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Abstract

:

Calcium phosphates (CaPs) are one of the most widely used synthetic materials for bone grafting applications in the orthopedic industry. Recent trends in synthetic bone graft applications have shifted towards the incorporation of metal trace elements that extend the performance of CaPs to have osteoinductive properties. The objective of this study is to investigate the effects of silicon (Si) and zinc (Zn) dopants in highly porous tricalcium phosphate (TCP) scaffolds on late-stage osteoblast cell differentiation markers. In this study, an oil emulsion method is utilized to fabricate highly porous SiO2 doped β-TCP (Si-TCP) and ZnO doped β-TCP (Zn-TCP) scaffolds through the incorporation of 0.5 wt.% SiO2 and 0.25 wt.% ZnO, respectively, to the β-TCP scaffold. Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) is utilized to analyze the mRNA expression of osteoprotegerin (OPG), receptor activator of nuclear kappa beta ligand (RANKL), bone morphogenetic protein 2 (BMP2), and runt-related transcription factor 2 (Runx2) at the later stage of osteoblast differentiation, day 21 and day 28. Results show that the addition of Si and Zn to the β-TCP structure inhibited the β to α-TCP phase transformation and enhance the density without affecting the dissolution properties. Normal BMP-2 and Runx2 transcriptions are observed in both Si-TCP and Zn-TCP scaffolds at the initial time point, as demonstrated by RT-qPCR. Moreover, the addition of both Si and Zn positively regulate the osteoprotegerin: receptor activator of nuclear factor k-β ligand (OPG:RANKL) ratio at 21-days for Si-TCP and Zn-TCP scaffolds. These results demonstrate the effects of Si and Zn doped porous β-TCP scaffolds on the upregulation of osteoblast marker gene expression including OPG, RANKL, BMP-2, and Runx2, indicating the role of trace elements on the effective regulation of late-stage osteoblast cell differentiation markers.
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1. Introduction


Calcium phosphate ceramics have been widely used in the orthopedic industry as synthetic bone graft substitutes, coating, and cement materials. They have an excellent biocompatibility and a compositional similarity to natural bone that make them ideal as bone graft substitutes [1,2]. Two of the major classes of calcium phosphates that are most often used and researched are hydroxyapatite (HA) and β-tricalcium phosphate (β-TCP). Due to the extremely low solubility of HA in physiological conditions, it is most often used in coating applications, where a long functional lifetime is necessary, or as a biphasic system as a mixture with β-TCP to increase the strength and longevity of grafting materials. β-TCP is about 30 orders of magnitude more soluble than HA, which makes it considered to be bioresorbable [3,4]. While HA may last in the human body for over 10 years, β-TCP has a functional lifetime of 12–16 months and is generally completely replaced by natural bone after 3 years [5,6]. β-TCP, thus, is an ideal material to fill small bony voids created during surgery or for spinal fusion and non-union fracture healing. β-TCP is considered by many to be an osteoconductive material. It provides support for new tissue formation and the migration of bone forming cells during the healing process. Recent trends in technology, however, demonstrate a paradigm shift from designing a simply functional material to a fully bioactive material. It has been the goal of many researchers and industry leaders to further develop β-TCP grafting materials to give them osteoinductive properties. In a study by Lindhorst et al., vascular endothelial growth factor (VEGF) was loaded onto β-TCP scaffolds and was found to increase neovascularization in vivo, a vital characteristic of the bone healing process [7]. Several studies have outlined the efficacy of recombinant human bone morphogenic protein 2 (rhBMP-2) loaded TCP scaffolds, demonstrating enhanced osteogenic differentiation of human adipose-derived stem cells in vitro in as soon as 15 min and significantly improved new bone formation in vivo [8,9]. Other growth factors often investigated, including transforming growth factors (TGFs) and fibroblast growth factors (FGFs), have shown similar positive results [10,11]. While much of these results have been extremely positive, growth factors have come under severe scrutiny of the public and the Food and Drug Administration (FDA) due to several serious possible side effects experienced in clinical off label use [12,13].



An alternative approach of incorporating osteoinductive capabilities to β-TCP has been through the use of trace elements that are vital to bone development and health, such as silicon (Si) and zinc (Zn). Si has long been understood to play an important role in bone and connective tissue biology [14]. In a study by Seaborn and Nielsen, Si-deprived rats were shown to have significantly decreased collagen formation in bone and wound healing [15]. Another study noted a positive correlation with dietary Si uptake and bone mineral density in the lumbar vertebrae of men and premenopausal women [16]. In addition to the osteogenic effects of Si, it has also demonstrated angiogenic capabilities. Human dermal fibroblasts indicated upregulated VEGF production in response to calcium silicates, which had a downstream effect on the nitric oxide synthase in human endothelial cells [17]. Zn is another trace element of importance in bone biology. Zn2+ is one of the ions that are released during the bone remodeling process and plays a crucial role in the stability and activity of alkaline phosphatase (ALP) [18]. Excess Zn release during the remodeling process is believed to play a role in the regulation of osteoclast activity as well as stimulation of osteoblast activity [19,20].



We have previously reported that the use of these trace elements can alter the physicochemical properties of β-TCP such as compressive strength, strength degradation, grain size, and density. Furthermore, the presence of these dopants has been shown to enhance in vitro and in vivo biological responses of calcium phosphates [21,22,23,24,25,26]. While the beneficial effects of Si and Zn have been demonstrated in various in vitro and in vivo studies, little is known as to their primary mechanism of action when compared to commonly used growth factors. In this work, we have studied the effects of Si and Zn dopants on the regulation of osteogenic markers such as OPG, RANKL, RUNX2, and BMP2 at the late stage of osteoblastic differentiation. In this study, highly porous TCP scaffolds are doped with Si or Zn in order to investigate the expression of osteoblast gene markers at late-stage differentiation, where confluent monolayer of osteoblast cells is observed on doped scaffolds as well as the positive regulation of osteogenic markers expressions are noted at day 21 and 28.




2. Materials and Methods


2.1. Sample Preparation and Characterization


β-tricalcium phosphate powder (β-TCP) was synthesized via a solid-state method. Briefly, 2 moles of dicalcium phosphate (CaHPO4) were mixed with 1 mole of calcium carbonate (CaCO3) for 2 h in a 5:1 milling media to powder weight ratio. The mixture was calcined at 1050 °C for 24 h, followed by cooling to room temperature. High purity silicon dioxide (SiO2) (99%+ purity) and zinc oxide (ZnO) (99.9%+ purity) were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Powders were prepared by mixing 20 g of β-TCP powder and appropriate amounts of dopants (0.5 wt.% SiO2 and 0.25 wt.% ZnO) in 250 mL polypropylene Nalgene bottles containing 30 mL of anhydrous ethanol and 100 g zirconia milling media with 5mm diameter. Dopant concentrations were chosen based on previous optimization research. The mixtures were then milled for 6 h at 70 rpm to minimize the formation of agglomerates and increase homogeneity. After milling, powder was dried in an oven at 70 °C for 72 h. Porous samples were prepared using an oil emulsion method as previously described. Briefly, 20g of β-TCP powder (pure or doped) were mixed with 20 g paraffin oil purchased from Sigma Aldrich (St. Louis, MO, USA) and 13.4 mL of an emulsifier solution of 0.14g/L Kolliphor EL purchased from Sigma Aldrich (St. Louis, MO, USA) in 0.2 M Na2HPO4. The mixture was stirred at 2000 rpm for 45 sec to yield a stable emulsion slurry. The slurry was then pipetted into disk (11.43 mm diameter and 2.35 mm thickness) or cylinder-shaped molds (6 mm diameter and 12 mm height), followed by drying at 70 °C. Samples were then removed from the molds and sintered at 1250 °C for 2 h in a muffle furnace.



The surface morphology of the sintered scaffolds before and after immersion in Phosphate Buffered Saline (PBS) with pH of 7.4 was characterized using a Field Emission Scanning Electron Microscope (FESEM) (FEI Inc., OR, USA) before and after 28 days of incubation in PBS. Phase analysis of sintered pure and doped TCP samples was carried out by Siemens (Aubrey, TX, USA) D500 Krystalloflex X-ray diffractometer (XRD) using Cu Kα radiation at 35 kV and 30 mA at room temperature, over the 2θ range between 20° and 40° at a step size of 0.1° and a count time of 1 sec per step. Relative bulk and apparent densities were measured using the Archimedes’ method. Samples were weighed initially dry and then submerged in boiling water for 3 min to remove any excess air that may be trapped in the porous structure. The samples were then transferred from the boiling water to room temperature water, where the weight was recorded again (n = 3). Compressive strengths of pure and doped TCP scaffolds were determined using a screw-driven universal testing machine (AG-IS, Shimadzu, Japan) with a constant crosshead speed of 0.33 mm/min. Compressive strength was calculated using the maximum recorded load and the sample dimensions. Compressive strength was tested on at least five samples for each composition.




2.2. Cell Culture and Cellular Morphology


All samples were sterilized by autoclaving at 121 °C for 60 min before cell culture. An aseptic condition was maintained during the entire cell work. For this study, established human pre-osteoblast cell line hFOB 1.19 was purchased from ATCC, Manassas, VA, USA. The base medium for this cell line was a 1:1 mixture of Ham’s F12 Medium and Dulbecco’s Modified Eagle’s Medium (DMEM/F12, Sigma, St. Louis, MO, USA), with 2.5 mM L-glutamine (without phenol red). The medium was supplemented with 10% fetal bovine serum (HyClone, Logan, UT, USA) and 0.3 mg/ml G418 (Sigma, St. Louis, MO, USA). The hFOB cell is cultured in T75 culture flasks until they reach 70-80% confluency. The sterilized samples were kept in 24-well plates and hFOB cells were seeded onto the samples at a density of 2 × 105 cells/sample. 1 ml of base medium was added in each well containing samples and the medium was changed every 2–3 days for the duration of the experiment. Cultures were maintained at 34 °C under an atmosphere of 5% CO2 as recommended by ATCC for this particular cell line.



Samples for testing were removed from culture after 21 and 28 days of incubation. All samples for SEM observation were fixed with 2% paraformaldehyde/2% glutaraldehyde in 0.1 M phosphate buffer overnight at 4 °C. Post-fixation was performed with 2% osmium tetroxide (OsO4) for 2 h at room temperature. The fixed samples were then dehydrated in an ethanol series (30%, 50%, 70%, 95%, and 100% three times), followed by a hexamethyldisilane (HMDS) drying procedure. After gold coating, the samples were observed under FESEM for cell morphologies.




2.3. RNA Extraction and Real-Time RT-PCR


RNA was extracted from samples using Aurum Total RNA Mini Kit spin columns from BioRad (Hercules, CA, USA) and the manufacturer’s recommended procedure is followed. Three biological replicates were used in this study with each having three technical replicates. First strand cDNA was synthesized using an iScript Advanced cDNA Synthesis Kit for RT-qPCR (Biorad, Hercules, CA, USA) in 20 μL reactions, according to the manufacturer’s recommended procedure. RT-qPCR was performed under standard enzyme and cycling conditions on a CFX Connect Real-Time PCR Detection System (Biorad, Hercules, CA, USA). Primer sets were pre-validated by PrimePCR SYBR Green Assays from Biorad (Hercules, CA, USA) for BMP-2 (assay ID: qHsaCID0015400), runt-related transcription factor 2 (Runx2; assay ID: qHsaCID0006726), osteoprotegerin (OPG; assay ID: qMmuCID0027158) and receptor activator of nuclear factor kappa-B ligand (RANKL; assay ID: qHsaCID0015585). Two housekeeping genes β-actin (assay ID: qHsaCED0036269) and ribosomal protein, large, P0 (RPLP0; assay ID: qHsaCED0036271) were also used in this study. Data analysis was performed using the BioRad CFX Manager Software 3.0 (Hercules, CA, USA). Expression levels of the gene of interest were normalized to the housekeeping genes and data reported is the normalized expression given by 2−ΔΔ𝐶𝑡.




2.4. Statistical Analysis


All experimental data are representative of at least three biological and three technical replicates. Quantitative data for gene expression is reported as mean ± standard deviation. Statistical analysis was performed using two-way ANOVA and Bonferroni post-hoc analysis was carried out in a GraphPad Prism 8 software (Hercules, CA, USA). p < 0.05 was considered statistically significant.





3. Results


3.1. Physical and Mechanical Characterization


Figure 1 shows the XRD patterns, which is performed to determine the CaP phases of the sintered scaffolds and confirm that in both samples, β-TCP is the primary phase present after sintering at 1250 °C. α-TCP phase is found to be present in the pure samples, but drastically reduced in the samples containing dopants. Zn-TCP has the least amount of α-TCP, while pure TCP has the most. The characteristic peaks of β-TCP and α-TCP match well with JCPDS# 09-0169 (β-TCP) and 09-0348 (α-TCP), but show about a 1.57 degree peak shift in Zn-TCP samples and a 1.79 degree peak shift in the Si-TCP samples.



Figure 2 shows relative bulk and apparent densities of samples, respectively. Pure TCP has the highest relative bulk density of 45.14% ± 0.03%, whereas the bulk density of Si-TCP and Zn-TCP are 32.81% ± 0.02% and 32.4% ± 0.02%, respectively. Relative apparent density measurement shows that Zn-TCP and Si-TCP are 82.36% ± 0.02% and 79.64% ± 0.02% dense. Pure TCP has the lowest relative density of 66.05% ± 0.12%.



Compressive strength of sintered scaffolds is shown in Figure 3. Pure TCP and Si-TCP has similar compressive strength of 3.31 ± 0.85 MPa and 3.50 ± 1.61 MPa, respectively. Zn-TCP has compressive strength of 2.06 ± 0.64 MPa, significantly lower than the two other compositions.



FESEM micrographs of samples before and after 28 days of immersion in PBS are shown in Figure 4, demonstrating the highly porous nature of the scaffolds. All samples show evidence of liquid phase sintering, characterized by the flowing particle structures. After 28 days immersion in PBS, all samples have shown considerable surface degradation and significant plate-like apatite formation, but the microstructure remain largely unchanged. Si-TCP samples show the most apatite formation followed by Zn-TCP samples, while the pure TCP samples has the least amount of apatite.



Ca2+ ion release results in Figure 5 indicate both of the doped compositions has higher degradation rates than the pure scaffolds. In total, Si-TCP samples release 1.74 mg of Ca2+ over 28 days. Zn-TCP samples has an average 1.83 mg Ca2+ over 28 days, while the pure samples has only 1.15 mg Ca2+ release. All samples has a steady state of release over the testing period.



Figure 6 shows the morphology of hFOB cells on pure and doped samples after 21 and 28 days of culture. While single cells are difficult to identify on doped samples, the pure samples shows presence of some, indicating a higher proliferation rate in the Si-TCP and Zn-TCP scaffolds.




3.2. Osteoblast Cell Gene Expression Analysis


Osteoblast gene expression analysis results after 21 and 28 days of culture are presented in Figure 7. At day 21, Si-TCP and Zn-TCP have expressed significantly less BMP-2 than the pure samples. OPG expression is upregulated significantly in the doped samples, while a significant downregulation of RANKL is noted in Si-TCP and Zn-TCP samples when compared to the pure samples. Runx2 expression is similar at day 21 for all samples, with elevated expression measured in the Si-TCP samples. However, at day 28, similar BMP-2 and OPG expressions are seen in all samples, compared to the control. RANKL expression is elevated for Si-TCP samples, while Zn-TCP has exhibited a statistically higher expression to the pure composition. Runx2 expression in Si-TCP and Zn-TCP are similar to pure TCP at day 28 with no statistically significant difference noted. Additionally, the OPG:RANKL ratio are calculated for control, Si-TCP and Zn-TCP samples at day 21 and 28, as shown in Figure 8. At day 21, the OPG:RANKL ratio is significantly upregulated in doped samples, compared to the control TCP. Finally, at day 28, the OPG:RANKL ratio has shown a decrease in trend for Si-TCP, however on Zn-TCP, a gradual but statistically lower increase has been observed, compared to the control.





4. Discussion


The use of Si and its result as a stabilizing agent in calcium phosphates (CaPs) has been well documented [27,28]. XRD results shown in Figure 1 confirm that α-TCP phase formation is significantly reduced in samples containing Si and Zn. It is believed that Si4+ replaces P5+ in the TCP lattice with charge compensation created by either the presence of excess Ca2+ or O2− vacancies [29]. Zn2+, however, is most likely to replace Ca2+ in Ca(5) position in the lattice structure where it is believed that the Ca(5)O6 polyhedron may be strained due to over-bonding and would favor the incorporation of smaller cations such as zinc [30]. Both dopants seem to stabilize the crystal structure during sintering at high temperatures (>1150 °C) where α-TCP is known to form. A slight peak shift is detectable in both doped samples, verifying that substitution defects are likely taking place.



Density analysis is in agreement with the XRD results. α-TCP phase formation is known to coincide with a stage of rapid grain growth and an overall decrease in the densification [31,32]. Higher α-TCP phase amount in pure sample results in a less densified scaffold with 66% relative apparent density, while doped samples show relative densities of over 79%. Microstructural analysis by SEM (Figure 4) verifies that all the samples have greater than 20% open pores with most of the porosity being micropores. While all samples have evidence of liquid phase formation, Si-TCP samples exhibit a significantly increased amount. Si (r = 111 pm) has a slightly larger atomic radius than that of phosphorous (r = 98 pm), which causes bond elongation and strain in the crystal structure that could result in a decrease in liquidus temperature and increase in liquid phase sintering [33].



The mechanical strength of the pure TCP is 3.31 ± 0.85 MPa. Addition of Zn decreases the compressive strength to 2.06 ± 0.64 MPa, while the Si dopant does not affect it significantly. Previous studies have reported a decrease in initial compressive strength of ZnO doped compact TCP samples [34], which can be attributed to the slight differences in the emulsion formation during processing and resultant variances in pore size and distribution rather than an inherent physicochemical property associated with Zn doping in this system. The driving factor in the compressive strength in this study is far more weighted by a large amount of porosity than the physical effects of the dopants.



After 28 days of immersion in PBS, all samples show signs of surface degradation, but the microstructure does not change significantly (Figure 4). The only calcium phosphate product that is stable in solution at a pH greater than 4.2 is hydroxyapatite (HA) [35]. The dissolution-precipitation process of β-TCP has been described as a diffusion limited process, which will decrease as an interfacial apatite layer is formed on the surface of the sample [36]. While all samples show apatite formation, Si-TCP and Zn-TCP have significantly more surface apatite formation than the pure samples, indicating a faster rate towards the dissolution-precipitation equilibrium.



The osteoblast cells go through three stages in their lifecycle: proliferation, maturation, and differentiation. The early stage is focused on the population and recruitment of cells which leads to the maturation stage. During the maturation stage, cells lay the foundation for new bone called the extracellular matrix (ECM). Once the ECM is created, cells will begin terminal differentiation or undergo apoptosis [37]. SEM images in Figure 6 exhibit that doped samples form a layer-like osteoblast cellular morphology at day 21, compared to the control. There is no significant difference between cellular morphology at day 28 compared to day 21.



Osteoblasts play a dual role in the bone remodeling process. Aside from depositing the ECM, they can regulate osteoclastogenesis via OPG and RANKL production. After successfully depositing the new matrix, osteoblasts need to send a signal to monocytes to begin the formation of merged and multinucleated osteoclasts. This signal has been identified as RANKL and is considered the primary cause of osteoclastogenesis. OPG is a decoy receptor for RANKL that is produced by osteoblasts. Generally, when RANKL is upregulated it is associated with a downregulation of OPG, so as to favor osteoclastogenesis and the ratio is considered to be a major determinant of bone mass [38].



In the present study, RT-qPCR results show significantly lower BMP-2 expression in the doped samples, indicating the osteoblast differentiation process has been already initiated in Si-TCP and Zn-TCP samples before day 21. BMP2 is reported to be known as an early phase osteoblast differentiation marker, which attributes to the downregulation of this gene in doped samples at day 21. Upregulation of BMP2 in control samples at day 21 enables us to confirm late initiation of osteoblast differentiation in pure TCP samples. Similarly, it has been demonstrated that Runx2 expression needs to be upregulated for the differentiation of MSCs into osteoblasts but downregulated for terminal differentiation of osteoblasts into bone lining cells and osteocytes [19]. In this regard, day 21 results from this study show that Runx2 transcriptional activity is relatively less, yet statistically higher compared to the pure TCP control group. Additionally, the significant upregulation of OPG and marked downregulation of RANKL in doped samples at day 21 support their pivotal role in bone regeneration. The pure TCP samples at day 21, however, indicate the opposite response where high RANKL expression and low OPG expression would result in the induction of bone remodeling by osteoclast cells.



RT-qPCR expression of osteoblast markers at day 28 suggests that the cells on the pure TCP samples are undergoing the differentiation process, which is indicated by lower BMP-2 levels, moderate Runx2 expression, and a high OPG: RANKL ratio. The osteoblasts cultured on both the Si-TCP and Zn-TCP seem to already have gone through differentiation with no significant difference in BMP2, Runx2, and OPG expression between the control and doped samples.



Interestingly, we see that the OPG: RANKL ratio remains significantly high in both the Si-TCP and Zn-TCP at day 21, indicating an affinity for prolonged bone growth processes and delayed osteoclastogenesis. The markedly higher OPG/RANKL ratio for Si doped samples at day 21 indicates a better bone remodeling cycle leading to accelerated healing. However, day 28 results show a decrease in RANKL expression for pure TCP as well as an increase in the same for Si-TCP and Zn-TCP, resulting in a significantly smaller OPG:RANKL ratio for doped samples. These results indicate that the osteoblasts on doped samples were mostly differentiated.



It has been verified that OPG and RANKL are both regulated by the Wnt signaling pathway, which is one of the main pathways in osteogenesis, as well as by intracellular calcium signaling [39,40]. In a previous study, we found that the use of dopants in compact TCP samples effectively modulated post-translational Runx2 activity, having elevated levels during the proliferation stage and decreased levels during the maturation stage of the osteoblast lifecycle [18,20]. OPG has been shown to be regulated by the Wnt pathway, intracellular Ca2+ signaling and Runx2, RANKL by Runx2 and intracellular Ca2+ signaling, BMP-2 by PI-3K and PKC and Runx2 by intracellular Ca2+ signaling, they all have a common relationship with intracellular calcium (Figure 9). Dopants may act as competitive agonists with Ca2+ in many of these pathways and disrupt normal function due to size and/or charge differences, causing altered but a beneficial expression of important targets [23].



Nevertheless, future studies need to be performed to investigate the Wnt and NFkβ expressions to confirm the potential association between the gene expression and the mechanistic pathway. Further advancements can also be achieved by analyzing the expression of osteoblast differentiation markers at early time points. Additionally, future research involving in vivo studies are necessary to evaluate the effect of these dopants on the osteoblast phenotype.




5. Conclusions


CaP materials are one of the most widely utilized and extensively studied materials for use as synthetics in orthopedic medicine. Incorporation of Si and Zn into highly porous calcium phosphate scaffolds resulted in denser scaffold with relative apparent density of 82.4% and 79.6% for Zn-TCP and Si-TCP, respectively. Moreover, the addition of dopants mitigated the formation of soluble α-TCP phase at high sintering temperatures while not affecting the dissolution properties of the scaffolds. SEM and RT-PCR results demonstrate that the addition of both Si and Zn dopants stimulated osteoblast cell differentiation while positively regulating the osteoblast marker genes. For instance, Si-TCP and Zn-TCP demonstrated a statistically significant upregulation in OPG expression and a downregulation in RANKL expression at the initial time point of 21 days. Moreover, the presence of Si and Zn maintained an increased OPG:RANKL ratio at the initial time points, indicating their key importance in the enhancement of osteoblast cell differentiation as well as positive regulation of bone metabolism.
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Figure 1. XRD patterns of doped and pure scaffolds sintered at 1250 °C showing characteristics peaks of primary phase, β-TCP in doped TCP. JCPDS # 09-0169 (β-TCP) and 09-0348 (α-TCP). 
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Figure 2. Relative bulk and apparent densities of sintered porous samples showing significantly higher apparent density in doped samples. Statistical analysis shows that the differences are significant (* p < 0.05, where n = 3). 
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Figure 3. Compressive strength of sintered porous samples showing. Statistical analysis shows that the differences are significant (* p < 0.05, where n = 5). 
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Figure 4. Surface morphology of sintered scaffolds of pure TCP composition, Si-TCP and Zn-TCP compositions after sintering and after 28 days in PBS showing enhanced apatite formation in presence of dopants, compared to the pure TCP scaffold. 
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Figure 5. Atomic Absorption Spectroscopy (AAS) results for Ca2+ ion concentration in PBS collected over 28 days showing higher degradation rate of Zn-TCP and Si-TCP scaffolds, compared to the pure TCP scaffold. 
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Figure 6. FESEM micrographs depicting hFOB cell morphology after 21 and 28 days in culture showing layer-like osteoblast cellular morphology on doped samples indicating enhanced osteoblast cell proliferation in presence of dopants, compared to pure TCP. 
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Figure 7. mRNA expression for BMP2, OPG, RANKL, and RUNX2 analyzed by RT-qPCR at day 21 and 28 for pure and doped TCP scaffolds showing significant upregulation of OPG, and downregulation of RANKL in presence of dopants at day 21, compared to the pure TCP. (* p < 0.001, ** p < 0.5, *** not statistically significant, where n = 3). 
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Figure 8. The OPG/RANKL ratio at day 21 and 28 showing positive regulation of OPG:RANKL ratio by doped samples at the initial time point of 21 days.(* p < 0.001, ** p < 0.5, where n = 3). 
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Figure 9. Activation of the Wnt/Fz ligand-receptor leads to the production of the second messengers IP3 and DAG from membrane-bound PIP2 via the action of membrane-bound enzyme PLC. IP3 causes a release of Ca2+ from the ER and extracellular Ca2+ influx through transmembrane Ca2+ channels; CaN and CamKII are activated which in turn activate NFAT and NFkB. DAG is also activated by increased intracellular Ca2+, which activates PKC. PKC activates NFkB and CREB. NFAT, NFkB, and CREB translocate to the nucleus and transcribe downstream regulatory genes such as Runx2. Elevated Runx2 activity increases OPG production while simultaneously decreasing RANKL production. BMP2, upregulated by extracellular Ca2+, can affect this pathway by binding to BMP2 receptors which activate PI3k. PI3k activates the gamma subunit of PLC increasing its conversion of IP3 and DAG [23,41]. 
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