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Abstract

:

The purpose of this study was to evaluate the bone-generating ability of a new bovine-derived xenograft (S1-XB) containing hydrogel. For control purposes, we used Bio-Oss and Bone-XB bovine-derived xenografts. S1-XB was produced by mixing Bone-XB and hydrogel. Cell proliferation and differentiation studies were performed to assess cytotoxicities and cell responses. For in vivo study, 8 mm-sized cranial defects were formed in 16 rats, and then the bone substitutes were transplanted into defect sites in the four study groups, that is, a Bio-Oss group, a Bone-XB group, an S1-XB group, and a control (all n = 4); in the control group defects were left empty. Eight weeks after surgery, new bone formation areas were measured histomorphometrically. In the cell study, extracts of Bio-Oss, Bone-XB, and S1-XB showed good results in terms of the osteogenic differentiation of human mesenchymal stem cells (hMSCs) and no cytotoxic reaction was evident. No significant difference was observed between mean new bone areas in the Bio-Oss (36.93 ± 4.27%), Bone-XB (35.07 ± 3.23%), and S1-XB (30.80 ± 6.41%) groups, but new bone area was significantly smaller in the control group (18.73 ± 5.59%) (p < 0.05). Bovine-derived bone graft material containing hydrogel (S1-XB) had a better cellular response and an osteogenic effect similar to Bio-Oss.
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1. Introduction


Currently, various types of graft materials are used for guided bone regeneration (GBR). Graft materials are classified as autografts, allografts, or xenografts, which have different osteoblast adhesion, proliferation, and differentiation properties [1]. Autografts are considered ideal graft material as regards osteogenesis, osteoinduction, and osteoconduction [2], but they require an additional surgical site for bone harvesting, which increases patient discomfort and risks of complications [3,4]. For this reason, development is being actively conducted on other types of bone graft materials [5,6].



Synthetic bone material and xenograft have advantages in terms of supply and cost. Synthetic bone materials, including ceramic-based hydroxyl-apatite (HA) and tricalcium phosphate (β-TCP), but are limited in terms of biocompatibility, osteoconduction, and osteoinduction [7,8]. In addition, since synthetic bone materials are generally stronger than surrounding bone stress, shielding problems may occur [9]. Xenografts obtained from animals (e.g., bovine and porcine sourced) are similar to human bones [10], and because xenografts are biocompatible and have high porosities, they provide space for osteoinduction and osteoconduction [11,12]. Bovine-derived xenografts are the most widely used graft materials and have been reported on many occasions to produce good results [13,14].



Graft materials are made in the form of particles of various sizes and are applied using the conventional GBR technique by compaction in transplant areas and covering the compacted materials with a membrane. However, when defects are irregularly shaped or large, it is difficult to maintain particle-type bone graft materials stably, and prognoses are relatively poor [15]. In addition, particle-type bone graft materials do not compact well due to a lack of adhesion between particles, and thus, handling properties deteriorate during surgery, and sometimes graft particles are malpositioned or lost [16,17]. In order to solve these problems, several types of bone graft materials have recently appeared on the market. These products improve handling properties by preventing particle separation by interposing organic substances between bone graft particles [18].



Hyaluronic acid, glycerol, chitosan, and others have been used as carrier materials to increase the handling of bone graft powder [19]. Recently, moldable putties were developed to fill bone defects and are being widely used because they hold their shapes and are not dispersed by irrigation or blood [20]. In previous studies, various hydrogels were applied to bone grafts in combination with bioactive molecules or cells [21]. In particular, in a recent review article, it was reported that hydrogels improve the stabilities of graft materials in injection or graft sites [22], and in a recent study, alginate hydrogel was reported to improve bone graft stability during surgery [23].



The use of hydrogels for preparing bone grafts confers several advantages. Hydrogels have several potential benefits for bone repair because they have swollen network structures that can contain biologically active agents and excellent biocompatibility. Furthermore, the three-dimensional hydrophilic characteristics of hydrogels provide mechanical strength and nutritional environments suitable for endogenous cell growth. The hydrogel reduces inflammatory responses, has soft textures, and its viscoelastic properties increase operability [21,24,25]. It has also been reported that hydrogels promote the spreading, proliferation, and differentiation of mesenchymal stem cells [26]. The use of hydrogels by mixing with bone graft materials such as ceramics (hydroxyapatite, tricalcium phosphate) and bioglass particles has been studied [27].



Currently, many products for bone graft are being developed, and attempts to improve the operability of the widely used bovine-derived xenograft materials are continuing. The development of injectables, putties, cements, pastes, gels, etc. is attractive in the field of bone regeneration because of its formability and stability, and products with improved operability using various materials are on the market [28]. However, there are few studies evaluating the clinical application of hydrogel-added xenograft materials among various materials. The purpose of this study is to evaluate the clinical applicability of a commercially available xenograft material developed to be manipulated in a shape suitable for the defect area by applying particle xenograft materials and hydrogels at the cellular and small animal level.




2. Materials and Methods


2.1. Experimental Xenogenic Bone Substitutes


In this study, two commercial, powder-type bovine-derived bone grafts were used as experimental groups. Bio-Oss group (Bio-Oss®, Geistlich Pharma AG, Wolhusen, Switzerland) is the most widely used product in the market and is generally used as a positive control because of its considerable scientific basis. Bone-XB group (Bone-XB®, Medpark, Busan, Korea) is also derived from bovine cancellous bone, but its granule size is smaller and its Ca/P ratio is greater than that of Bio-Oss. S1-XB group (S1-XB®, Medpark, Busan, Korea) is prepared by mixing Bone-XB with hydrogel. The company did not disclose patent or specific manufacturing details. Specific porosity, Ca/P ratio, particle sizes, and manufacturers’ details are provided in Table 1 [16].




2.2. In Vitro Study


2.2.1. Scanning Electron Microscope (SEM) Image Analysis


The surface morphology of the xenogenic bone substitutes was observed by scanning electron microscopy (SEM, Hitachi S3500N, Hitachi, Tokyo, Japan). Specimens were coated with Au using a sputter coater (SCD 005, BAL-TEC, Balzers, Liechtenstein), and SEM was conducted at an accelerating voltage of 15kV. Surface compositional analysis was performed by onboard energy-dispersive X-ray spectroscopy (EDX, Apollo X, Ametek EDAX, Mahwah, NJ, USA). EDX dot scans were performed three times for each group of specimens.




2.2.2. Preparation of Extracts


We mixed 250 mg of each xenogeneic bone substitute (Bio-Oss, Bone-XB, and S1-XB) with 10 mL of alpha-modified Eagle’s medium (α-MEM; Welgene, Deagu, Korea) and incubated suspensions at 37 °C for 24 h. Control medium was prepared in the same manner without bone substitute. Suspensions were centrifuged at 1500 rpm for 5 min and filtered through 0.2 μm membranes (Sartorius, Göttingen, Germany).




2.2.3. Culture of Human Bone Marrow Mesenchymal Stem Cells (hMSCs)


Human mesenchymal stem cells (hMSCs) were purchased from Lonza (Walkersville, MD, USA) and cultured in α-MEM supplemented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA), 100 U/mL penicillin, and 100 µg/mL streptomycin (GibcoTM, Thermo Fisher Scientific, Waltham, MA, USA), at 37 °C in a 5% CO2 atmosphere. Media were refreshed every other day, and the hMSCs used in all experiments were passaged less than seven times.




2.2.4. Cell Viability and Proliferation Assay


hMSCs were seeded into 48-well plates (Nunc, Roskilde, Denmark) at a density of 104 cells/well in medium containing 20% or 50% of the bone substitute extracts and cultured for 0, 1, 2, or 3 days. Cell proliferations were assessed by adding 20 µL of CCK-8 solution (Dojindo, Rockville, MD, USA). Absorbances were measured at 450 nm using an Opsys MR micro-plate reader (DYNEX Technologies Inc., Denkendorf, Germany). Cell viabilities were determined with 24 h absorbance data.




2.2.5. Osteoblasts Differentiation and Alkaline Phosphatase (ALP) Activity Assay


hMSCs were seeded into a 48-well plate at a density of 104 cells/well and cultured for 24 h. Osteoblast differentiation was induced by adding 10 mM of β-glycerophosphate and 50 µg/mL of ascorbic acid (Sigma-Aldrich, Milan, Italy) to α-MEM supplemented with 10% FBS. The medium was refreshed every other day. Bone substitute extracts constituted 50% of the total osteogenic induction medium. On day 12, alkaline phosphatase (ALP) activities were estimated using the ALP staining kit (86R-1KT, Sigma-Aldrich, Milan, Italy). Intensities of alkaline phosphatase staining were quantified by imaging culture plates (Nikon, Eclipse Ts2, Melville, NY, USA) and measuring integrated densities using the ImageJ program (version 1.52p, National Institutes of Health, Bethesda, MD, USA).




2.2.6. Quantitative Real-Time Polymerase Chain Reaction (qPCR) Analysis


The qPCR analysis was performed to examine the expressions of osteogenic differentiation markers. Five days after osteogenic induction, total RNA was extracted from hMSCs using TRIzol (Life Technologies, Grand Island, NY, USA), and 2 µg of RNA was reverse transcribed using Superscript II (Invitrogen) (GibcoTM, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. For qPCR analysis, 50 ng of cDNA was mixed with SYBR Green PCR Master Mix (Applied Biosystems, Forster, CA, USA) and amplified for 40 cycles using an AB7500 unit (Applied Biosystems). Experiments were performed in triplicate, and the data were normalized versus β-actin mRNA. Besides GAPDH, beta-actin is one of the most widely used genes as an internal reference gene for quantitative real-time PCR. The stable expression of beta-actin has been validated in human mesenchymal stem cell as well as osteoblast [29,30]. The analysis was performed using the ∆(∆CT) method. The primer sequences used in qPCR were as follows: Runx2: F(5′-TGCTTTGGTCTTGAAATCACA-3′), R(5′-TCTTAGAACAAATTCTGCCCTTT-3′); ALP: F(5′-ATCCAGAATGTTCCACGGAGGCTT-3′), R(5′-AGACACATATGATGGCCGAGG); OCN: F(5′-CAGCGAGGTAGTGAAGAGAC-3′), R(5′-TGAAAGCCGATGTGGTCAG-3′); OSX: F(5′-TCCCTGCTTGAGGAG GAAG-3′), R(5′-AGTTGTTGAGTCCCGCAGAG-3′); OPN: F(5′-AGACACATATGATGGCCGAGG-3′), R(5′-GGCCTTGTATGCACCATTCAA-3′); β-actin: F(5′-ACTCTTCCAGCCTTCCTTCC-3′), R(5′-TGTTGGCGTACAGGTCTTTG-3′) (Table 2).





2.3. In Vivo Experiment


2.3.1. Animals and Operative Procedures


The experimental protocol was approved beforehand by the IACUC (Institutional Animal Care and Use Committee), the Animal Experimental Ethics Committee of Pusan National University (PNU-2020-2618). Sixteen Sprague-Dawley rats (male, 13 weeks old, Koatech, Pyeongtaek, Korea) were used for in vivo experiments. Animals were acclimated to a pellet diet with free access to water in individual cages for 2 weeks. For surgery, general anesthesia was achieved by administering an intraperitoneal injection of avertin. In each animal, the skull was exposed through a sagittal incision using a #15 surgical blade, and a trephine bur was used to make a circular defect of diameter 8 mm under saline irrigation. Bone graft materials were applied to defects according to the manufacturer’s instructions (Figure 1), and surgery was completed by suturing periosteum and skin with 3-0 Vicryl sutures without a membrane.



Eight weeks after surgery, rats were sacrificed by CO2 inhalation. Tissue samples, which included peri-defect samples, were carefully secured and fixed in 10% neutral buffered formalin (Sigma-Aldrich) for 2 weeks.




2.3.2. Histologic Analysis


Specimens were decalcified using decalcifying Solution (Calci-Clear Rapid®, National Diagnostics, Atlanta, GA, USA) and dehydrated in an alcohol series (70%, 80%, 90%, and 100%) before they were embedded in paraffin. After that, the paraffin block was sectioned 3–4 μm thickness using a microtome(Leica® RM2255, Leica Biosystems Inc., Buffalo Grove, IL, USA). Slides were stained with hematoxylin-eosin and Masson’s trichrome and imaged under an optical microscope (Olympus BX51, Olympus Co., Ltd., Tokyo, Japan). New bone areas (%) were determined using an image analysis program (iSolution, IMT, Vancouver, Canada) (Figure 2).




2.3.3. Statistical Analysis


The analyses were performed using SPSS ver. 25.0 (SPSS, Chicago, IL, USA). In vitro data were obtained from at least three independent experiments conducted in triplicate. Results of multiple observations are presented as means ± SEMs. The significances of intergroup differences were determined by one-way or two-way ANOVA followed by the Bonferroni post hoc test. In vivo results were analyzed using the Kruskal-Wallis test followed by the Mann-Whitney U post hoc test. Statistical significance was accepted for p values < 0.05.






3. Results


3.1. In Vitro Findings


3.1.1. Scanning Electron Microscope Surface Analysis


Images were taken at ×60, ×500, and ×3000 magnification to investigate the surface morphologies of bone graft materials. Similar particle sizes and macro-porous structures were observed for Bio-Oss, Bone-XB, and S1-XB. In S1-XB, distinct hydrogel layers were not visible on the SEM image (Figure 3).




3.1.2. Energy-Dispersive X-ray Spectroscopy (EDX) Findings


The elements in bone graft materials and Ca/P ratios were determined by EDX (Table 3). Ca/P ratios were similar for Bio-Oss and Bone-XP, the ratio was slightly lower for S1-XB. For all bone substitutes, the stoichiometric ratio of HA was less than 1.67. In addition, S1-XB had higher C and O contents than Bio-Oss or Bone-XB, which attributed to the hydrogel.




3.1.3. CCK-8 Assays of Cell Viability and Proliferation


Liquid extraction method has been recommended as a standard procedure in testing cytotoxicity of biocompatible materials by the ISO 10993. After treating hMSCs with extracts of bone substitutes, cell viability and proliferation were investigated using the CCK-8 assay. Extracts were collected by incubating Bio-Oss, Bone-XB, or S1-XB for 24 h. No significant intergroup viability differences were observed after incubation for 24 h with 20% or 50% extracts of the bone substitute versus non-treated controls. hMSCs proliferation was measured every 24 h for 72 h after supplementation with 20% or 50% extracts. Supplementation with 20% extracts derived from Bio-Oss significantly increased hMSCs proliferation at 48 h. Notably, supplementation with 20% and 50% extracts derived from S1-XB increased hMSCs proliferation most at 48 h (Figure 4).




3.1.4. Alkaline Phosphatase (ALP) Staining for Osteogenic Differentiation Analysis


Since we could not find significant differences between 20% and 50% extracts treatment on hMSCs proliferation at the final time point in our system, only 50% extracts were used in the subsequent experiments. To determine the effects of bone substitutes on osteogenic differentiation, ALP staining was conducted 12 days after the induction of osteogenic differentiation by culturing hMSCs in the presence of 50% extracts. No obvious differences were observed between the ALP positive areas of cells treated with Bio-Oss extracts and non-treated controls. However, treatments with Bone-XB and S1-XB extracts significantly increased ALP positive areas versus controls, and the greatest increase was observed for cells treated with S1-XB extracts (Figure 5).




3.1.5. Quantitative Real-Time Polymerase Chain Reaction (qPCR) for Osteogenic Differentiation Analysis


To evaluate the effects of the three bone substitutes on osteogenic differentiation further, qPCR was performed to examine the expressions of osteogenesis-related genes. Consistent with ALP staining results, supplementation of extracts derived from Bio-Oss did not induce any osteogenesis-related genes versus non-treated controls. However, supplementation of extracts derived from Bone-XB and S1-XB greatly induced expressions of the key osteogenic transcription factors Runx2 and OSX and those of genes involved in osteoblast differentiation and matrix mineralization; ALP, OCN, and OPN (Figure 6).





3.2. In Vivo Findings


3.2.1. Clinical Findings


All rats survived during the experimental periods, and no side effects such as inflammation or specimen exposure were observed.




3.2.2. Histologic Findings


Bio-Oss, Bone-XB, and S1-XB bone substitutes were retained stably at defect sites, and no inflammatory cells or unexpected reactions were observed (Figure 7).




3.2.3. Histomorphometric Findings


New bone area results are shown in Table 4 and Figure 8. New bone area was significantly less in the control group than in the Bio-Oss, Bone-XB, or S1-XB groups, but no significant difference was observed between the three bone graft materials (p > 0.05).






4. Discussion


In this study, we compared three commercially available xenograft materials that have been officially confirmed to be safe. The first one, Bio-Oss is well-known for its effectiveness, safety, bone formation quality and quantity, and high success rate [31,32,33]. The second one, Bone-XB is a new bovine bone graft material developed in Korea. It has a particle size of 0.2–1.0 mm and a macro/micropore structure similar to Bio-Oss. The third one, S1-XB is a product from the same manufacturer as Bone-XB, a mixture of the xenograft particle and hydroxypropyl methylcellulose that is the polymer making the hydrogel. After the xenograft particle adsorbed with osteogenic protein and hydroxypropyl methyl cellulose powder are mixed and stirred to obtain a viscous gel, it is prepared under vacuum and freeze-drying conditions. Cause of the viscous condition, S1-XB had a putty-like consistency that allowed it to be shaped easily by hand, and it also showed an ability to retain its shape. In Figure 1b,c, the particles of the material are together in the defect, but the particles are seen separately one by one. The graft material in Figure 1d looks like a single, round lump with a rough surface.



The electron microscopy (SEM) images of Bio-Oss, Bone-XB, and S1-XB groups showed similar pore morphologies, presumably because they are all derived from bovine bone. Macro pores contribute to the formation of blood vessels, whereas micro pores contribute to osteoblast adhesion, and thus, Bio-Oss and Bone-XB can be considered to provide environmentally similar osteoblast scaffolds [34]. In the S1-XB group, the hydrogel coating layer was not well-visualized by SEM, which implied it was evenly and thinly distributed. a is useful for studying the degree of bone mineralization [35], and the theoretical value (1.67) of stoichiometric hydroxyapatite, the main component of human bone, and the Ca/P ratio of the three bone substitutes were different. Bone-XB was 1.550, Bio-Oss was 1.526, and S1-XB was 1.434, all smaller than 1.67 [36,37]. In the previous study, when the Ca/P ratio was 2.0 or higher, it decreased osteoblast viability after 72 h; in contrast, when the Ca/P ratio was less than 2.0, it optimized osteoblast viability and promoted osteoblast alkaline phosphatase activity after 72 h. In addition, although HA with a Ca/P ratio of 1.67 has excellent biocompatibility, it is known to interrupt bone re-generation due to slow absorption in the body. However, TCP with Ca/P 1.5, a commercially available bone graft material, has high biodegradability and is mixed with HA in a certain ratio to compensate for each disadvantage. The materials used in this study showed results close to TCP with Ca/P of 1.4 to 1.5. Compared to Bio-Oss and Bone-XB, the C and O levels were much higher in S1-XB, and thus, Ca and P levels were reduced, presumably due to the presence of the hydrogel [24]. The hydrogel is made of various polymers, and since there are many C and O in the polymer, these results were expected to be shown in S1-XB [38].



In previous studies, Bio-Oss was reported to have a positive effect on the osteoblast differentiation of hMSCs [39]. In this study, S1-XB and Bone-XB were compared with Bio-Oss. In the cell study, the toxicity evaluation was performed by measured CCK-8 assay, areas of differentiated osteoblastic cells were compared by ALP staining, and levels of bone remodeling-related mRNAs were assessed by real-time PCR. All three bone substitutes had viabilities and cell proliferations similar to those of non-treated controls. Degrees of osteoblast differentiation followed the order S1-XB > Bone-XB > Bio-Oss and were similar for Bio-Oss and non-treated controls group but higher for S1-XB and Bone-XB than controls. ALP activity was investigated by real-time PCR as a surrogate of osteoblast activity because ALP is a marker of the change from pre- to mature osteoblasts. Our results show that S1-XB extract significantly promoted osteoblast differentiation. In addition, levels of the transcription factors of osteoblast differentiation Runx2 and osterix (OSX) were measured. OSX and Runx2 levels were significantly higher for S1-XB followed by Bone-XB. Extracellular matrix proteins, osteopontin (OPN) and osteocalcin (OCN), which are expressed during the formation of osteoblast or woven bone formation, were also assessed by PCR. The results showed expressions were significantly higher for S1-XB than Bone-XB and significantly higher for Bone-XB than Bio-Oss [40,41,42]. The CCK-8 assay revealed that the extracts from Bio-Oss, Bone-XB, and S1-XB showed no significant cytotoxic effect on hMSCs viability under these experimental conditions. The modest proliferation of hMSC was observed in response to supplementation with Bio-Oss and S1-XB at 48 h, but no detectable differences at 72 h. Based on these results, it appears that the osteoinductive effects of bone graft extracts on hMSCs are mainly derived by inducing osteogic differentiation capacity, not the stimulation of proliferation.



Histological analysis showed osteoblasts were distributed around transplanted xenografts in the Bio-Oss, Bone-XB, and S1-XB groups, indicating that all three xenografts used in this study had good bone conductivity [43]. Histomorphometric analysis showed new bone areas were not significantly different for the three bone substitutes, though all had significantly larger new bone areas than in the control group. Summarizing, S1-XB produced better results in cell studies and similar results in animal studies than Bio-Oss or Bone-XB, which shows S1-XB is biocompatible and osteoblast differentiation characteristics similar to that of Bio-Oss.



A wide variety of products are now in production, requiring clinicians to evaluate new products and validate their clinical applicability. It is meaningful that a product with a new function, such as S1-XB, has no significant difference in animal test results from existing products that are acknowledged and used. The main problems of previous bone graft material particles were manipulation, transportation, and molding [44,45]. The original particle-type bone graft material is less stable due to its intrinsic physical properties, so a space-maintaining barrier such as a membrane must be used [46]. S1-XB with the addition of hydrogel was not inferior to the existing materials in terms of bone formation ability in this study, even though no membrane was used. Products with similar bone formation performance and superior operability are valuable in clinical practice.



There are several limitations in the current study that are worth considering. First limitation, since this study was designed as a pilot, the number of animals is limited, so results from animal studies may be inferior to cell studies. Second limitation, as the graft materials have cohesiveness, we did not cover the graft areas with collagen membrane, although we doubt whether the absence of a membrane caused xenograft losses or displacements. The barrier membrane can prevent bone graft material loss by ensuring the stability of the bone graft material [47]. Third limitation, we have not investigated whether the increased cohesiveness of S1-XB affects passages and porosity of graft materials for new bone growth [48]. Further research is required on these topics. Despite the limitations of this study, the surface properties, cell activities, and bone regeneration ability of S1-XB were not inferior to Bio-Oss, and it was increased operability by hydrogel, which indicated its suitability as a bone graft material. Further research is required on these materials and topics.




5. Conclusions


Within the limitations of this preliminary study, the osteogenic capacity and biocompatibility of S1-XB, a commercially available particle-type bone graft with increased manipulability by hydrogel, were not inferior to those of currently commercially available bovine-derived xenograft materials, and showed favorable operability clinically.







Author Contributions


Conceptualization, J.-B.H.; methodology, J.-B.H., H.-J.K., S.-Y.K., and Y.-J.L.; formal analysis, W.-T.C. and S.-H.H.; investigation, W.-T.C. and S.-H.H.; data curation, W.-T.C., S.-H.H., S.-Y.K., Y.-J.L., and S.-C.H.; writing—original draft preparation, J.-B.H., S.-Y.K., and Y.-J.L.; writing—review and editing, H.-J.K., S.-Y.K., Y.-J.L., S.-C.H., and J.-B.H.; supervision, J.-B.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the National Research Foundation of Korea (NRF; Daejeon, Korea) and funded by the Korean government (MSIT; grant no. NRF-2018R1A5A2023879), and supported by the National Research Foundation of Korea (NRF) funded by the Korean government (MSIT; grant no. NRF-2020R1A2C1004927).




Institutional Review Board Statement


The study was approved by the Institutional Animal Care and Use Committee (IACUC) of Pusan National University (PNU-2020-2618).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing not applicable.




Conflicts of Interest


The authors have no conflict of interest to declare.




References


	



Yip, I.; Ma, L.; Mattheos, N.; Dard, M.; Lang, N.P. Defect healing with various bone substitutes. Clin. Oral Implants Res. 2015, 26, 606–614. [Google Scholar] [CrossRef] [PubMed]

	



Borstlap, W.A.; Heidbuchel, K.L.; Freihofer, H.P.M.; Kuijpers-Jagtman, A.M. Early secondary bone grafting of alveolar cleft defects: A comparison between chin and rib grafts. J. Cranio-Maxillofac. Surg. 1990, 18, 201–205. [Google Scholar] [CrossRef]

	



Misch, C.M. Comparison of intraoral donor sites for onlay grafting prior to implant placement. Int. J. Oral Maxillofac. Implants 1997, 12, 767–776. [Google Scholar]

	



Raghoebar, G.M.; Louwerse, C.; Kalk, W.W.; Vissink, A. Morbidity of chin bone harvesting. Clin. Oral Implants Res. 2001, 12, 503–507. [Google Scholar] [CrossRef]

	



Piattelli, M.; Favero, G.F.; Scarano, A.; Orsini, G.; Piattelli, A. Bone reactions to anorganic bovine bone used in sinus lifting procedure: A histologic long-term report of 20 cases in man. Int. J. Oral Maxillofac. Implants 1999, 14, 835–840. [Google Scholar]

	



Norton, M.R.; Odell, E.W.; Thompson, I.D.; Cook, R.J. Efficacy of bovine bone mineral for alveolar augmentation: A human histologic study. Clin. Oral Implants Res. 2003, 14, 775–783. [Google Scholar] [CrossRef]

	



Suh, H.; Park, J.C.; Han, D.W.; Lee, D.H.; Han, C.D. A bone replaceable artificial bone substitute: Cytotoxicity, cell adhesion, proliferation, and alkaline phosphatase activity. Artif. Organs 2001, 25, 14–21. [Google Scholar] [CrossRef]

	



Liu, J.; Kerns, D.G. Suppl 1: Mechanisms of guided bone regeneration: A review. Open Dent. J. 2014, 8, 56–65. [Google Scholar] [CrossRef]

	



Park, S.-A.; Shin, J.-W.; Yang, Y.-I.; Kim, Y.-K.; Park, K.-D.; Lee, J.-W.; Jo, I.-H.; Kim, Y.-J. In vitro study of osteogenic differentiation of bone marrow stromal cells on heat-treated porcine trabecular bone blocks. Biomaterials 2004, 25, 527–535. [Google Scholar] [CrossRef]

	



Poumarat, G.; Squire, P. Comparison of mechanical properties of human, bovine bone and a new processed bone xenograft. Biomaterials 1993, 14, 337–340. [Google Scholar] [CrossRef]

	



Wetzel, A.; Stich, H.; Caffesse, R. Bone apposition onto oral implants in the sinus area filled with different grafting materials. A histological study in beagle dogs. Clin. Oral Implants Res. 1995, 6, 155–163. [Google Scholar] [CrossRef]

	



Klinge, B.; Alberius, P.; Isaksson, S.; Jönsson, J. Osseous response to implanted natural bone mineral and synthetic hydroxylapatite ceramic in the repair of experimental skull bone defects. J. Oral Maxillofac. Surg. 1992, 50, 241–249. [Google Scholar] [CrossRef]

	



Buser, D.; Brägger, U.; Lang, N.; Nyman, S. Regeneration and enlargement of jaw bone using guided tissue regeneration. Clin. Oral Implants Res. 1990, 1, 22–32. [Google Scholar] [CrossRef]

	



Hämmerle, C.; Olah, A.; Schmid, J.; Fluckiger, L.; Gogolewski, S.; Winkler, J.; Lang, N. The biological effect of deproteinized bovine bone on bone neoformation on the rabbit skull. Clin. Oral Implants Res. 1997, 8, 198–207. [Google Scholar] [CrossRef] [PubMed]

	



Buser, D.; Dula, K.; Belser, U.; Hirt, H.-P.; Berthold, H. Localized ridge augmentation using guided bone regeneration. I. Surgical procedure in the maxilla. Int. J. Periodontics Restor. Dent. 1993, 13, 29–45. [Google Scholar]

	



Le, B.T.; Borzabadi-Farahani, A. Simultaneous implant placement and bone grafting with particulate mineralized allograft in sites with buccal wall defects, a three-year follow-up and review of literature. J. Cranio-Maxillofac. Surg. 2014, 42, 552–559. [Google Scholar] [CrossRef] [PubMed]

	



Wong, R.; Rabie, A. Effect of Bio-Oss Collagen and Collagen matrix on bone formation. Open Biomed. Eng. J. 2010, 4, 71–76. [Google Scholar] [CrossRef]

	



Kato, E.; Lemler, J.; Sakurai, K.; Yamada, M. Biodegradation property of beta-tricalcium phosphate-collagen composite in accordance with bone formation: A comparative study with Bio-Oss Collagen® in a rat critical-size defect model. Clin. Implants Dent. Relat. Res. 2014, 16, 202–211. [Google Scholar] [CrossRef]

	



Kinard, L.A.; Dahlin, R.L.; Lam, J.; Lu, S.; Lee, E.J.; Kasper, F.K.; Mikos, A.G. Synthetic biodegradable hydrogel delivery of demineralized bone matrix for bone augmentation in a rat model. Acta Biomater. 2014, 10, 4574–4582. [Google Scholar] [CrossRef]

	



Schallenberger, M.; Lovick, H.; Locke, J.; Meyer, T.; Juda, G. The effect of temperature exposure during shipment on a commercially available demineralized bone matrix putty. Cell Tissue Bank. 2016, 17, 677–687. [Google Scholar] [CrossRef]

	



Wu, G.; Feng, C.; Quan, J.; Wang, Z.; Wei, W.; Zang, S.; Kang, S.; Hui, G.; Chen, X.; Wang, Q. In situ controlled release of stromal cell-derived factor-1α and antimiR-138 for on-demand cranial bone regeneration. Carbohydr. Polym. 2018, 182, 215–224. [Google Scholar] [CrossRef]

	



Gibbs, D.M.; Black, C.R.; Dawson, J.I.; Oreffo, R.O. A review of hydrogel use in fracture healing and bone regeneration. J. Tissue Eng. Regen. Med. 2016, 10, 187–198. [Google Scholar] [CrossRef]

	



He, B.; Ou, Y.; Zhou, A.; Chen, S.; Zhao, W.; Zhao, J.; Li, H.; Zhu, Y.; Zhao, Z.; Jiang, D. Functionalized d-form self-assembling peptide hydrogels for bone regeneration. Drug Des. Dev. Ther. 2016, 10, 1379–1388. [Google Scholar] [CrossRef]

	



Bai, X.; Gao, M.; Syed, S.; Zhuang, J.; Xu, X.; Zhang, X.-Q. Bioactive hydrogels for bone regeneration. Bioact. Mater. 2018, 3, 401–417. [Google Scholar] [CrossRef]

	



Buwalda, S.J.; Vermonden, T.; Hennink, W.E. Hydrogels for therapeutic delivery: Current developments and future directions. Biomacromolecules 2017, 18, 316–330. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhuri, O. Viscoelastic hydrogels for 3D cell culture. Biomater. Sci. 2017, 5, 1480–1490. [Google Scholar] [CrossRef] [PubMed]

	



Tozzi, G.; Mori, A.D.; Oliveira, A.; Roldo, M. Composite Hydrogels for Bone Regeneration. Materials 2016, 9, 267. [Google Scholar] [CrossRef] [PubMed]

	



Lopera-Echavarría, A.M.; Medrano-David, D.; Lema-Perez, A.M.; Araque-Marín, P.; Londono, M.E. In vitro evaluation of confinement, bioactivity, and degradation of a putty type bone substitute. Mater. Today Commun. 2021, 26, 102105. [Google Scholar]

	



Li, X.; Yang, Q.; Bai, J.; Xuan, Y.; Wang, Y. Identification of appropriate reference genes for human mesenchymal stem cell analysis by quantitative real-time PCR. Biotechnol. Lett. 2015, 37, 1–67. [Google Scholar] [CrossRef]

	



Stephens, A.S.; Stephens, S.R.; Morrison, N.A. Internal control genes for quantitative RT-PCR expression analysis in mouse osteoblasts, osteoclasts and macrophages. BMC Res. Notes 2011, 4, 410. [Google Scholar] [CrossRef]

	



Yildirim, M.; Spiekermann, H.; Handt, S.; Edelhoff, D. Maxillary sinus augmentation with the xenograft Bio-Oss and autogenous intraoral bone for qualitative improvement of the implant site: A histologic and histomorphometric clinical study in humans. Int. J. Oral Maxillofac. Implants 2001, 16, 22–33. [Google Scholar]

	



Meijndert, L.; Raghoebar, G.M.; Schüpbach, P.; Meijer, H.J.A.; Vissink, A. Bone quality at the implant site after reconstruction of a local defect of the maxillary anterior ridge with chin bone or deproteinised cancellous bovine bone. Int. J. Oral Maxillofac. Surg. 2005, 34, 877–884. [Google Scholar] [CrossRef]

	



Artzi, Z.; Nemcovsky, C.E.; Tal, H. Efficacy of porous bovine bone mineral in various types of osseous deficiencies: Clinical observations and literature review. Int. J. Periodontics Restor. Dent. 2001, 21, 395–405. [Google Scholar]

	



Chan, O.; Coathup, M.J.; Nesbitt, A.; Ho, C.Y.; Hing, K.A.; Buckland, T.; Campion, C.; Blunn, G.W. The effects of microporosity on osteoinduction of calcium phosphate bone graft substitute biomaterials. Acta Biomater. 2012, 8, 2788–2794. [Google Scholar] [CrossRef]

	



Prati, C.; Zamparini, F.; Botticelli, D.; Ferri, M.; Yonezawa, D.; Piattelli, A.; Gandolfi, M.G. The Use of ESEM-EDX as an Innovative Tool to Analyze the Mineral Structure of Peri-Implant Human Bone. Materials 2020, 13, 1671. [Google Scholar] [CrossRef] [PubMed]

	



Kusrini, E.; Sontang, M. Characterization of x-ray diffraction and electron spin resonance: Effects of sintering time and temperature on bovine hydroxyapatite. Radiat. Phys. Chem. 2012, 81, 118–125. [Google Scholar] [CrossRef]

	



Mostafa, N.Y. Characterization, thermal stability and sintering of hydroxyapatite powders prepared by different routes. Mater. Chem. Phys. 2005, 94, 333–341. [Google Scholar] [CrossRef]

	



Rinaudo, M. Chitin and chitosan: Properties and applications. Prog. Polym.Sci. 2006, 31, 603–632. [Google Scholar] [CrossRef]

	



Berglundh, T.; Lindhe, J. Healing around implants placed in bone defects treated with Bio-Oss®. An experimental study in the dog. Clin. Oral Implants Res. 1997, 8, 117–124. [Google Scholar] [CrossRef]

	



Amanso, A.M.; Kamalakar, A.; Bitarafan, S.; Abramowicz, S.; Drissi, H.; Barnett, J.V.; Wood, L.B.; Goudy, S. Osteoinductive effect of soluble transforming growth factor beta receptor 3 on human osteoblast lineage. J. Cell Biochem. 2021, 122, 538–548. [Google Scholar] [CrossRef]

	



Kangwannarongkul, T.; Subbalekha, K.; Vivatbutsiri, P.; Suwanwela, J. Gene Expression and Microcomputed Tomography Analysis of Grafted Bone Using Deproteinized Bovine Bone and Freeze-Dried Human Bone. Int. J. Oral Maxillofac. Implants 2018, 33, 541–548. [Google Scholar] [CrossRef]

	



Safari, B.; Aghanejad, A.; Roshangar, L.; Davaran, S. Osteogenic effects of the bioactive small molecules and minerals in the scaffold-based bone tissue engineering. Colloids Surf. B Biointerfaces 2021, 198, 111462. [Google Scholar] [CrossRef]

	



Caetano Uetanabaro, L.; Claudino, M.; Mobile, R.Z.; Cesar Zielak, J.; Pompermaier Garlet, G.; Rodrigues de Araujo, M. Osteoconductivity of Biphasic Calcium Phosphate Ceramic Improves New Bone Formation: A Histologic, Histomorphometric, Gene Expression, and Microcomputed Tomography Study. Int. J. Oral Maxillofac. Implants 2020, 35, 70–78. [Google Scholar] [CrossRef] [PubMed]

	



Banjar, A.A.; Mealey, B.L. A clinical investigation of demineralized bone matrix putty for treatment of periodontal bony defects in humans. Int. J. Periodontics Restor. Dent. 2013, 33, 567–573. [Google Scholar] [CrossRef] [PubMed]

	



Gruskin, E.; Doll, B.A.; Futrell, F.W.; Schmitz, J.P.; Hollinger, J.O. Demineralized bone matrix in bone repair: History and use. Adv. Drug Deliv. Rev. 2012, 64, 1063–1077. [Google Scholar] [CrossRef] [PubMed]

	



Rocchietta, I.; Simion, M.; Hoffmann, M.; Trisciuoglio, D.; Benigni, M.; Dahlin, C. Vertical bone augmentation with an autogenous block or particles in combination with guided bone regeneration: A clinical and histological preliminary study in humans. Clin. Implants Dent. Relat. Res. 2016, 18, 19–29. [Google Scholar] [CrossRef]

	



Pang, C.; Ding, Y.; Zhou, H.; Qin, R.; Hou, R.; Zhang, G.; Hu, K. Alveolar ridge preservation with deproteinized bovine bone graft and collagen membrane and delayed implants. J. Craniofacial Surg. 2014, 25, 1698–1702. [Google Scholar] [CrossRef] [PubMed]

	



Hoare, T.R.; Kohane, D.S. Hydrogels in drug delivery: Progress and challenges. Polymer 2008, 49, 1993–2007. [Google Scholar] [CrossRef]








[image: Materials 14 04464 g001 550] 





Figure 1. The bone graft materials applied to rat calvaria defects. (a) Control group, (b) Bio-Oss group, (c) Bone-XB group, and (d) S1-XB group. 
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Figure 2. Schematic of histometric analysis. 
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Figure 3. Scanning electron microscope (SEM) images of each group. [Original magnification: ×60, ×500, ×3000. 
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Figure 4. Cell viability and proliferation of human mesenchymal stem cells (hMSCs) exposed to the different extracts. The letter “*” indicates significant differences (p < 0.05); N.S.—No significant. 






Figure 4. Cell viability and proliferation of human mesenchymal stem cells (hMSCs) exposed to the different extracts. The letter “*” indicates significant differences (p < 0.05); N.S.—No significant.



[image: Materials 14 04464 g004]







[image: Materials 14 04464 g005 550] 





Figure 5. Cell osteogenic differentiation assay (** p < 0.01). The letter “**” indicates significant differences (p < 0.05); N.S.—No significant. 
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Figure 6. The effects of the three bone substitute extracts on osteogenesis-related genes. hMSCs were cultured in osteogenic induction media supplemented with 50% extracts for 12 days. The mRNA expressions of osteogenic differentiation-related genes, that is, Runx2, OSX, ALP, OCN, and OPN were determined by qPCR. Normalization was performed versus β-actin expression. “*”, “†”, “‡” Different letters indicate significant differences (p < 0.05). 
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Figure 7. Histologic sections of defect sites at 8 weeks after surgery. (A) Control, (B) Bio-Oss, (C) Bone-XB, (D) S1-XB. Note: NB; new bone, CT; connective tissue, GM; graft materials, OB; old bone. 
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Figure 8. Percentages of new bone area within areas of interest (AOIs). The letter “*” indicates significant differences (p < 0.05). 
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Table 1. Characteristics of bone graft materials.
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	Product Name
	Type
	Derivation
	Granule Size (µm)
	Porosity (%)
	Ca/P (%)
	Manufacturer





	Bio-Oss®
	Powder
	Bovine cancellous
	250–1000
	70.5
	1.54
	Geistlich Pharma AG, Wolhusen, Switzerland



	Bone-XB®
	Powder
	Bovine cancellous
	200–1000
	70.20
	1.7063
	Medpark, Busan, Korea



	S1-XB®
	Powder
	Bovine cancellous/hydrogel
	200–1000
	70.20
	1.7063
	Medpark, Busan, Korea
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Table 2. Primer sequences used for real-time PCR.
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Target Genes

	
Sequences






	
Runx2

	
F: 5′-TGCTTTGGTCTTGAAATCACA-3′




	
R: 5′-TCTTAGAACAAATTCTGCCCTTT-3′




	
ALP

	
F: 5′-ATCCAGAATGTTCCACGGAGGCTT-3




	
R: 5′-AGACACATATGATGGCCGAGG




	
OCN

	
F: 5′-CAGCGAGGTAGTGAAGAGAC-3′




	
R: 5′-TGAAAGCCGATGTGGTCAG-3′




	
OSX

	
F: 5′-TCCCTGCTTGAGGAG GAAG-3′




	
R: 5′-AGTTGTTGAGTCCCGCAGAG-3′




	
OPN

	
F: 5′-AGACACATATGATGGCCGAGG-3′




	
R: 5′-GGCCTTGTATGCACCATTCAA-3′




	
β-actin

	
F: 5′-ACTCTTCCAGCCTTCCTTCC-3′




	
R: 5′-TGTTGGCGTACAGGTCTTTG-3′
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Table 3. EDS results of the bone substitutes (Atomic %; Mean ± SD).
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	Elements
	Bio-Oss
	Bone-XB
	S1-XB





	C
	2.947 ± 1.034
	2.29 ± 0.611
	6.837 ± 6.433



	O
	28.19 ± 9.45
	27.047 ± 6.339
	34.78 ± 5.699



	P
	35.91 ± 1.192
	37.04 ± 2.581
	33.79 ± 7.053



	Ca
	54.78 ± 4.996
	57.40 ± 3.789
	48.44 ± 8.954



	Ca/P
	1.526
	1.550
	1.434
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Table 4. New bone area within areas of interest (AOIs).
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Group

	
Mean

	
SD

	
p-Value






	
New bone area (%)

	
Control

	
18.73

	
5.59

	
0.026 *




	
Bio-Oss

	
36.93

	
4.27




	
Bone-XB

	
35.07

	
3.23




	
S1-XB

	
30.80

	
6.41








The letter “*” indicates significant differences (p < 0.05).
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