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Abstract

:

In this preclinical protocol, an adjunct method is used in an attempt to overcome the limitations of conventional therapeutic approaches applied to bone repair of large bone defects filled with scaffolds. Thus, we evaluate the effects of photobiomodulation therapy (PBMT) on the bone repair process on defects filled with demineralized bovine bone (B) and fibrin sealant (T). The groups were BC (blood clot), BT (B + T), BCP (BC + PBMT), and BTP (B + T + PBMT). Microtomographically, BC and BCP presented a hypodense cavity with hyperdense regions adjacent to the border of the wound, with a slight increase at 42 days. BT and BTP presented discrete hyperdensing areas at the border and around the B particles. Quantitatively, BCP and BTP (16.96 ± 4.38; 17.37 ± 4.38) showed higher mean bone density volume in relation to BC and BT (14.42 ± 3.66; 13.44 ± 3.88). Histologically, BC and BCP presented deposition of immature bone at the periphery and at 42 days new bone tissue became lamellar with organized total collagen fibers. BT and BTP showed inflammatory infiltrate along the particles, but at 42 days, it was resolved, mainly in BTP. In the birefringence analysis, BT and BTP, the percentage of red birefringence increased (9.14% to 20.98% and 7.21% to 27.57%, respectively), but green birefringence was similar in relation to 14 days (3.3% to 3.5% and 3.5% to 4.2%, respectively). The number of osteocytes in the neoformed bone matrix proportionally reduced in all evaluated groups. Immunostaining of bone morphogenetic protein (BMP—2/4), osteocalcin (OCN), and vascular endothelial growth factor (VEGF) were higher in BCP and BTP when compared to the BC and BT groups (p < 0.05). An increased number of TRAP positive cells (tartrate resistant acid phosphatase) was observed in BT and BTP. We conclude that PBMT positively influenced the repair of bone defects filled with B and T.
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1. Introduction


Bone tissue presents good regenerative capacity, and, on several occasions, it has the property of restoring its original bone structure both in architecture and in physiology [1,2]. However, certain physiological, pathological, or accidental conditions associated with extrinsic factors such as smoking and chronic alcoholism can affect bone homeostasis and affect the prognosis of bone tissue regeneration [3,4,5,6].



In addition, in cases of large bone defects in which the regenerative physiological capacities are exceeded, reconstructive surgery procedures with bone grafting as an important treatment technique are required [7,8]. Among all grafts available for clinical application, autogenous bone is still considered a “gold standard”, since all the characteristics required for bone regeneration in terms of osteoinduction, osteoconduction, and osteogenesis are combined. However, the autograft presents some limitations such as limited availability and complications at the donor site [9,10].



Given these limitations, there is an increase in the search for mechanically and biologically adequate bone substitutes capable of repairing critical-size bone defects by a new tissue with morphofunctional characteristics similar to the original [11,12]. Within the available options, bovine xenografts are the second most frequently used option with promising results [13,14] because of their crystallinity, chemical composition similar to human bone, and naturally porous architecture [15].



Often, bone substitutes are incorporated into three-dimensional scaffolds, such as fibrin sealants, to form a graft mixture moldable to the receptor bed, preventing the dispersion of particles and providing structural stability, favoring the adhesion of bioactive molecules and cells, and providing conditions for proliferation and cell differentiation [16]. Among the commercially available fibrin sealants, human blood derivatives have been used in experimental and clinical studies, composed of fibrinogen and human factor XIII, reconstituted in antifibrinolytic solution (aprotinin), in addition to human thrombin reconstituted in calcium chloride solution [17,18].



In recent years, innovative modalities, such as low-intensity pulsed ultrasound, photobiomodulation therapy (PBMT) with low-level laser, and hyperbaric oxygen therapy, or their combination, are being evaluated in an attempt to improve metabolism and accelerate the bone repair process [19,20,21,22]. Photobiomodulation has been shown to be capable of biostimulation of bone cells during in vitro or in vivo studies [23,24,25]. The most accepted hypothesis in relation to the mechanism of action is that monochromatic laser photons activate chromophores in the cell’s cytochrome C oxidase, resulting in accelerated cellular activity, increased ATP and alkaline phosphatase (ALP) concentrations, and calcium release [25,26].



Despite the previous existence of publications on the use of three-dimensional scaffolds in regenerative medicine and the growing interest in adjuvant methods that seek to overcome the limitations of conventional therapeutic approaches for bone repair, few studies have investigated the effect of PBMT associated with biomaterials on the process of bone regeneration.



Therefore, we aim to evaluate the effects of PBMT in the repair of critical bone defects in rat calvaria filled with bone substitute and fibrin sealant, by means of qualitative and quantitative microtomographic, histomorphological studies using Masson’s trichrome and Picrosirius red staining, and immunohistochemical analysis with BMP—2/4, OCN, VEGF and TRAP immunomarkers.




2. Materials and Methods


2.1. Bone Graft Substitutes—Xenograft


We used the inorganic matrix Bio-Oss™ (Geistlich Pharma AG, Wolhusen, Switzerland), from bovine bone cortical material with a calcium-phosphorus ratio and a structure very close to human hydroxyapatite (Ministry of Health Registration ANVISA No. 806.969.30002), with the following physicochemical characteristics: granules of cancellous bone (0.25–1 mm); demineralized bovine bone (B) matrix–xenograft; sterilization, γ-irradiation; pores sizes, macropores (300–1500 µm) and micropores (size of Haversian and vascular marrow canals); amount, 2.0 g vial; purification process, multi-phase (thermal deproteinization processes, temp < 900); intracrystalline spaces, 3–26 nm; porosity, 70–75% of the total volume; internal surface area, 100 m2/g; and compressive strength, 35 MPa.




2.2. Fibrin Sealant—Human-Blood Derived


The fibrin sealant Tisseel (T) has part of its constituents derived from human plasma. Tisseel Lyo™ is the trademark manufactured by Baxter Healthcare Ltd., Norfolk, United Kingdom, with Ministry of Health Registration ANVISA No. 1.0683.0182. It is available in four glass vials containing: component 1 containing Tisseel Lyo powder (sealant protein)—freeze-dried, with 91 mg/mL human fibrinogen; component 2 containing powdered thrombin—freeze-dried, with 500 IU/mL human thrombin; component 3 containing aprotinin—diluent solution of component 1 containing 3000 UIC/mL synthetic aprotinin; component 4 containing calcium chloride solution—diluent for component 2 containing 40 μmol/mL of calcium chloride. Tisseel Lyo™ contains 0.6–5 IU/mL human coagulation factor XIII, which is isolated from plasma together with human fibrinogen.



In preparation and reconstitution of the fibrin sealant, all vials were initially preheated in a water bath for approximately 3 min at a temperature of 33–37 °C, controlled by a mercury thermometer (Thermometers Labor™, São Paulo, Brazil). The aprotinin solution was then transferred to the flask containing the freeze-dried Tisseel Lyo™ powder and the calcium chloride solution into the vial containing freeze-dried thrombin, shaking rapidly, but avoiding foaming. The flasks with the solutions of sealant protein and thrombin solution were then returned to the water bath for one minute to be used. The solutions were maintained at this temperature throughout the surgical procedure until the moment of use within 4 h after reconstitution (Figure 1A).




2.3. Experimental Design


Thirty-six Wistar rats were obtained from the bioterium of the Ribeirão Preto (University of São Paulo—USP, Brazil), following the inclusion criteria: Wistar rats (Rattus norvegicus), adult male, healthy, and weighing around 400 g.



The animals were received at 42 days of age and, during the entire experimental period, they were housed in cages containing four animals each (Bioterium of Bauru School of Dentistry—USP, Brazil). The cages had feeders and drinkers “ad libitum” (NuvilabTM rat chow, Nuvital, Colombo, Brazil and filtered water) in an air-conditioned environment, period dark–light 12/12 h, humidity 60% ± 10, air exhaustion, lighting 150 lux/1 m floor, maximum noise 70 dB (decibel), and temperature 22 °C ± 2 °C.



This study was carried out with approval of the Institutional Review Board on Animal Studies of Bauru School of Dentistry, USP, Brazil (Protocol No. CEEPA-019/2016; 3 October 2016). This preclinical study was performed according to the ARRIVE (Animal Research: Report of in vivo Experiments) guidelines [27] and experimentally designed on the principles of NC3Rs (National Center for Replacement, Refinement, and Reduction of Research Animals). During all experimental phases, the animals were monitored for apathy, pain expression, aggressiveness and overexcitement, symptoms of depression, and other characteristics that may have altered their usual behavior. Possible changes in gait, facial expression and posture were also investigated. It was also observed if the animals had any unusual behaviors such as changes in water and food consumption, as well as possible clinical symptoms.



The 90-day-old animals were randomized into two broad groups: BC, n = 16 (blood clot, surgical cavity with blood clot) and BT, n = 20 (surgical cavity with demineralized bovine bone and fibrin sealant) and that these groups were further subdivided into BC, n = 8 (surgical cavity with blood clot without PBMT), BCP, n = 8 (surgical cavity with blood clot and PBMT), BT, n = 10 (surgical cavity with demineralized bovine bone and fibrin sealant without PBMT), and BTP, n = 10 (surgical cavity with demineralized bovine bone and fibrin sealant and PBMT), according to the treatment provided (Figure 1).




2.4. Surgical Procedures


The same team of professionals performed all surgical procedures. The surgeries were performed under general anesthesia with Xylazine 10 mg/kg (Anasedan™, Ceva, Paulínia, Brazil) and Ketamine 50 mg/kg (Dopalen™, Ceva, Paulínia, Brazil). A semi-lunar incision was made to expose the cortical bone extensively and thus to avoid damages to the periosteum and adjacent tissues by the trephine.



Craniotomy was then performed using an 8 mm diameter trephine drill (Neodent™, Curitiba, Brazil) with continuous irrigation, sterile saline solution 0.9% sodium chloride JPTM (JP Farma—Pharmaceutical Industry, Ribeirão Preto, Brazil) to avoid osteonecrosis, in the center of parietal bones, including the sagittal suture [28].



The surgical cavities in the BC group received 0.25 mm3 of cardiac puncture blood (Figure 1B1) [29]. In BT, they received 0.1 mm3 (equivalent to 0.03 mg) of B incorporated into 40 µL of fibrinogen solution reconstituted in aprotinin and 40 µL of thrombin solution reconstituted (Figure 1A4). The amounts of demineralized bovine bone and fibrin sealant used were previously established in a pilot study.



After the grafts had been repositioned, the periosteum and overlying tissues were repositioned to reduce the risk of invagination into the bone defect [30].



For post-surgical recovery, the animals were exposed to incandescent light and received a single oral dose of paracetamol 200 mg/kg (Paracetamol, Medley, São Paulo, Brazil) dissolved in water available in the cages.




2.5. Photobiomodulation Therapy Protocol


Photobiomodulation with a 830 nm gallium–aluminum–arsenide (GaAlAs) laser (LaserpulseTM IBRAMED, Amparo, Brazil) (Figure 1C) was used to apply low-level laser therapy (LLLT) transcutaneously, contact and static mode at four point with the hand piece positioned perpendicular to the surgical area. The animals of Groups BCP and BTP underwent laser irradiation with the following parameters (Figure S1, Supplementary Materials) [21,28].




2.6. Euthanasia


The animals were randomly divided to be euthanized after 14 and 42 days of the surgical procedure. They received an excessive dose of xylazine/ketamine, following the guidelines of the National Council for the Control of Animal Experimentation (CONCEA/Brazil). In the BC and BCP groups, 4 animals/period; in BT and BTP, 5 animals/period. The skin-coated skulls were collected and fixed in 10% phosphate-buffered formalin (AllkimiaTM—Commerce of Materials for Laboratories LTDA, Campinas, Brazil) for 48 h and subsequently sent for microtomographic examination.




2.7. Micro-CT Scanning


After fixation in formalin solution, the specimens were subjected to X-ray beam scan in the computed microtomographic machine SkyScan 1174v2 (μ-CT, Bruker micro-CTTM, Kontich, Belgium). The images were captured with 0.73° at each pace, 13.76 µm voxel, and further reconstructed using NReconTM v.1.6.8.0, SkyScan, 2011 (Bruker micro-CTTM, Kontich, Belgium). Ring artefact and beam hardening corrections were applied in reconstruction. Afterward, the reconstructed images were realigned using DataViewerTM 1.4.4.0 software (Bruker micro-CTTM, Kontich, Belgium).



The region of interest was chosen as a sleeve around new-formed bone (NFB) and bone particles individually with 0.5 mm of thickness in the plan coronal, using the CTAnTM 1.10.1.0 software (SkyScan, Kontich, Belgium), based on the average diameter and minimum height (8 × 0.8 mm) obtained between the samples, to quantify the structures. Subsequently, the binarization of the images (separation of the biomaterial and NFB phases) was performed with the upper and lower limits (grayscale threshold) for neoformed bone 130–72 and biomaterial 130–255, and then the volume of each phase. Afterward, the bone volume (BV), percent bone volume (bone volume/trabecular volume, BV/TV), and bone mineral density (BMD) were measured for each dataset and the remaining particle percentages were taken by subtracting the bone volume (BV/TV) of the bigger amount of bone particles from the bone volume (BV/TV) of total amount of bone particles (Figure S2, Supplementary Materials).




2.8. Histotechnical Processing


Subsequently, the pieces were washed in tap water for 24 h and placed in 10% ethylenediaminetetraacetic acid (EDTA) solution containing 4.13% TitriplexTM III (Merck KGaA, Darmstadt, Germany) and 0.44% sodium hydroxide (LabsynthTM, São Paulo, Brazil) for a period of 7 weeks. Specimens were submitted to standard histological procedures for embedding in HistosecTM (Merck KGaA, Darmstadt, Germany).



Semi-serial sections with a 5 μm thick coronal plane were used to reach the center of the 8 mm defect using the scale free size tool available in DP controller software (3.2.1.276—2001-2006, Olympus CorporationTM, Tokyo, Japan). Subsequently, the sections were stained by Masson’s trichrome, hematoxylin, and eosin (for analysis of osteocytes), picrosirius red solution and against Harris hematoxylin stain (for evaluation of total collagen fibers, type 1 and 2), and immunostaining for markers of bone formation and resorption (vascular endothelial growth factor, VEGF; bone morphogenetic protein; BMP—2/4; osteocalcin, OCN; tartrate-resistant acid phosphatase, TRAP).




2.9. Histological Evaluation of Defects Bone Healing


The histologic sections were analyzed by light microscopy (OlympusTM model BX50) at approximate magnifications of 10 and 40×. In sections stained with Masson’s trichrome, the evaluation consisted of description of the healing events such as granulation tissue, bone neoformation and remodeling, inflammation, and the interaction between the biomaterial bone graft and newly formed bone.



This staining makes it possible to differentiate original mature bone, stained red, and newly formed (young) bone, which stains green. This technique is also used for connective tissue, staining its collagen fibers in green, highlighting them from other tissue elements.




2.10. Birefringence Analysis of Collagen Content of Bone Healing Defects


Picrosirius red staining was used to determine the quality and quantity of a new organic matrix in the studied periods of 14 and 42 days of repair. Images were obtained from the defect using higher-resolution Leica DFC 310FX camera (LeicaTM, Microsystems, Wetzlar, Germany) connected to confocal laser microscope and capture system (Leica DM IRBE, LeicaTM, Microsystems, Heerbrugg, Switzerland). Three histological fields (10× magnification) were captured corresponding fully to the defect. All remaining bone present in the histological fields and removed from the images were then selected to avoid counting these fibers in Adobe Photoshop CS6 software.



The Images were transferred to AxioVision Rel. 4.8 Ink analysis software (Carl Zeiss MicroImagingTM GmbH, Jena, Germany) and the total area, the biomaterial area of the particles and the area of connective tissue plus newly formed bone, was determined with dashed lines, yielding values in pixels2. The birefringence analysis of the collagen content of bone healing defects is shown in Figure S3 (Supplementary Materials).



Using the interactive processing–segmentation–threshold tool, the RGB color standard was determined for each color. Then, the density area or percentage (%) area analysis of each fiber type per color was assessed. Woven bone was recognized by its random, unorganized fibrillar pattern, usually with polarization colors ranging from red-orange (poorly organized woven bone) and lamellar bone (bright green/yellow), depending on fiber width.




2.11. Quantitative Analysis of Osteocytes in Newly Formed Bone Tissue


The analysis of osteocytes was performed in two pre-established areas referring to the new bone tissue formed at the edges of the lesion site. The hematoxylin- and eosin-stained images were captured at 20× magnification and evaluated using the AxioVision Rel. 4.8 Ink software (Carl ZeissTM MicroImaging GmbH, Jena, Deutschland). The areas of bone neoformation and medullary channels were manually surrounded with dashed lines to determine the total matrix area in pixels2 (px2 = 0.528 mm2). Then, three horizontal lines were drawn from each total matrix area to count the osteocyte nuclei in each one. The collected data were analyzed using Microsoft Excel 2016 and GraphPad PrismTM Software, Inc, with significance level set at p < 0.05 (Figure S4, Supplementary Materials).




2.12. Immunohistochemical Processing


Standard deparaffinization, rehydration, and antigen-recovery procedures were used. Briefly, xylene and ethanol were used to deparaffinize and rehydrate the tissues and, for antigen recovery, the tissues were incubated in a sodium citrate buffer in a pressurized chamber (Decloaking chamber, Biocare MedicalTM, Concord, CA, USA) at 95 °C for 20 min. Then, endogenous peroxidase and nonspecific sites were blocked using 3% hydrogen peroxide for 1 h and bovine serum albumin (Sigma AldrichTM Chemical Co, St. Louis, MO, USA) for 12 h, respectively.



Histological sections were divided into four batches and each batch was incubated with one of the following primary antibodies: anti-VEGF (dil. 1:200, sc-7269, Santa Cruz BiotechnologyTM, Dallas, TX, USA), anti-BMP 2/4 (dil. 1:200, sc-9003, Santa Cruz BiotechnologyTM, Dallas, TX, USA), and anti-OCN (dil. 1:100, sc-365797, Santa Cruz BiotechnologyTM, Dallas, TX, USA) e anti-TRAP (dil. 1:200, sc-376875, Santa Cruz BiotechnologyTM, Dallas, TX, USA). For signal amplification, the sections were incubated with biotinylated secondary anti-mouse/rabbit IgG antibody generated for 2 h (BA-1400, Vector LaboratoriesTM, Burlingame, CA, USA) and subsequently treated with streptavidin conjugated to horseradish peroxidase—HRP (SA-5004, Vector LaboratoriesTM, Burlingame, CA, USA) for 1 h. The development was carried out using the 3,3′-diaminobenzidine tetrachlorhydrate (SK-4105, Vector LaboratoriesTM, Burlingame, CA, USA) as a chromogen. Counterstaining with Harris hematoxylin was performed for the samples used to detect VEGF, BMP—2/4, and OCN, and counterstaining did not use counterstaining in the samples used to detect TRAP, to assist in the counting of immunostained cells. As negative control, the specimens were submitted to the same procedures, eliminating the use of the primary antibody.



This evaluation was executed with the aid of an optical microscope (Axio ScopeTM, Carl Zeiss Microscopy GmbH, Göttingen, Germany) with attached digital camera (AxioCamTM MRc5, Carl Zeiss Microscopy GmbH, Dublin, CA, USA), connected to the microcomputer, at 40× and 100× magnification of the original augmentation, over the entire length of the bone defect.



The images of the appropriate histological slides were captured using the software ZEN 2 (Blue edition; version 6.1.7601; Carl Zeiss Microscopy GmbH, Dublin, CA, USA). The extent of staining was recorded by a trained and blinded examiner for the experimental groups. For VEGF, BMP—2/4 and OCN, a semi-quantitative analysis was performed using three histological sections of each animal.



The scores for quantification were as follows [31,32]: score 0 = absence of immunostaining; score 1 = low immunostaining (less than 1/3 of the immunoreactive cells and weak marking in the extracellular matrix); score 2 = moderate immunostaining (about half of the immunoreactive cells and moderate staining in the extracellular matrix); and score 3 = high immunostaining (more than 2/3 of the immunoreactive cells and strong marking in the extracellular matrix). For TRAP, a quantitative analysis was performed using three histological sections of each animal in the original 400× magnification. TRAP-positive cells were expressed per mm².




2.13. Statistical Analysis


All tests were performed using GraphPad Prism version 5.00 for Windows (GraphPad SoftwareTM, San Diego, CA, USA). First, the data obtained were subjected to a normality test (Kolmogorov–Smirnov) and homogeneity of variance (Bartlett’s test). The data homogeneously distributed (percentage of bone, materials and connective tissue, osteocyte number, and TRAP + cell number) were subsequently subjected to parametric analysis: one-way ANOVA followed by the Tukey test to compare different treatments (BC vs. BCP vs. BT vs. BTP) for each experimental period, and a “t” test to compare the influence of time (14 or 42 days) for each treatment.



The percentage data obtained for the micro-CT and histology were submitted to Pearson’s correlation test. For nonparametric data (BMP, VEGF, and OCN scores), Kruskal–Wallis followed by Dunn’s post-test and the Mann–Whitney test were used because of the non-normal distribution of the data. The tests were performed with a 5% statistical significance level (p < 0.05).





3. Results


Regarding the animals used in this preclinical experiment, there were no complications that needed to be reported, as well as no disease or evident sign that led to the removal of an animal (clinical outcome).



3.1. µ-CT Analysis at 14 and 42 days


The descriptive analysis of the microtomographic images is shown in Figure 2 (transaxial, 2A1–2B1, and coronal, 2A2–2B2 sections). In all groups, as observed in the coronal and transaxial sections, they presented a pattern of bone growth from the edges of the irregular defect in their distribution.



In the 14-day period, a hypodense cavity was observed in both the BC and BCP groups, which corresponded to the bone fragment removed, laterally delimited by the hyperdense bone border and by hyperdense regions related to the centripetal growth of the newly formed bone tissue. In the groups BT and BTP, every area of the defect was filled by hyperdense xenograft particles and correctly positioned, without extravasation.



At 42 days, evaluating all extension of the defect in the BC and BCP groups, an increase was observed in the hyperdensity of the area near the edges of the defect and some islets, with a more organized structure mainly in the BCP group. In the same period, the BT and BTP groups presented the defects still completely filled with the xenograft particles, with a discrete appearance of fine bone trabeculae on the edge of the defect and overlapping the dura mater.



The morphometric data of the 3D microtomographic images of volume and percentage obtained in the CTAn program (SkyscanTM Company, Kontich, Belgium) are presented in Table 1. The defect/graft volume, total volume (TV), of the clot-filled groups (BC and BCP) was related to the volume of the bone block surgically removed, while the TV of the groups filled with biomaterial (BT and BTP) was of the grafted volume. Thus, at 14 days, TV in BT and BTP (mean 113.41 mm3) was 212% greater than that of the defect in groups BC and BCP (mean 36.37 mm3) and did not change at 42 days.



Regarding the material volume (MV), only in the BT and BTP groups the biomaterial particles (MV of 40 mm3) occupied 35.89% of the TV, with no differences between groups and periods.



In the analysis of bone volume (BV) in all experimental groups, bone formation was discreet and occurred near the edge of the defect and on the surface of the dura mater. In the groups filled with clot (BC and BCP), at 14 days the BV/TV averaged 8.11% (BV = 2.98 mm3) and increased to 15.69% (BV = 5.68 mm3) at 42 days. Meanwhile, in the groups treated with biomaterial, they were similar between groups and periods, occupying 15.97% (BV = 17.84 mm3).



Hypodense images (black) referred to connective tissue, StV, as seen in histological sections. At 14 days, in the BC and BCP groups, the soft tissue occupied 91.89% (StV = 33.4 mm3) of the defect, decreasing to 84.51% (StV = 30.25 mm3) at the end of the experiment because of the increase in bone formation. In the BT and BTP groups, due to the presence of biomaterial particles, the StV/TV was only 48.13% (StV = 54.65 mm3), with no differences between groups and periods.




3.2. Histological Evaluation of Defects Bone Healing


At 14 days, the BC and BCP groups presented a thin layer of newly formed bone on the dura mater surface, with the presence of total collagen fibers parallel to the long axis of the created defect and granulation tissue rich in cells and blood vessels. The BT and BTP groups presented discrete new bone formation at the defect border and small osteoid matrix locus surrounding the demineralized bovine bone particles. Inflammatory infiltrate diffusely distributed in the interstitium was observed. The BTP group had small osteoid matrix locus, with more organized total collagen fibers (Figure 3A1).



At 42 days, the BCP group exhibited a slight increase in the thickness of new bone tissue, already with characteristics of diploid and presence of organized total collagen fibers in relation to the BC group. In both groups, no specimen presented complete closure of the defect or restoration of the original calvaria thickness (Figure 3A2).



In the same period, the BT and BTP groups presented tissue reaction in resolution phase, with few inflammatory cells. The height of the graft area was maintained throughout the experiment. The bone formation was confined to the defect edges and overlying the dura mater, but with higher bone density and denser and lamellar arrangement in the BTP group (Figure 3A2).




3.3. Picrosirius Red Staining Showed Less Bone Collagen Organization/Maturation


At 14 days, representative images of picrosirius red staining showed similar predominance of red-orange birefringence in all experimental groups, corresponding to fine and disorganized collagen fibers with higher mean in the BC group (average 12.2%), but without significant difference in relation to the other BCP, BT, and BTP (means 10.5%, 9.14%, and 7.21%, respectively) (Figure 4A1,A2,C3).



At this period, the percentage of green birefringence fibers was higher in the BTP group (average 3.59%) compared to the other experimental groups, with significant difference from the BC group (mean 1.23%), but without statistical difference in relation to BCP and BT (2.38% and 3.37%, respectively) (Figure 4A1,A2,C2).



Regarding the percentage of fibers with yellow birefringence, there was no significant difference in all groups analyzed (Figure 4A1,A2,C4).



At 42 days, red-orange birefringence gradually decreased in the BC and BCP groups (means 12.2% to 6.4% and 10.5% to 9.16%, respectively), but without significant difference, while green birefringence increased proportionally (means 1.2% to 7.2% and 2.4% to 5.5%, respectively) (Figure 4B1,B2,C3). In the BT and BTP groups, the percentage of red birefringence increased (means 9.14% to 20.98% and 7.21% to 27.57%, respectively), but green birefringence remained similar in relation to the previous period (means 3.3% to 3.5% and 3.5% to 4.2%, respectively) (Figure 4B1,B2,C2,C3).




3.4. Quantitative Analysis of Osteocytes in Newly Formed Bone Tissue


Osteocyte density was obtained using the ratio of the number of osteocytes to the bone area (mm2). The comparative evaluation between the experimental groups, at 14 and 42 days, did not reveal a statistically significant difference (p = 0.9265 and p = 0.1609, respectively). In contrast, in evaluating the influence of time within each group, the same pattern was observed with a significant decrease in osteocyte density values in BC, BCP, BT, and BTP at 42 compared to 14 days (Table 2).




3.5. Immunolabelling Findings for BMP—2/4, VEGF, OCN and TRAP


The immunohistochemical technique used for the detection of VEGF, BMP—2/4, OCN, and TRAP showed high specificity in the detection of such proteins, which was proven by the total absence of labeling in the negative control. The immunoreactive cells showed a dark brown color confined exclusively to the cytoplasm, in the case of TRAP, and confined to the cytoplasm and, to a lesser extent, to the extracellular matrix, in the case of BMP—2/4, VEGF and OCN.



In BMP—2/4, during the entire study period, BMP—2 was mainly expressed in connective tissue at the margins of the defect, around the biomaterial particles and in the matrix of new bone. It presented the same immunostaining pattern at 14 and 42 days, with the BCP and BTP groups having a moderate pattern, with no statistical difference between them, in contrast to the non-biostimulated groups, with a low pattern (Figure 5A1 and Table 3).



In VEGF, positive staining for angiogenic growth factor was observed in all groups, being more pronounced in BCP and BTP in the initial phase, but with no difference between them. Thus, at 42 days, the immunostaining of these groups by VEGF ranged from moderate to high, with no statistical difference between them (Figure 5A2 and Table 3). In the OCN immunomarker, the presence of positive staining for this transcription factor in the tissue and around the biomaterial particles was evaluated in all groups. At 14 days, the biostimulated groups, BCP and BTP, showed a moderate pattern of immunostaining, but without statistical difference between them. The BC and BT groups showed a low staining pattern. At 42 days, the BTP group showed a statistically significant increase in the positive staining of the protein, close to the mineralized bone matrix, compared to the other groups (except BCP), which remained with the same pattern until the end of the experiment (Figure 5B1 and Table 3).



Regarding the immunomarker TRAP, comparatively between groups, at 14 days, it was found that the BC group had a lower number of positive TRAP cells (2.8 ± 0.84) statistically significant compared to BCP, BT, and BTP (4.8 ± 0.83; 20.2 ± 4.02 and 30.4 ± 1.34, respectively, p = 0001). Additionally, the same immunostaining profile was found at 42 days. Throughout the experimental period, an influence of time was noted on the increase in the number of cells with positive staining for TRAP activity only in the BTP group (30.4 ± 1.34 vs. 36.6 ± 4.51, p = 0.0185) (Figure 5B2 and Table 4).





4. Discussion


Laser photobiomodulation therapy directly interferes with tissue healing, increasing local circulation, cell proliferation, and collagen synthesis [33,34,35]. However, few studies report its influence on the bone repair process of critical defects filled with bone substitute materials associated with fibrin sealants. Thus, the methodology used in this study showed that laser photobiomodulation favored the bone repair process of critical defects filled with xenograft and derived from human blood fibrin sealant in calvaria of rats.



Animal calvaria is an anatomical region widely used in experimental models of critical-size bone defects because of morphological and embryonic similarity to the craniofacial region [36,37,38]. It is an area with limited mechanical forces and relative stability of adjacent structures, providing a favorable microenvironment for analysis of the interaction between biomaterials, newly formed bone, and the remaining bone [39].



In the search to aid the repair of defects, GaAIAs laser photobiomodulation therapy has been indicated as an adjunct to the surgical technique because it is able to reach deeper tissues because of malabsorption by water and skin pigments [40,41]. In this study, the therapy started after the surgical procedure because it is believed that a laser exerts better results in the initial phase of repair, since research in the area has a preference for postoperative transcutaneous irradiation for increasing angiogenesis, gene expression, and proteins intrinsically related to the bone repair process [42,43]. Other studies further claim that a laser improves the quality and quantity of the bone formed at this stage [44].



The infrared wavelength (830 nm) in continuous mode was chosen because of its lower loss, which can reach up to 37% of its intensity after a depth of 2 mm [45]. With the knowledge that the pericranial soft tissues that cover the parietal bones present thin thickness, it is believed that the dispersion of photons is minimal. The decision to use this laser therapy protocol is based on previous studies with satisfactory results [21,28,46,47]. However, there is no consensus as to the ideal protocol to be applied in an experimental model of defect in rat calvaria, which may conflict with the results found in different studies that were due to the difficulty of standardizing the methods.



In a preliminary study by our group of researchers, previously published, with qualitative microtomography (2D), histomorphological, and histomorphometric evaluations of new bone tissue on slides stained with hematoxylin and eosin (HE), it was possible to conclude that the support system (biocomplex), formed by fibrin sealant and xenograft, associated with the proposed PBMT protocol, created a positive microenvironment in the bone repair process [28].



In addition, the scientific literature reports numerous intrinsic characteristics of these materials directly correlated with the mechanism of action in the bone regeneration process, suggesting, when associated, the formation of a tissue construction with synergistic effects [16,47,48,49,50,51,52,53,54,55] (Table 5).



From this, we decided to deepen with the realization of this new study with new analyses, to corroborate or not these findings through new evaluations. 3D microtomographic quantification was performed to provide a detailed view of bone growth from end to end of the defect [56]. A new histological evaluation was also performed using Masson’s trichrome stain to accurately differentiate the original mature bone tissue (red) from newly formed immature bone (green) [57,58]. Qualitative and quantitative analysis of the birefringence of collagen fibers was also performed to assess the stage of maturation of the fibers present in the bone tissue by means of polarized microscopy [59,60]. In addition, quantification of osteocytes, immunostaining with BMP—2/4, VEGF, OCN, and TRAP, qualitative and quantitative, were also evaluated. To enable the comparative effect of the results, we used the same principles of the preliminary study, with a similar methodology.



In the two-dimensional reconstructions obtained by μ-CT, the BC and BCP groups at 14 days presented a hypodense cavity corresponding to the space filled by granulation tissue and osteoid matrix, confirmed in the histological sections. In the 42-day period, there was an increase in the hyperdensity of these neoformed areas, related to mineralized bony trabeculae, limited to the borders of the wound, with some islets more evident in the biostimulated BCP animals. These results are in agreement with the findings of Wang et al. [61], which state that laser photobiomodulation therapy contributes to the physiological process of bone formation in calvarial defects of critically sized, blood-clotted rats.



In the BT and BTP groups, all animals had xenograft particles at the insertion site for up to 42 days, without significant variation in the percentage of the total volume of the biomaterial. This finding can be explained by studies by Galindo-Moreno et al. [62], which related the slow reabsorption of bovine hydroxyapatite with its high porosity and the wide surface area. In other studies, they have demonstrated that plasma membrane receptors in osteoclasts recognize elevated calcium levels around the graft particles, leading to inhibition of the activity of this cell and its evasion [63,64,65].



Through the coronal and transaxial sections, it was possible to observe the correct positioning of the graft in the surgical area, without extravasation of the particles. This is due to the agglutinating action of the fibrin sealant on the graft particles, which ensured a proper fixation. The same findings were observed by Chen et al. [66], Brown, Barker [67], and Scognamiglio et al. [68], who concluded that agglutinating action is a determinant factor to promote graft stability to the recipient bed, avoiding micromotion that could interfere in the biological processes involved in the bone consolidation.



Histologically, at 14 days, the BC and BCP experimental groups had a large amount of loose connective tissue and bone formation limited to the periphery of the defect. These results corroborate studies that affirmed that new bone formation begins at the defect margins, overlapping the dura mater, probably stimulated by growth factors such as morphogenetic proteins, released in this region because of vascular rupture resulting from the surgical procedure and the underlying presence of periosteum, which is a source of mesenchymal stem cells [69].



At study completion, new bone formation remained on the wound margin, with thicker, compact bone trabeculae, and complete closure of the defect occurred by fibrous connective tissue. This cellular behavior agrees with studies that reported as a critical-size bone defect, since the lack of growth and nutrition factors at the center of the surgical area limits osteoblastic differentiation, facilitating the growth of fibroblasts [28,70]. In the same period, the BT and BTP groups presented inflammatory cells involving the xenograft particles, a cellular mechanism inherent to the implantation of biomaterials in tissues in vivo [71,72]. However, this biological response did not elicit an intense inflammatory reaction that could compromise the entire surgical procedure. This can be explained by the nature of materials used in this study, which provide a controlled and bioinert tissue response in the physiological microenvironment [73].



At 42 days, this inflammatory infiltrate showed to be in the resolution phase, being more evident in the group treated with laser photobiomodulation, BTP, a result also observed by Kazancioglu et al. [74] and de Oliveira et al. [75]. Studies have demonstrated the effectiveness of laser photobiomodulation therapy in the inflammatory process by reducing the synthesis of reactive oxygen and nitrogen species (ROS and RNS), leading to modifications in the expression of anti-inflammatory and pro-inflammatory chemical mediator genes [76,77].



Regarding the material volume of the demineralized bovine bone (B), in the BT group there was a slight decrease in the means when compared to BTP (36.20 ± 5.71% to 35.99 ± 7.00%; 37.52 ± 5.75% to 33.85 ± 4.50%, respectively). This may be related to the direct action of laser photobiomodulation in the activation of nuclear factor-κB ligand (RANKL), influencing the maturation and differentiation process of osteoclasts responsible for the degradation of particles [78,79]. At 42 days, there was an increase in new bone formation and decrease in soft tissue volume in BCP group. Scientific studies have reported the positive effect of PBMT on the bone consolidation process by stimulating mitochondrial respiration, and increasing ATP synthesis, local blood flow, and collagen production, and consequently inducing proliferation and differentiation of osteoprogenitor cells [80,81].



When we compare the quantitative data of the previous study [28], carried out on slides, with the present study, quantified in microtomography, we can observe different data. For example, at 42 days, with graft and PBMT, the percentage of new bone formed was 10.64 ± 0.97 on slides and 17.37 ± 4.38 on micro-CT. This occurred because of the difficulty of binarization or separation of the biomaterial from the neoformed bone phase, which cannot be performed correctly because of the isoradiographic density of particles of the material and of the parietal bones [69,82].



Regarding the histochemical analysis of collagen fibers by picrosirius red staining, all groups initially analyzed demonstrated the formation of thin and disorganized type III collagen fibers with a gradual increase in birefringence throughout the periods [59]. At 42 days, the BCP and BTP groups presented a better lamellar organization of collagen fibers, with a transition from birefringence to green, indicative of bone maturation. Research papers demonstrate that the monochromaticity of a laser determines the selective absorption by chromophores present in the osteoblastic cells, stimulating the expression of growth factors, including the canonical fibroblast growth factor (FGFs) [83]. These growth factors are responsible for modulating the differentiation of mesenchymal cells by the FGF/fibroblast growth-factor receptor FGFR (transmembrane tyrosine kinase receptors) signaling mechanism, and consequently type I collagen synthesis, with thicker and more organized fibers [84,85].



In the immunohistochemical results, BMP—2/4, OCN, and VEGF immunostaining were significantly higher in BCP and BTP when compared to the BC and BT groups. Such data are indicative of the positive effect of laser biostimulation from the initial stages of bone matrix synthesis (BMP—2/4) to the final stages of bone mineralization and renewal (OCN) [86]. Furthermore, angiogenesis after tissue injury, marked by the expression of VEGF protein, showed in this investigation that the blood supply to combat the local oxygen deficit was moderate in the two periods analyzed for the biostimulated groups [87]. This fact is attributed to pleiotropic substances synthesized by biostimulation that are involved in the transduction of cellular signals, in the regulation of antioxidant enzymes, chemotaxis, angiogenesis, cell differentiation, and in the modulation of the inflammatory process [88].



In the groups treated with biomaterial, a significantly higher number of TRAP-positive cells was observed, possibly because of the reduction in the rate of resorption by osteoclasts during repair. Conflicting data are presented in these groups when combined with the greater amount of new bone, suggesting that accelerated resorption of graft granules before 30 days is not beneficial to bone formation, which was confirmed by the percentage of new bone tissue formed lower in the groups treated with clot at the end of the experiment [89].



The number of osteocytes in the newly formed bone matrix proportionally reduced in all groups evaluated, following the physiological evolution of the newly formed bone tissue (woven to lamellar bone), which suggests a similar bone maturity for the treatments [90]. In summary, the combination of bone substitute materials and photobiomodulation therapy in bone regeneration attracted the attention of several groups of researchers because it is a coadjutant and a promising method to existing treatments.



We can consider as a limitation of this study the absence of comparative tests with autogenous graft, considered the gold standard, but which would increase the number of animals and is already included in many studies published in the scientific world.




5. Conclusions


This study aimed to evaluate the effects of photobiomodulation in the repair of critical bone defects in rat calvaria filled with bone substitute and derived from human blood fibrin sealant. In view of the results obtained, it was concluded that the association of two scaffolds, bone substitute and fibrin sealant, to the proposed protocol for photobiomodulation therapy, with the use of a low-level laser, improved the formation of new bone during the restoration of bone gaps, suggesting it is a promising strategy, mainly for the treatment of large defects (critical size defects).








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/polym14194170/s1: Figure S1: Protocol of the Photobiomodulation. Figure S2: CTan software showing a two-dimensional transaxial image of one of the defects filled by biomaterials and subsequent binarization for the quantification of the biomaterial (A) and the newly formed bone tissue (B) and their respective quantitative results determined by the software (A ‘and B’); Figure S3: Illustration of the morphometric analysis of images stained with picrosirius red to quantify the birefringence of collagen fibers of the newly formed bone by the Axiovision software; Figure S4: Illustration of the quantitative analysis of osteocytes in newly formed bone tissue by the Axio vision software.





Author Contributions


Conceptualization, K.T.P. and R.L.B.; methodology, K.T.P., M.P.d.O.R., D.V.B., B.B.D.C. and J.S.B.E.; formal analysis, E.E., D.L.P. and J.P.M.I.; investigation, K.T.P.; resources, J.C.A., M.P.A. and M.A.H.D.; data curation, A.C.C.B.; writing—original draft preparation, K.T.P.; writing—review and editing, K.T.P., D.V.B. and R.L.B.; visualization, M.Z.B., A.T.d.S., W.C.S. and M.B.M.M.; supervision, J.C.A. and R.L.B. 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.




Institutional Review Board Statement


The study was approved by the Institutional Ethics Committee on Animal Experimentation of the Bauru School of Dentistry, University of São Paulo, Brazil; Protocol No. CEEPA-019/2016; 3 October 2016.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding authors. The data are not publicly available because they are part of a doctoral thesis not yet deposited in a public repository. Samples of the Bio-OssTM matrix are available from the authors.




Acknowledgments


The authors thank the Ovídio dos Santos Sobrinho, laboratory technician at the Bauru School of Dentistry (University of São Paulo, Bauru, Brazil), for the support in the experimental surgeries.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nagata, M.J.H.; Santinoni, C.S.; Pola, N.M.; De Campos, N.; Messora, M.R.; Bomfim, S.R.M.; Ervolino, E.; Fucini, S.E.; Faleiros, P.L.; Garcia, V.G.; et al. Bone Marrow Aspirate Combined with Low-Level Laser Therapy: A New Therapeutic Approach to Enhance Bone Healing. J. Photochem. Photobiol. B Biol. 2013, 121, 6–14. [Google Scholar] [CrossRef]

	



Codrea, C.I.; Croitoru, A.M.; Baciu, C.C.; Melinescu, A.; Ficai, D.; Fruth, V.; Ficai, A. Advances in Osteoporotic Bone Tissue Engineering. J. Clin. Med. 2021, 10, 253. [Google Scholar] [CrossRef] [PubMed]

	



Buchaim, D.V.; Dos Santos Bueno, P.C.; 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]

	



Pomini, K.T.; Cestari, T.M.; German, J.S.; Rosso, M.P.D.O.; Gonçalves, J.B.D.O.; Buchaim, D.V.; Pereira, M.; Andreo, J.C.; Rosa, G.M.; Della Coletta, B.B.; et al. Influence of Experimental Alcoholism on the Repair Process of Bone Defects Filled with Beta-Tricalcium Phosphate. Drug Alcohol Depend. 2019, 197, 315–325. [Google Scholar] [CrossRef] [PubMed]

	



Nogueira, D.M.B.; de Faria Figadoli, A.L.; Alcantara, P.L.; Pomini, K.T.; German, I.J.S.; Reis, C.H.B.; Júnior, G.M.R.; de Oliveira Rosso, M.P.; da Silva Santos, P.S.; Zangrando, M.S.R.; et al. Biological Behavior of Xenogenic Scaffolds in Alcohol-Induced Rats: Histomorphometric and Picrosirius Red Staining Analysis. Polymers 2022, 14, 584. [Google Scholar] [CrossRef]

	



German, I.J.S.; Pomini, K.T.; Bighetti, A.C.C.; Andreo, J.C.; Reis, C.H.B.; Shinohara, A.L.; Rosa, G.M.; de Bortoli Teixeira, D.; de Oliveira Rosso, M.P.; Buchaim, D.V.; et al. Evaluation of the Use of an Inorganic Bone Matrix in the Repair of Bone Defects in Rats Submitted to Experimental Alcoholism. Materials 2020, 13, 695. [Google Scholar] [CrossRef] [PubMed]

	



Pountos, I.; Giannoudis, P. Is There a Role of Coral Bone Substitutes in Bone Repair? Injury 2016, 47, 2606–2613. [Google Scholar] [CrossRef]

	



Reis, C.H.B.; Buchaim, R.L.; Pomini, K.T.; Hamzé, A.L.; Zattiti, I.V.; Duarte, M.A.H.; Alcalde, M.P.; Barraviera, B.; Ferreira Júnior, R.S.; Pontes, F.M.L.; et al. Effects of a Biocomplex Formed by Two Scaffold Biomaterials, Hydroxyapatite/Tricalcium Phosphate Ceramic and Fibrin Biopolymer, with Photobiomodulation, on Bone Repair. Polymers 2022, 14, 2075. [Google Scholar] [CrossRef]

	



Sakkas, A.; Wilde, F.; Heufelder, M.; Winter, K.; Schramm, A. Autogenous Bone Grafts in Oral Implantology—Is It Still a “Gold Standard”? A Consecutive Review of 279 Patients with 456 Clinical Procedures. Int. J. Implant Dent. 2017, 3, 23. [Google Scholar] [CrossRef]

	



Schmidt, A.H. Autologous Bone Graft: Is It Still the Gold Standard? Injury 2021, 52, S18–S22. [Google Scholar] [CrossRef]

	



Delgado-Ruiz, R.; Calvo Guirado, J.; Romanos, G. Bone Grafting Materials in Critical Defects in Rabbit Calvariae. A Systematic Review and Quality Evaluation Using ARRIVE Guidelines. Clin. Oral Implant. Res. 2015, 29, 620–634. [Google Scholar] [CrossRef]

	



Tang, G.; Liu, Z.; Liu, Y.; Yu, J.; Wang, X.; Tan, Z.; Ye, X. Recent Trends in the Development of Bone Regenerative Biomaterials. Front. Cell Dev. Biol. 2021, 9, 1–18. [Google Scholar] [CrossRef]

	



Manfro, R.; Fonseca, F.; Bortoluzzi, M.; Sendyk, W. Comparative, Histological and Histomorphometric Analysis of Three Anorganic Bovine Xenogenous Bone Substitutes: Bio-Oss, Bone-Fill and Gen-Ox Anorganic. J. Maxillofac. Oral Surg. 2014, 13, 464–470. [Google Scholar] [CrossRef]

	



Di Stefano, D.A.; Zaniol, T.; Cinci, L.; Pieri, L. Chemical, Clinical and Histomorphometric Comparison between Equine Bone Manufactured through Enzymatic Antigen-Elimination and Bovine Bone Made Non-Antigenic Using a High-Temperature Process in Post-Extractive Socket Grafting. A Comparative Retrospective. Dent. J. 2019, 7, 70. [Google Scholar] [CrossRef]

	



Do Desterro, F.d.P.; Sader, M.S.; de Almeida Soares, G.D.; Vidigal, G.M., Jr. Can Inorganic Bovine Bone Grafts Present Distinct Properties? Braz. Dent. J. 2014, 25, 282–288. [Google Scholar] [CrossRef]

	



Noori, A.; Ashrafi, S.; Vaez-Ghaemi, R.; Hatamian-Zaremi, A.; Webster, T. A Review of Fibrin and Fibrin Composites for Bone Tissue Engineering. Int. J. Nanomed. 2017, 12, 4937–4961. [Google Scholar] [CrossRef]

	



Saffarzadeh, A.; Gauthier, O.; Bilban, M.; Bagot, D.M.; Daculsi, G. Comparison of Two Bone Substitute Biomaterials Consisting of a Mixture of Fibrin Sealant (Tisseel®) and MBCP t (TricOs®) with an Autograft in Sinus Lift Surgery in Sheep. Clin. Oral Implant. Res. 2009, 20, 1133–1139. [Google Scholar] [CrossRef]

	



Zheng, K.; Gu, Q.; Zhou, D.; Zhou, M.; Zhang, L. Recent Progress in Surgical Adhesives for Biomedical Applications. Smart Mater. Med. 2022, 3, 41–65. [Google Scholar] [CrossRef]

	



Pomini, K.T.; Andreo, J.C.; De Rodrigues, A.C.; De Gonçalves, J.B.O.; Daré, L.R.; German, I.J.S.; Rosa, G.M.; Buchaim, R.L. Effect of Low-Intensity Pulsed Ultrasound on Bone Regeneration Biochemical and Radiologic Analyses. J. Ultrasound Med. 2014, 33, 713–717. [Google Scholar] [CrossRef]

	



Buchaim, D.; Rodrigues Ade, C.; Buchaim, R.; Barraviera, B.; Júnior, R.; Júnior, G.; Bueno, C.; Roque, D.; Dias, D.; Desafio, L.; 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]

	



De Oliveira Gonçalves, J.; Buchaim, D.; de Souza Bueno, C.; Pomini, K.; Barraviera, B.; Júnior, R.; Andreo, J.; 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 2016, 162, 663–668. [Google Scholar] [CrossRef] [PubMed]

	



Escudero, J.S.B.; Perez, M.G.B.; de Oliveira Rosso, M.P.; Buchaim, D.V.; Pomini, K.T.; Campos, L.M.G.; Audi, M.; Buchaim, R.L. Photobiomodulation Therapy (PBMT) in Bone Repair: A Systematic Review. Injury 2019, 50, 1853–1867. [Google Scholar] [CrossRef] [PubMed]

	



Khadra, M.; Kasem, N.; Haanaes, H.; Ellingsen, J.; Lyngstadaas, S. Enhancement of Bone Formation in Rat Calvarial Bone Defects Using Low-Level Laser Therapy. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2004, 97, 693–700. [Google Scholar] [CrossRef] [PubMed]

	



Jawad, M.M.; Husein, A.; Azlina, A.; Alam, M.K.; Hassan, R.; Shaari, R. Effect of 940 Nm Low-Level Laser Therapy on Osteogenesis in Vitro. J. Biomed. Opt. 2013, 18, 128001. [Google Scholar] [CrossRef] [PubMed]

	



De Marco, A.C.; Torquato, L.C.; Gonçalves, P.R.; Ribeiro, T.C.; Nunes, C.M.; Bernardo, D.V.; Gomes, M.F.; Jardini, M.A.N.; Santamaria, M.P. The Effect of Photobiomodulation Therapy in Different Doses on Bone Repair of Critical Size Defects in Rats: A Histomorphometric Study. J. Lasers Med. Sci. 2021, 12, e53. [Google Scholar] [CrossRef] [PubMed]

	



Atasoy, K.T.; Korkmaz, Y.T.; Odaci, E.; Hanci, H. The Efficacy of Low-Level 940 Nm Laser Therapy with Different Energy Intensities on Bone Healing. Braz. Oral Res. 2017, 31, e7. [Google Scholar] [CrossRef]

	



Percie du Sert, N.; Ahluwalia, A.; Alam, S.; Avey, M.T.; Baker, M.; Browne, W.J.; Clark, A.; Cuthill, I.C.; Dirnagl, U.; Emerson, M.; et al. Reporting animal research: Explanation and elaboration for the ARRIVE guidelines 2.0. PLoS Biol. 2020, 18, e3000411. [Google Scholar] [CrossRef]

	



Pomini, K.T.; Buchaim, D.V.; Andreo, J.C.; de Oliveira Rosso, M.P.; 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]

	



Parasuraman, S.; Raveendran, R.; Kesavan, R. Blood Sample Collection in Small Laboratory Animals. J. Pharmacol. Pharmacother. 2010, 1, 87. [Google Scholar] [CrossRef]

	



Neagu, T.P.; Ţigliş, M.; Cocoloş, I.; Jecan, C.R. The Relationship between Periosteum and Fracture Healing. Rom. J. Morphol. Embryol. 2016, 57, 1215–1220. [Google Scholar]

	



Weibel, E. Stereological Principles for Morphometry in Electron Microscopic Cytology. Int. Rev. Cytol. 1969, 26, 235–302. [Google Scholar] [CrossRef]

	



Theodoro, L.H.; Caiado, R.C.; Longo, M.; Novaes, V.C.N.; Zanini, N.A.; Ervolino, E.; de Almeida, J.M.; Garcia, V.G. Effectiveness of the Diode Laser in the Treatment of Ligature-Induced Periodontitis in Rats: A Histopathological, Histometric, and Immunohistochemical Study. Lasers Med. Sci. 2015, 30, 1209–1218. [Google Scholar] [CrossRef]

	



Zein, R.; Selting, W.; Benedicenti, S. Effect of Low-Level Laser Therapy on Bone Regeneration During Osseointegration and Bone Graft. Photomed. Laser Surg. 2017, 35, 649–658. [Google Scholar] [CrossRef]

	



Tam, S.Y.; Tam, V.C.W.; Ramkumar, S.; Khaw, M.L.; Law, H.K.W.; Lee, S.W.Y. Review on the Cellular Mechanisms of Low-Level Laser Therapy Use in Oncology. Front. Oncol. 2020, 10, 1255. [Google Scholar] [CrossRef]

	



Dompe, C.; Moncrieff, L.; Matys, J.; Grzech-Leśniak, K.; Kocherova, I.; Bryja, A.; Bruska, M.; Dominiak, M.; Mozdziak, P.; Skiba, T.H.I.; et al. Photobiomodulation-Underlying Mechanism and Clinical Applications. J. Clin. Med. 2020, 3, 1724. [Google Scholar] [CrossRef]

	



Murphy, M.P.; Quarto, N.; Longaker, M.T.; Wan, D.C. Calvarial Defects: Cell-Based Reconstructive Strategies in the Murine Model. Tissue Eng. Part C Methods 2017, 23, 971–981. [Google Scholar] [CrossRef]

	



Kotagudda Ranganath, S.; Schlund, M.; Delattre, J.; Ferri, J.; Chai, F. Bilateral Double Site (Calvarial and Mandibular) Critical-Size Bone Defect Model in Rabbits for Evaluation of a Craniofacial Tissue Engineering Constructs. Mater Today Bio 2022, 14, 100267. [Google Scholar] [CrossRef]

	



Senos, R.; Hankenson, K.D. Calvaria Critical-Size Defects in Rats Using Piezoelectric Equipment: A Comparison with the Classic Trephine. Injury 2020, 51, 1509–1514. [Google Scholar] [CrossRef]

	



Borie, E.; Calzzani, R.; Dias, F.J.; Fuentes, R.; Salamanca, C. Morphometry of Rabbit Anatomical Regions Used as Experimental Models in Implantology and Oral Surgery. Biomed. Res. 2017, 28, 5468–5472. [Google Scholar]

	



Fujihara, N.A.; Hiraki, K.R.N.; Marques, M.M. Irradiation at 780 Nm Increases Proliferation Rate of Osteoblasts Independently of Dexamethasone Presence. Lasers Surg. Med. 2006, 38, 332–336. [Google Scholar] [CrossRef]

	



Zielińska, P.; Soroko, M.; Howell, K.; Godlewska, M.; Hildebrand, W.; Dudek, K. Comparison of the Effect of High-Intensity Laser Therapy (Hilt) on Skin Surface Temperature and Vein Diameter in Pigmented and Non-Pigmented Skin in Healthy Racehorses. Animals 2021, 11, 1965. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.J.; Kang, K.L. Effect of 980-Nm GaAlAs Diode Laser Irradiation on Healing of Extraction Sockets in Streptozotocin-Induced Diabetic Rats: A Pilot Study. Lasers Med. Sci. 2012, 27, 223–230. [Google Scholar] [CrossRef] [PubMed]

	



Hosseinpour, S.; Fekrazad, R.; Arany, P.R.; Ye, Q. Molecular Impacts of Photobiomodulation on Bone Regeneration: A Systematic Review. Prog. Biophys. Mol. Biol. 2019, 149, 147–159. [Google Scholar] [CrossRef] [PubMed]

	



Matsumoto, M.A.; Ferino, R.V.; Monteleone, G.F.; Ribeiro, D.A. Low-Level Laser Therapy Modulates Cyclo-Oxygenase-2 Expression during Bone Repair in Rats. Lasers Med. Sci. 2009, 24, 195–201. [Google Scholar] [CrossRef]

	



Basford, J. Low Intensity Laser Therapy: Still Not an Established Clinical Tool. Lasers Surg. Med. 1995, 16, 331–342. [Google Scholar] [CrossRef]

	



Ma, H.; Yang, J.; Tan, R.; Lee, H.; Han, S. Effect of Low-Level Laser Therapy on Proliferation and Collagen Synthesis of Human Fibroblasts in Vitro. JWMR 2018, 14, 1–6. [Google Scholar] [CrossRef]

	



Della Coletta, B.B.; Jacob, T.B.; De Carvalho Moreira, L.A.; Pomini, K.T.; Buchaim, D.V.; Eleutério, R.G.; Bastos Mazuqueli Pereira, E.D.S.; Roque, D.D.; De Oliveira Rosso, M.P.; Cosin Shindo, J.V.T.; et al. Photobiomodulation Therapy on the Guided Bone Regeneration Process in Defects Filled by Biphasic Calcium Phosphate Associated with Fibrin Biopolymer. Molecules 2021, 26, 847. [Google Scholar] [CrossRef]

	



Tumedei, M.; Mijiritsky, E.; Fernando, C.; Piattelli, A.; Degidi, M.; Mangano, C.; Iezzi, G. Histological and Biological Response to Different Types of Biomaterials: A Narrative Single Research Center Experience over Three Decades. Int. J. Environ. Res. Public Health 2022, 19, 7942. [Google Scholar] [CrossRef]

	



Benke, D.; Olah, A.; Möhler, H. Protein-Chemical Analysis of Bio-Oss Bone Substitute and Evidence on Its Carbonate Content. Biomaterials 2001, 22, 1005–1012. [Google Scholar] [CrossRef]

	



Li, X.; Li, S.; Qi, H.; Han, D.; Chen, N.; Zhan, Q.; Li, Z.; Zhao, J.; Hou, X.; Yuan, X.; et al. Early Healing of Alveolar Bone Promoted by MicroRNA-21-Loaded Nanoparticles Combined with Bio-Oss Particles. Chem. Eng. J. 2020, 401, 126026. [Google Scholar] [CrossRef]

	



Tadjoedin, E.S.; De Lange, G.L.; Bronckers, A.L.J.J.; Lyaruu, D.M.; Burger, E.H. Deproteinized Cancellous Bovine Bone (Bio-Oss®) as Bone Substitute for Sinus Floor Elevation. A Retrospective, Histomorphometrical Study of Five Cases. J. Clin. Periodontol. 2003, 30, 261–270. [Google Scholar] [CrossRef]

	



Block, M.S.; Zoccolillo, M. Use of Tisseel, a Fibrin Sealant, for Particulate Graft Stabilization. J. Oral Maxillofac. Surg. 2020, 78, 1674–1681. [Google Scholar] [CrossRef]

	



Diamond, M.P.; Kruger, M.; Saed, G.M. Effect of Tisseel® on Expression of Tissue Plasminogen Activator and Plasminogen Activator Inhibitor-1. Fertil. Steril. 2004, 81, 1657–1664. [Google Scholar] [CrossRef]

	



Rechtin, M.; Broccoli, N.; Krishnan, D.G.; Phero, J.A. Review Use of Tisseel, a Fibrin Sealant, for Particulate Graft Stabilization. J. Oral Maxillofac. Surg. 2020, 78, e2–e5. [Google Scholar] [CrossRef]

	



Sung, Y.K.; Lee, D.R.; Chung, D.J. Advances in the Development of Hemostatic Biomaterials for Medical Application. Biomater. Res. 2021, 25, 1–10. [Google Scholar] [CrossRef]

	



Lohmann, P.; Willuweit, A.; Neffe, A.T.; Geisler, S.; Gebauer, T.P.; Beer, S.; Coenen, H.H.; Fischer, H.; Hermanns-Sachweh, B.; Lendlein, A.; et al. Bone Regeneration Induced by a 3D Architectured Hydrogel in a Rat Critical-Size Calvarial Defect. Biomaterials 2017, 113, 158–169. [Google Scholar] [CrossRef]

	



Liu, W.; Kang, N.; Seriwatanachai, D.; Dong, Y.; Zhou, L.; Lin, Y.; Ye, L.; Liang, X.; Yuan, Q. Chronic Kidney Disease Impairs Bone Defect Healing in Rats. Sci. Rep. 2016, 6, 1–11. [Google Scholar] [CrossRef]

	



Lienemann, P.; Metzger, S.; Kiveliö, A.; Blanc, A.; Papageorgiou, P.; Astolfo, A.; Pinzer, B.; Cinelli, P.; Weber, F.; Schibli, R.; et al. Longitudinal In Vivo Evaluation of Bone Regeneration by Combined Measurement of Multi-Pinhole SPECT and Micro-CT for Tissue Engineering. Sci. Rep. 2015, 5, srep10238. [Google Scholar] [CrossRef]

	



Biguetti, C.; Cavalla, F.; Tim, C.; Saraiva, P.; Orcini, W.; de Andrade Holgado, L.; Rennó, A.; Matsumoto, M. Bioactive Glass-Ceramic Bone Repair Associated or Not with Autogenous Bone: A Study of Organic Bone Matrix Organization in a Rabbit Critical-Sized Calvarial Model. Clin. Oral Investig. 2018, 23, 413–421. [Google Scholar] [CrossRef]

	



Lattouf, R.; Younes, R.; Lutomski, D.; Naaman, N.; Godeau, G.; Senni, K.; Changotade, S. Picrosirius Red Staining: A Useful Tool to Appraise Collagen Networks in Normal and Pathological Tissues. J. Histochem. Cytochem. 2014, 62, 751–758. [Google Scholar] [CrossRef]

	



Wang, W.; Yeung, K.W.K. Bone Grafts and Biomaterials Substitutes for Bone Defect Repair: A Review. Bioact. Mater. 2017, 2, 224–247. [Google Scholar] [CrossRef]

	



Galindo-Moreno, P.; Hernández-Cortés, P.; Mesa, F.; Carranza, N.; Juodzbalys, G.; Aguilar, M.; O’Valle, F. Slow Resorption of Anorganic Bovine Bone by Osteoclasts in Maxillary Sinus Augmentation. Clin. Implant Dent. Relat. Res. 2013, 15, 858–866. [Google Scholar] [CrossRef]

	



Hughes, D.E.; Dai, A.; Tiffee, J.C.; Li, H.H.; Munoy, G.R.; Boyce, B.F. Estrogen Promotes Apoptosis of Murine Osteoclasts Mediated by TGF-. Nat. Med. 1996, 2, 1132–1135. [Google Scholar] [CrossRef]

	



Kameda, T.; Mano, H.; Yamada, Y.; Takai, H.; Amizuka, N.; Kobori, M.; Izumi, N.; Kawashima, H.; Ozawa, H.; Ikeda, K.; et al. Calcium-Sensing Receptor in Mature Osteoclasts, Which Are Bone Resorbing Cells. Biochem. Biophys. Res. Commun. 1998, 422, 419–422. [Google Scholar] [CrossRef]

	



Tapety, F.; Amizuka, N.; Uoshima, K.; Nomura, S.; Maeda, T. A Histological Evaluation of the Involvement of Bio-Oss in Osteoblastic Differentiation and Matrix Synthesis. Clin. Oral Implant. Res. 2004, 15, 315–324. [Google Scholar] [CrossRef]

	



Chen, K.; Shyu, P.; Dong, G.; Chen, Y.; Kuo, W.; Yao, C. Reconstruction of Calvarial Defect Using a Tricalcium Phosphate-Oligomeric Proanthocyanidins Cross-Linked Gelatin Composite. Biomaterials 2009, 30, 1682–1688. [Google Scholar] [CrossRef]

	



Brown, A.; Barker, T. Fibrin-Based Biomaterials: Modulation of Macroscopic Properties through Rational Design at the Molecular Level Ashley. Biomaterials 2015, 10, 1502–1514. [Google Scholar] [CrossRef]

	



Scognamiglio, F.; Travan, A.; Rustighi, I.; Tarchi, P.; Palmisano, S.; Marsich, E.; Borgogna, M.; Donati, I.; de Manzini, N.; Paoletti, S. Review Article Adhesive and Sealant Interfaces for General Surgery Applications. J. Biomed. Mater. Res. B Appl. Biomater. 2015, 104, 626–639. [Google Scholar] [CrossRef]

	



Schmitt, C.; Doering, H.; Schmidt, T.; Lutz, R.; Neukam, F.; Schlegel, K. Histological Results after Maxillary Sinus Augmentation with Straumann® BoneCeramic, Bio-Oss®, Puros®, and Autologous Bone. A Randomized Controlled Clinical Trial. Clin. Oral Implant. Res. 2013, 24, 576–585. [Google Scholar] [CrossRef]

	



Nkenke, E.; Neukam, F. Autogenous Bone Harvesting and Grafting in Advanced Jaw Resorption: Morbidity, Resorption and Implant Survival. Eur. J. Oral Implant. 2014, 7, 203–217. [Google Scholar] [CrossRef]

	



Buchaim, R.L.; Goissis, G.; Andreo, J.C.; Roque, D.D.; Sidney, J.S.; Buchaim, D.V.; Rodrigues, A.C. Biocompatibility of Anionic Collagen Matrices and Its Influence on the Orientation of Cellular Growth. Cienc. Odontol. Bras. 2007, 10, 12–20. [Google Scholar] [CrossRef]

	



Karavitis, J.; Kovacs, E.J. Macrophage Phagocytosis: Effects of Environmental Pollutants, Alcohol, Cigarette Smoke, and Other External Factors. J. Leukoc. Biol. 2011, 90, 1065–1078. [Google Scholar] [CrossRef] [PubMed]

	



Hench, L.L.; Polak, J.M. Third-Generation Biomedical Materials. Science 2002, 295, 1014–1017. [Google Scholar] [CrossRef] [PubMed]

	



Kazancioglu, H.; Ezirganli, S.; Aydin, M. Effects of Laser and Ozone Therapies on Bone Healing in the Calvarial Defects. J. Craniofac. Surg. 2013, 24, 2141–2146. [Google Scholar] [CrossRef] [PubMed]

	



De Oliveira, L.; de Araújo, A.; de Araújo Júnior, R.; Barboza, C.; Borges, B.; da Silva, J. Low-Level Laser Therapy (780 Nm) Combined with Collagen Sponge Scaffold Promotes Repair of Rat Cranial Critical-Size Defects and Increases TGF-b, FGF-2, OPG/RANK and Osteocalcin Expression. Int. J. Exp. Pathol. 2017, 98, 75–85. [Google Scholar] [CrossRef] [PubMed]

	



Fekrazad, R.; Sadeghi Ghuchani, M.; Eslaminejad, M.B.; Taghiyar, L.; Kalhori, K.A.M.; Pedram, M.S.; Shayan, A.M.; Aghdami, N.; Abrahamse, H. The Effects of Combined Low Level Laser Therapy and Mesenchymal Stem Cells on Bone Regeneration in Rabbit Calvarial Defects. J. Photochem. Photobiol. B Biol. 2015, 151, 180–185. [Google Scholar] [CrossRef] [PubMed]

	



Walski, T.; Dąbrowska, K.; Drohomirecka, A.; Jędruchniewicz, N.; Trochanowska-Pauk, N.; Witkiewicz, W.; Komorowska, M. The Effect of Red-to-near-Infrared (R/NIR) Irradiation on Inflammatory Processes. Int. J. Radiat. Biol. 2019, 95, 1326–1336. [Google Scholar] [CrossRef]

	



Klopfleisch, R. Macrophage Reaction against Biomaterials in the Mouse Model–Phenotypes, Functions and Markers. Acta Biomater. 2016, 43, 3–13. [Google Scholar] [CrossRef]

	



Na, S.; TruongVo, T.; Jiang, F.; Joll, J.; Guo, Y.; Utreja, A.; Chen, J. Dose Analysis of Photobiomodulation Therapy on Osteoblast, Osteoclast, and Osteocyte Dose Analysis of Photobiomodulation Therapy on Osteoblast, Osteoclast, and Osteocyte. J. Biomed. Opt. 2018, 23, 075008. [Google Scholar] [CrossRef]

	



Tim, C.; Bossini, P.; Kido, H.; Malavazi, I.; Von Zeska Kress, M.; Carazzolle, M.; Parizotto, N.; Rennó, A. Effects of Low-Level Laser Therapy on the Expression of Osteogenic Genes during the Initial Stages of Bone Healing in Rats: A Microarray Analysis. Lasers Med. Sci. 2015, 30, 2325–2333. [Google Scholar] [CrossRef]

	



Amaroli, A.; Pasquale, C.; Zekiy, A.; Benedicenti, S.; Marchegiani, A.; Sabbieti, M.G.; Agas, D. Steering the Multipotent Mesenchymal Cells towards an Anti-Inflammatory and Osteogenic Bias via Photobiomodulation Therapy: How to Kill Two Birds with One Stone. J. Tissue Eng. 2022, 5, 20417314221110192. [Google Scholar] [CrossRef]

	



Soardi, C.; Clozza, E.; Turco, G.; Biasotto, M.; Engebretson, S.; Wang, H.; Zaffe, D. Microradiography and Microcomputed Tomography Comparative Analysis in Human Bone Cores Harvested after Maxillary Sinus Augmentation: A Pilot Study. Clin. Oral Implant. Res. 2013, 25, 1161–1168. [Google Scholar] [CrossRef]

	



Saygun, I.; Nizam, N.; Ural, A.U.; Serdar, M.A.; Avcu, F.; Tözüm, T.F. Low-Level Laser Irradiation Affects the Release of Basic Fibroblast Growth Factor (BFGF), Insulin-Like Growth Factor-I (IGF-I), and Receptor of IGF-I (IGFBP3) from Osteoblasts. Photomed. Laser Surg. 2012, 30, 149–154. [Google Scholar] [CrossRef]

	



Coffin, J.D.; Homer-Bouthiette, C.; Hurley, M.M. Fibroblast Growth Factor 2 and Its Receptors in Bone Biology and Disease. J. Endocr. Soc. 2018, 2, 657–671. [Google Scholar] [CrossRef]

	



Xie, Y.; Su, N.; Yang, J.; Tan, Q.; Huang, S.; Jin, M.; Ni, Z.; Zhang, B.; Zhang, D.; Luo, F.; et al. FGF/FGFR Signaling in Health and Disease. Signal Transduct. Target Ther. 2020, 5, 1–38. [Google Scholar] [CrossRef]

	



Rosso, M.P.D.O.; Buchaim, D.V.; Pomini, K.T.; Botteon, B.D.C.; 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]

	



Fabris, A.L.d.S.; Faverani, L.P.; Gomes-Ferreira, P.H.S.; Polo, T.O.B.; Santiago-Júnior, J.F.; Okamoto, R. Bone Repair Access of BoneceramicTM in 5-Mm Defects: Study on Rat Calvaria. J. Appl. Oral Sci. 2018, 26, e20160531. [Google Scholar] [CrossRef]

	



Hamblin, M.R. Mechanisms and Applications of the Anti-Inflammatory Effects of Photobiomodulation. AIMS Biophys. 2017, 4, 337–361. [Google Scholar] [CrossRef]

	



Matheus, H.R.; Ervolino, E.; Gusman, D.J.R.; Alves, B.E.S.; Fiorin, L.G.; Pereira, P.A.; de Almeida, J.M. Association of Hyaluronic Acid with a Deproteinized Bovine Graft Improves Bone Repair and Increases Bone Formation in Critical-Size Bone Defects. J. Periodontol. 2020, 92, 1646–1658. [Google Scholar] [CrossRef]

	



Haridy, Y.; Osenberg, M.; Hilger, A.; Manke, I.; Davesne, D.; Witzmann, F. Bone Metabolism and Evolutionary Origin of Osteocytes: Novel Application of FIB-SEM Tomography. Sci. Adv. 2021, 7, eabb9113. [Google Scholar] [CrossRef]








[image: Polymers 14 04170 g001 550] 





Figure 1. Allocation of the specimens in two large groups: BC and BT. (A) Preparation and reconstitution of TisseelTM. (A1) The fibrin components vials were preheated. (A2) Mixture of fibrin sealant components: sealant protein concentrate plus aprotinin solution (1) and freeze-dried human thrombin plus calcium chloride solution (2). (A3) B was mixed with the reconstituted solutions (1 and 2). (A4) BT group (B plus T). (A5) Subdivision: BT (without PBMT) and BTP (with PBMT). (B) Blood collection by cardiac puncture. (B1) BC group—the defects were filled with blood from cardiac puncture. (B2) Subdivision: BC (without PBMT) and BCP (with PBMT). (C) Illustrative figure: 90° laser emitter, 4-point application, time 24 s/point. 
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Figure 2. Healing of rat calvarial defects assessed by micro-CT. (2A,2B) 14 and 42 days: 2D views of transaxial (2A1–2B1), coronal (2A2–2B2) sections. Images show the evolution of the repair of defects filled with clot (BC and BCP) and fibrin sealant plus demineralized bovine bone (BT and BTP). Biomaterial particles (yellow arrow), newly formed bone tissue at the defect edges and under the dura mater (blue arrow) and red-dotted arrow (transaxial) indicate the central region of the defect corresponding to the coronal section. All scaled image sized 3 mm. 
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Figure 3. Histological views (3A) in calvaria defects created in the animals. BC and BCP treated with blood clot and BT and BTP treated with demineralized bovine bone plus fibrin sealant at experimental periods 14 and 42 days (3A1,3A2). At 14 days: BC and BCP groups showed bone growth (asterisks) adjacent to the defect border (b) and on the dura-mater surface. The BT and BTP groups showed a discrete bone growth (asterisks) on the border and the defect was filled by graft particles (demineralized bovine bone) surrounded by a reactional tissue (RT) containing some inflammatory cells (3A1). At 42 days: BC and BCP both groups showed similar bone formation with gradual increase in thickness of trabeculae, leading to a compact structure limited to the defect border. Closure of large part of the defect by fibrous connective tissue (CT). In BT and BTP groups, the graft particles and inflammatory process decreased but did not disappear and only small bone formation was present on the lesion border (3A2). (Masson’s trichrome; original magnification 10×; bar = 500 µm and Insets, magnified images 40×; bar = 100 µm). 






Figure 3. Histological views (3A) in calvaria defects created in the animals. BC and BCP treated with blood clot and BT and BTP treated with demineralized bovine bone plus fibrin sealant at experimental periods 14 and 42 days (3A1,3A2). At 14 days: BC and BCP groups showed bone growth (asterisks) adjacent to the defect border (b) and on the dura-mater surface. The BT and BTP groups showed a discrete bone growth (asterisks) on the border and the defect was filled by graft particles (demineralized bovine bone) surrounded by a reactional tissue (RT) containing some inflammatory cells (3A1). At 42 days: BC and BCP both groups showed similar bone formation with gradual increase in thickness of trabeculae, leading to a compact structure limited to the defect border. Closure of large part of the defect by fibrous connective tissue (CT). In BT and BTP groups, the graft particles and inflammatory process decreased but did not disappear and only small bone formation was present on the lesion border (3A2). (Masson’s trichrome; original magnification 10×; bar = 500 µm and Insets, magnified images 40×; bar = 100 µm).



[image: Polymers 14 04170 g003]







[image: Polymers 14 04170 g004 550] 





Figure 4. Histological images of birefringent fibers stained with picrosirius red at 14 and 42 days of repair (4A–4B). Images of the defect border and in the central region in two experimental periods (4A1–4A2, 4B1–4B2). The red-orange birefringence color with immature bone formation containing thin and disorganized collagen fibers. Yellow-green color was associated with lamellar/mature bone. Original magnification 10×, scale bar 100 µm. Birefringence analysis of collagen fibers (4C): graphs of total of birefringence collagen fibers (4C1), green birefringence of collagen fibers (4C2), red birefringence of collagen fibers (4C3), and yellow birefringence of collagen fibers (4C4) in the bone tissue for each group. n = 8/group and periods (BC and BCP) and n = 10/group and periods (BT and BTP). * Standard deviation and different letters p < 0.05 between periods/group (ANOVA) and groups/period (“t” test). 
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Figure 5. (5A,5B) Histological sections showing the appearance representative of immunolabeling after 14 and 42 days respectively in experimental groups BC and BCP treated with blood clot biostimulated by laser or not and BT and BTP treated with demineralized bovine bone plus fibrin sealant biostimulated by laser or not. The black arrows point to places where the brown spot marks the proteins: (5A1) immunolabeling for bone morphogenetic protein (BMP—2) in bone defects at 14 days. BMP—2/4—positive cells (arrows); connective tissue (CT). (5A2) Immunomarking pattern for vascular endothelial growth factor (VEGF) in bone defect at 14 days. VEGF—positive cells (arrows); connective tissue (CT). (5B1) Immunomarking pattern for osteocalcin (OCN) in bone defect at 42 days. OCN—positive cells (arrows); connective tissue (CT) and bone tissue (B). (5B2) Immunomarking pattern for tartrate-resistant acid phosphatase (TRAP) in bone defect at 42 days. TRAP—positive cells (arrows). Harris’ hematoxylin counterstaining (Scale bars: 25 μm and 50 μm; original magnification: 40× and 100×, respectively). 






Figure 5. (5A,5B) Histological sections showing the appearance representative of immunolabeling after 14 and 42 days respectively in experimental groups BC and BCP treated with blood clot biostimulated by laser or not and BT and BTP treated with demineralized bovine bone plus fibrin sealant biostimulated by laser or not. The black arrows point to places where the brown spot marks the proteins: (5A1) immunolabeling for bone morphogenetic protein (BMP—2) in bone defects at 14 days. BMP—2/4—positive cells (arrows); connective tissue (CT). (5A2) Immunomarking pattern for vascular endothelial growth factor (VEGF) in bone defect at 14 days. VEGF—positive cells (arrows); connective tissue (CT). (5B1) Immunomarking pattern for osteocalcin (OCN) in bone defect at 42 days. OCN—positive cells (arrows); connective tissue (CT) and bone tissue (B). (5B2) Immunomarking pattern for tartrate-resistant acid phosphatase (TRAP) in bone defect at 42 days. TRAP—positive cells (arrows). Harris’ hematoxylin counterstaining (Scale bars: 25 μm and 50 μm; original magnification: 40× and 100×, respectively).



[image: Polymers 14 04170 g005]







[image: Table] 





Table 1. Mean ± standard deviation of volume and percentage of structures into defect obtained by 3D-morphometry on micro-CT images.
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Parameter

	
Period (Days)

	
Groups




	
BC

	
BCP

	
BT

	
BTP






	
Total volume (TV, mm3)

	
14

	
36.52 ± 3.59 aA

	
36.22 ± 3.48 aA

	
114.0 ± 9.20 bA

	
112.8 ± 11.84 bA




	
42

	
36.60 ± 3.35 aA

	
35.80 ± 4.38 aA

	
115.4 ± 13.3 bA

	
106.7 ± 13.72 bA




	
Material volume (MV, mm3)

	
14

	
-

	
-

	
41.09 ± 5.90 aA

	
42.35 ± 8.32 aA




	
42

	
-

	
-

	
41.28 ± 7.73 aA

	
35.97 ± 5.57 aA




	
Bone volume (BV, mm3)

	
14

	
2.93 ± 1.43 aA

	
3.02 ± 0.71 aA

	
17.76 ± 3.52 bA

	
19.88 ± 5.47 bA




	
42

	
5.20 ± 1.02 aB

	
6.16 ± 2.10 aB

	
15.56 ± 4.68 bA

	
18.17 ± 3.04 bA




	
Soft tissue volume (StV, mm3)

	
14

	
33.59 ± 2.94 aA

	
33.20 ± 3.19 aA

	
50.61 ± 5.34 bA

	
56.88 ± 9.82 bA




	
42

	
31.40 ± 4.00 aA

	
29.64 ± 3.00 aA

	
58.51 ± 13.1 bA

	
52.61 ± 13.5 bA




	
Material volume (MV/TV, %)

	
14

	
-

	
-

	
36.20 ± 5.71 aA

	
37.52 ± 5.75 aA




	
42

	
-

	
-

	
35.99 ± 7.00 aA

	
33.85 ± 4.50 aA




	
Bone volume (BV/TV, %)

	
14

	
7.89 ± 3.54 aA

	
8.32 ± 1.60 aA

	
15.53 ± 2.38 bA

	
17.56 ± 4.04 bA




	
42

	
14.42 ± 3.66 aB

	
16.96 ± 4.38 aB

	
13.44 ± 3.88 aA

	
17.37 ± 4.38 aA




	
Soft tissue volume (StV/TV, %)

	
14

	
92.10 ± 3.54 aA

	
91.68 ± 1.60 aA

	
48.27 ± 7.21 bA

	
44.92 ± 3.02 bA




	
42

	
85.58 ± 3.66 aB

	
83.04 ± 4.38 aB

	
50.57 ± 9.74 bA

	
48.78 ± 8.16 bA








Different small letters (line comparison, BC vs. BCP vs. BT vs. BTP in each period, 14 or 42 days, a ≠ b) indicate a statistically significant difference. Different capital letters (comparison in columns, 14 vs. 42 days, in each parameter, A ≠ B) indicate a significant difference. Values: mean ± standard deviation. ANOVA followed by Tukey test and Student’s test respectively, are both at p < 0.05.
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Table 2. Mean ± standard deviation of numbers of osteocytes.
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Cell Numbers/mm2 Bone Matrix

	
Period (Days)

	
Groups




	
BC

	
BCP

	
BT

	
BTP






	
Osteocytes

	
14

	
787 ± 111.6 aA

	
764 ± 222.7 aA

	
789 ± 80.2 aA

	
740 ± 43.8 aA




	
42

	
558 ± 50.2 aB

	
476 ± 87.3 aB

	
453 ± 65.1 aB

	
493 ± 79.0 aB








Same small letters (line comparison, BC vs. BCP vs. BT vs. BTP in each period, 14 or 42 days, a = a) indicate that there was no significant difference. Different capital letters (comparison in columns, 14 vs. 42 days, A ≠ B) indicate a statistically significant difference. Values: mean ± standard deviation. ANOVA followed by the Tukey test and Student’s test, respectively, are both at p < 0.05.
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Table 3. Comparison of the scores attributed to the immunostaining for BMP, VEGF, and OCN proteins in the defects of each experimental group by the Kruskal–Wallis test.
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Parameter

	
Period (Days)

	
Groups: Median (Min–Max)




	
BC

	
BCP

	
BT

	
BTP






	
BMP

	
14 days

	
1(1-1) A

	
2(2-3) B

	
1(1-1) A

	
2(2-2) B




	
42 days

	
1(1-1) A

	
2(2-3) B

	
1(1-1) A

	
2(2-3) B




	
VEGF

	
14 days

	
1(1-1) A

	
3(2-3) B

	
1(1-2) A

	
2(2-2) AB




	
42 days

	
1(1-2) A,B

	
3(2-3) B

	
1(1-1) A

	
3(2-3) B




	
OCN

	
14 days

	
1(1-1) A

	
2(2-2) B

	
1(1-1) A

	
2(1-2) AB




	
42 days

	
1(1-1) A

	
2(2-2) B

	
1(1-1) A

	
2(2-2) B








Different capital letters (comparison in lines, BC vs. BCP vs. BT vs. BTP in each period, 14 or 42 days A ≠ B) indicate a statistically significant difference (p < 0.05).
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Table 4. Mean ± standard deviation of TRAP positive cells.






Table 4. Mean ± standard deviation of TRAP positive cells.





	
Cell Numbers/mm2 Bone Matrix

	
Period (Days)

	
Groups




	
BC

	
BCP

	
BT

	
BTP






	
TRAP+

	
14

	
2.8 ± 0.84 aA

	
4.8 ± 0.83 bA

	
20.2 ± 4.02 cA

	
30.4 ± 1.34 dA




	
42

	
4.0 ± 1.23 aA

	
5.8 ± 2.19 bA

	
22.0 ± 2.45 cA

	
36.6 ± 4.51 dB








Different small letters (line comparison, BC vs. BCP vs. BT vs. BTP in each period, 14 or 42 days, a ≠ b ≠ c ≠ d) indicate a significant difference. Different capital letters (comparison in columns, 14 vs. 42 days, A ≠ B) indicate a significant difference. Values: mean ± standard deviation. ANOVA followed by the Tukey test and Student’s test, respectively, are both at p < 0.05.
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Table 5. Data on materials used in transplant therapy and the corresponding mechanisms of action leading to bone regeneration.






Table 5. Data on materials used in transplant therapy and the corresponding mechanisms of action leading to bone regeneration.





	
Biomaterials

	
Characteristics

	
Mechanism of Action






	
Bio-OssTM

	
HAP(h) ∼ HAP (x)

	

	
Slow macrophage biodegradability—longer cell support time,



	
Mechanical resistance [47,48],









	
70–75% porosity

	

	
Extensive surface area > cell adhesion [49],









	
Interconnected micro and macropores (300–1500 µm)

	

	
Prevents soft tissue invagination into the defect,



	
Osteoconductivity—cell mechanical support [50],









	

	
Deproteinization (≤300 °C)—no organic components

	

	
Biocompatibility—non-immunogenic [51],









	
Tisseel Lyo™

	
Cross-linked fibrin

	

	
Viscoelasticity property—tissue flap stability [52],









	
Fibrin polymerization—fibrin polymer

	

	
Binding effect of particulate biomaterial [52],









	
Aprotinin component (antifibrinolytic)

	

	
Cellular support throughout the trial period (∼ 40 days) [53],









	
Blood components

	

	
Bioactive 3D matrix—binding sites: platelets, endothelial cells, fibroblasts, neutrophils, and macrophages and also for molecules, proteins and growth factors [16],



	
Biocompatibility and biodegradability (fibrinolysis) [54],









	
Hemostatic mechanisms

	

	
Thrombus—angiogenic cells (surgical hemostasis) [55].













HAP (h)—human hydroxyapatite; HAP (x)—xenogenic hydroxyapatite.
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