect facilitating binarization during
3D-analyzes. The trabecular structure of the DBB relative to its origin was maintained in all
experimental periods and the new bone (isodense areas) that was formed at the edge of the
defect invaded the trabecular spaces of the DBB forming a bone bridge between the original

bone and the implanted material, and reaching the center of the defect until 8 weeks. In HAH
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and F1/HAH groups the interior of the defects remained strongly hypodense throughout the
evaluation period, indicating the absence of mineralized material in this region, and a slight
formation of bone tissue at the edge of the defect, demonstrating bone non-union and non-
closure of the defect in these groups. By morphometric analysis in the micro-CT (Figure 1E-
F), the total volume (TV) of the graft region was of 251.52 + 29.77 mm3, with 51.62 + 5.61
mm?3 of bone tissue that was easily observed on the surface of the trabeculae of the DBB block
in HAH/DBB and F1/HAH/DBB groups. In contrast, in HAH and F1/HAH groups the TV
and BV were from 98.13 £ 8.37 mm3 and 15.15 + 3.33 mm3, respectively. By 3D-analyzes it
was possible to obtain the data from the implanted DBB. The DBBV volume (DBBV) was
similar and remained constant throughout the experimental period in HAH/DBB and
F1/HAH/DBB groups, averaging 64.86 = 17.15 mm?3 (ranging from 57.03 + 13.32 mm? to
81.00 = 19.02 mm3, p> 0.10). The DBB structure remained intact during the eight weeks of
implantation, containing 30.91 + 9.34% of DBB block (ranging from 40.16 £ 13.63% to 25.51
+ 3.62%) and 68.69 *+ 9.74% of pores (ranging from 57.44 + 16.02% to 74.49 + 3.62%).
Characteristically, each DBB block was formed by trabeculae with a thickness (DBB Tb.Th)
of 0.19 £ 0.04 mm (ranging from 0.16 + 0.04 mm to 0.22 + 0.06 mm), separated (DBB Th.Sp)
by 0.42 + 0.05 mm and with an average total surface area (DBB surface) of 1064.00 + 128.68

mm? (ranging from 1000.00 + 120.80 mm?to 1117 + 59.99 mm?2).

3.2 Histomorphometric analysis

The photomicrographs of the histological sections of defect region of each group and
experimental period are showed in the Figures 2 and 3. The bar graphs of total volume and of
each structures volume are showed in the Figure 4A. The volume of the grafted area was
greater in HAH/DBB and F1/HAH/DBB groups (average of 206.08 + 13.88 mm?) than HAH

and F1/HAH groups (average of 94.07 + 11.88 mm?), distancing the tegument from the defect
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area in the first two groups, and with the tegument occupying a large part of the defect in
groups without DBB (compare Fig 2A and 2C with Fig 2B and 2D). In defects of HAH/DBB
and F1/HAH/DBB groups, 30.66% (64.11 + 14.79 mm3) and 31.86% (64.68 £ 5.72 mm3) was
filled by DBB block in the evaluation period, respectively (see graph A2 of Fig 4). At 2
weeks, the spaces intertrabeculae of the material was filled on average 18.15% (37.51 + 4.33
mm3) by new bone formation present on the surface of the DBB near the defect border,
46.34% (95.77 £ 9.36 mm3) by connective tissue and only 1.75% filled by bone marrow (3.62
+ 1.62 mm3) (see Fig 3A-B and graphs A3-5 of Fig 4). In that same period, the bone volume
was 22.91% higher in F1/HAH/DBB (41.36 £+ 3.13 mm3) compared to HAH/DBB (33.65 +
5.54 mm3), and p<0.05. Between 2 and 8 weeks occurred an extension and progressive
maturation of bone formation occupying a large part of DBB surface and growing towards the
center of the defect, however presenting less thickness (compare Fig 3A with Fig 3B) and
maintaining the volume of newly formed bone tissue (see graph A3 of Fig 4). Over the
periods, the connective tissue volume decreased while the bone marrow volume increased,
fact noticed mainly in HAH/DBB group. In the HAH and F1/HAH groups, the absence of the
DBB block led to the collapse of the tegument which was occupying 73.87% (69.49 £ 7.82
mm?3) of defect region and the new bone formation was restricted to small area near the defect
border (see Fig 2B and 2D and Fig 3C-D). In these defects, only 11.01% (10.36 + 2.82 mm?)

was occupied by new bone tissue and 12.76% (12.01 £ 4.68 mm?3) by connective tissue.

3.3  Correlation between data obtained by microtomographic and histomorphometric
analyzes (PEARSON correlation)

The scatter plots with trendline in Figure 4B show the results obtained in Pearson's
correlation regarding the data obtained for TV, DBBV and BV in the two methods of

evaluation: mCT-morphometry (3D) and histomorphometry (2D). Correlation, or correlation
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coefficient, statistically represents the strength and direction of the linear relationship between
two random variables (Lee Rodgers & Nicewander, 1988). For the analyzed data, it was
possible to observe that Pearson correlation coefficient was strong or very strong. Thus, for
TV the R2 was 0.9594 (Graph B1 of Fig 4) and for BV it was 0.9453 (Graph B2 of Fig 4),
indicating a very strong relationship between the mCT-morphometry and histomorphometry.
DBBYV presented Rz equal to 0.6015 (Graph B3 of Fig 4), characterizing a strong correlation.
Such results were possible due to the high density of the material evaluated (DBB block),
which can be easily deferred from bone tissue by the micro-CT binarization technique and
that, despite being submitted to demineralization in histotechnical processing, the histological
structure is preserved and the area occupied by the material is also clearly different of the
other constituents in the histological section stained by HE as can be verified in the

histological photomicrographs presented in this work.

4 DISCUSSION

The capacity of bioactive molecules, growth factors and/or cells with a carrier in
combination, or not, with bone substitute materials to increase bone healing and to improve
vascularization has been an intensive research topic. This strategy of the tissue engineering
has been contributed to solve difficult problems related to the reconstruction of large bone
defects in the cranio-maxillofacial. Therefore, in this study were evaluated the effects of the
angiogenic F1 fraction of the latex carried to the HAH in combination or not with DBB block
in bone repair. For this purpose, the model of rabbits cranial bone defects was used in this
investigation, which is well established in the literature and is commonly used to mimic
orthopedic situations and to test biomaterials (Delgado-Ruiz, Calvo-Guirado, & Romanos,
2015; Li et al., 2015). In this context, 8-mm bilateral cranial bone defects are considered

critical size for up to 24 weeks, according to a study conducted in our laboratory (Arantes,
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2016). Based on this knowledge, and to exclude treatment bias, we chose to insert HAH in all
treatment groups. Regarding the final evaluation period of this present study (8 weeks) is
sufficient period to certify the capability of bone formation in the experimental groups in the
rabbit, because is the time that denotes the remodeling phase of bone healing (Pripatnanont,
Nuntanaranont, & VVongvatcharanon, 2009).

An important point in this study was the possibility to differentiate and quantify
biomaterial and new bone formation in the three-dimensional analysis of the micro-CT, also
expanding the parameters and characteristics related to the DBB (percentage of biomaterial,
percentage of pores, trabecular thickness, trabecular separation and DBB surface). These
evaluations occurred due to DBB used presenting high crystallinity, which is obtained in its
deproteinization process at a temperature of 950 to 1000°C (Accorsi-Mendonca et al., 2008).
It was also possible to observe great variability in the radiodensity and thickness of the
trabeculae of the implanted DBB blocks, even if within groups. These differences probably
occurred due to the location or region of the medullary bone from which the block was
extracted (the closer to the cortical, the denser it will be the trabeculae; and the closer to the
center of the medullary canal, the less dense it will be) (Endo et al., 2016). It is known that a
3D interconnected porous structure is a fundamental feature in a substitute bone material in
order to allow cell penetration and access to metabolic requirements (Son et al., 2015). In this
context, porosity and surface area of the biomaterial influence in providing of an adequate
framework for bone ingrowth into biomaterial pores (T. B. Nguyen & Lee, 2014). In this
study, it was possible to verify that the structure of the DBB remained constant regarding its
evaluated parameters and characteristics throughout the evaluation period, without
statistically significant differences, and provided mechanical support for cells and tissues to
infiltrate and grow within and in close contact with its highly porous macrostructure (68.69 +

9.74% of pores).
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Histologic analysis is considered the gold standard for the evaluation bone repair and
provides important data regarding cellularity as well as the morphology and dynamics of bone
remodeling (Yeom, Blanchard, Kim, Zunt, & Chu, 2008); however this 2D-analysis may be
insufficient for the complete assessment of bone microstructure and biomaterial. Therefore,
micro-CT is a 3D-analysis and can be used to solve some limitations of the conventional
technique, mapping the mineral elements of the region of interest and revealing significant
changes in the evaluated mineral structure. In this context, several studies have shown a
reasonable correlation between histomorphometric and micro-CT analysis (S. Y. Park et al.,
2011; Romao et al., 2015; Yeom et al., 2008). Thus, the 3D-microtomographic and 2D-
histomorphometric values of TV, BV and DBBV in this investigation were noted and
compared in order to verify the correlation between them. Pearson’s correlation analysis
showed strong or very strong correlation between the values of micro-CT and
histomorphometric in all parameters analyzed.

As seen in the results presented here, the defects evaluated microtomographically and
histomorphometrically presented, in general, two distinct patterns of repair mainly linked to
the presence or absence of the DBB block. In the defects that contained the DBB (HAH/DBB
and F1/HAH/DBB groups), the bone substitute material remained stable, with constant
volume, working like a scaffold and an artificial bridge between the bony edges during
evaluation time, maintaining the area for the bone growth. In addition, the implantation of
DBB block promoted a gain in height and the maintenance of conformation, avoiding the
invasion of adjacent soft tissues until the last study period. On the other hand, defects without
DBB (HAH and F1/HAH groups) did not show repair ability until the last evaluated period
and were filled by a thin layer of connective tissue, small bone formations restricted to the
edges and mostly by invasion of the adjacent tegument (that occupied 73.87% of the defect

volume during the 8 weeks of evaluation). Other authors have already reported the importance
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of implanting filling materials such as calcium phosphate ceramics in defects in the
craniofacial region, because they favor bone formation and growth, as well as vertical bone
gain (Cestari et al., 2009; Pripatnanont et al., 2009; Rocha et al., 2011).

The repair process does not only involve the formation of new bone tissue; however it
also depends directly on neovascularization for the supply of nutrients, excretion of
metabolites and transport of cells and oxygen (Diomede et al., 2020; Wernike et al., 2010).
Therefore, during repair occurs a coordinated process of bone synthesis by osteoblasts and
blood vessel formation by endothelial cells, so-named osteogenic-angiogenic coupling
(Harris, Rutledge, Cheng, Blanchette, & Jabbarzadeh, 2013; Kanczler & Oreffo, 2008; Son et
al., 2015). In this way, the osteoblasts secrete angiogenic growth factors, such as VEGF
(vascular endothelial growth factor) that trigger signaling responses in the endothelial cells. In
turn, osteogenic growth factors, such as BMP (bone morphogenetic protein) are released from
endothelial cells and promote osteoblast differentiation and mineralization (Hu & Olsen,
2017; Sivaraj & Adams, 2016). Growth factors are bioactive molecules responsible locally by
modulation of cellular activities (Devescovi, Leonardi, Ciapetti, & Cenni, 2008), among
which BMP and VEGF play keys role in osteogenesis and angiogenesis processes,
respectively (Hankenson, Gagne, & Shaughnessy, 2015; Kempen et al., 2009; Zeng et al.,
2019). In large bone defects, especially, inadequate vascularization may jeopardize the
successful repair since diffusion of oxygen and nutrients is only limited to a distance of 150—
200 pm (L. H. Nguyen et al., 2012). Therefore, the development of approaches to accelerate
and increase vascular growth in association with bone substitute materials is essential for
effective repair (Harris et al., 2013). In this current study, the association of the angiogenic F1
fraction with HAH plus filling material DBB for bone defects treatment showed to favor
greater bone volume at 2 weeks probably due to F1's capacity of neoformation of blood

vessels previously described in other works with tissue repair (Andrade et al., 2011;
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Balabanian et al., 2006; Dias et al., 2019; Mendonca et al., 2010; Sampaio et al., 2010) and to
F1 possibly to be associated with the regulation of growth factors (Dias et al., 2019).
Accordingly, (Balabanian et al., 2006) verified that the use of granules of natural latex
extracted from Hevea brasiliensis rubber tree implanted inside of rat alveolar sockets after
tooth extraction also accelerated process of bone formation during the initial period of repair.
As previously mentioned a filling material such as DBB is required in the treatment of large
bone defects for forming a 3D structure and maintain the mechanical stability of the region. In
addition, the association of this material with angiogenic or osteogenic factors for example
impedes rapid tissue diffusion and can to exert a synergistic effect on the bone formation
(Gonzaga et al., 2019; Issa et al., 2016). In this way, a recent study performed by our research
group showed that the use of F1 incorporated to DBB granule-shaped is favorable for bone
formation in rat cranial critical size bone defects and that the concentration of the F1 protein
as well as the filler material used in the combination can influence the repair process. In
addition, the authors conclude that F1 can be a promising bioactive material for using in bone
tissue engineering (Paini et al., 2020).

Regarding the hyaluronic acid, this biomaterial and its derivatives have been
commonly used as scaffolds (Patterson et al., 2010) or as cells/growth factors carriers (Bae et
al., 2014; de Santana & de Santana, 2015; J. Kim et al., 2007; S. K. Kim et al., 2016; Son et
al., 2015) or, as in the case of this study under discussion, in combination with additional
scaffold materials for bone tissue engineering (Hulsart-Billstrom et al., 2015; Son et al.,
2015). The study of (Barreiros et al., (2014) evaluated the effects of F1 protein carried in the
HAH in the treatment of crushed sciatic nerves of rats and observed that this combined use
showed best results compared to HAH alone. In the present study, the use of HAH plus F1 in

the treatment of cranial bone defects model showed no statistical difference in bone formation
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compared to defects treated with HAH alone (occupying 10.93% and 11.10% of TV,
respectively) and between 2, 4 and 8 weeks.

The molecular mechanisms associated to F1 fraction still remain poorly understood
(Dias et al., 2019). Therefore, further studies employing molecular and immunoassay method
may contribute to a better understanding of the targets and the pathways of action of the F1 in
the bone biology field, allowing an adequate correlation and corroboration of morphological

findings presented in this study.

5 CONCLUSIONS

Within the limits of this study, in the rabbit cranial bone defects, the osteoconductive
material DBB block-shaped showed stable, providing the vertical bone gain and maintaining
the area for the bone growth. The defects treated with HAH or HAH plus F1 results in fibrous
connective tissue formation and surrounding soft tissues collapse into the defect. The F1 fraction
with HAH plus DBB showed to favor significantly greater new bone formation in the early
repair period. Based in this results, it we concluded that this therapy can be a suitable
alternative in the treatment of bone defects in the cranio-maxillofacial region, however,

further studies are needed to confirm these results.
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Figure 1: Micro-CT transaxial slice of calvaria defects in different experimental groups and periods and
micro-CT 3D-analyzes. A and B) Defects show hyperdense DBB porous block and isodense areas of the newly
formed bone (blue arrowheads) into the DBB pores near to defect edge with progressive increase in its density
over time. C and D) Defect shows large hypodense area referring to the soft tissue and small formation of new
bone (blue arrowheads) at the defect edge of the defect without bone union (white arrows). Bars=4mm and 1.5
mm. E1-3) Bar graphs of mean + SDM for Total Volume of Defect Region (TV), DBB Volume (DBBV) and
Bone Volume (BV) analyzed on the micro-CT and F1-5) Bar graphs of mean £ SDM for DBB percentage, DBB
pores percentage, DBB trabecular thickness (DBB Th.Th), DBB trabecular separation (DBB Th.Sp) and DBB
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Figure 2 — Panoramic histological view of bilateral defects Control Groups and F1 Groups at 2, 4 and 8
weeks. A and C) Defects filled with HAH/DBB (D1 in A) and F1/HAH/DBB (D1 in C) shows the material
block occupying all defect space and maintaining the tegument in the original position. Note the bone formation
(black arrows) at defect border (B), invading the pores of the biomaterial arranged in different directions. B and
D) In the contralateral side defect filled with HAH (D2 in B) and F1I/HAH (D2 in D) shows small bone
formation (blue arrows) in the border (B), fibrous connective tissue (black arrowheads) and invagination of the
tegument (TE). SS= Sagital suture. HE, bar = 4mm.
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Figure 3 —Histological view of defects region of different experimental groups at 2, 4 and 8 weeks. A and
B) Details show bone formation (black arrows) deposited directly to the surface of the DBB and surrounding the
immature bone marrow at 2 and 4 weeks. At 8 weeks, the most of DBB pores show filled by lamellar bone tissue
(black arrows) and mature bone marrow (BM); C and D) In all periods, the defects show the surrounding soft
tissues (ST) collapsed into the defect, formation of a thin layer of fibrous connective tissue (black arrowheads)
above to dura-mater surface and small bone formation (black arrows) limited to the defect border. HE,
Bars=500um and 150um.
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3 DISCUSSION

In this present thesis, the process of bone repair and bone augmentation was
investigated in two different models of craniofacial reconstructive surgery, maxillary sinus
augmentation (article 1) or critical size bone defect (article 2), and using different therapeutic
approaches, such as calcium phosphate-based bone substitute materials used alone (article 1)
or in combination with F1 protein fraction obtained from latex of Hevea brasiliensis (article
2).

Maxillary sinus augmentation (MSA\) is a surgical technique widely applied in order to
promote a significant vertical bone increase of the atrophic maxilla and allowing the
placement of implants (Nkenke e Stelzle, 2009; Lee et al., 2012). This technique is considered
an adequate model for testing the behavior of substitute bone materials, because it is a closed
and protected place and has a high local bone regeneration potential which can be maximized
with filling biomaterials (Sauerbier et al., 2011; Lim, Zhang, et al., 2015). In this way, the
bone regeneration in MSA can be obtained applying different options. The blood clot can be
used as a filling material; however, the regenerated bone is progressively reabsorbed while the
sinus re-expands due to positive intra-sinus air pressure (Lambert et al., 2011). A similar
phenomenon occurs with the use of autogenous bone, in which constant bone remodeling
generated in the face of sinus forces leads to a significant and rapid decrease in the bone
volume previously gained by the remodeling of autogenous bone particles and their
replacement by fine bone trabeculae (Lambert et al., 2011; Rocha, 2015). Other option to
bone gain in MSA are substitute bone materials that are not resorbable or have slow
resorption which seem to resist re-expansion of the sinus cavity, providing long-term three-

dimensional bone stability (Xu et al., 2004).

In this way, in the first article was verified that the three slow reabsorption calcium
phosphate-based ceramics used contributed to maintaining the elevated maxillary sinus (MS)
volume. The non-autogenous bone substitute material most successfully used, most studied
clinically and histologically and established in the literature for MSA is the calcium
phosphate-based ceramic carbonated deproteinized bovine bone so-called Bio-Oss® (cDBB).
This material is considered reference among non-autogenous bone-substitute materials and
gold standard as deproteinized bovine bone, therefore being used as group control in the study
of article 1 (Jensen et al., 2009; Sbordone et al., 2011; Jensen et al., 2012b; a; Manfro et al.,




76 Discussion

2014; Moon et al., 2015; Mordenfeld et al., 2015). The other bone substitute materials used in
this research, sintered deproteinized bovine bone (sDBB) and porous biphasic calcium
phosphate (pBCP) are products of national manufacture and lower cost. Recent animal studies
reveal that both sDBB and pBCP present excellent osteoconductive capacity, good bioactivity
and slow resorption (Cestari et al., 2009; Rocha et al., 2011; Santos et al., 2018; Paini et al.,
2020). The comparative microtomographic, histomorphometric and immunohistochemical
study, in article 1, of sDBB and pBCP compared to cDBB using the MSA model in rabbits
showed that the maintenance of elevated MS volume was statistically similar between the
materials and periods evaluated, however the volume of bone tissue newly formed was

favorable in the MSs filled with sDBB compared to the cDBB and similar to pBCP group.

Bone has a natural ability to regenerate, however, when the defect size is very
extensive, its auto regeneration may be impaired. To solve this problem, the critical size bone
defects are often treated with calcium phosphate-based ceramic, because it work as bridging
structure to provide a pathway of connection to both the ends of the defects, occupy the
anatomy of the defect site, avoiding soft tissue prolapse and while contribute to process of
bone repair (Rh Owen et al., 2018). Experimentally, Cestari et al. (2009) evaluated DBB
block-shaped (substitute bone material used in article 2) in cranial critical size defects of
Cavia porcellus during 12 weeks and observed that the defects without filling (control group)
did not repaired and presented limited bone formation only their edges with central fibrous
repair and collapsed tegument. On the other hand, the authors report that defects filled with
DBB maintained the initial 3D-structure and the material filling contributed to promote the
bone formation and stable bone thickness augmentation. In this sense, a systematic review of
preclinical studies of bone regeneration concluded that the defects filled with bioceramic
scaffolds better permitted the bone formation in contrast unfilled defects, which showed a

small spontaneous bone formation (Brunello et al., 2020).

In the critical size bone defects, the revascularization may be impaired, leading to
fibrous healing. Therefore, the formation of efficient vascular networks is another crucial
factor in the repair process for transport of nutrient, cells, waste and oxygen (Naderi et al.,
2011). As stated, the angiogenesis and osteogenesis are process influenced by growth factors
during the repair phase (Cui et al., 2013; Almubarak et al., 2016). These growth factors are
important polypeptides that work by binding to specific surface receptors of the cell
membrane to initiate signaling pathways that regulate proliferation, survival, migration and

differentiation cellular (Dias et al., 2019). In this context, has been investigated that the
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proper use of angiogenic factors in scaffold biomaterials through the engineered tissues can
provide an enough neovascularization and to enhance and guide bone neoformation (Wernike
et al., 2010; Naderi et al., 2011; Harris et al., 2013). In this way, angiogenic fraction F1
obtained from the latex of the rubber tree (Hevea brasiliensis) has been investigated due to its
ability to stimulate angiogenic activity and possibly contribute with bone formation. A recent
study performed in our laboratory with rat cranial critical size bone defects showed that the F1
incorporated to DBB promoted a higher bone formation that when incorporated to pBCP and
that F1 revealed to be a promising bioactive material for using in bone tissue engineering
(Paini et al., 2020). In the article 2, the use of F1 with HAH and associated to porous DBB
block-shaped promoted a greater bone formation at 2 weeks compared to others groups, this
result may have been influenced by the action of F1, improving vascularization and
accelerating repair in the early stages of the process. The hydrogel is a safety biomaterial
degraded in vivo and is used for delivery of growth factors to the defect site (Kim et al.,
2016). The HAH is degraded by hyaluronidase enzyme to nontoxic products that are easily
processed by the body, however, presents poor mechanical strength (Sharma et al., 2014). Its
use in study of article 2 showed favorable when applied in combination to DBB and able to

carrier the angiogenic factor F1.

Architecture of the calcium phosphate-based ceramics is considered a fundamental
aspect in tissue bone engineering that influence its biological properties (Brunello et al.,
2020). An appropriate architecture should facilitate the flow of nutrients and elimination of
waste products, as well as favor angiogenesis and cell ingrowth, proliferation and
differentiation in the defect site (Abdulghani e Mitchell, 2019; Jeong et al., 2019). In this
context, the porosity (micro and macroporosity) is considered key factor for bone
regeneration; increasing the specific surface area available for bioactive molecules adsorption,
supporting cell migration into the defect site and, improving the available surface area for
cell-scaffold binding and interaction with the surrounding tissues (Samavedi et al., 2013;
Zhang et al., 2019). Thus, a porous structure provides an ideal environment for bone tissue
ingrowth and repair (Naderi et al., 2011; Ginebra et al., 2018; Brunello et al., 2020). Ginebra
et al. (2018) points out that when filling is performed with particles-shaped material, the
spaces in between granules outline a macroporous network. Regarding the format of the
material, it is necessary to evaluate the most appropriate for each type of surgery. In the
article 1, for maxillary sinus augmentation were used the particles-shaped ceramics, because,

due to its greater mobility, the particles adapt and mold to the shape and volume of each
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maxillary sinus, with well-delimited area. However, particulate grafts implantation requires
the use of a barrier membrane in order to cover the osteotomy area and to prevent particulate
leakage (Cestari et al., 2009). On the other hand, in the article 2, for cranial critical size bone
defects, the ceramic block-shaped was applied, no risk of material leaking and providing the

necessary mechanical stability for this type of defect.

In both studies, in groups treated with bone substitutes materials it was possible to
observe a similar bone repair process. Firstly, the blood was replaced by connective tissue
richly cellularized and vascularized with gradual deposition of bone tissue by active
osteoblasts on the surface of the biomaterials. At 2 weeks, the MSs augmented with cDBB,
sDBB and pBCP granule-shaped showed on average, 37.9% of connective tissue, 18.7% of
bone tissue and 0.5% of bone marrow, while , in the calvaria defect treated with HAH/DBB
and F1I/HAH/DBB exhibited, on average, 46.3%, 18.1% and 1.7% of connective tissue, bone
tissue and bone marrow, respectively. The bone formation occurred of the remaining
edges/walls towards the central region, growing on the surface of the biomaterial. Until 8
weeks, the bone tissue and bone marrow showed gradual growth and maturation to replace
connective tissue previously and widely present. Therefore, in the last evaluated period, the
volume density of connective tissue, bone tissue and bone marrow in the MSs were 20.3%,
25.5% and 16.6%, respectively and in the calvaria defect were 26.0%, 21.8% and 19.0% by,
respectively. Due to the slow reabsorption and the osteoconductive characteristics of these
substitute bone materials applied here, bone formation occurred in the spaces between its

particles and its trabeculae until 8 weeks.

According to Pripatnanont et al. (2009), the rate of bone healing in rabbits is 3 times
faster than in humans. In this way, in the period between 6 and 8 weeks of repair in the rabbit
occurs the peak bone remodeling with the presence of mature or secondary bone tissue
replacing immature or primary bone tissue, which would be equivalent in the period between
18 and 24 weeks in humans, period adequate for the placement of dental implants (Roberts et
al., 1984; Pripatnanont et al., 2009). In addition, Sohn et al. (2010) using different sizes of
bone defects in rabbit cranial evaluated the repair process and observed that the major
remodeling bone occurred at the beginning of the 8-week period. The authors pointed out that
the period of 2-4 weeks refers to the initial phase of repair, being able to assess the stability of
the material and tissue reactions, whereas period from 8 weeks onwards indicate the late
repair phase and can be evaluated bone incorporation, resorption of materials, bone

remodeling and the amount of bone regeneration. Therefore, the final 8-week evaluation
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period is of great importance in studies involving rabbits in order to evaluate bone tissue and
perform the necessary approaches. As seen, animal models play a key role in many studies
(Muschler et al., 2010; Brunello et al., 2020), this is because they allow a greater possibility
of comparison with studies in humans due to the ability to mimic complex human
physiological processes and bone mechanics that cannot be simulated and replaced by most
advanced technologies without using animals (Peric et al., 2015). Another advantage is that
the use of animals compared to clinical research, often has a lower cost, greater possibility of

standardization and reproducibility (Bigham-Sadegh, 2015).
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4 CONCLUSIONS

In conclusion, this study originally demonstrated that:

e 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).

e 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).

e 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).

e 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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Bauru, 12 de agosto de 2013.
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Atenciosamente,

stavo Poimpermaier Garlet,

Presidente da Comissdo de Etica no Ensirfo e Pesquisa em Animais, em exercicio

Prof. Dr. Rumio Taga ; ;
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Annex 4: Approval of the report of Animal Ethical Committee (Article 2) — (CEEPA
Process n. 027/2013)

% 0

Universidade de Sao Paulo »
Faculdade de Odontologia de Bauru ‘ /

CERTIFICADO

" CERTIFICAMOS que a proposta intitulada “Reparo de defeitos 6sseos no cranic <= coelhos tratados com a proteina angicoénica F1 obtida do

- latex iada ao acido hialurénico e ao GenOx Inorg®. Analise por mi grafia de raio-X e histomorfométrica”, registrada sob n°
CEEPA Proc. n° 027/2013, sob a responsabilidade do Prof. Dr. Rumio Taga, que envolveu a utilizacdo de animais pertencentes ao filo Chordata,
subfilo Vertebrata (exceto humanos), para fins de pesquisa cientifica, encontra-se de acordo com os preceitos da Lei n°® 11.794, de 8 de outubro de
2008, do Decreto n° 6.899, de 15 de julho de 2009, e com as normas editadas pelo Conselho Nacional de Controle de Experimentagdo Animal
(CONCEA), e foi aprovada em reunigo ordinaria da Comiss&o de Etica no Ensino e Pesquisa em Animais (CEEPA), da Faculdade de Odontologia de
Bauru-USP, realizada no dia 14 de marco de 2017.

Finalidade ( ) Ensino ( X ) Pesquisa Cientifica
Vigéncia da autorizacao Agosto/2013 a Agosto/2014
Espécie/Linhagem Coelho / Oryctolagus cuniculus
N° de animais N=30
Pesol/ldade 4 kg/5 meses
Sexo Machos
Origem Biotério de Criagdo ANILAB/Paulinia, SP
/ \‘\
1 : : CEEPA
21 de margo de 2017. R P N R [
\ Prof* Dr* Ana Paula.Campanielli Comissao de Etica no Ensino
Data Presidente da Comisséo de Etica no Ensino e Pesquisa em Animais

e Pesquisa em Animais
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Annex 5: Approval of Animal Ethical Committee (Article 2) — (CEEPA Process n.
003/2017)

Universidade de Sao Paulo
Faculdade de Odontologia de Bauru

Comissao de Etica no Ensino e Pesquisa em
Animais

CEEPA-Proc. N° 003/2017.

Bauru, 5 de maio de 2017.

Senhor Professor,

Informamos que Projeto de Pesquisa denominado “Avaliagdo microtomogriéfica,
histomorfométrica e imuncistoquimica do efeito in vivo da fracdo F1 do latex (Hevea
brasileiensis) carreada ao hidrogel de 4cido hialurénico adsorvidos ao o0sso
desproteinizado bovino no processo de reparo 6sseo” tendo Vossa Senhoria como
Pesquisador Responsavel, que envolve a utilizagédo de animais (logomorfos), para fins de
pesquisa cientifica, encontra-se de acordo com os preceitos da Lei n° 11.794, de 8 de outubro
de 2008, do Decreto n° 6.899, de 15 de julho de 2009, e com as normas editadas pelo
Conselho Nacional de Controle da Experimentagcdo Animal (CONCEA), foi analisado e
considerado APROVADO em reuni&o ordinaria da Comissao de Etica no Ensino e Pesquisa
em Animais (CEEPA), realizada nesta data.

Vigéncia do | Maio/2017 a Junho/2020
| projeto:

-

Espécie/Linhagem: | Amostras bioldgicas (cranio de coelhos incluidos em Histosec-Merck)
provenientes do protocolo CEEPA 02 7/27013

N° de animais: Néo se aplica

| 7Peso/ldade Né&o se aplica )
Sexo: Néo se aplica o

|Origem: | Ndoseaplica o

Esta CEEPA solicita que ao final da pesquisa seja enviado um Relatério com os resultados
obtidos para analise ética e emiss&o de parecer final, o qual podera ser utilizado para fins de
publicacéo cientifica.

Atenciosamente, /\
\' P
/\L——\_,\L e Q g( ) y{‘f*-‘\"\ .
\_Prof? Dr® Ana Paula Campanelli
Presidente da Comisséo de Etica no Ensino e Pesqu:sa em Animais

Prof. Dr. Gerson Francisco de Assis
Docente do Departamento de Ciéncias Bioldgicas

Al. Dr. Octavio Pinheiro Brisolla, 9-75 — Bauru-SP — CEP 17012-901 -C.P. 73
e-mail: ceepa@fob.usp.br — Fone/FAX (0xx14) 3235-8356
http://www.fob.usp.br
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