

  biomolecules-10-00383




biomolecules-10-00383







Biomolecules 2020, 10(3), 383; doi:10.3390/biom10030383




Article



Photobiomodulation Therapy Associated with Heterologous Fibrin Biopolymer and Bovine Bone Matrix Helps to Reconstruct Long Bones



Marcelie Priscila de Oliveira Rosso 1[image: Orcid], Aline Tiemi Oyadomari 1, Karina Torres Pomini 1[image: Orcid], Bruna Botteon Della Coletta 1[image: Orcid], João Vitor Tadashi Cosin Shindo 1, Rui Seabra Ferreira Júnior 2, Benedito Barraviera 2, Claudia Vilalva Cassaro 2[image: Orcid], Daniela Vieira Buchaim 3,4, Daniel de Bortoli Teixeira 3[image: Orcid], Sandra Maria Barbalho 3[image: Orcid], Murilo Priori Alcalde 5,6, Marco Antonio Hungaro Duarte 6, Jesus Carlos Andreo 1 and Rogério Leone Buchaim 1,3,*[image: Orcid]





1



Department of Biological Sciences (Anatomy), Bauru School of Dentistry, University of São Paulo (USP), Alameda Dr. Octávio Pinheiro Brisolla, 9-75-Vila Universitaria, Bauru 17012-901, São Paulo, Brazil






2



Center for the Study of Venoms and Venomous Animals (CEVAP), São Paulo State University (Univ. Estadual Paulista, UNESP), Botucatu 18610-307, São Paulo, Brazil or






3



Postgraduate Program in Structural and Functional Interactions in Rehabilitation, University of Marilia (UNIMAR), Avenue Hygino Muzzy Filho, 1001, Marília 17525-902, São Paulo, Brazil






4



Medical School, University Center of Adamantina (UniFAI), Nove de Julho Street, 730-Centro, Adamantina 17800-000, São Paulo, Brazil






5



Department of Health Science, University of the Sacred Heart (USC), Bauru 17011-160, São Paulo, Brazil






6



Department of Dentistry, Endodontics and Dental Materials, Bauru School of Dentistry, University of São Paulo (USP), Bauru 17012-901, São Paulo, Brazil









*



Correspondence: rogerio@fob.usp.br; Tel.: +55-14-3235-8226







Received: 28 December 2019 / Accepted: 25 February 2020 / Published: 2 March 2020



Abstract

:

Bone defects cause aesthetic and functional changes that affect the social, economic and especially the emotional life of human beings. This complication stimulates the scientific community to investigate strategies aimed at improving bone reconstruction processes using complementary therapies. Photobiomodulation therapy (PBMT) and the use of new biomaterials, including heterologous fibrin biopolymer (HFB), are included in this challenge. The objective of the present study was to evaluate the influence of photobiomodulation therapy on bone tibial reconstruction of rats with biomaterial consisting of lyophilized bovine bone matrix (BM) associated or not with heterologous fibrin biopolymer. Thirty male rats were randomly separated into three groups of 10 animals. In all animals, after the anesthetic procedure, a noncritical tibial defect of 2 mm was performed. The groups received the following treatments: Group 1: BM + PBMT, Group 2: BM + HFB and Group 3: BM + HFB + PBMT. The animals from Groups 1 and 3 were submitted to PBMT in the immediate postoperative period and every 48 h until the day of euthanasia that occurred at 14 and 42 days. Analyses by computed microtomography (µCT) and histomorphometry showed statistical difference in the percentage of bone formation between Groups 3 (BM + HB + PBMT) and 2 (BM + HFB) (26.4% ± 1.03% and 20.0% ± 1.87%, respectively) at 14 days and at 42 days (38.2% ± 1.59% and 31.6% ± 1.33%, respectively), and at 42 days there was presence of bone with mature characteristics and organized connective tissue. The µCT demonstrated BM particles filling the defect and the deposition of new bone in the superficial region, especially in the ruptured cortical. It was concluded that the association of PBMT with HFB and BM has the potential to assist in the process of reconstructing bone defects in the tibia of rats.
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1. Introduction


Traumas, congenital anomalies and surgeries are morbid conditions that can lead to transient or permanent bone defects, often subject to reconstruction. These conditions influence the patient’s life, affecting the social, psychic, aesthetic and work spheres with consequent increase of the financial costs to the health system [1,2].



Preclinical and clinical research has already shown that autogenous bone grafting (ABG) is the standard material for bone grafting in larger defects, which do not repair completely spontaneously. However, the limitations of supply, involvement of two surgical areas and morbidity mainly related to the collection of the autograft can be considered disadvantages of this technique. In this way, several bone substitutes are tested and used in surgeries, both dental (on facial bones) and orthopedic (on long bones) [3].



Biomaterials used as bone substitutes must be biocompatible, biodegradable and also form a scaffold for osteoconductivity, in addition to having porosity similar to the natural bone of the recipient bed and allowing the growth of osteoinductivity factors. Among the products available commercially in dentistry and orthopedic medicine, Geistlich Bio-Oss® is noteworthy due to the several published scientific works and wide use in the world [4,5].



In addition, researchers are looking for an ideal scaffold to be used in conjunction with bovine bone matrix (BM). In this context, fibrin sealant stands out as an aid in granule adhesion, in the formation of a stable fibrin network and in the maintenance of the medium as a support for cell growth [6,7,8,9]. Commercial sealants are all homologous, that is, made from human blood components, which makes them extremely expensive due to the scarcity of raw materials for production. To overcome these challenges, the Center for the Study of Venoms and Venomous Animals (CEVAP) from São Paulo State University (UNESP), Sao Paulo, Brazil, has been studying and developing heterologous fibrin biopolymer (HFB) from animal origin materials since the 1990s. This heterologous biomaterial is biocompatible, having hemostatic, adhesive, sealant, scaffold and drug delivery properties [9,10,11]. This bioproduct is being successfully tested in reconstruction processes when applied to various tissues [6,12,13,14,15].



In addition to specific treatments, rehabilitation therapy by techniques complementary to therapeutic treatment has been increasingly applied, especially photobiomodulation therapy (PBMT), with the use of low intensity laser [8,13,16,17,18]. Its photon energy reaches the cell nucleus increasing the synthesis of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) and consequent protein synthesis [19]. Furthermore, it increases the adenosine triphosphate (ATP) and cellular mitotic activity [20]. Defined as the application of energy directly from noncoherent (light emitting diode) or coherent (lasers) light, with varying wavelengths between 405 and 1100 nm, it is capable of producing photochemical effects by modulating cells [21,22]. This new technology is the current focus of studies of the scientific community for presenting reparative mechanisms of action. However, there is no consensus on its effective parameters, because if parameters are not properly delineated, they do not have beneficial effects on tissue regeneration, making this a current focus of research [19,21,23,24,25].



Considering the absence of previous studies that have used the unique heterologous fibrin biopolymer derived from snake venom in the world, (HFB) [9], associated with bone substitute of proven grafting quality [26,27], with results similar to the gold standard (ABG) [28], it was decided to conduct this research in noncritical defects of rat tibia in order to evaluate the therapeutic potential of the combination of these products, associating a recent PBMT protocol, already demonstrated in the literature as promising to treat bone defects [8,16], but not yet explored along the lines of this research.



In view of the problem and the objective previously presented, the hypothesis of the present study is that the combination of photobiomodulation therapy with bone substitutes improves the repair process of bone defects.




2. Materials and Methods


2.1. Animal Maintenance


All experimental procedures are in accordance with the Ethical Principles on Animal Experimentation adopted by the Brazilian College of Animal Experimentation (COBEA), and this project was approved under No. 006/2019.



Thirty adult male Wistar rats (Rattus norvegicus) were used (90 days), weighing an average of 470 g, provided by the Central Biottery of the Ribeirão Preto School of Dentistry, University of São Paulo (FORP-USP). The animals were kept in an animal house in appropriate cages, four animals per box, receiving water and food “ad libitum,” without restrictions on movement, respecting 12-h light cycles, acclimatized by air extractors and air conditioning.




2.2. Experimental Design


All animals underwent experimental surgery, with defect filled with freeze-dried bovine bone matrix (BM) biomaterial, and were randomized into three groups:



Group 1: Lyophilized bovine bone matrix + photobiomodulation therapy (BM + PBMT), n = 10 (biomaterial and biostimulated);



Group 2: Lyophilized bovine bone matrix + heterologous fibrin biopolymer (BM + HFB), n = 10 (biocomplex composed of biomaterial mixed to heterologous fibrin biopolymer);



Group 3: Lyophilized bovine bone matrix + heterologous fibrin biopolymer + photobiomodulation therapy (BM + HFB + PBMT), n = 10 (biocomplex composed of biomaterial mixed to heterologous fibrin biopolymer and biostimulated).




2.3. Lyophilized Bovine Bone Matrix (BM)


The bone matrix biomaterial used in the present research was bovine demineralized bone, commercially called Bio-Oss® (Geistlich Pharma AG, Wolhusen, Switzerland; Ministry of Health Registration No. 806.969.30002). It is characterized as porous bovine bone matrix with particle size between 0.25–1 mm, packed in 2 g flasks with corresponding porosity of 75–80% of the total volume between 10 nm to 100 µm [29].




2.4. Heterologous Fibrin Biopolymer (HFB)


In the Group 2 (BM + HFB) and 3 (BM + HFB + PBMT) animals, the biomaterial was mixed with the heterologous fibrin biopolymer forming a biocomplex to act as drug delivery. This mixture formed a biological framework for the biomaterial particles, favoring their introduction into the defect and at the same time maintaining them in the surgical bed. The HFB used in the research was kindly provided by CEVAP itself and had in its composition three vials: one vial with fraction 1 (thrombin-like), one vial with fraction 2 (fibrinogen-rich cryoprecipitate obtained from buffalo blood) and one vial of diluent (calcium chloride). This product is under patent under Registration Numbers BR1020140114327 and BR1020140114360.



The HFB was handled according to the standardization proposed by Ferreira Jr. et al. [10], which describes a 1:2:1 ratio as follows: one part fraction 1 (thrombin-like), two parts fraction 2 (cryoprecipitate rich in fibrinogen) and one part diluent (fraction 3, calcium chloride), with an amount of microliters according to the size of the defect to be filled. The components of the HFB remained frozen until the moment of use, when they were thawed and mixed in the proportions previously established to generate a stable clot according to the following protocol: fraction 1 = 10 μL, fraction 2 = 20 μL and diluent = 10 μL. Fractions were dosed using Gibson® micropipettes with disposable tips. The application sequence was as follows: fraction 1 was placed over the BM in an eppendorf, followed by mixing fraction 2 with the diluent in another Eppendorf®, where they were homogenized [30] and then applied to the BM, forming a biocomplex that was inserted into the defect.




2.5. Monocortical Defect Surgery


All surgical procedures were performed at the Department of Biological Sciences at the Anatomy Mesoscopy Laboratory of the Bauru School of Dentistry, University of São Paulo, Brazil, by the same team of researchers.



For the experimental surgery, the rats were submitted to general anesthesia with intramuscular injection of ketamine (0.3 mL/kg) (Dopalen®, Ceva, Paulinia, São Paulo, Brazil) and xilasine (0.3 mL/kg) (Anasedan®, Ceva, Paulínia, São Paulo, Brazil), and trichotomy was performed in the lateral dorsal region of the left pelvic after with disinfection of the operative field by 10% povidone–iodine (PI) topical solution. Next, with a No. 15 scalpel blade, a 20 mm long linear incision was made in the craniocaudal direction, sectioning the skin and muscle fasciae, reaching the periosteum and extending it for tibial exposure. With an AR 6 steel carbide drill (Beavers Dental®, Morrisburg, ON, Canada, K0C 1 × 0/Ormex SA) coupled to a 1500 rpm low-speed micromotor, a 2 mm diameter cavity was prepared [31,32,33,34,35] in a depth reaching the bone marrow without damaging the contralateral cortical [18,36,37,38,39], with abundant irrigation of 0.9% sodium chloride solution.



For each animal in the three groups, the cavity was filled by BM in the amount of 0.012 g (defined in a preliminary pilot study), which was weighed on an analytical balance (Micronal®, Precision Equipment, São Paulo, Brazil). In Group 1 (BM + PBMT), after weighing the biomaterial, enough saline was added to adhere the granules and facilitate deposition inside, completing the entire defect. In Groups 2 (BM + HFB) and 3 (BM + HFB + PBMT), the heterologous fibrin biopolymer was used as a scaffold for bone matrix, forming a biocomplex.



After filling the cavities, the periosteum and other tissues of the operated region were repositioned and sutured using 4–0 Ethicon® silk thread (Ethicon®, Johnson & Johnson Company, New Orleans, LA, USA). The operative acts were always performed by a single operator subjecting the animals to the same conditions, and the experimental design is detailed in Figure 1.



Immediately after the surgical procedures, the animals received paracetamol analgesic (Paracetamol®, Medley, São Paulo, Brazil) at a dose of 200 mg/kg, dissolved in the water available in the drinker for 3 days.




2.6. Photobiomodulation Therapy


For animals from Groups 1 (BM + PBMT) and 3 (BM + HFB + PBMT), the GaAlAs (gallium–aluminum–arsenide) laser (Laserpulse IBRAMED®, Amparo, São Paulo, Brazil) was applied. The design of the parameters is described in Figure 2. In all applications, the laser beam emissions were calibrated on the device itself and previously tested to certify the dose [8,16].




2.7. Collection of Samples and Histological Procedures


After 14 and 42 days after surgery, five animals from each group, per period, underwent general anesthesia with an intramuscular injection of ketamine and xilazine mixture. The samples were fixed in 10% buffered formaldehyde for a period of 72 h and then computed microtomographically. The next step was decalcification in 10% ethylenediaminetetraacetic acid (EDTA) solution containing 4.13% Titriplex® III (Merck KGaA, Darmstadt, Germany) and 0.44% sodium hydroxide (Labsynth, São Paulo, Brazil) and given sequence in standardized histological processing [8,16]. Subsequently, longitudinal, semiserial sections (50 µm interval) of defects of 5 µm thickness and stained with hematoxylin–eosin were performed.




2.8. X-ray Computed Microtomography Analysis (µ-CT)


The samples were placed in a cylindrical acrylic tube and allocated inside the SkyScan 1174v2 microtomograph (μ-CT Bruker microCT®, Kontich, Belgium), obtaining images with 13.76 µm voxel, 0.73° per sequence. Next, the two-dimensional reconstruction and realignment analyses were performed using the NRecon® 1.6.9 and DataViewer® 1.4.4.0 software, respectively. For the reconstitution of the three-dimensional images, the CTVox® 2.4.0 r870 software (Bruker microCT) was used.




2.9. Histomorphometric and Histological Analysis


Images were obtained by Olympus® BX50 light microscope (Olympus® Corporation, Tokyo, Japan) on 4×, 40× and 100× lenses at the FOB-USP Anatomy Laboratory using the DP Controller software 3.2.1.276-2001-2006 (Olympus® Corporation, Tokyo, Japan).



For the histomorphological description of the bone defect areas, 40× and 100× images were used in all specimens, considering the entire extent of the defect in order to analyze granulation tissue, inflammatory infiltrate, presence and quality (immature or mature/lamellar bone) and the degree of filling of the newly formed tissue, regarding the interaction between the HFB and PBMT with the BM used.



Quantitative analysis about the percentage of new bone volume was evaluated by 4× images using the point count planimetry method. For this, a previously established grid with 88 points [34,40] was superimposed on the histological section image of each animal, each point that overlapped the newly formed tissue was considered, and the total density was evaluated by the occupation in % of the image covering the defect in its entirety.



The grid size used was 13.2 × 9.6 cm with 1.2 cm spacing between each point marked on a transparent sheet. The measurement of the area densities of the analyzed sections was performed using the equation: D = ΣPN / PT × 100, where PN indicates the number of overlapping points in new bone formation and PT the number of total points included in the overlapping grid. The percentage value was related to the average of all animals analyzed (Figure S1).




2.10. Statistical Analysis


Data were submitted to analysis of variance (ANOVA) to detect possible differences between groups. The ANOVA assumptions, residual normality and variance homogeneity, were verified, respectively, by the Shapiro–Wilk and Bartlett tests, both at 5% probability. Subsequently, the means were compared by the Tukey’s test at 5% probability. Within each treatment, the comparison of new bone formation as a function of the treatment period (14 and 42 days) was assessed by the Student’s t-test at 5% probability. All analyses were conducted using the R software (R Core Team®, 2019, The R Foundation for Statistical Computing, Vienna, Austria).





3. Results


3.1. General Evaluation


No complications were seen in the postoperative period of the animals, with normal healing and no signs of infection. Signs of pain-related behavioral changes such as decreased movement or weight loss were also not evident.




3.2. Microtomographic Evaluation


The images analyzed by µCT observed in Figure 3 showed that the biomaterial resembles the cortical bone, mainly in its radiopacity, not allowing the quantitative verification of the newly formed bone tissue.



At 14 days (Figure 3(A1)), it is possible to notice the monocortical bone defect with definition of its borders and covered with biomaterial in all groups. In Group 2 (BM + HFB), the particles appear closer to each other, and in Groups 1 (BM + PBMT) and 3 (BM + HFB + PBMT) there was a tendency for bone formation in the ruptured cortical (Figure 3(A2)).



At 42 days (Figure 3(B1)), visually, there is new bone covering the cortical area, with particles of the biomaterial in the midst of this new formation with bone healing process in continuity. There was a visual difference in bone board thickness in relation to the days, being the thickest in this period. In Group 1 (BM + PBMT), some particles of the biomaterial exceeded the defect limits (Figure 3(B1)); in Groups 2 (BM + HFB) and 3 (BM + HFB + PBMT), the defect site appears to be thicker bone undergoing remodeling.




3.3. Histological Evaluation


At 14 days, as seen in Figure 4(A1), all experimental groups presented newly formed bone trabeculae in the medullary region of the defect, permeating the particles of the biomaterial and connective tissue filling the spaces adjacent to the edge of the lesion (Figure 5(A1)), with some integration of the biomaterial to the tissue in normal bone repair and mineralization pattern, besides the absence of inflammatory process. In Group 3 (BM + HFB + PBMT), there was a large amount of connective tissue with vascular shoots filling the medullary spaces (Figure 5(A2)). Overlying the injured cortical region, the groups had a thin layer of periosteum and connective tissue, slight bone neoformation from the edges of the lesion and the central cortical area filled with loose connective tissue.



At 42 days (Figure 4(A2)), the newly formed bone matrix in the medullary region was thicker, with compact conformation and some Havers canals in relation to the previous period, with evidence of a large amount of osteocytes in Group 3 (BM + HFB + PBMT). The collagen fibers were concentrically arranged to the remaining particles of the biomaterial and organized. At the end of the experimental period, the groups still had biomaterial in the cortical (Figure 5(B1)) and medullary (Figure 5(B2)) regions; in the latter region, this was surrounded by newly formed bone tissue. All experimental groups showed the injured cortical tending to close, thus restoring the original bone architecture. Group 3 (BM + HFB + PBMT) showed a more mature lamellar bone formation in the injured cortical region.




3.4. Histomorphometric Evaluation


In the histomorphometric evaluation of the volume density of new bone formed, it was found at 14 days that Group 3 (BM + HFB + PBMT) had a mean of 26.4% ± 1.03%, with a statistical difference compared to Group 2 (BM + HFB), which obtained the lowest values (20.0% ± 1.87%); Group 1 (BM + PBMT) presented a mean of 22.2% ± 1.77%, with no significant difference compared to the other groups (Figure 4(B1) Table 1).



At 42 postoperative days, a statistical difference was observed between Groups 3 (BM + HFB + PBMT) and 2 (BM + HFB) (38.2% ± 1.59% and 31.6% ± 1.33%, respectively), with a mean of 33.2% ± 2.18% for Group 1 (BM + PBMT), the latter without statistical difference in relation to the other groups (Figure 4(B2); Table 1).



Analyzing the data in the euthanasia periods (14 and 42 days), within each group, there was a statistical difference between 14 and 42 days for the three groups (Figure 4(B3); Table 1).





4. Discussion


The aim of the present study was to verify the influence of PBMT on bone reconstruction of rat tibias by combining two components, heterologous fibrin biopolymer and lyophilized bovine bone matrix. We observed tissue biocompatibility of these scaffolds, in addition to greater maturation of bone tissue in the final period of the experiment. PBMT has shown positive effects on different types of tissue recovery [13,16,31,41], but there are still controversies regarding the appropriate parameters to be used.



The choice of long bones such as the tibia for bone repair is related to its ease of manipulation and access and its similarity to the clinical application in humans, regarding remodeling, repair in the physiology of muscle strength and tension. When dealing with critical defects, larger animals should be used, such as sheep and pigs [31,33,34,36,42]. In addition, biomaterials are used in orthopedic medical surgeries performed to correct bone defects of dimensions that do not spontaneously repair, as well as in patients with osteoporosis or cancer [42,43]. Tissue engineering states that the periosteum of the long bones as an auxiliary element in reconstructive process research, and another factor is the size of defects for biomaterial analysis, with the highest absorption being cited for noncritical defects [44].



The distribution of animals in their respective groups in the present study, as well as the number of specimens (n), was based on the principle of the 3 R’s, in which there is a commitment by the world scientific community to follow the Russell–Burch Principles (1959) “reduction, replacement and refinement” in the use of animals that, increasingly, remain active in scientific and academic circles. Therefore, it was decided to not perform groups with defects filled only by clot, autogenous bone [3,17] or Bio-Oss® [5,7,28,45], widely previously published in the literature, including the same methodology used in the present experiment and also from the same research group [39,46,47,48], focusing on only in the originality and aims of the research.



Following the same methodology used in this study, including similar analyzes, Song et al. [49] evaluated a hydrogel based on carboxymethylcellulose (CMC) randomly separating the rats into three groups: CMC/BioC (biphasic calcium phosphate), CMC/BioC/BMP-2 0.1 mg (bone morphogenetic protein-2) and CMC/BioC/BMP-2 0.5 mg, concluding that the hybrid material CMC/BioC/BMP-2 induced greater bone formation than the other tested materials. Likewise, focused only on the tested biomaterials, Kido et al. [36] randomly separated the rats into two groups: Biosilicate group (BG) and poly PLGA Biosilicate group (BG/PLGA), reaching concluding that BG/PLGA showed a faster degradation of the material, accompanied by greater bone formation when compared with BG, after 21 days of implantation.



As observed by the µCT, in this study, all groups tended towards bone neoformation and there was presence of biomaterial particles until the last experimental period. Studies differ between resorption [50] and non-resorption [51] of biomaterial after PBMT, and no study using HFB cited this relationship. It was not possible to perform a quantitative distinction of the newly formed tissue since the xenograft has great similarity with cortical bone, mainly in its radiopacity [52,53], so its application in this analysis has been challenging. In agreement with the literature, we identified in the present study the presence of newly formed bone tissue in the midst of the biomaterial particles, demonstrating active repair progress, and the close relationship between the µCT and histomorphometric analysis as complementary in bone evaluation [53,54].



The groups that used the HFB showed greater visual proximity of particles and integration of components. In addition, its use facilitated the agglutination of the biomaterial particles for insertion in the bone defect, as well as a rapid decrease in bleeding caused by the injury. Initially called as heterologous fibrin sealant (HFS), this bioproduct, derived from snake venom produced by the CEVAP, was used in the recovery of venous ulcers [10,55,56] and as a glue for injured nerves [57]. Next, new experiments showed more advantages of the sealant, such as the ability to act as a scaffold for stem cells [30] or biomaterials [15,16,17,50,58] and as a new medication administration system [9]. Considering that the use of this bioproduct goes beyond its adhesive capabilities, its nomenclature has been reconsidered and has recently been called “fibrin biopolymer”, but there are still not many studies on the osteogenic potential of HFB.



In the present study, the results of the histological analysis showed that the physiological inflammatory process of bone repair was already completed at 14 days in all groups due to the absence of reaction tissue, demonstrating that the association of biomaterial with both HFB and PBMT and both at the same time present biocompatibility characteristics [59,60], corroborating studies associating HFB with autogenous bone and PBMT (830 nm) [17]. Research with 830 nm [18,61] and 808 nm [62] lasers identified the modulatory action of the laser relating to mature bone neoformation with increased osteoblast factor proteins and genes, and the xenograft tested here is widely used in experiments in the literature with applications in animals and humans, with bovine bone being elected with biocompatible properties and good acceptance.



Moreover, in the first analysis period of the study (14 days), the forming bone tissue increased in a centripetal way from the edges of the defect and was characterized by thin and disorganized fibers. However, at the end of the experiment (42 days), newly formed bone tissue was thicker, mature and organized with a physiological process of repair, similar to studies with 830 nm laser [60,63,64] that identified such bone maturation over the analyzed periods. These studies report that especially after 30 days, there is more organization and tissue repair maturation, besides the presence of denser collagen fibers in long bones.



Between Groups 2 (BM + HFB) and 3 (BM + HFB + PBMT), there was a statistical difference in relation to bone percentage in both periods, relating findings compatible with the literature when observing higher bone density [61,65], blood vessels, Havers canal development, maturation and organization of bone tissue, following the principles that the tissue will only respond to biostimulation if the energy is adequate, reaching the minimum limit, and when the energy is excessive, there may be tissue inhibition [22,66].



The PBMT protocol used in the present experiment is due to previous studies (in vivo) on tissue regeneration [8,12,13,16], plus a literature review on the action of PBMT specifically on bone tissue, in which the length of 830 nm was cited as the most used (40.79%) and with positive effects in 98.68% [67]; in another review, satisfactory results were observed between the PBMT and xenograft in 17 of the 18 articles included [23]. The literature points to laser-modulated bone formation with increased bone growth factors in differentiated cells by stimulating matrix secretion, cell proliferation and reduced inflammation [65,68].



The results presented by our study corroborate the results of Iatecola et al. [17], who used autogenous bone graft (ABG) associated with HFB and PBMT. PBMT also showed satisfactory results in helping to reconstruct long bones when associated with biomaterials such as synthetic hydroxyapatite [41], biosilicate® [31], and Celecoxib® [69], in addition to an increase bone mineral density with salmon calcitonin [70].



The biological action of the laser depends on the penetration, propagation, absorption and length of light. The infrared laser is capable of reaching deeper tissues, penetrating about 2 mm into the tissue before losing 37% of energy, so when compared to the red light-length laser (which has 0.5–1 mm triggered energy) [71], it penetrates more with less energy loss, being indicated for bone lesions [19,71,72], affecting mitochondrial stimulation, formation of new blood vessels and proinflammatory and regenerative cytokines [33,73].



PBMT has been shown to be an ally in the process of bone reconstruction; however, the consensus about parameters for the purpose of bone regeneration is still uncertain in the literature, since studies show varieties of protocols, thus obtaining different results [23,74,75] such as differentiation, density and osteogenic proliferation [67,74,76].




5. Limitations


The implementation of functional analyses such as biomechanics [33] and immunomarkers [77] for bone cells help to better interpret the process of tissue maturation and may be considered as a limitation of the present research. In addition, a greater number of groups and specimens studied, provided they are ethically approved, can also be considered a limiting factor. We list as future studies the analysis and quantification of collagen fibers [78] and comparison between different concentrations of biopolymer in order to verify its osteogenic characteristics.




6. Conclusions


It was concluded that PBMT, through the use of low-level laser, associated with the biocomplex formed by the heterologous fibrin biopolymer (HFB) added to the lyophilized bovine bone matrix (BM), has the potential to aid in the reconstruction process of bone defects in the tibia of rats.








Supplementary Materials


The following are available online at https://www.mdpi.com/2218-273X/10/3/383/s1, Figure S1: Representative image of the methodology used to quantify the area of newly formed bone.





Author Contributions


Conceptualization, M.P.d.O.R., A.T.O., K.T.P., D.V.B. and J.C.A.; investigation, B.B.D.C., J.V.T.C.S., M.P.A., D.d.B.T. and M.A.H.D.; writing—original draft preparation, M.P.d.O.R. and R.L.B.; writing—review and editing, S.M.B.; supervision, R.L.B.; funding acquisition, R.S.F.J., B.B. and C.V.C. All authors have read and agreed to the published version of the manuscript.




Funding


The present study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—Brasil (CAPES)—Finance Code 001 (K.T.P.; B.B.D.C.; J.V.T.C.S.; C.V.C.).




Acknowledgments


The authors thank the technical support of dental students Lais Furlaneto Marega and Gabriela Cristina de Santi Sodré.




Conflicts of Interest


Bio-Oss® was assigned for the present research by Geistlich Pharma AG (Wolhusen, Switzerland; Ministry of Health Registration No: 806.969.30002). The heterologous fibrin biopolymer (HFB) was provided by the Center for the Study of Venoms and Venomous Animals (CEVAP), Sao Paulo State University (UNESP), Botucatu, SP, Brazil. RSFJ is CPNq research fellow Proc 303224/2018-5.




References


	



Kaur, G.; Grover, V.; Bhaskar, N.; Kaur, R.K.; Jain, A. Periodontal Infectogenomics. Inflamm. Regen. 2018, 38, 8. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; Li, D.; Zhang, Y.; Li, M. Inflammation, mesenchymal stem cells and bone regeneration. Histochem. Cell Biol. 2018, 16, 393–404. [Google Scholar] [CrossRef] [PubMed]

	



Sohn, H.S.; Oh, J.K. Review of bone graft and bone substitutes with an emphasis on fracture surgeries. Biomater Res. 2019, 23, 4–10. [Google Scholar] [CrossRef] [PubMed]

	



Rasouli Ghahroudi, A.; Rokn, A.; Kalhori, K.; Khorsand, A.; Pournabi, A.; Pinheiro, A.; Fekrazad, R. Effect of low-level laser therapy irradiation and Bio-Oss® graft material on the osteogenesis process in rabbit calvarium defects: A double blind experimental study. Lasers Med Sci. 2014, 29, 925–932. [Google Scholar] [CrossRef] [PubMed]

	



Bae, E.B.; Kim, H.J.; Ahn, J.J.; Bae, H.Y.; Kim, H.J.; Huh, J.B. Comparison of bone regeneration between porcine-derived and bovine-derived xenografts in rat calvarial defects: A non-inferiority study. Materials 2019, 12, 3412. [Google Scholar] [CrossRef]

	



Biscola, N.P.; Cartarozzi, L.P.; Ulian-Benitez, S.; Barbizan, R.; Castro, M.V.; Spejo, A.B.; Ferreira, R.S.; Barraviera, B.; Oliveira, A.L.R. Multiple uses of fibrin sealant for nervous system treatment following injury and disease. J. Venom. Anim. Toxins Incl. Trop. Dis. 2017, 23, 13. [Google Scholar] [CrossRef]

	



Carmagnola, D.; Berglundh, T.; Araujo, M.; Albrektsson, T.; Lindhe, J. Bone healing around implants placed in a jaw defect augmented with Bio-Oss®. An experimental study in dogs. J. Clin. Periodontol. 2000, 27, 799–805. [Google Scholar] [CrossRef]

	



Pomini, K.T.; Buchaim, D.V.; Andreo, J.C.; Rosso, M.P.O.; Della Coletta, B.B.; German, Í.J.S.; Biguetti, A.C.C.; Shinohara, A.L.; Rosa Júnior, G.M.; Cosin Shindo, J.V.T.; et al. Fibrin Sealant Derived from Human Plasma as a Scaffold for Bone Grafts Associated with Photobiomodulation Therapy. Int. J. Mol. Sci. 2019, 20, 1761. [Google Scholar] [CrossRef]

	



Buchaim, D.V.; Cassaro, C.V.; Shindo, J.V.T.C.; Coletta, B.B.D.; Pomini, K.T.; Rosso, M.P.O.; Campos, L.M.G.; Ferreira, R.S., Jr.; Barraviera, B.; Buchaim, R.L. Unique hetetologous fibrin biopolymer with hemostatic, adhesive, sealant, scaffold and drug delivery properties—A systematic review. J. Venom. Anim. Toxins Incl. Trop. Dis. 2019, 25. [Google Scholar] [CrossRef]

	



Ferreira, R.S.; de Barros, L.C.; Abbade, L.P.F.; Barraviera, S.R.C.S.; Silvares, M.R.C.; de Pontes, L.G.; dos Santos, L.D.; Barraviera, B. Heterologous fibrin sealant derived from snake venom: From bench to bedside—An overview. J. Venom. Anim. Toxins Incl. Trop. Dis. 2017, 23, 21. [Google Scholar] [CrossRef]

	



Ferreira, R.S. Autologous or heterologous fibrin sealant scaffold: Which is the better choice? J. Venom. Anim. Toxins Incl. Trop. Dis. 2014, 20, 31. [Google Scholar] [CrossRef] [PubMed]

	



Buchaim, D.V.; Rodrigues, A.D.C.; Buchaim, R.L.; Barraviera, B.; Junior, R.S.F.; Junior, G.M.R.; Bueno, C.R.D.S.; Roque, D.D.; Dias, D.V.; Dare, L.R.; et al. The new heterologous fibrin sealant in combination with low-level laser therapy (LLLT) in the repair of the buccal branch of the facial nerve. Lasers Med. Sci. 2016, 31, 965–972. [Google Scholar] [CrossRef] [PubMed]

	



Rosso, M.P.D.O.; Rosa Júnior, G.M.; Buchaim, D.V.; German, I.J.S.; Pomini, K.T.; de Souza, R.G.; Pereira, M.; Favaretto Júnior, I.A.; Bueno, C.R.D.S.; Gonçalves, J.B.D.O.; et al. Stimulation of morphofunctional repair of the facial nerve with photobiomodulation, using the end-to-side technique or a new heterologous fibrin sealant. J. Photochem. Photobiol. B Biol. 2017, 175, 20–28. [Google Scholar] [CrossRef] [PubMed]

	



Orsi, P.R.; Landim-Alvarenga, F.C.; Justulin, L.A.; Kaneno, R.; De Assis Golim, M.; Dos Santos, D.C.; Creste, C.F.Z.; Oba, E.; Maia, L.; Barraviera, B.; et al. A unique heterologous fibrin sealant (HFS) as a candidate biological scaffold for mesenchymal stem cells in osteoporotic rats. Stem Cell Res. Ther. 2017, 8, 205. [Google Scholar] [CrossRef] [PubMed]

	



Cassaro, C.; Justulin, L., Jr.; Lima, P.; Golim, M.; Biscola, N.; Castro, M.; Oliveira, A.; Doiche, D.; Pereira, E.; Ferreira, R., Jr.; et al. Fibrin biopolymer as scaffold candidate to treat bone defects in rats. J. Venom. Anim. Toxins Incl. Trop. Dis. 2019, 25. [Google Scholar] [CrossRef] [PubMed]

	



de Oliveira Gonçalves, J.B.; Buchaim, D.V.; de Souza Bueno, C.R.; Pomini, K.T.; Barraviera, B.; Júnior, R.S.F.; Andreo, J.C.; de Castro Rodrigues, A.; Cestari, T.M.; Buchaim, R.L. Effects of low-level laser therapy on autogenous bone graft stabilized with a new heterologous fibrin sealant. J. Photochem. Photobiol. B Biol. 2016, 162, 663–668. [Google Scholar] [CrossRef]

	



Iatecola, A.; Barraviera, B.; Junior, R.S.F.; dos Santos, G.R.; Neves, J.I.; da Cunha, M.R. Use of a new fibrin sealant and laser irradiation in the repair of skull defects in rats. Braz. Dent. J. 2013, 24, 456–461. [Google Scholar] [CrossRef]

	



Tim, C.R.; Bossini, P.S.; Kido, H.W.; Malavazi, I.; Von Zeska Kress, M.R.; Carazzolle, M.F.; Parizotto, N.A.; Rennó, A.C. Effects of low level laser therapy on inflammatory and angiogenic gene expression during the process of bone healing: A microarray analysis. J. Photochem. Photobiol. B Biol. 2016, 154, 8–15. [Google Scholar] [CrossRef]

	



Zein, R.; Selting, W.; Hamblin, M.R. Review of light parameters and photobiomodulation efficacy: Dive into complexity. J. Biomed. Opt. 2018, 23, 120901. [Google Scholar] [CrossRef]

	



Karu, T.; Pyatibrat, L.; Kalendo, G. Irradiation with He-Ne laser increases ATP level in cells cultivated in vitro. J. Photochem. Photobiol. B 1995, 27, 219–223. [Google Scholar] [CrossRef]

	



De Freitas, L.; Hamblin, M. Proposed Mechanisms of Photobiomodulation or Low-Level Light Therapy. IEEE J. Sel. Top. Quantum Electron. 2016, 22, 348–364. [Google Scholar] [CrossRef] [PubMed]

	



Tani, A.; Chellini, F.; Giannelli, M.; Nosi, D.; Zecchi-Orlandini, S.; Sassoli, C. Red (635 nm), near-infrared (808 nm) and violet-blue (405 nm) photobiomodulation potentiality on human osteoblasts and mesenchymal stromal cells: A morphological and molecular in vitro study. Int. J. Mol. Sci. 2018, 19, 1946. [Google Scholar] [CrossRef] [PubMed]

	



Rosso, M.P.O.; Buchaim, D.V.; Pomini, K.T.; Coletta, B.B.D.; Reis, C.H.B.; Pilon, J.P.G.; Duarte Júnior, G.; Buchaim, R.L. Photobiomodulation Therapy (PBMT) Applied in Bone Reconstructive Surgery Using Bovine Bone Grafts: A Systematic Review. Materials 2019, 12, 4051. [Google Scholar] [CrossRef] [PubMed]

	



Rosso, M.P.O.; Buchaim, D.V.; Kawano, N.; Furlanette, G.; Pomini, K.T.; Buchaim, R.L. Photobiomodulation Therapy (PBMT) in Peripheral Nerve Regeneration: A Systematic Review. Bioengineering 2018, 5, 44. [Google Scholar] [CrossRef] [PubMed]

	



Rosso, M.P.O.; Buchaim, D.V.; Rosa Junior, G.M.; Andreo, J.C.; Pomini, K.T.; Buchaim, R.L. Low-Level Laser Therapy (LLLT) Improves the Repair Process of Peripheral Nerve Injuries: A Mini Review. Int. J. Neurorehabilitation 2017, 4, 2–4. [Google Scholar]

	



Pekkan, G.; Aktas, A.; Pekkan, K. Comparative radiopacity of bone graft materials. J. Cranio-Maxillofac. Surg. 2012, 40, e1–e4. [Google Scholar] [CrossRef]

	



Jensen, T.; Schou, S.; Stavropoulos, A.; Terheyden, H.; Holmstrup, P. Maxillary sinus floor augmentation with Bio-Oss or Bio-Oss mixed with autogenous bone as graft: A systematic review. Clin. Oral Implants Res. 2012, 23, 263–273. [Google Scholar] [CrossRef]

	



De Santis, E.; Lang, N.P.; Ferreira, S.; Rangel Garcia, I.; Caneva, M.; Botticelli, D. Healing at implants installed concurrently to maxillary sinus floor elevation with Bio-Oss® or autologous bone grafts. A histo-morphometric study in rabbits. Clin. Oral Implants Res. 2017, 28, 503–511. [Google Scholar] [CrossRef]

	



Carinci, F.; Piattelli, A.; Degidi, M.; Palmieri, A.; Perrotti, V.; Scapoli, L.; Martinelli, M.; Laino, G.; Pezzetti, F. Genetic effects of anorganic bovine bone (Bio-Oss®) on osteoblast-like MG63 cells. Arch. Oral Biol. 2006, 51, 154–163. [Google Scholar] [CrossRef]

	



Gasparotto, V.P.; Landim-Alvarenga, F.C.; Oliveira, A.L.; Simões, G.F.; Lima-Neto, J.F.; Barraviera, B.; Ferreira, R.S. A new fibrin sealant as a three-dimensional scaffold candidate for mesenchymal stem cells. Stem Cell Res. Ther. 2014, 5, 78. [Google Scholar] [CrossRef]

	



Fangel, R.; Bossini, P.S.; Renno, A.C.; Granito, R.N.; Wang, C.C.; Nonaka, K.O.; Driusso, P.; Parizotto, N.A.; Oishi, J. Biomechanical properties: Effects of low-level laser therapy and Biosilicate® on tibial bone defects in osteopenic rats. J. Appl. Biomater. Funct. Mater. 2014, 12, 271–277. [Google Scholar] [CrossRef] [PubMed]

	



Kido, H.W.; Bossini, P.S.; Tim, C.R.; Parizotto, N.A.; da Cunha, A.F.; Malavazi, I.; Renno, A.C.M. Evaluation of the bone healing process in an experimental tibial bone defect model in ovariectomized rats. Aging Clin. Exp. Res. 2014, 26, 473–481. [Google Scholar] [CrossRef] [PubMed]

	



Bossini, P.S.; Rennó, A.C.M.; Ribeiro, D.A.; Fangel, R.; Ribeiro, A.C.; de Assis Lahoz, M.; Parizotto, N.A. Low level laser therapy (830nm) improves bone repair in osteoporotic rats: Similar outcomes at two different dosages. Exp. Gerontol. 2012, 47, 136–142. [Google Scholar] [CrossRef] [PubMed]

	



Prado, F.A.; Anbinder, A.L.; Jaime, A.P.G.; Lima, A.P.; Balducci, I.; Rocha, R.F. Bone defect in rat tibia: Standardization of experimental model. Rev. Odontol. UNICID 2006, 18, 7–13. [Google Scholar]

	



Li, J.; Wu, H.; Zhang, S.; Jiang, H.; Wang, H.; Gao, Y.; Cheng, P.; Pan, D.; Li, D.; Yang, L.; et al. MIF Promotes Bone Defect Repair by Regulating Macrophages. Cell Stem Cells Regen. Med. 2018, 3, 2–6. [Google Scholar]

	



Kido, H.; Brassolatti, P.; Tim, C.; Gabbai-Armelin, P.; Magri, A.P.; Fernandes, K.; Bossini, P.; Parizotto, N.; Crovace, M.; Malavazi, I.; et al. Porous poly (D,L-lactide-co-glycolide) acid/biosilicate® composite scaffolds for bone tissue engineering. J. Biomed. Mater. Res. Part B Appl. Biomater. 2017, 105, 63–71. [Google Scholar] [CrossRef]

	



Garavello-Freitas, I.; Baranauskas, V.; Joazeiro, P.P.; Padovani, C.R.; Dal Pai-Silva, M.; da Cruz-Höfling, M.A. Low-power laser irradiation improves histomorphometrical parameters and bone matrix organization during tibia wound healing in rats. J. Photochem. Photobiol. B Biol. 2003, 70, 81–89. [Google Scholar] [CrossRef]

	



Buchaim, R.L.; Rosso, M.P.O.; Andreo, J.C.; Buchaim, D.V.; Okamoto, R.; Rodrigues, A.C.; Shinohara, A.L.; Roque, J.S.; Roque, D.D.; Junior, G.M.R.; et al. A New Anionic Bovine Tendon as Scaffold for the Repair of Bone Defects: A Morphological, Histomorphometric and Immunohistochemical Study. Br. J. Med. Med. Res. 2015, 10, 1–11. [Google Scholar] [CrossRef]

	



Buchaim, D.V.; Bueno, P.C.D.S.; Andreo, J.C.; Roque, D.D.; Roque, J.S.; Zilio, M.G.; Salatin, J.A.; Kawano, N.; Furlanette, G.; Buchaim, R.L. Action of a deproteinized xenogenic biomaterial in the process of bone repair in rats submitted to inhalation of cigarette smoke. Acta Cir. Bras. 2018, 33, 324–332. [Google Scholar] [CrossRef]

	



Mandarim-de-lacerda, C.A. Stereological tools in biomedical research. An. Acad. Bras. Cienc. 2003, 75, 469–486. [Google Scholar] [CrossRef]

	



Soares, L.G.; Marques, A.M.; Aciole, J.M.; da Guarda, M.G.; Cangussú, M.C.; Silveira, L., Jr.; Pinheiro, A.L. Do laser/LED phototherapies influence the outcome of the repair of surgical bone defects grafted with biphasic synthetic microgranular HA + β-tricalcium phosphate? A Raman spectroscopy study. Lasers Med. Sci. 2014, 29, 1575–1584. [Google Scholar] [CrossRef] [PubMed]

	



McGovern, J.; Griffin, M.; Hutmacher, D. Animal models for bone tissue engineering and modelling disease. Dis. Model. Mech. 2018, 11, dmm033084. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.; Yeung, K. Bone grafts and biomaterials substitutes for bone defect repair: A review. Bioact. Mater. 2017, 2, 224–247. [Google Scholar] [CrossRef] [PubMed]

	



Lim, J.; Lee, J.; Yun, H.; Shin, H.; Park, E. Comparison of bone regeneration rate in flat and long bone defects: Calvarial and tibial bone. Tissue Eng. Regen. Med. 2013, 10, 336–340. [Google Scholar] [CrossRef]

	



dos Santos, P.; de Molon, R.; Queiroz, T.; Okamoto, R.; de Souza Faloni, A.; Gulinelli, J.; Luvizuto, E.; Garcia, I. Evaluation of bone substitutes for treatment of peri-implant bone defects: Biomechanical, histological, and immunohistochemical analyses in the rabbit tibia. J. Periodontal Implant Sci. 2016, 46, 176–196. [Google Scholar] [CrossRef]

	



Buchaim, R.L.; Andreo, J.C.; Rodrigues, A.D.C.; Buchaim, D.V.; Roque, D.D.; Roque, J.S.; Rosa Júnior, G.M. Bovine Bone Matrix Action Associated With Morphogenetic Protein in Bone Defects in Rats Submitted to Alcoholism. Int. J. Morphol. 2012, 30, 266–271. [Google Scholar] [CrossRef]

	



Buchaim, R.L.; Goissis, G.; Andreo, J.C.; Roque, D.D.; Roque, J.S.; Buchaim, D.V.; Rodrigues, A.C. Biocompatibility of anionic collagen matrices and its influence on the orientation of cellular growth. Braz. Dent. Sci. 2007, 10, 12–20. [Google Scholar]

	



Buchaim, R.L.; Roque, D.D.; Roque, J.S.; Toledo Filho, J.L.; Andreo, J.C.; Okamoto, T. Gen-phos® implant in surgical cavities performed in the tibia of rats submitted to experimental chronic alcoholism. A microscopic study. Rev. FOB 2002, 10, 17–22. [Google Scholar]

	



Song, S.H.; Yun, Y.P.; Kim, H.J.; Park, K.; Kim, S.E.; Song, H.R. Bone Formation in a Rat Tibial Defect Model Using Carboxymethyl Cellulose / BioC / Bone Morphogenic Protein-2 Hybrid Materials. Biomed. Res. Int. 2014, 2014, 230152. [Google Scholar] [CrossRef]

	



Cunha, M.J.; Esper, L.A.; Sbrana, M.C.; Oliveira, P.G.; Valle, A.L.; Almeida, A. Effect of Low-Level Laser on Bone Defects Treated with Bovine or Autogenous Bone Grafts: In Vivo Study in Rat Calvaria. Biomed. Res. Int. 2014, 2014, 104230. [Google Scholar] [CrossRef]

	



Havlucu, U.; Bölükbaşı, N.; Yeniyol, S.; Çetin, Ş.; Özdemir, T. Effects of Light-Emitting Diode Photobiomodulation Therapy and BioOss as Single and Combined Treatment in an Experimental Model of Bone Defect Healing in Rats. J. Oral Implantol. 2014, 41, e110–e117. [Google Scholar] [CrossRef] [PubMed]

	



Schmitt, C.M.; Doering, H.; Schmidt, T.; Lutz, R.; Neukam, F.W.; Schlegel, K.A. Histological results after maxillary sinus augmentation with Straumann® BoneCeramic, Bio-Oss®, Puros®, and autologous bone. A randomized controlled clinical trial. Clin. Oral Implants Res. 2013, 24, 576–585. [Google Scholar] [CrossRef] [PubMed]

	



Kapogianni, E.; Barbeck, M.; Jung, O.; Arslan, A.; Kuhnel, L.; Xiong, X.; Krastev, R.; Friedrich, R.; Schnettler, R.; Fienitz, T.; et al. Comparison of Material-mediated Bone Regeneration Capacities of Sintered and Non-sintered Xenogeneic Bone Substitutes via 2D and 3D Data. In Vivo 2019, 33, 2169–2179. [Google Scholar] [CrossRef] [PubMed]

	



Bonnet, N.; Laroche, N.; Vico, L.; Dolleans, E.; Courteix, D.; Benhamou, C.L. Assessment of trabecular bone microarchitecture by two different x-ray microcomputed tomographs: A comparative study of the rat distal tibia using Skyscan and Scanco devices. Med. Phys. 2009, 36, 1286–1297. [Google Scholar] [CrossRef]

	



Gatti, M.A.N.; Vieira, L.M.; Barraviera, B.; Barraviera, S.R.C.S. Treatment of venous ulcers with fibrin sealant derived from snake venom. J. Venom. Anim. Toxins Incl. Trop. Dis. 2011, 17, 226–229. [Google Scholar] [CrossRef]

	



Barros, L.C.; Ferreira, R.S.; Barraviera, S.R.C.S.; Stolf, H.O.; Thomazini-Santos, I.A.; Mendes-Giannini, M.J.S.; Toscano, E.; Barraviera, B. A new fibrin sealant from crotalus durissus terrificus venom: Applications in medicine. J. Toxicol. Environ. Health Part B Crit. Rev. 2009, 12, 553–571. [Google Scholar] [CrossRef]

	



Buchaim, R.L.; Andreo, J.C.; Barraviera, B.; Ferreira Junior, R.S.; Buchaim, D.V.; Rosa Junior, G.M.; De Oliveira, A.L.R.; De Castro Rodrigues, A. Effect of low-level laser therapy (LLLT) on peripheral nerve regeneration using fibrin glue derived from snake venom. Injury 2015, 46, 655–660. [Google Scholar] [CrossRef]

	



Machado, E.G.; Issa, J.P.M.; De Figueiredo, F.A.T.; Dos Santos, G.R.; Galdeano, E.A.; Alves, M.C.; Chacon, E.L.; Ferreira Junior, R.S.; Barraviera, B.; da Cunha, M.R. A new heterologous fibrin sealant as scaffold to recombinant human bone morphogenetic protein-2 (rhBMP-2) and natural latex proteins for the repair of tibial bone defects. Acta Histochem. 2015, 117, 288–296. [Google Scholar] [CrossRef]

	



De Oliveira, P.; Fernandes, K.R.; Sperandio, E.F.; Pastor, F.A.C.; Nonaka, K.O.; Parizotto, N.A.; Renno, A.C.M. Comparative study of the effects of low-level laser and low-intensity ultrasound associated with Biosilicate® on the process of bone repair in the rat tibia. Rev. Bras. Ortop. 2012, 47, 102–107. [Google Scholar] [CrossRef]

	



Paolillo, A. Assessment of Bone Repair by X-ray Microtomography in Complete Tibia Rats osteotomy after Low-Intensity Pulsed Ultrasound and Low-Level Laser Therapy. Ph.D. Thesis, University of São Paulo, São Carlos, Brazil, 2013. [Google Scholar]

	



Fávaro-Pípi, E.; Feitosa, S.M.; Ribeiro, D.A.; Bossini, P.; Oliveira, P.; Parizotto, N.A.; Renno, A.C.M. Comparative study of the effects of low-intensity pulsed ultrasound and low-level laser therapy on bone defects in tibias of rats. Lasers Med. Sci. 2010, 25, 727–732. [Google Scholar] [CrossRef]

	



Fernandes, K.R.; Magri, A.M.P.; Kido, H.W.; Parisi, J.R.; Assis, L.; Fernandes, K.P.S.; Mesquita-Ferrari, R.A.; Martins, V.C.; Plepis, A.M.; Zanotto, E.D.; et al. Biosilicate/PLGA osteogenic effects modulated by laser therapy: In vitro and in vivo studies. J. Photochem. Photobiol. B Biol. 2017, 173, 258–265. [Google Scholar] [CrossRef] [PubMed]

	



Gerbi, M.E.M.; Marques, A.M.C.; Ramalho, L.M.P.; Ponzi, E.A.C.; Carvalho, C.M.; Santos, R.D.C.; Oliveira, P.C.; Nóia, M.; Pinheiro, A.L.B. Infrared Laser Light Further Improves Bone Healing When Associated with Bone Morphogenic Proteins: An in Vivo Study in a Rodent Model. Photomed. Laser Surg. 2008, 26, 55–60. [Google Scholar] [CrossRef] [PubMed]

	



Márquez Martínez, M.; Pinheiro, A.; Ramalho, L. Effect of IR laser photobiomodulation on the repair of bone defects grafted with organic bovine bone. Lasers Med. Sci. 2008, 23, 313–317. [Google Scholar] [CrossRef] [PubMed]

	



de Oliveira, G.; Aroni, M.; Medeiros, M.; Marcantonio, E.; Marcantonio, R. Effect of low-level laser therapy on the healing of sites grafted with coagulum, deproteinized bovine bone, and biphasic ceramic made of hydroxyapatite and β-tricalcium phosphate. In vivo study in rats. Lasers Surg. Med. 2018, 50, 651–660. [Google Scholar] [CrossRef]

	



Peplow, P.; Chung, T.; Baxter, G. Laser photobiomodulation of wound healing: A review of experimental studies in mouse and rat animal models. Photomed. Laser Surg. 2010, 28, 291–325. [Google Scholar] [CrossRef]

	



Bayat, M.; Virdi, A.; Jalalifirouzkouhi, R.; Rezaei, F. Comparison of effects of LLLT and LIPUS on fracture healing in animal models and patients: A systematic review. Prog. Biophys. Mol. Biol. 2018, 132, 3–22. [Google Scholar] [CrossRef]

	



Sigurdsson, T.; Lee, M.; Kubota, K.; Turek, T.; Wozney, J.; Wikesjö, U. Periodontal repair in dogs: Recombinant bone morphogenetic protein—2 Significantly enhances periodontal regeneration. J. Periodontol. 1995, 66, 131–138. [Google Scholar] [CrossRef]

	



Ribeiro, D.A.; Matsumoto, M.A. Low-level laser therapy improves bone repair in rats treated with anti-inflammatory drugs. J. Oral Rehabil. 2008, 35, 925–933. [Google Scholar] [CrossRef]

	



Nascimento, S.B.; Cardoso, C.A.; Ribeiro, T.P.; Almeida, J.D.; Albertini, R.; Munin, E.; Arisawa, E.A.L. Effect of low-level laser therapy and calcitonin on bone repair in castrated rats: A densitometric study. Photomed. Laser Surg. 2010, 28, 45–49. [Google Scholar] [CrossRef]

	



Barbosa Pinheiro, A.; Limeira Júnior, F.; Márquez Gerbi, M.; Pedreira Ramalho, L.; Marzola, C.; Carneiro Ponzi, E.; Oliveira Soares, A.; Bandeira De Carvalho, L.; Vieira Lima, H.; Oliveira Gonçalves, T. Effect of 830-nm laser light on the repair of bone defects grafted with inorganic bovine bone and decalcified cortical osseous membrane. J. Clin. Laser Med. Surg. 2003, 21, 383–388. [Google Scholar] [CrossRef]

	



Queiroga, A. Evaluation of Bone Repair in the Femur of Rats Submitted to Laser Therapy in Different Wavelengths: An Image Segmentation Method of Analysis. Laser Phys. 2008, 18, 1087–1091. [Google Scholar] [CrossRef]

	



De Souza Merli, L.A.; De Medeiros, V.P.; Toma, L.; Reginato, R.D.; Katchburian, E.; Nader, H.B.; Faloppa, F. The low level laser therapy effect on the remodeling of bone extracellular matrix. Photochem. Photobiol. 2012, 88, 1293–1301. [Google Scholar] [CrossRef] [PubMed]

	



Santinoni, C. dos S.; Oliveira, H.F.F.; Batista, V.E. de S.; Lemos, C.A.A.; Verri, F.R. Influence of low-level laser therapy on the healing of human bone maxillofacial defects: A systematic review. J. Photochem. Photobiol. B Biol. 2017, 169, 83–89. [Google Scholar] [CrossRef] [PubMed]

	



Bölükbas, S.; Greve, T.; Biancosino, C.; Eberlein, M.; Schumacher, S.; Gödde, D.; Störkel, S.; Redwan, B. Diode-pumped neodymium:yttrium aluminum garnet laser effects on the visceral pleura in an ex vivo porcine lung model. Interact. Cardiovasc. Thorac. Surg. 2019, 28, 339–343. [Google Scholar] [CrossRef] [PubMed]

	



Medalha, C.C.; Santos, A.L.; Veronez Sde, O.; Fernandes, K.R.; Magri, A.M.; Renno, A.C. Low level laser therapy accelerates bone healing in spinal cord injured rats. J. Photochem. Photobiol. 2016, 159, 179–185. [Google Scholar] [CrossRef] [PubMed]

	



Babuccu, C.; Keklikoglu, N.; Baydogan, M.; Kaynar, A. Cumulative effect of low-level laser therapy and low-intensity pulsed ultrasound on bone repair in rats. Int. Assoc. Oral Maxillofac. Surg. 2014, 43, 769–776. [Google Scholar] [CrossRef]

	



Raina, B.; Qayoom, I.; Larsson, D.; Zheng, M.; Kumar, A.; Isaksson, H.; Lidgren, L.; Tägil, M. Guided tissue engineering for healing of cancellous and cortical bone using a combination of biomaterial based scaffolding and local bone active molecule delivery. Biomaterials 2019, 188, 38–49. [Google Scholar] [CrossRef]








[image: Biomolecules 10 00383 g001 550] 





Figure 1. (A) Experimental design. (A1) Monocortical osteotomy in the medial aspect of the proximal third of the tibia. (A2) Defects filled with biomaterial (BM) mixed with saline (SF). (A3) Defects filled with biomaterial—lyophilized bovine bone matrix (BM) mixed with heterologous fibrin biopolymer (HFB). (A4) Group 1 (BM + PBMT): defects filled with biomaterial and photobiomodulation therapy (PBMT). (A5) Group 3 (BM + HFB + PBMT): defects filled with biomaterial mixed with heterologous fibrin biopolymer and photobiomodulation therapy. Group 2 (BM + HFB): defects filled with biomaterial and nonlaser biostimulated. (A6) Illustration of the two laser-irradiated points for 24 s each. (A7,A8) Euthanasia periods of 14 and 42 days: five animals from each group/period. (B) Surgical procedures—cortical defect bone: (B1) medial aspect of the proximal third of the left tibia; (B2) monocortical bone defect of 2 mm; (B3) biomaterial mixed with fibrin biopolymer; (B4) defects filled with biomaterial mixed with fibrin biopolymer in the surgical cavity; (B5) tegument suture with 4–0 silk thread. (B6) Schematic representation of laser application. 
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Figure 2. Details of the parameters used for PBMT application. 
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Figure 3. Representative microcomputed tomography (µCT) image of the proximal third of the tibia for each rat group: 1 (BM + PBMT) (lyophilized bovine bone matrix with photobiomodulation therapy), 2 (BM + HFB) (lyophilized bovine bone matrix plus heterologous fibrin biopolymer) and 3 (BM + HFB + PBMT) (lyophilized bovine bone matrix plus heterologous fibrin biopolymer with photobiomodulation therapy) in the periods of (A) 14 and (B) 42 days. (A1,B1) Three-dimensional coronal section shows the cortical region of the defect, biomaterial particles (yellow arrow). (A2,B2) Two-dimensional sagittal section shows the cortical and medullary region of the defect filled by BM, defect in the cortical bone (red arrows). 
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Figure 4. (A) Histological views at 14 and 42 days in tibia defects filled with lyophilized bovine bone matrix graft with photobiomodulation therapy (Group 1, BM + PBMT), lyophilized bovine bone matrix graft plus heterologous fibrin biopolymer (Group 2, BM + HFB) and lyophilized bovine bone matrix graft plus heterologous fibrin biopolymer with photobiomodulation therapy (Group 3, BM + HFB + PBMT). Newly formed trabecular bone (TBnf), bone graft particles (asterisk), defect border (b), bone marrow (BM). (B) Graphs of volume density. Graphs (B1,B2) demonstrate the comparisons of the volume density of the new bone formed between the groups studied in the same period of experimentation (14 or 42 days). In (B3), the volume density of new bone formed in the same group in the two experiment periods (14 or 42 days) is compared (n = 5/group). Different uppercase letters (A ≠ B) indicate a statistically significant difference (p < 0.05). (hematoxylin and eosin (HE); original 10× magnification, bar = 500 µm; 40× magnified images, bar = 100 µm). 
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Figure 5. Time course of monocortical defect healing in rats tibia in groups: Group 1 (BM + PBMT) (defects filled with lyophilized bovine bone matrix (xenograft) with photobiomodulation therapy), Group 2 (BM + HFB) (defects filled with lyophilized bovine bone matrix plus heterologous fibrin biopolymer) and Group 3 (BM + HFB + PBMT) (defects filled with lyophilized bovine bone matrix plus heterologous fibrin biopolymer with photobiomodulation therapy) in the periods of 14 and 42 days. (A) At 14 days. (A1) In cortical area, all experimental groups show bone growth (asterisks) from the border of the defect (b) with immature trabecular conformation surrounded by connective tissue (CT). (A2) In the medullary area, for BM + PBMT, BM + HFB and BM + HFB + PBMT, fine bone trabeculae are noted around particles of the biomaterial (BM). (B) At 42 days. (B1) In the cortical area, increased bone formation in the bone defect border, presence of concentric laminae (inside the blue lined area) in Group 1 (BM + PBMT) and the blood vessel (red arrow) in Group 2 (BM + HFB) are observed. (B2) In the medullary area, the bone trabeculae are thicker and more compact with Haversian canals (black arrow) in Group 3 (BM + HFB + PBMT), in relation to the previous period with some biomaterial particles in all groups. (HE; original 100 × magnification; bar = 50 μm). 
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Table 1. Table of volume density of new bone formation (%).
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	BM + PBMT
	BM + HFB
	BM + HFB + PBMT





	14 days
	22.20 ± 1.77 Aab
	20.00 ± 1.87 Ab
	26.40 ± 1.03 Aa



	42 days
	33.20 ± 2.18 Bab
	31.60 ± 1.33 Bb
	38.20 ± 1.59 Ba







Different uppercase letters (comparison in columns, 14 vs. 42 days) indicate a statistically significant difference. Different lowercase letters (line comparison, BM + PBMT vs. BM + HFB vs. BM + HFB + PBMT in each period, 14 or 42 days) indicate a statistically significant difference. Student’s t and Tukey’s test, respectively, both at 5% probability.
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