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			ABSTRACT: Nanohydroxyapatite (nHA) is one of the most widely used bone-substitution materials in biomedical applications. Some clinical scenarios involving extensive bone loss and bony infections may require further development of therapeutic modalities to enhance material characteristics. Doping nHA with some metal ions can improve its physical and biological properties and address its limitations. Therefore, the ongoing study aims to examine the role of doped nanohydroxyapatite with graphene oxide (GO), strontium (Sr), and selenium (Se) ions (GO-Sr-Se-doped nHA) formulation as a potential bone substitution material on bone marrow stem cells (BMSCs). Within this study, nHA and GO-Sr-Se-doped nHA were synthesized by the microwave-assisted sol-gel technique. BMSCs were isolated from rats and treated with these two types of nanoparticles. Their effect on BMSCs’ osteogenic potential was evaluated by alkaline phosphatase (ALP) activity, and calcium mineralization was assessed by Alizarin Red S (ARS). Antibacterial activity against both Staphylococcus aureus and Escherichia coli was also assessed through the agar diffusion method. GO-Sr-Se-nHA supplementation of the culture medium significantly increased both ALP enzyme production (P<0.05) and calcium mineral deposition (P<0.05) and significantly inhibited the growth of both Escherichia coli and Staphylococcus aureus (P<0.05). Our results indicated that GO-Sr-Se-nHA doped nanoparticles could enhance BMSCs osteogenic differentiation, with potent antibacterial activity if compared to plain nHA, making them a suitable candidate for treating bone defects and their use in future bone regenerative applications.
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			RESUMEN: La nanohidroxiapatita (nHA) es uno de los materiales de sustitución ósea más utilizados en aplicaciones biomédicas. Algunos escenarios clínicos que implican pérdida ósea extensa e infecciones óseas pueden requerir el desarrollo de modalidades terapéuticas adicionales para mejorar las características del material. El dopaje de la nHA con ciertos iones metálicos puede mejorar sus propiedades físicas y biológicas y abordar sus limitaciones. Por lo tanto, el presente estudio tiene como objetivo examinar el papel de la formulación de nanohidroxiapatita dopada con óxido de grafeno (GO), estroncio (Sr) y selenio (Se) (nHA dopada con GO-Sr-Se) como un posible material de sustitución ósea sobre células madre de médula ósea (BMSC, por sus siglas en inglés). En este estudio, la nHA y la nHA dopada con GO-Sr-Se se sintetizaron mediante la técnica sol-gel asistida por microondas. Las BMSC se aislaron de ratas y se trataron con estos dos tipos de nanopartículas. Su efecto sobre el potencial osteogénico de las BMSC se evaluó mediante la actividad de la fosfatasa alcalina (ALP), y la mineralización de calcio se evaluó mediante Rojo de Alizarina S (ARS). También se evaluó la actividad antibacteriana frente a Staphylococcus aureus y Escherichia coli mediante el método de difusión en agar. La suplementación del medio de cultivo con nHA-GO-Sr-Se aumentó significativamente tanto la producción de la enzima ALP (P<0.05) como el depósito mineral de calcio (P<0.05), e inhibió significativamente el crecimiento de Escherichia coli y Staphylococcus aureus (P<0.05). Nuestros resultados indicaron que las nanopartículas dopadas con nHA-GO-Sr-Se podrían mejorar la diferenciación osteogénica de las BMSC, con una potente actividad antibacteriana en comparación con la nHA simple, lo que las convierte en un candidato adecuado para el tratamiento de defectos óseos y su uso en futuras aplicaciones de regeneración ósea.

			PALABRAS CLAVE: Hidroxiapatita; Nanopartículas; Estroncio; Selenio; Médula ósea; Células madre.

			Introduction

			Hydroxyapatite (HA) is a calcium phosphate compound with significant biomedical relevance, recognized for its osteoinductive properties, high biocompatibility, and biodegradability. Its strong bonding capabilities with bone tissue and chemical similarity to natural bone and teeth render it ideal for dental uses (1). Owing to these features, nHA particles with a smaller size and larger surface area have been utilized as a versatile material in various biomedical applications, including bone repair materials, bioactive coatings, drug carriers, and fillers for biocomposites and scaffolds. However, its restricted mechanical strength, susceptibility to degradation, and antimicrobial qualities constrain its extensive applicability, especially in complex in vivo environments (2). 

			To address nHA’s shortcomings, which include poor mechanical properties, limited osteoinductive capacity, and a lack of antibacterial activity, several modification strategies have been proposed, among which ionic doping has emerged as one of the most promising approaches. It allows the incorporation of biologically active ions into the HA crystal lattice and yields significant improvements in the physicochemical and biological properties of nanohydroxyapatite (2, 3).

			Ionic doping refers to the substitution of calcium (Ca2+), phosphate (PO43-), or hydroxyl (OH-) ions within the HA lattice by other biologically active ions, thereby modifying its structural, mechanical, and biological properties (4).

			Substitution may involve a single dopant ion, the co-substitution of two ions, or the simultaneous incorporation of multiple dopants. The latter strategy combines the distinct properties of different dopants, thereby enhancing the functionality of biomaterials intended for bone tissue engineering (2).

			A wide range of metal ions-including zinc, silver, cobalt, lithium, manganese, silicon, magnesium, strontium, neodymium, yttrium, cerium, and cadmium-are viable dopants that can broaden the application of nHA. For example, silicon promotes the bone-like mineralization of nHA, whereas magnesium enhances its bioactivity (5).

			Due to their availability in the human body and involvement in several metabolic processes, different metal ions, like silver, titanium, and magnesium, exhibit a significant biological capacity; therefore, doping with these metal ions can also provide additional advantages and enhance the overall performance of nHA (6).

			The synthesis of multi-doped HA nanocrystals has shown promising results, as the lattice can accommodate foreign ions that confer additional antibacterial, osteogenic, and antioxidant properties. Such multifunctional materials are particularly valuable for managing complex clinical conditions such as bone defects accompanied by tumors, and may provide therapeutic effects that expedite bone healing (7, 8).

			 

			Many studies have highlighted the advantages of combining individual ion functions to obtain composite materials with enhanced properties. Gao et al.(9) Fabricated Si/Sr/F multi-substituted HA with enhanced biocompatibility and osteoconductive capabilities relative to non-substituted HA. Also, Sr/Ag/F co-substituted HA synthesized by Zhang et al. (10) achieved a balance between superior antibacterial properties, cytocompatibility, and remarkable corrosion resistance. These results can be explained by the fact that multi-doped synthetic nanohydroxyapatite (nHA) crystals can tolerate foreign ions, improving their antibacterial, osteogenic, and antioxidant properties. These characteristics are beneficial for clinical applications, especially in treating complex conditions like bone defects with tumors (11).

			The simultaneous utilization of three dopant elements, graphene oxide (GO), strontium (Sr), and selenium (Se), may yield greater advantages than employing a single dopant or co-doping with nHA. The synergistic effects of several biologically active ions, such as the osteogenic-enhancing properties of Sr (12), the antibacterial properties of GO (13), and the antioxidant properties of Se (14), can provide superior biological performance compared to single-ion-doped or co-doped nHA.

			One of the dopant elements that can be added to nHA is graphene, which is an atom-thick monolayer of carbon atoms that serves as the foundation for other graphitic materials, including GO. Compared to many other carbon compounds, GO is particularly well-suited for doping into nHA due to its appealing mix of chemical reactivity, biocompatibility, antibacterial properties, and processability. Its sheet-like shape aids in reinforcing the composite, and its rich surface chemistry improves nHA nucleation and binding (15). 

			

			In the human body, Sr is an essential trace element that is a natural component of human bones and teeth. By simultaneously encouraging osteoblast differentiation and preventing osteoclast production, it plays a critical role in maintaining the balance of bone metabolism (16). 

			One of the crucial microelements affecting the human body's function is Se. Owing to its antioxidant qualities, Se shields the body against carcinogens and free radicals. Furthermore, the antibacterial efficacy against severe pathogenic germs is an intriguing characteristic; the oxidative stress mechanisms are primarily responsible for Se's antibacterial activity, as it reacts with bacterial cell walls to increase the generation of reactive oxygen species, causing microbial cell death (17). 

			Bone marrow mesenchymal stem cells (BMSCs) are multipotent stem cells capable of in vitro proliferation, differentiation into many cell lineages such as osteogenic, chondrogenic, myogenic, and neurogenic, and the secretion of bioactive molecules that modulate the activity of other cell types. Due to these qualities, BMSCs are a common source of cells for regenerative medicine techniques and one of the most effective in vitro model systems for examining the potential of nano-biomaterials for human osteogenesis (18). 

			Building on this, we propose a novel triple-doping strategy using (GO), (Sr), and (Se) to concurrently address nHA's limitations regarding antibacterial efficacy and osteogenic activity and assess its effect on BMSCs.

			 

			Materials and methods

			Ethical Statement 

			All experiments accomplished in the present study were revised and approved by the Ethical Committee of the Faculty of Dentistry, Cairo University (Approval Number 5-10-23); all biological tests were conducted in Global Research Labs, Cairo, Egypt. 

			Sample size calculation

			For the (ALP expression) outcome, and based on Lei et al.(19) it was observed that 15 samples (5 per group) were enough to detect an effect size of 2.25, a power of 0.8, a two-sided hypothesis test, and a significance threshold of 0.05. Germany's G*power program calculated the sample size. 

			Synthesis of (GO-Sr-Se-nHA) and (nHA) nanoparticles

			Synthesis of (nHA) by the sol-gel method assisted by microwave

			 

			Calcium nitrate tetrahydrate (Ca (NO3)2·4H2O) (ADVENT Chembio Pvt. Ltd., India) and ammonium dihydrogen orthophosphate (NH4H2PO4) (ADWIC, El Nasr Pharmaceutical Chemicals Co., Egypt) were used as precursors for calcium and phosphorus, respectively. Their powders were dissolved in distilled water, and the phosphate solution was gradually mixed into the calcium solution while stirring at (400 rpm) for (30 min-2 h) using a Hot Plate Magnetic Stirrer (model MS300HS) (Mtops, Korea). The pH was maintained at pH=10 using ammonium hydroxide (NH4OH) (ADWIC, El Nasr Pharmaceutical Chemicals Co., Egypt). The mixture was then heated in a microwave reactor (CEM Discover microwave reactor, CEM corporation, USA) for 10 minutes, operating at 2.45 GHz, 800 W, and (60°C), creating a white viscous solution that aged for 48 hours. The resulting gel was vacuum-filtered with Whatman filter paper (Grade 42). For appropriate sealing, filter paper was soaked in distilled water before filtering. The suspension was filtered under lower pressure with a Büchner funnel, making liquid phase separation rapid. The preserved precipitate was washed (3-5times) with distilled water to remove ions and contaminants. The purified product was then dried at over 80 °C before being calcined at 600 °C for 2 hours, producing nHA powder for further characterization. This powder is intended for doping with GO, Sr, and Se ions (20, 21). 

			Synthesis of multi-doped nHA

			(GO-Sr-Se-nHA) by the sol-gel method assisted by microwave

			Cetyl trimethyl ammonium bromide (CTAB) surfactant (1 g) (ADVENT Chembio Pvt. Ltd., India) was dissolved in 400 mL of distilled water with stirring at (400 rpm) using a Hot Plate Magnetic Stirrer (model MS300HS) (Mtops, Korea) for 30 minutes. Se metal powder (Alfa Aesar, Thermo Fisher Scientific, USA), GO metal powder (Egyptian Company for Carbon Materials, Cairo, Egypt)., and Sr nitrate powder (Sigma-Aldrich, USA). were separately added to 100 mL of the surfactant solution at specified concentrations, stirring at 80 °C for 8-15 minutes. Calcium nitrate tetrahydrate and ammonium dihydrogen orthophosphate were also dissolved in the surfactant solution. The additive solutions were combined gradually with continuous stirring, and the pH was adjusted and maintained at 10-11 PH using the dropwise addition of NH4OH. The mixture was stirred for two hours, aged for 24 hours, and then heated in a microwave reactor for 15 minutes. The resultant viscous solution was aged, washed, filtered, dried at over 80 °C, and calcined at 600°C for 2 hours to yield doped nano-hydroxyapatite powder (2.5 g) for further characterization (21-23). 

			Characterization of (GO-Sr-Se-nHA) and (nHA) nanoparticles

			Fourier-transform infrared spectroscopy (FTIR)

			The functional groups present in the produced samples were detected by using Fourier transform infrared spectroscopy (FT/IR-4600 type A), Serial Number (C0072617860), within the wavenumber range of 400-4000 cm-1(24).

			X-ray diffraction analysis (XRD)

			 

			The prepared samples were analyzed using XRD with a Malvern Panalytical Empyrean device (Netherlands). The Cu target tube operated at 40 kV and 30 mA, collecting diffraction patterns in the 2θ range of 10°-70° with a step size of 0.0300° and a Scan Step Time of 0.5000(s). This analysis provides insights into the crystalline structure of the samples (1).

			Transmission electron microscope (TEM)

			For TEM analysis, a drop of the solution was placed on the carbon-coated copper grids and dried by allowing water to evaporate at room temperature. Electron micrographs  with magnifications (10000 X, 15000X, and 20000X) were obtained using a JEOL JEM-1010 transmission electron microscope at 80 kV (25).

			BMSCs sample Collection, cell isolation, and culture

			The femur and tibia of a 3-week-old male Sprague-Dawley rat were fractured at the hip and ankle simultaneously (26). The medulla was flushed into a 50ml tube with a syringe after cutting both femoral epiphyses using 3 ml of Low-glucose Dulbecco’s modified Eagle’s medium (L-DMEM) supplemented with 10% exosome-free fetal bovine serum (FBS) and 1% penicillin G sodium, amphotericin B, and streptomycin. The medium and cells were mixed to create a single-cell suspension, which was then passed through a 70μm cell strainer to eliminate bone debris and blood. Bone marrow suspensions were cultured in a 25 mL flask at 37°C in a 5% CO2 atmosphere. Non-adherent cells were removed after two days with PBS washes, allowing adherent cells to multiply. Once the adherent cells reached 70% confluence, they were passaged using 0.25% trypsin and 0.01% EDTA and subcultured at a density of 1 × 10^6 cells per flask. Cells from the 3rd passage were then used for further analysis and treatment with nanoparticles (27).

			Flow Cytometry Analysis (FACS) for Isolated BMSCs Identification and Characterization

			The CD45, CD34, CD105, and CD90 antibodies (eBioscience™, ThermoFisher Scientific, USA) were used to identify the BMSCs. The cells (1x106 cells) from the 3rd passage were centrifuged, and five µL of each antibody was added directly to the cell pellet. Cells were incubated at 4°C for 45 minutes, washed, and resuspended in binding buffer. Finally, the data were processed and analyzed for flow cytometric analysis using a Navios EX 10-color flow cytometer (Beckman Coulter Life Sciences, USA) (28).

			Calculation of half maximal effective concentration (EC50) of both

			(GO-Sr-Se-nHA) and (nHA) on BMSCs through 4,5-dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide (MTT) cell viability assay

			BMSCs at the 3rd passage were plated at a density of 8×103 cells per well in 96-well plates and incubated for 24 hours at 37°C in 5% CO2. After refreshing the culture medium, the cells were treated with five concentrations of nHA and GO-Sr-Se (0.01, 0.1, 1.0, 10, and 100 μg/mL. A curve was plotted to show the relationship between the logarithmic dose and the normalized response, with the (EC50) calculated using linear regression analysis via GraphPad Prism version 9 (29). 

			Co-culture of BMSCs with the nHA and

			GO-Sr-Se nHA particles

			Following the calculation of EC50 values for nHA and GO-Sr-Se nHA particles, BMSCs were plated in a 24-well culture plate and incubated for 24 hours for cell attachment. The cells were divided into three groups: Group 1, the negative control with untreated BMSCs in basal culture medium; Group 2, BMSCs in medium with 0.6139 µg/mL of nHA; and Group 3, BMSCs in medium with 0.2546 µg/mL of GO-Sr-Se nHA.

			Assessment of Osteogenic Potential of nHA and GO-Sr-Se-nHA on BMSCs using Alkaline Phosphatase assay (ALP)

			BMSCs were cultured in a 6-well plate at a density of 5×104 cells per well in odontogenic differentiation medium (Gibco, Thermo Scientific, Germany) for 7 days at 37°C with 5% CO2, replacing the media every 2-3 days. Osteogenic differentiation through (ALP) activity (U/L) was measured by an assay kit (cat. no. MAK447, Sigma Aldrich, USA), to determine early osteogenic activity  (30).

			Assessment of Osteogenic differentiation using Alizarin red-based assay (ARS)

			To evaluate calcium deposition, differentiated BMSCs were plated in osteogenic differentiation media (Gibco, Thermo Scientific, Germany). and stained with Alizarin Red. Following rinsing, cells were analyzed for calcium content through photometric analysis. The process involved detaching and incubating stained cells with acetic acid, centrifuging, and measuring absorbance at 405 nm using a TECAN microplate reader (TECAN, Männedorf, Switzerland) (30).

			

			Assessment of antimicrobial effect of nHA and GO-Sr-Se-nHA by using Agar diffusion assay

			The study involved subculturing pure cultures of Staphylococcus aureus ATCC 23235 and Escherichia coli ATCC 43888 onto Nutrient Agar plates and incubating them at 37°C for 24 hours. Sterile paper discs soaked in different dental pastes (nHA, GO-Sr-Se multi-doped nHA, and controls) were placed on the agar surface, pressed for contact, and inverted and incubated at 37°C for 48 hours. The zones of inhibition around the discs were measured post-incubation to assess bacterial growth inhibition (31).

			Statistical Analysis

			Data from ALP enzyme, ARS stain, and antibacterial activity were assessed for normality, revealing normal distribution. Results were summarized with mean and standard deviation. One-way ANOVA was performed to compare study groups, followed by Tukey’s post hoc test if ANOVA indicated significance. Statistical analysis was conducted using SPSS version 22, with a significance threshold set at P<0.05.

			Results

			Characterization of nHA and GO-Sr-Se-nHA nanoparticles

			Fourier-transform infrared spectroscopy

			The FTIR spectra (Figure 1.b) of nHA show absorption bands at 3404 cm−1 and 657 cm-1 assigned to stretching and librational modes of the–OH groups of nHA. The distinctive PO4-3 peaks are prominently seen at 462, 578, 973, 1087, and 1049 cm−1. The band at 462 cm−1 belongs to PO4-3 (v2) mode, whereas the peak at 578 cm−1 belongs to PO4-3 (v4) mode. Furthermore, the peak at 973 cm−1 corresponds to PO4-3 (v1), whereas the peaks at 1087 and 1049 cm−1 are attributed to PO4-3 (v3). FTIR spectra of GO-Sr-Se-nHA showed the same pattern of nHA with a slight shift in PO4-3 peaks to a smaller wavelength, 879 and 1047 cm−1 (Figure 1.a). 

			X-ray diffraction

			nHA displayed characteristic distinct peaks at 2θ=31.7°, 32.2°, 33.1°corresponding to (211), (112), (300) planes, respectively, matching the standard HA reference (JCPDS No. 01-084-1998), Figure 1c. The doped GO-Sr-Se-nHA retains all characteristic HA peaks, with a slight shift of the (211) peak from 31.7° to 31.6° and a new peak at 10.8° Figure 1.d.

			Transmission electron microscope

			TEM micrographs of undoped nHA particles (Figure 2.a) exhibit a granular morphology with notable aggregation, where darker spots indicate particle agglomeration. The particles display a predominantly spherical or near-spherical shape (Figure 2.b), with dimensions consistently below 50 nm, confirming a well-defined nanosized structure. For the doped GO-Sr-Se-nHA (Figure 2.c & Figure 2.d), the morphology changed slightly to a more rod-like appearance, with reduced aggregation.

			Flow Cytometry Analysis for identification and characterization of isolated BMSCs

			After 21 days of culture, the isolated cells exhibited undifferentiated BMSC morphology, characterized by large spindle-shaped cells and a well-developed nucleus. Flow cytometry analysis revealed positive expressions of CD90 and CD105, alongside negative expressions of CD34 and CD45, confirming the MSC characteristics of the isolated BMSCs (Figure 3).
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			Figure 1. FTIR pattern of (b) nHA and (a) doped GO-Sr-Se-nHA, and XRD pattern of (c) nHA and (d) doped GO-Sr-Se-nHA.
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			Figure 2. TEM micrograph of undoped nHA (a, b) showing an agglomerated structure and some spherical nHA particles about 50 nm, and (c, d) doped GO-Sr-Se-nHA showing an irregular rod-like appearance with less aggregation.
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			Figure 3. Characterization of BMSCs cells using flow cytometric analysis:  Cells illustrated + ve expression of (a) CD 90, (b) CD 105, while cells showed -ve expression for (c) CD 45 and (d) CD 34.

			Calculation of (EC50) of nHA and

			GO-Sr-Se-nHA on BMSCs through (MTT) cell proliferation assay  

			 

			The proliferative effect of nHA on BMSCs expressed as EC50 value was found to be 0.6139 µg/mL, and that of GO-Sr-Se-nHA was found to be 0.2546 µg/mL.

			Assessment of Osteogenic Differentiation of nHA and GO-Sr-Se-nHA on BMSCs in cultured cells using ALP activity

			Group III exhibited the highest mean ALP enzyme levels, whereas Group I demonstrated the lowest values, with a statistically significant difference across the groups (P<0.05). The pairwise comparison indicated a significantly elevated mean value in Group III relative to both Group II &I (P<0.05). A markedly elevated mean was noted in Group II relative to Group I (P<0.05) (Table 1).

			Photometric measurement of ARS Concentration (optical density at 405 nm and Calcium Concentration (µM)

			The highest mean optical density and calcium concentration were reported in Group III, while the smallest value was noted in Group I, exhibiting a statistically significant difference across groups (P<0.05). The pairwise comparison indicated a significantly elevated mean value in Group III relative to both Group I & II (P<0.05). A markedly elevated mean was noted in Group II relative to Group I (P<0.05) (Table 1, Figure 4).

			

			Table 1. Group comparisons and descriptive statistics regarding ALP enzyme and ARS Concentration (optical density and Calcium Concentration) (One-way ANOVA). 

			
				
					
					
					
					
					
					
					
					
				
				
					
							
							Parameter

						
							
							Group

						
							
							Mean ± SD

						
							
							Std. Error

						
							
							Min

						
							
							Max

						
							
							95% Confidence

						
							
							P-Value

						
					

					
							
							Alkaline

							phosphatase enzyme (U/mL)

						
							
							Group I

						
							
							20.798±0.596C

						
							
							0.267

						
							
							20.280

						
							
							21.820

						
							
							(19.508, 22.088)

						
							
							0.000*

						
					

					
							
							Group II

						
							
							26.426±1.723B

						
							
							0.770

						
							
							24.510

						
							
							29.150

						
							
							(25.136, 27.716)

						
							
					

					
							
							Group III

						
							
							34.214±1.391A

						
							
							0.622

						
							
							32.510

						
							
							36.220

						
							
							(32.924, 35.504)

						
							
					

					
							
							Optical density

							at 405 nm

						
							
							Group I

						
							
							0.4814±0.0213C

						
							
							0.00952

						
							
							0.45900

						
							
							0.50400

						
							
							(0.42441, 0.53839)

						
							
							0.000*

						
					

					
							
							Group II

						
							
							0.763±0.0459B

						
							
							0.0205

						
							
							0.7110

						
							
							0.8250

						
							
							(0.7064, 0.8204)

						
							
					

					
							
							Group III

						
							
							1.011±0.0878A

						
							
							0.0393

						
							
							0.9370

						
							
							1.1180

						
							
							(0.9540, 1.0680)

						
							
					

					
							
							Calcium

							Concentration (μM)

						
							
							Group I

						
							
							58.424±1.647C

						
							
							0.737

						
							
							56.094

						
							
							60.608

						
							
							(52.728, 64.120)

						
							
							0.000*

						
					

					
							
							Group II

						
							
							88.28±5.40B

						
							
							2.41

						
							
							82.78

						
							
							94.67

						
							
							(82.58, 93.97)

						
							
					

					
							
							Group III

						
							
							113.06±8.41A

						
							
							3.76

						
							
							106.30

						
							
							125.11

						
							
							(107.36, 118.75)

						
							
					

				
			

			Significance level P<0.05, *significant

			Means with different superscript letters are significantly different.
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			Figure 4. Difference in ARS staining of BMSCs after culturing in osteogenic differentiation media to induce osteogenesis for 7 days. (a) Group I: BMSCs (b) Group II: nHA+ BMSCs (c) Group III: GO-Sr-Se nHA+ BMSCs. (Transmitted light microscopy at 20× magnification, and Scale bar of 50 µm).

			Assessment of antimicrobial effect of nHA and GO-Sr-Se-nHA: Agar diffusion assay (Inhibition zone Escherichia coli bacteria and Staphylococcus aureus bacteria) 

			The highest mean Inhibition zone of Escherichia coli and Staphylococcus aureus bacteria was reported in the Cefoxitin group, followed by Group III, while the smallest value was reported in Group I, exhibiting a statistically significant difference across groups (P<0.05). The pairwise comparison indicated a markedly elevated mean value in the Cefoxitin group relative to groups III, II & I (P<0.05). Group III exhibited a significantly higher mean value than both Group II & I (P<0.05). A markedly elevated mean was noted in Group II relative to Group I (P<0.05) (Table 2, Figure 5).

			

			Table 2. Descriptive statistics and group comparisons for Antibacterial activity (One-way ANOVA).	

			
				
					
					
					
					
					
					
					
					
				
				
					
							
							Parameter

						
							
							Group

						
							
							Mean±SD

						
							
							Std. Error

						
							
							Min

						
							
							Max

						
							
							95% Confidence

						
							
							P-Value

						
					

					
							
							Inhibition zone of

							E. coli bacteria

						
							
							Group I

						
							
							0.00±0.00D

						
							
							0.00

						
							
							0.00

						
							
							0.00

						
							
							(-0.274497, 0.274497)

						
							
							0.000*

						
					

					
							
							Group II

						
							
							3.9340±0.1322C

						
							
							0.0591

						
							
							3.8100

						
							
							4.1500

						
							
							(3.6595, 4.2085)

						
							
					

					
							
							Group III

						
							
							13.344±0.429A

						
							
							0.164

						
							
							6.350

						
							
							7.210

						
							
							(6.504, 7.052)

						
							
					

					
							
							Cefoxitin

						
							
							0.00±0.00D

						
							
							0.192

						
							
							12.800

						
							
							13.740

						
							
							(13.070, 13.618)

						
							
							0.000*

						
					

					
							
							Inhibition zone of Staph. aureus

						
							
							Group I

						
							
							0.00±0.00D

						
							
							0.00

						
							
							0.00

						
							
							0.00

						
							
							(-0.366964, 0.366964)

						
							
					

					
							
							Group II

						
							
							6.332±0.0988C

						
							
							0.0442

						
							
							6.2200

						
							
							6.4500

						
							
							(5.9650, 6.6990)

						
							
					

					
							
							Group III

						
							
							7.834±0.242B

						
							
							0.108

						
							
							7.550

						
							
							8.120

						
							
							(7.467, 8.201)

						
							
							0.000*

						
					

					
							
							Cefoxitin

						
							
							13.53±0.729A

						
							
							0.326

						
							
							12.600

						
							
							14.500

						
							
							(13.163, 13.897)

						
							
					

				
			

			Significance level P<0.05, *significant

			Means with different superscript letters are significantly different.
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			Figure 5. Agar diffusion assay illustrated the inhibition zone of different groups: negative control (NC), Cefatoxin positive control (PC), nHA, and GO-Sr-Se-nHA on Escherichia coli and Staphylococcus. Aureus. The inhibition zone for each compound was measured in inches.

			Discussion 

			Nanohydroxyapatite (nHA), an inorganic mineral, is the primary structural element of bone and teeth, its bioactivity and biocompatibility rendering it a promising candidate for the development of novel bone repair and replacement materials. Current biomaterials research focuses on nHA's mechanical and biological limitations (1). Atomic doping or substitution of nHA is effective in improving its inherent properties while addressing constraints (32). To address this critical knowledge gap and overcome the limitations of single-ion-substituted materials, we developed a novel triple-doping strategy using GO, Sr, and Se ions in nHA to simultaneously enhance osteogenic differentiation and antimicrobial efficacy. This unprecedented combination represents a paradigm shift from conventional single-dopant approaches, offering a multifunctional biomaterial solution for complex clinical challenges such as infected bone defects.

			This study presents the first comprehensive evaluation of the synergistic effects achieved through GO-Sr-Se triple doping of nanohydroxyapatite, demonstrating three key original contributions to the field. First, we have established that the combination of graphene oxide, strontium, and selenium ions within a single nHA matrix yields significantly superior osteogenic differentiation of BMSCs compared with undoped nHA or individual dopant systems. Our quantitative analysis revealed a 64.5% increase in ALP enzyme production and a 93.5% enhancement in calcium mineral deposition relative to control conditions. Second, this investigation uniquely demonstrates the dual functionality of GO-Sr-Se-nHA, which simultaneously promotes bone regeneration and provides potent antimicrobial activity against both Gram-positive and Gram-negative bacteria. Third, we have elucidated the distinct yet complementary mechanistic pathways by which these three dopants operate: selenium reducing oxidative stress and enhancing mitochondrial function, strontium activating Ca-sensing receptors and osteogenic transcription factors, and graphene oxide facilitating protein interactions and matrix mineralization while disrupting bacterial membranes.

			FTIR spectra confirm that doping does not disrupt nHA’s chemical structure, as evidenced by nearly identical peaks in both samples, with minor peak shifts due to ionic substitution by dopant elements. The  PO4-3 peak intensity at 1049 cm-1 decreases to 1047, attributed to partial substitution of  PO4-3 ions by Se ions (33). A similar reduction in intensity occurs for the O-P-O bending mode at 578 cm-1  due to the substitution occurring upon the incorporation of Sr (1). 

			In the TEM results, the spherical shape and particle size below 50 nm indicate successful nanoparticle formation. These morphologies had considerable similarities with the nHA produced by Phatai et al. (34). The more elongated rod-like shape of the doped crystals can be attributed to the presence of Sr+ ions, causing nHA anisotropic lattice expansion in the c-axis, leading to crystal elongation (6). Furthermore, the presence of Se+ ions was found to be associated with rod-shaped morphology in Se-doped nHA (35). Additionally, the incorporation of GO in doped nHA reduces aggregation without significantly altering the inherent morphology, as supported by  Karimi et al. (36) findings on HA and GO-doped HA. 

			Elevated levels of ALP enzyme in Group III in our results confirmed the previously mentioned results of Raucci et al. (37) and Ni et al. (38), where Sr-doped HA at different concentrations was prepared using a sol–gel approach, and their effect on human BMSCs and rat primary osteoblasts was evaluated, respectively. The results showed that cells produce ALP with a significant difference at 7 and 14 days; moreover, Yang et al. (39) reported that BMSCs grown on Sr-HA-coated titanium surfaces showed significantly higher ALP activity than those grown on HA-coated titanium surfaces.

			The suggested mechanism of action by which Sr significantly contributed to the elevated levels of ALP enzyme was based on the similarity between Sr and Ca. Sr has osteogenic qualities that can stimulate the Ca-sensing receptor (CaSR) and upregulate the osteogenic transcription factors runt-related transcriptional factor 2 (RUNX2). This can cause mitogen-activated protein kinase phosphorylation, activate cell signaling pathways, and ultimately increase the formation of primary osteoblasts (40). During osteoblast differentiation, Sr increases the amounts of osteopontin (OPN), ALP, bone sialoprotein, and osteocalcin by stimulating collagen production in osteoblasts through CaSR (12). 

			Emerging evidence suggests that Se can also promote osteogenic differentiation via modulating mitochondrial activity, oxidative stress, and osteogenic gene expression. For example, Human adipose-driven mesenchymal stem cells cultured with Se-doped HA scaffolds showed higher (>50%) ALP activity compared to plain HA scaffolds, which was the cause of the enhancement of osteogenesis (14). Additionally, by restoring Glutathione Peroxidase (GPx1) mediated mitochondrial antioxidant capacity and lowering the ROS level, Se treatment preserved the osteogenic potential of BMSCs generated from osteoporotic rats. It's possible that Se can play a role in enhancing osteogenic differentiation by reducing oxidative stress in BMSCs, which facilitates more successful ALP induction (41).

			In the same context, Nie et al. (42) created a three-dimensional porous scaffold with GO and nHA. The in vitro assessment revealed that the scaffolds improved rat BMSCs' osteogenic gene expression and ALP activity. Different studies highlighted the mechanisms by which GO is essential for osteogenic differentiation. One of the primary osteogenic pathways that graphene-based materials activate is the canonical Wnt/β-catenin signaling. GO-based nanocomposites could also regulate macrophage polarization through growth factor modulation, such as transforming growth factor β (TGF-β)/bone morphogenetic protein 2 (BMP2). Additionally, GOs' oxygen functional groups can facilitate advantageous interactions with proteins, specifically cell adhesion receptors like integrins, which support cell attachment, proliferation, and differentiation. Furthermore, GO can be electrostatically bound by calcium, which promotes matrix mineralization and enhances stem cell osteogenic differentiation (43).

			In the Alizarin red-based assay (ARS), the highest mean percentage of calcium concentration and optical density were reported in Group III, which were consistent with those of Yang et al. (39) where culturing of BMSCs on Sr-HA-coated titanium surfaces showed a significant increase in mineralized nodules formation of BMSCs when assessed by ARS staining. 

			In the same context, Zakhireh et al. (14) assessed osteogenic differentiation of human adipose-derived MSCs (hAD-MSCs) via ALP activity and ARS staining using doped Se-nHA. Results showed increased staining intensity of ARS. They found that Se doping enhanced calcification compared to HA alone. In another study, increased calcium nodule formation was found when BMSCs were cultured with Poly Amino Acid (PAA)/Se-HA composites (24). Furthermore, ARS staining in reduced GO-doped HAp composites showed a significant increase in calcium deposition in human MSCs (44).

			Based on the previous findings, the observed increase in ALP and mineral deposition is consistent with a synergistic impact obtained from these three essential dopant elements (Sr, Se, and GO) in the doped-nHA group through well-established signaling pathways, improving the mechanical environment and cell adhesion, supporting cell health and oxidative resilience, so doped composite seems to increase the early osteogenic trigger in BMSCs compared to undoped nHA. 

			In our results, the elevation of both ALP and ARS levels can suggest that cells in the doped-nHA group are not only osteogenically differentiating more rapidly, as evidenced earlier by an increase in ALP level, but also going through a maturation stage, depositing mineralized matrix, as evidenced by the higher ARS staining intensity. These findings may be considered as a favorable result for scaffold design because functional bone regeneration depends on mineral deposition.

			Our current results revealed that the highest mean inhibitory zone against Escherichia coli and Staphylococcus Aureus bacteria was reported in the Cefatoxin group (control positive), followed by group III, showing stronger antibacterial activity than Group II & Group I, with a significant difference (P<0.05), indicating the powerful antibacterial activity of GO, Sr, Se, nHA doped group.

			Our results confirmed the previous results of Maqbool et al. (1), where HA co-substituted with Se and Sr at different concentrations was tested for antibacterial activity against Ecoil and Staphylococcus carnosus. The results showed excellent antibacterial activity in Sr-Se co-doped HA compared to pure HA. In addition, Sr-HA nanoparticle was reported to have antibacterial activity against several strains (e.g., S. aureus, E. coli). Although the mechanism is not fully elucidated, the antibacterial effect could be attributed to Sr ions release, which might affect the local environment, like changing PH or osmolarity, in such a way that is not favourable to bacterial growth (45).

			In the same context, SeO32- doped HA showed significant antibacterial activity against Staphylococcus aureus and Escherichia coli. Reactive oxygen species (ROS) are thought to be responsible for the antibacterial process. When selenium undergoes redox events, such as (Se cycling), hydrogen peroxide and superoxide can develop, which causes oxidative stress in bacterial cells that can induce their death (46).

			The antibacterial effects of GO are well-established. Khosalim et al. (13) demonstrated that GO contributed to antibacterial activities in a GO/agarose/HA composite. GO nanosheets can produce ROS, remove phospholipids from microbial membranes, and harm bacterial membranes with their sharp edges. 

			These Findings demonstrated that GO-Sr-Se nHA particles exhibit potent antibacterial effects against S. aureus and E. coli through a synergistic mechanism, involving disruption of bacterial cell membranes by sharp GO edges, ROS production from Se ions, and alterations in pH and microenvironment by Sr ions. This composite is thus promising for repairing infected bone defects that require significant antibacterial activity.

			From a clinical perspective, our GO-Sr-Se-nHA represents a significant advancement over current single-ion substituted biomaterials in addressing the complex challenges of bone regeneration in infected or compromised environments. Unlike conventional approaches that require separate interventions for bone healing and infection control, our multifunctional composite offers an integrated therapeutic solution. The superior bioactivity demonstrated in our quantitative analyses, combined with broad-spectrum antimicrobial efficacy, positions this material as particularly valuable for treating complex bone defects such as osteomyelitis, post-surgical complications, or trauma-related infections where traditional bone grafts may fail. The synergistic action of the three dopants not only enhances osteogenic potential beyond that of single-dopant systems but also provides sustained antimicrobial protection, potentially reducing treatment duration and improving patient outcomes in challenging clinical scenarios where both bone regeneration and infection management are critical.

			Conclusion

			Our study is among the first to investigate the effects of GO-Sr-Se multi-doped nHA on BMSCs. The findings demonstrated elevated ALP activity, enhanced calcium mineral deposition, and significant inhibition of Escherichia coli and Staphylococcus aureus. The mechanism likely involves the composite creating a microenvironment that reduces oxidative stress (through Se), promotes osteogenic differentiation (through Sr), and exhibits antibacterial effects and modulation of cell motility (via GO), resulting in these beneficial outcomes. Collectively, these findings position GO–Sr–Se nHA as a promising candidate for advanced bone regenerative applications.
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ABSTRACT: Nanohydroxyapatite (nHA) is one of the most widely used bone-substitution materials in
biomedical applications. Some clinical scenarios involving extensive bone loss and bony infections may
require further development of therapeutic modalities to enhance material characteristics. Doping nHA
with some metal ions can improve its physical and biological properties and address its limitations.
Therefore, the ongoing study aims to examine the role of doped nanohydroxyapatite with graphene
oxide (GO), strontium (Sr), and selenium (Se) ions (GO-Sr-Se-doped nHA) formulation as a potential bone
substitution material on bone marrow stem cells (BMSCs). Within this study, nHA and GO-Sr-Se-doped
nHA were synthesized by the microwave-assisted sol-gel technique. BMSCs were isolated from rats and
treated with these two types of nanoparticles. Their effect on BMSCs’ osteogenic potential was evaluated
by alkaline phosphatase (ALP) activity, and calcium mineralization was assessed by Alizarin Red S (ARS).
Antibacterial activity against both Staphylococcus aureus and Escherichia coli was also assessed through
the agar diffusion method. GO-Sr-Se-nHA supplementation of the culture medium significantly increased
both ALP enzyme production (P<0.05) and calcium mineral deposition (P<0.05) and significantly
inhibited the growth of both Escherichia coli and Staphylococcus aureus (P<0.05). Our results indicated
that GO-Sr-Se-nHA doped nanoparticles could enhance BMSCs osteogenic differentiation, with potent
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