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					ABSTRACT  

					ARTICLE INFO  

					Modification of implant material can affect osseointegration between the implant surface and  

					bone. Polymethylmethacrylate (PMMA) material has potential as an implant material, but has  

					drawbacks such as exothermic properties and the formation of fibrous capsule tissue after  

					implantation. PMMA must be combined with active ingredients like hydroxyapatite (HA) due to  

					its osteoconductive properties. HA can be obtained from animals (xenograft), and from limestone  

					(Alloplast). The presence of osteogenic markers such as Runt-related transcription factor 2  

					(RUNX2) and Alkaline phosphatase (ALP) indicates the development of new bone tissue  

					following the implantation of a substance. The present study aimed to determine the effects of  

					PMMA-HA obtained from bovine bone following Good Manufacturing Practice (PMMA-HA  

					GMP) and that obtained from limestone through processing at Balai Besar Keramik (PMMA-HA  

					BBK) on the expression of RUNX2 and ALP. PMMA and HA were mixed in a 83.8:16.2 ratio.  

					Wistar rats were divided into six groups (K7, K14, BBK7, BBK14, GMP7, and GMP14) and  

					PMMA-HA GMP or PMMA-HA BBK was implanted into their femurs. Type-1 collagen was  

					used as the control (K). After 7 and 14 days of implantation, the rats were sacrificed, their femurs  

					were collected and processed for immunohistochemical examination. The PMMA-HA BBK and  

					PMMA-HA GMP treatment groups showed notable increase in the expressions of RUNX2 and  

					ALP after implantation for 7 and 14 days compared to the control groups (K7 and K14). Therefore,  

					PMMA-HA BBK and PMMA-HA GMP implants can increase the expression of osteogenic  

					markers RUNX2 and ALP over 7 and 14 days.  
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					HA is used as  

					a

					substitute for bone graft because of its  

					Introduction  

					bioactiveproperties such as osteoconduction.2 HA is very biocompatible  

					and does not cause an excessive inflammatory response.3 When HA is  

					implanted into the body, a layer composed of carbonate apatite forms,  

					increasing the fixation of the implant in the surrounding tissue.4 In  

					several in-vivo studies, HA in its porous form has shown good bone  

					regeneration activity.5,6  

					The placement of dental implants is one of the best methods  

					for replacing missing teeth. Currently, implant materials are still being  

					optimized to increase the osseointegration of the implant into the  

					alveolar bone. Improving the quality of implants through surface  

					modifications has been significantly developed in recent years. The goal  

					is to achieve excellent osseointegration so that the implant can last  

					longer in the alveolar bone. Implant modification is done by changing  

					the shape, roughness, surface topography, and surface material.1  

					A combination biomaterial of polymethylmethacrylate (PMMA) with  

					hydroxyapatite (HA) is an alternative candidate as an implant surface.  

					PMMA bone cement has several advantages, especially the ease of  

					preparation and manipulation. The ability to have high compressive  

					strength makes this biomaterial widely used in the medical field.  

					The evaluation of bone osseointegration can be determined by  

					examining various indicators, such as the upregulation of osteogenic  

					markers, including Runt-related transcription factor 2 (RUNX2) and  

					Alkaline phosphatase (ALP). RUNX2 is crucial in guiding multipotent  

					mesenchymal precursor cells towards the osteoblastic lineage7 and  

					facilitating osteoblast cell development. Previous studies have not  

					reported any in-vivo studies on combined PMMA-HA implants.  

					Therefore, this study aims to investigate osteogenesis in the tissue  

					surrounding PMMA-HA implants by examining RUNX2 and ALP  

					expression.  
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					Materials and Methods  

					Animal  

					Male Wistar rats (Rattus novergicus) aged three months, weighing  

					between 250 - 350 g were obtained from the Biochemical Experimental  

					Animal Laboratory, Medical School, Universitas Airlangga. The rats  

					were placed in separate cages and acclimatized to the laboratory  
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					condition for one week. The rats were fed with standard rodent pellets  

					and allowed access to drinking water ad libitum.  

					application of type-1 collagen from gourami scales can enhance the  

					expression of RUNX2 and osteocalcin in 7 and 14 days, respectively.  

					The highest expression of RUNX2 and osteocalcin were found in the  

					14-day treatment group (P14). However, the expression of both  

					RUNX2 and ALP showed no significant difference between P7 and P14  

					(p > 0.05).  

					Ethical approval  

					Ethical approval was granted by the Ethics Committee, Faculty of  

					Dental Medicine, Airlangga University, Indonesia with reference  

					number; 907/HRECC.FODM/XII/2022. The study complied with the  

					National Animal Care Guidelines.  

					Preparation and sterilization of PMMA-HA implant material  

					PMMA was obtained from Cemex® System Genta (Tecres- Italy) and  

					mixed with HA derived from two sources: limestone, processed by  

					Balai Besar Keramik Indonesia (HA-BBK), and bovine bone, processed  

					under Good Manufacturing Practice (GMP) standards at the Tissue  

					Bank of Dr. Soetomo Hospital, Indonesia (HA-GMP). A blend of  

					PMMA and HA was prepared by mixing them in a planetarium mixer  

					at a ratio of 80:20 for a duration of 3 hours. To achieve a PMMA:HA  

					ratio of 83.8:16.2, 0.016 mL of liquid monomer was added to each  

					mixture containing 0.1 g of PMMA/HA. The ingredients were stirred  

					for 1-1.5 minutes until it reached a dough state, then the dough was  

					molded using a molding of 1 mm diameter and a height of 2 mm. The  

					mold was allowed to set for 5 minutes, then removed from the molding,  

					and sterilized using ultraviolet light and packaged to avoid  

					contamination.  

					Animal grouping and PMMA-HA implantation  

					The animals were divided into six groups (K7, K14, BBK7, BBK14,  

					GMP7, and GMP14), each consisting of 7 rats. The study employed a  

					laboratory experimental design with a post-test-only control group. The  

					PMMA-HA material (PMMA-HA GMP or PMMA-HA BBK) was  

					implanted according to the grouping. Type-1 collagen was used as the  

					control (K). After 7 days (for groups K7, GMP7, and BBK7) and 14  

					days (for groups K14, GMP14, and BBK14) of implantation, the  

					animals were anesthetized by intramuscular injection of ketamine (1.04  

					mg/kg) (Ivanes®, Indonesia) after which the femurs were drilled, and  

					then fixed in 10% buffer formalin to prevent tissue breakdown.  

					Figure 1: RUNX2 expression (Black arrows) after 7 days and  

					14 days of treatment with PMMA-HA and collagen type-1  

					(control). The pictures were taken at 400x (left) and 1000x  

					magnification (right).  

					Immunohistochemistry  

					RUNX2 and ALP expressions were assessed by immunohistochemistry  

					technique. The femurs were washed once with Phosphate-Buffered  

					Saline (PBS) (pH 7.4) for 5 minutes. This was followed by the  

					application of 3% hydrogen peroxide (H2O2) to prevent endogenous  

					peroxide for a period of 20 minutes. Subsequently, the samples were  

					washed three times with PBS (pH 7.4), each lasting 5 minutes. A  

					solution consisting of 5% fetal bovine serum (FBS) and 0.25% Triton  

					X-100 was then added to inhibit the production of non-specific proteins.  

					The samples were again washed three times with PBS (pH 7.4) each  

					lasting for 5 minutes, after which they were rinsed with deionized water  

					for 5 minutes. The samples were counterstained by incubating with  

					Mayer Hematoxylin for 10 minutes, followed by a thorough washing  

					with distilled water. Data were acquired by manual quantification of  

					colour-intensity expressed using monoclonal antibodies anti-RUNX2  

					Antibody (F-2): sc-390351 Santacruz Biotech, USA and ALP Alkaline  

					Phosphatase Antibody (A-10): sc-271431 Santacruz Biotech, USA.  

					Monoclonal antibodies targeting RUNX2 and ALP were applied on the  

					samples, and the samples were observed under an Olympus LX-31 light  

					microscope equipped with a Lumic 6X-8 digital camera at 100x, 400x,  

					and 1000x magnifications. Positive expression was indicated by the  

					appearance of brown stains, representing antigen-antibody binding on  

					immunoreactive cells, which was then quantified for analysis.  

					Figure 2: ALP expression (Black arrows) after 7 days and 14  

					days of treatment with PMMA-HA and collagen type-1  

					(control). The pictures were taken at 400x (left) and 1000x  

					magnification (right).  

					Statistical analysis  

					Statistical analysis was carried out using SPSS® 27 (IBM®). The results  

					were analyzed using Levene’s homogeneity test, Kolmogorov-Smirnov  

					normality test, and analysis of variance ANOVA test followed by  

					Tukey’s post hoc test.  

					The mean expression of osteogenic markers RUNX2 increased in each  

					treatment, as shown in Figures 1 and 3. The increased RUNX2  

					expression appeared to be higher on day 14 compared to day 7 (Figure  

					3). In general, there was an increase in RUNX2 expression both on day-  

					7 and day-14 after treatment with PMMA-HA BBK and PMMA-HA  

					GMP (Figure 1). The highest increase in RUNX2 expression occurred  

					during implantation of PMMA-HA GMP material for 14 days with an  

					average number of RUNX2-expressed cells of 11. The mean expression  

					of osteogenic markers ALP increased in each treatment group, as shown  

					Results and Discussion  

					The positive expression of RUNX2 and ALP was indicated by the  

					appearance of a brown colour in the cells (Figures 1 and 2). The  
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					in Figures 2 and 4. The increased ALP expression appeared to be higher  

					on day 14 compared to day 7 (Figure 4). In general, there was an  

					increase in ALP expression both on day-7 and day-14 after treatment  

					with PMMA-HA BBK and PMMA-HA GMP (Figure 4). The highest  

					increase in the number of ALP expressions occurred during  

					implantation of PMMA-HA GMP material for 14 days with an average  

					of 11 ALP-expressed cells.  

					The Post Hoc Tukey HSD analysis revealed a substantial increase in  

					RUNX2 expression in the BBK and GMP groups compared to the  

					control group on day 7 and day 14. Nevertheless, there was no  

					discernible increase in the level of expression from day 7 to day 14, in  

					either the BBK or GMP group. The quantification of ALP expression  

					exhibited a similar pattern to the RUNX2 expression group, with a  

					notable elevation in ALP levels observed in the BBK and GMP groups  

					compared to the control group on both day 7 and day 14.  

					In this study, RUNX2 was shown to increase after administration of  

					PMMA-HA BBK and PMMA-HA GMP. The mean RUNX2  

					expression on day 7 in the PMMA-HA GMP group managed to  

					outperform that of the PMMA-HA BBK group, although the difference  

					between the two was not significant (p = 0.708). This condition lasted  

					until day 14 where the PMMA-HA GMP group still recorded the  

					highest level of RUNX2 expression among the other groups with an  

					average of 12 RUNX2-positive cells. The increase in RUNX2  

					expression after administration of PMMA-HA GMP on day 14 did not  

					increase significantly compared to the PMMA-HA BBK-14 group (p =  

					0.708). Similarly, the mean ALP expression increased after  

					administration of PMMA-HA BBK and PMMA-HA GMP. The  

					upregulation of ALP expression seems to be more pronounced in the  

					PMMA-HA GMP group compared to the PMMA-HA BBK group  

					across all time intervals. This proves that bones exposed to PMMA-HA  

					GMP material produce more massively the early osteogenic marker  

					ALP compared to those exposed to PMMA-HA BBK HA. On the 14th  

					day, both types of PMMA-HA (i.e., PMMA-HA BBK and PMMA-HA  

					GMP) materials stimulated significant increases in ALP expression  

					after the 7th day.  

					In this study, the expression levels of RUNX2 and ALP in bones  

					exposed to PMMA of different types; PMMA-HA BBK obtained from  

					limestone mixtures, and PMMA-HA GMP obtained from bovine were  

					compared. It has been demonstrated from previous study that HA is able  

					to increase osteoprotegerin and reduce receptor activator expression of  

					NF-κB ligand, hence, it has the potential to be used as a filling material  

					for alveolar bone defects.8 The need for additional materials such as  

					PMMA is intended to improve physical and mechanical properties of  

					HA and produce bioactive cement.9  

					The attachment of osteoblast cells to the surface of materials is the  

					initial phase mediated by integrins. The transcription of RUNX2 genes  

					can be activated by certain signaling pathways, such as MAPK and  

					BMP pathways. Through integrin binding, RUNX2 transcriptional  

					activity can be modulated by cell contact with the extracellular matrix  

					(ECM) or biomaterials. Integrins are cell surface receptors that mediate  

					cell interactions with the surrounding environment. There are two  

					integrin protein complexes, namely alpha and beta subunits. The  

					process of integrin-mediated signaling initiates the binding of integrin  

					to its ligand. This interaction triggers the recruitment and  

					phosphorylation of FAK and mitogen-activated protein kinase (MAPK)  

					ERK1/2. Consequently, the master transcription factor RUNX2 is  

					activated, resulting in osteoblast development.  

					14  

					12  
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					8
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					0

					Control  

					BBK  

					GMP  

					Groups  

					Day-7  

					Day 14  

					Figure 3: Runx2 expression in the treatment and control groups  

					In addition to the integrin complex, BMP also contributes to the  

					activation of RUNX2 and the release of ALP. Osteoblast cells bind both  

					type I and type II BMP receptors to BMPs that are present in their  

					immediate vicinity (autocrine). Type II receptors induce the activation  

					of type I receptors by means of phosphorylation. Type I receptor kinase  

					is activated and phosphorylates two serine residues located at the C-  

					terminus of Smad1, Smad5, and Smad8. Phosphorylated Smad1,  

					Smad5, and Smad8 combine with Smad4 to create a complex, which  

					then moves to the nucleus. In the nucleus, this complex controls the  

					transcription of the osteogenic target gene RUNX2.  

					14  

					12  

					10  

					8

					This study observed a notable rise in the expression of RUNX2  

					throughout the first week (7 days) and the subsequent week (14 days).  

					6

					11  

					This aligns with the findings of 10 and which revealed that RUNX2  

					expression would experience a gradual increase from day 5 to day 15.  

					Consistent with the results of the treatment groups, the control group  

					exhibited an increase in the expressions of RUNX2 and ALP from days  

					7 to 14, although, the PMMA-HA BBK and PMMA-HA GMP groups  

					demonstrated a significantly higher increases in the expressions of  

					RUNX2 and ALP compared to the control group. It was found out from  

					a previous study that RUNX2 was present in mesenchymal cells and its  

					expression increased in pre-osteoblasts, peaked in immature  

					osteoblasts, and decreased in mature osteoblasts.12  

					4
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					Control  

					BBK  

					GMP  

					Groups  

					The PMMA-HA combination material is expected to support the bone  

					response and produce direct bone contact with calcium phosphate (CaP)  

					particles at the bone-material interface.13 The PMMA-HA GMP  

					material type resulted in a higher amount of RUNX2 and ALP  

					expression than the BBK type, which may be due to the better porosity  

					of the PMMA-HA GMP material. However, in this study it was not  

					possible to ascertain the level or type of porosity of the PMMA-HA  

					Day 7  

					Day 14  

					Figure 4: ALP expression in the treatment and control groups  
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					BBK and GMP materials, so further studies need to be carried out in  

					this regard.  
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					There may be variations in the Ca/P ratio between the GMP and BBK  

					PMMA-HA materials. The Ca/P ratio of weakly crystallized HA  

					significantly affects both the physicochemical properties and  

					cytological features of cells. An optimal calcium-to-phosphorus (Ca/P)  

					ratio has the potential to enhance the protein binding, cellular growth,  

					attachment, and ability to transform into bone tissue (osteogenic  

					differentiation) of HA.14 The study conducted by 15 found that the Ca/P  

					ratio in HA BBK was 1.644.15 Additionally, in separate a investigation,  

					the findings from EDX analysis indicated that the calcium to  

					phosphorus ratio of bovine HA ranged from 1.67 to 1.83.8 The high  

					Ca/P ratio in bovine HA causes high expression of osteogenic markers  

					such as in the GMP group. The second causative factor for higher  

					expression of osteogenic markers in the PMMA-HA GMP material  

					compared to the PMMA-HA BBK material may be due to differences  

					in the porosity and pore size of the material, which affect the efficiency  

					of cell attachment, and in turn has an impact on cell response. The  

					PMMA-HA composite material incorporates a porous bioceramic  

					substance known as hydroxyapatite (HA), which facilitates the  

					development of capillaries and other blood vessels.16 These variables  

					impact the process of osteogenic differentiation by altering the distance  

					of cell signaling. The size and porosity of a material's pores have a  

					substantial impact on the mechanical strength of the graft material.  

					Additionally, they affect the ability of the scaffold to induce  

					osteoconduction and vascularization.16,17 The relationship between the  

					pore size and mechanical strength of the examined PMMA-HA mixture  

					remains uncertain. Therefore, further research is needed to study the  

					pore size of both PMMA-HA GMP and BBK materials which causes  

					the osteoconductive properties of these materials in vivo.  
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