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Enhancement of the Biological and Mechanical Performances of Sintered Hydroxyapatite by Multiple Ions Doping
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In the present work, hydroxyapatite (HA) nanoparticles doped with Mg2+, Sr2+, and Zn2+ ions are developed by wet neutralization method and then sintered at 1,250°C to obtain bulk consolidated materials. Physicochemical and microstructural analyses show that the presence of doping ions in the HA structure induced the formation of βTCP as secondary phase, during the sintering process, and we found that this effect is depending on the stability of the various doping ions in the hydroxyapatite lattice itself. We also found that the formation of βTCP as secondary phase, in turn, confines the grain growth of HA induced by the high-temperature sintering process, thus leading to a strong increase of the flexural strength of the bulk materials, according to Hall-Petch-like law. Furthermore, we found that the doping ions enter also in the structure of the βTCP phase; besides the grain growth confinement, also the solubility and ion release ability of the final materials were enhanced. In addition to ameliorate the mechanical performance, the described phenomena also activate multiple biofunctionalities: (i) ability to upregulate various genes involved in the osteogenesis, as obtained by human adipose stem cells culture and evaluated by array technology; (ii) enhanced resistance to the adhesion and proliferation of Gram+ and Gram– bacterial strains. Hence, our results open a perspective for the use of sintered multiple ion-doped HA to develop ceramic biodevices, such as plates, screws, or other osteosynthesis media, with enhanced strength, osteointegrability, and the ability to prevent post-surgical infections.
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INTRODUCTION

Since decades, extensive research is being engaged for the development of synthetic biodevices with improved biological and mechanical functionality, suitable for application in bone surgery (Munch et al., 2008; Dutta et al., 2015). Particularly, the development of fixation devices as osteosynthesis media capable of enhanced osteointegrability and mechanical properties is highly desired, to support the stabilization of complex fractures or the fixation of bone implants (Suryavanshi et al., 2016). In spite of their wide use in orthopedics as fixation media (Goodrich et al., 2012), metallic implants can undergo failure due to infections, corrosion, fatigue, and poor osteointegrability, all factors jeopardizing the healing process (Pohler, 2002; Ribeiro et al., 2012). Particularly, mechanical mismatch between the implant and surrounding bone can result in the implant loosening and bone resorption (Alexander and Theodos, 1993; Sheikh et al., 2015). On the other hand, the occurrence of post-surgical infections is a major concern, also due to the antibiotic resistance of various bacterial strains, a phenomenon that is constantly growing and that will become, more and more, a primary cause of failure of surgical interventions, particularly in orthopedics (Li and Webster, 2018; Hofer, 2019). To overcome these drawbacks, a growing literature is investigating the possibility of developing biomaterials capable to establish tight bone-implant interfaces thanks to improved mechanical properties and to superior osteointegrative and anti-infective ability. Previous studies investigated the possibility of achieving materials with inherent antibacterial properties as induced by the surface composition and/or micro-texture (Albers et al., 2013; Slavin et al., 2017). In this respect, hydroxyapatite [HA: Ca5(PO4)3(OH)] is since decades considered as elective material for application in bone surgery, thanks to its compositional similarity with the mineral component of bone, even though the relatively poor mechanical properties pose concerns on its use (Polo-Corrales et al., 2014; Eliaz and Metoki, 2017). It is also known that controlled ion substitutions in the structure of HA, attempting to more closely mimic the mineral composition of natural bone, increase its bioactivity and bone-forming ability (Cazalbou et al., 2005; Ballardini et al., 2018; Sprio et al., 2019). Particularly, Mg2+ is recognized to promote the formation of new bone mineral nuclei, particularly active in the newly formed bone tissue (Bigi et al., 1992). Mg2+ ions, as well as Sr2+ and also Zn2+, are known as active regulators of osteoblasts and osteoclast cells, thus able to modulate the bone turnover, potentially effective also in the case of osteoporotic bones (Boanini et al., 2010). Recent studies report that the multiple doping of HA with these ions can also promote inherent anti-infective properties (Ballardini et al., 2018; Sprio et al., 2019), thus being promising for the development of new medical devices with enhanced bioactivity and osteointegrability while preventing adverse infective complications, at the same time. These studies were carried out on as-synthesized HA powders. However, the development of 3D ceramic devices with relevant mechanical properties requires the use of sintering process for their consolidation. While several investigations of the effects of doping ions have been carried out on nanocrystalline and nanostructured HAs obtained by low temperature wet synthesis, there are very few studies investigating the biological effect of these ions in sintered ceramics, but they are limited to calcium silicate phases (Wu et al., 2007; Zreiqat et al., 2010; Liu et al., 2019). In particular, in spite of the urging need of implantable biodevices capable of counteracting the formation of biofilms, studies on the antibacterial ability of ion-doped sintered CaPs have not yet been reported.

In this work, various multi-substituted HAs were synthesized by a wet neutralization process and sintered at high temperature to obtain consolidated ceramic materials. The study highlights the effect of the various substituting ions, such as Mg2+, Sr2+, and Zn2+, on the physico-chemical, morphological, and mechanical properties as well as on the biological abilities of the resulting sintered ceramics, as obtained by cellular epigenetic tests and microbiological analyses conducted on Escherichia coli and Staphylococcus aureus, which are among the most common infective strains responsible of post-operative complications in orthopedics.



MATERIALS AND METHODS


Synthesis of the Ion-Doped Apatites

A neutralization reaction was established between an aqueous suspension of calcium hydroxide [Ca(OH)2, Sigma Aldrich, 95% purity], and a solution of phosphoric acid (H3PO4, Fluka, 85% purity). To introduce foreign ions in the final product, Mg2+, Sr2+, Zn2+ cations were added in the aqueous calcium suspension, as magnesium chloride (MgCl2, Sigma Aldrich), strontium chloride (SrCl2, Sigma Aldrich), and zinc chloride (ZnCl2, Sigma Aldrich). The initial Ca/P ratio was set to 1.67, that is, equal to that of stoichiometric HA.

The reaction is conducted in a round-bottomed flask, filled with an aqueous suspension of calcium hydroxide, containing the salts of the doping cations and kept at 37°C, under mechanical stirring. The neutralization process was conducted by slowly adding H3PO4 solution to the alkaline suspension (dripping rate = 1 drop/s). At the end of the process, the suspension is left in agitation at 37°C for 2 h, then left to mature overnight at room temperature. Then, the suspension is washed with bi-distilled water for three times, in order to eliminate ions simply adsorbed on the HA surface and then dried at 40°C in oven. Finally, the obtained powder is sieved at 150 μm.

In the present work, four different sets of ion-doped HA powders were synthesized, the first set includes non-doped HA, as reference material (coded as HA), HA doped with magnesium (MgHA), HA doped with magnesium and strontium (MgSrHA), and HA doped with magnesium and zinc (MgZnHA). The symbols XMg, XSr, and XZn indicates the initial molar fraction, respectively, of Mg2+, Sr2+, and Zn2+, calculated as [image: image], where XX indicates Mg, Sr or Zn.



Development of Sintered Calcium Phosphate Materials

Consolidated ceramics were obtained by thermal sintering of the as-synthesized powders at 1,250°C for 1 h in a muffle furnace. The sintering was carried out on pellets obtained by uniaxial pressing 1.5 g of apatite powders in a steel mold (20 mm in diameter) at 700 bar. The resulting pellets were then further treated by cold isostatic pressing at 2,500 bar, to obtain green ceramic bodies with maximal relative density, suitable to obtain the highest degree of densification in the final sintered bodies. The sintered bodies are henceforth coded as follows: S-HA, S-MgHA, S-MgSrHA, S-MgZnHA.



Physico-Chemical Characterization

The crystalline phase composition of the as-obtained and sintered materials was obtained by X-ray diffraction (XRD) with a D8 ADVANCE (Bruker, Karlsruhe, Germany) diffractometer using Cu Kα radiation (λ = 1.54178 Å) generated at 40 kV and 40 mA, a counting time of 0.5 s, and a step size of 0.02° 2θ. Semiquantitative analysis and the evaluation of the cell parameters and domain size of the crystalline structures were performed by full profile analysis of the XRD spectra, using the software TOPAS 5 (Bruker, Karlsruhe, Germany). The experimental XRD spectra were analyzed in reference to previously published crystal structure models. In all the experiments the background was modeled with an 11th-order Chebyshev polynomial. The calculation was carried out, up to convergence, by refining the scale factor, the domain size and the cell parameters at the same time. The domain size was evaluated keeping into account the contribution of the instrumental resolution function, obtained by fitting the diffraction pattern of a LaB6 NIST standard (Giannini et al., 2016).

The chemical analysis of the as-obtained apatite powders was performed on dried samples (20 mg) using ICP-OES spectrometer (Agilent 5100, United States) and primary standards (1,000 ppm, Fluka). The samples were dissolved into 2 ml of nitric acid then diluted in 100 ml of milliQ water.



Characterization of the Sintered Bodies

Field emission gun scanning electron microscopy (FEG-SEM) (Sigma NTS GmbH, Carl Zeiss, Oberkochen, Germany) was used to evaluate the morphology of the final material at the multi-scale. The samples were placed on an aluminum stub and covered with a thin layer of gold to improve conductivity. The analysis of the microstructure was carried out by mirror-polishing and a subsequent acid attack with HCl 1M for 5 s to put in evidence the grain boundaries. The equipment used is Sigma NTS GmbH (Carl Zeiss, Oberkochen, Germany).



Mechanical Characterization

The compression and flexural strength of sintered bodies was evaluated with a universal testing machine (MTS Insight 5, Eden Prairie, MN, United States), crosshead speed 2 mm/min, on five sintered samples for each investigated material. For compression tests, the samples were obtained in form of cylinders with a diameter of 10 mm and height of 15 mm. Flexural tests were carried out by 4-point bending on parallelepipeds, with 25.0 mm × 2.5 mm × 2.0 mm in size. Nanoindentation tests were carried out on mirror-polished sintered samples (iNano, Nanomechanics, Inc., United States). A Berkovich indenter was used to perform indentations up to a maximum load of 45 mN, so that hardness and Young’s moduli could be obtained.



Ion Release Tests

The evaluation of the ion release with time was made by immersing tablets (1 g of powder each) into 5 ml of pH = 7.4 buffer solution (Ca- and Mg-free Hank’s Balanced Salt solution) and maintained at 37°C under gentle shaking. At scheduled times (i.e., after 1, 2, 3, 7, 11, and 15 days) the solution was removed and 5 ml of fresh solution was added to the tablets. The liquids containing the ions released after the prefixed times were analyzed by ICP-OES for the quantitative determination of Ca, Mg, and Zn. The results were presented as cumulative data. All the experiments were made in triplicate.



Cells and Cell Culture

Human adipose-derived mesenchymal stem cells (hASC) were purchased from Lonza Milan, Italy (Catalog n. PT-5006) as cryopreserved frozen cells at the first passage. These cells are positive for surface markers CD13, CD29, CD44, CD73, CD90, CD105, CD166, while are negative for other markers, such as CD14, CD31, CD45 (Mazzoni et al., 2020). Cells were expanded in Dulbecco’s Modified Eagle Medium F-12 (DMEM/F12; Lonza, Milan, Italy), supplemented with 10% fetal bovine serum (FBS) and 10% antibiotics (Pen/Strep 10.000 U/ml) at a density of 5,000 cells/cm2, in a T75 flask (Falcon BD, Franklin Lakes, NJ, United States) at 37°C with 5% CO2 in a humidified atmosphere (Manfrini et al., 2013; Mazzoni et al., 2017, 2020). At the second passage, hASCs were randomly assigned to five treatment groups: hASCs grown in monolayer in 24-well tissue culture polystyrene plates (TCP) and hASCs grown on biomaterials, such as (i) S-HA, (ii) S-MgHA, (iii) S-MgSrHA, (iv) S-MgZnHA. In biomaterial groups, the samples were placed separately in 24-well plates (Ø = 10 mm) to cover the surface area. hASC cultures were then filled with 200 μl cell suspension containing 104 cells for each sample and incubated for 2 h (Mazzoni et al., 2017). The cell suspension was subjected to gentle shaking every 15 min in order to maximize cell-material interaction. Plates were incubated at 37°C. in humidified air (5% CO2) until the time of the assay. RT2 ProfilerTM PCR Array was performed at day 14 (Mazzoni et al., 2020).



RNA Isolation and RT2 ProfilerTM PCR Array Analyses of Extracellular Matrix and Adhesion Molecule Genes

To profile the expression of 84 Osteogenesis-related genes simultaneously we used the Human Osteogenesis RT2 Profiler PCR Array Catalog number PAHS-026Z and product n. 330231 (Qiagen Milan, Italy)1. The Human Osteogenesis RT2 Profiler PCR was performed according to the manufacturer’s instructions. The list of genes was reported in the product and the primers set used is covered by the patent of this product.

To identify of the extracellular matrix (ECM) and adhesion molecule expression genes activated by the studied materials, RT2 Profiler PCR Array profiles was performed in hASCs grown on selected biomaterials, reported above. Human ASCs were grown on biomaterials and plastic plates employed as the control (TCPS) until day 14. After this period, total RNA was extracted through RNeasy Plus Micro Kit (Qiagen, Milan, Italy) according to the manufacturer’s instructions (Mazzoni et al., 2020). RNA quality and quantity were assessed using a Nanodrop spectrophotometer (ND-1000, NanoDrop Technologies, Wilmington, DE, United States) and stored at –80°C until the time of the analysis (Mazzoni et al., 2012). Purified RNA from hASCs grown on selected biomaterials and TCPS was reverse transcribed to cDNA using the RT2 First Strand cDNA Kit (Qiagen, Milan, Italy). RT2 Profiler PCR Array (Qiagen, Milan, Italy Catalog n. PAHS-013Z) was used to analyze the expression of 84 genes for human ECM, cell adhesion molecules, and five housekeeping genes, at day 14 (Mazzoni et al., 2017). Specific primers sets employed in real-time PCRs were used to analyze the expression of 84 genes codified for proteins involved in cell-to-cell adhesion, cells to the ECM adhesion, and ECM proteins, such as collagens and ECM protease. RT2 Profiler PCRTM Array PCRTM was performed using SYBR Green method on a CFX96 Touch PCR detection system (Bio-Rad, Milan, Italy) (Mazzoni et al., 2017). In terms of data analysis, fold-changes of each gene expression were calculated using the 2–Δ Δ CT method, whereas the housekeeping genes employed as controls were used to normalize the results (Mazzoni et al., 2017, 2020). Two independent experiments were performed simultaneously. Positive values indicated individual upregulated genes, while negative values indicated the downregulated genes, compared to controls. Only twice fold up- or downregulated expression (Log2fold change < 1 or > 1) was considered significant, whereas a onefold change meant that the same amount of analyzed gene was expressed in cells adherent to the biomaterials when compared to those grown on the polystyrene vessel, the control.



Bacterial Strains and Culture Conditions

The microorganisms used in this study were Escherichia coli ATCC 25922 (E. coli), and Staphylococcus aureus ATCC 25923 (S. aureus), kindly supplied by R. Migliavacca (Department of Clinical Surgical, Diagnostic and Pediatric Sciences, University of Pavia, Italy). Both the bacteria strains were routinely grown in their culture medium overnight under aerobic conditions at 37°C using a shaker incubator (Asal Srl, Italy): E. coli in Luria Bertani Broth (LB) (Difco, Detroit, MI, United States) and S. aureus in Brain Heart Infusion (BHI) (Difco). Both these cultures were statically incubated at 37°C under aerobic conditions and reduced to a final density of 1 × 1010 cells/mL as determined by comparing the optical density (OD600) of the sample with a standard curve relating OD600 to cell number (Bari et al., 2017).



Bacterial Viability

All types of ions-doped HA samples were washed in sterile phosphate buffer saline (PBS 1×) and directly incubated with 200 μL (1 × 105) E. coli or S. aureus cell suspensions for 24 h at 37°C, respectively. At the end of the incubation time, an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich®, United States] test was performed on the following samples: (1) the planktonic bacterial cultures after their removal from the ions-doped HA materials; and (2) directly on the ions-doped HA materials used for the bacterial incubation. The same aliquot of bacteria was also cultured in a Tissue Culture Plate (TCP) used as a positive control. After 3 h of incubation at 37°C, the MTT reaction was stopped by adding 100 μL of solution C (2-propanol, HCl 0.04 N) and further incubated for 15 min at 37°C. The colorimetric reaction was read at CLARIOstar (BMG Labtech, Germany) at 570 nm wavelength with 630 nm as the reference wavelength. Results were firstly normalized to TCP and then to S-HA (undoped HA) set as 100%. The experiments were performed in duplicate and repeated three times.



Confocal Laser Scanning Microscopy (CLSM) Studies

As previously reported (Pallavicini et al., 2017) for confocal studies, 0.2 mL (1 × 105) of both E. coli and S. aureus suspensions were dispensed into 48-well microplates (Costar) containing on the bottom sterile ions-doped HA materials and incubated for 24 h at 37°C. After 24 h, the bacteria cultures were gently removed and the viability of adherent bacteria was estimated with the BacLight Live/Dead viability kit (Molecular Probes, Eugene, OR, United States). The kit includes two fluorescent nucleic acid stains: SYTO9 and propidium iodide. SYTO9 penetrates both viable and non-viable bacteria, while propidium iodide penetrates bacteria with damaged membranes and quenches SYTO9 fluorescence. Dead bacteria, which take up propidium iodide, fluoresce red, and bacteria fluorescing green, are deemed viable. For assessing viability, 1 μL of the stock solution of each stain was added to 3 mL of PBS 1× and, after being mixed, 200 μL of the solution was dispensed into 48-well microplates containing the apatite samples and incubated at 22°C for 15 min in the dark. Stained bacteria were examined under a Leica CLSM (model TCS SP8 DLS; Leica, Wetzlar, Germany) using a 40× and 63× oil immersion objective. The excitation and emission wavelengths used for detecting SYTO9 were 488 and 525 nm, respectively. Propidium iodide was excited at 520 nm, and its emission was monitored at 620 nm. The optical sections of 0.9 μm were collected over the complete thickness of the sample, and for each sample, images from three randomly selected positions were acquired. The 3D projections were obtained using software LAS X.



Statistical Analysis

All the statistical calculations related to antibacterial tests were carried out using GraphPad Prism 5.0 (GraphPad Inc., San Diego, CA, United States). Statistical analysis was performed using Student’s unpaired, two-sided t-test and through one-way variance analysis (ANOVA), followed by Bonferroni post hoc, for multiple comparisons (significance level of p ≤ 0.05).



RESULTS


Physicochemical and Morphological Characterization of the As-Synthesized Apatites

The as-obtained powders are all composed of HA as a single crystalline phase (Figure 1). The broad profile of the obtained diffraction patterns can be ascribed to low crystallinity, as induced by the powder synthesis carried out at body temperature and by the incorporation of doping ions in the apatitic structure (Sprio et al., 2008). The chemical analysis by ICP (Table 1) reports that only a fraction of the foreign ions initially present in the reaction vessel was actually incorporated into the HA structure, whereas the remaining was eliminated during the powder washing.


[image: image]

FIGURE 1. XRD spectra of the as-synthesized powders. The markers point to XRD reflections of the HA structure.



TABLE 1. ICP analysis showing the effective incorporation of doping ions in the as-synthesized apatite powders.

[image: Table 1]The cell parameters and volume, and the average size of crystalline domains in the as-obtained HA powders are reported in Table 2. All the as-synthesized apatites show very small domain size (Dav), ascribed to the low synthesis temperature that limited the crystal growth. Changes in cell parameters and volume of the HA crystal can be related to different ionic radii of doping cations (here Mg2+≈ 66 pm, Sr2+ ≈ 112 pm or Zn2+ ≈ 74 pm) substituting Ca2+ (≈ 99 pm), which influence the interatomic distances (Procopio et al., 2019). It was reported that Mg2+ has limited ability to substitute Ca2+ in large extent, ascribed to its much smaller ionic radius (Boanini et al., 2010). However, in the single-doped MgHA, we can observe a very little decrease of the c axis and of the overall cell volume, in comparison with the undoped HA, in agreement with a previous study (Tampieri et al., 2004), thus suggesting that in the MgHA sample at least a fraction of the introduced Mg2+ could substitute Ca2+ in the HA lattice. Concerning the multi-doped apatites, during the formation of the HA crystal a competition is established between Mg2+-Sr2+ (in MgSrHA) or Mg2+-Zn2+ ions (in MgZnHA) attempting to enter the Ca2+ crystal sites, thus making difficult to correlate crystal data with the extent of specific ion occupancy in the apatite crystal sites. As an overall effect, the analysis of the crystal data reports a small increase of the cell volume in MgSrHA, ascribed to partial substitution of Ca2+ with the larger Sr2+ ions, and a small reduction in MgZnHA, due to the smallest size of both Mg2+ and Zn2+ ions.


TABLE 2. Crystal data of the as-obtained hydroxyapatite powders.

[image: Table 2]Microscopic observation by SEM (Figure 2) shows that the as-obtained HA powders are made of primary rounded particles with size of few tens of nanometers, agglomerated in micron-size clusters, due to their high specific surface that enhance electrostatic interactions.
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FIGURE 2. SEM micrographs of the as-synthesized apatite powders. (a) HA; (b) MgHA; (c) MgSrHA; and (d) MgZnHA. Scale bar: 500 nm.




Physicochemical Characterization of the Sintered Apatites

The sintering of the HA powders was carried out on uniaxially pressed pellets at 1,250°C for 1 h. The XRD analysis of the sintered materials shows that S-HA, prepared using the undoped HA as a raw material, is composed of HA as single phase and traces of calcium oxide (CaO) (Figure 3). Conversely, in the samples prepared with ion-doped apatites, different amounts of βTCP phase are found. Besides, magnesium oxide (MgO) is also found in trace amounts. No other oxides or secondary phases involving Sr2+ or Zn2+ ions are found. Table 3 also shows that the composition of the HA phase in the S-HA sample is nearly stoichiometric (Ca/P ratio ∼1.67), accounting for the trace amount of CaO found as a secondary phase. The doped materials show reduced Ca/P ratio as an effect of the calcium deficiency related to the incorporation of doping divalent cations in calcium crystal sites.


[image: image]

FIGURE 3. XRD spectra of the sintered apatites. The symbols highlight relevant peaks of the secondary phases. * = CaO; ∙ = MgO; ∙ = βTCP. All the remaining reflections belong to hydroxyapatite phase. Miller indices related to the most intense XRD reflections of the various crystalline phases are reported.



TABLE 3. Ca/P molar ratio and doping ions content in the sintered materials, as obtained by ICP analysis.

[image: Table 3]Table 3 shows that the concentration of Sr2+ and Zn2+ in the sintered materials is very close to the values found in the as-synthesized apatite powders (see also Table 1). Conversely, a quite reduced amount of Mg2+ is found, particularly in S-MgZnHA sample, suggesting that it could be partially evaporated during the high-temperature sintering process. This is reasonable considering that the boiling point of magnesium is ∼1,090°C, that is, lower than the sintering temperature adopted in our work.

The full profile analysis of the XRD spectra was carried out by using TOPAS 5 software and previously published crystal models of HA, βTCP, MgO, and CaO phases (Sasaki et al., 1979; Rodríguez-Lorenzo et al., 2003; Yashima et al., 2003). In every calculation run we refined simultaneously the scale factor, cell parameters and domain size of all the phases present in the sample, until convergence, thus finally obtaining also a semiquantitative estimation of the crystalline structures content. We observe slight variations in cell parameters of the HA phase present in the doped sintered bodies, but a marked decrease of the domain size (Dav), in respect to the undoped S-HA (Table 4). Ion-doped apatite phases are well-known for their reduced thermodynamic stability, compared to the stoichiometric phase. Thus, the thermal treatment yielded the segregation of foreign ions outside the HA lattice and induced the decomposition of the initial apatite phase followed by the formation of βTCP phase at the grain boundaries that could have interfered with the growth of the HA crystals and limit the final size. Whereas Mg2+ can be assumed to be completely expelled from the HA lattice during sintering, it is possible that some substitution of Ca2+ with Sr2+ or Zn2+ ions is retained. Indeed, Sr2+ ions were previously reported as able to create HAs with general composition Ca, Sr(PO4)6(OH)2 without any solubility limit, but they are also known for ability to be incorporated in the βTCP phase (Bigi et al., 1997; Kannan et al., 2006), and this explains the much higher extent of secondary phase found in S-MgSrHA sample (Table 4). Conversely, the formation of secondary phases occurs in much lower extent in the S-MgZnHA sample. This suggests that Zn2+ ions are largely retained in the structure of the HA phase, that is, as Zn-doped HA, even after high-temperature sintering.


TABLE 4. Crystal data on the HA and TCP phases composing the sintered ceramics.

[image: Table 4]In the as-obtained HA/βTCP composites, the βTCP phase can host Mg2+, Sr2+, and Zn2+ ions in partial substitution of Ca2+. This is confirmed also by the crystal analysis of the βTCP phase, reporting that the cell parameters, particularly the cell volume, depart from typical values reported in literature toward the values of the whitlockite phase (a Mg-doped βTCP phase) (Schroeder et al., 1977). In the sintered materials, the βTCP phase shows reduced crystal growth, particularly in the multi-doped S-MgSrHA and S-MgZnHA (see Dav of βTCP in Table 4); here the partial substitution of Ca2+ with Mg2+ and Sr2+/Zn2+ ions in the βTCP lattice could have hampered the crystal growth.



Morphological and Mechanical Characterization

Gentle chemical etching of polished surfaces of the sintered bodies put in evidence the microstructure and grain morphology (Figure 4). Microscopic observation by SEM reveals that the same etching process carried out on the different materials resulted in a more pronounced corrosion effect in the multi-doped ceramics, thus suggesting that the ion doping yielded a reduced chemical stability, thus enhanced biodegradability, in the sintered composites. The analysis of the SEM images reveals that S-HA sample shows some inhomogeneities in the microstructure, reported by large (i.e., >2 μm) grains intercalated with much smaller ones. The average grain size for the four materials is: S-HA = 1.33 ± 0.08 μm; S-MgHA = 0.99 ± 0.05 μm; S-MgSrHA = 0.88 ± 0.04 μm; S-MgZnHA = 0.95 ± 0.06 μm. We thus found a much smaller (about 30%) average grain size in the doped materials -particularly for S-MgSrHA- compared with the undoped S-HA.


[image: image]

FIGURE 4. SEM images of the sintered bodies subjected to chemical etching.


We can observe that the smaller grain size detected in the multi-doped sintered materials is consistent with the reduced crystal size of their constituting HA and βTCP phases (Table 4). This finding suggests that the microstructure of sintered HA/βTCP composites can be somewhat tailored by specific ions doping in the HA powders used as raw materials.

All the studied materials exhibit compression and flexural strengths in the range of the cortical bone (Keaveny and Hayes, 1993). The multi-doped samples (i.e., S-MgSrHA, S-MgZnHA) result in less resistance to compression in respect to the undoped S-HA and the single doped S-MgHA (Figure 5A). Conversely, doped and multi-doped materials show higher flexural strength than the undoped S-HA; particularly, S-MgSrHA exhibits the highest flexural strength (Figure 5B). The much lower flexural strength of S-HA can be related to microstructural inhomogeneities that act as critical defects under loading. On the other hand, the much smaller grain size, particularly of S-MgSrHA, can have promoted enhanced fracture strength under flexure. Conversely, multi-doped materials show the lowest compressive strength, in comparison with the undoped S-HA and the single-doped S-MgHA.


[image: image]

FIGURE 5. Mechanical properties of sintered bodies. (A) Compressive strength and (B) flexural strength.


Nanoindentation tests reveal no significant differences between the hardness values of the tested sintered bodies (Figure 6A). However, doped and multi-doped materials show a slight increase in the hardness mean value. As well, the values of Young’s modulus in the multi-doped materials (with a slight prevalence for S-MgSrHA) are about 8% greater compared with S-HA and S-MgHA (Figure 6B). Noticeably, the data dispersion is much lower in the multi-doped materials that confirm the structural inhomogeneity detected in S-HA by microscopic observations (Figure 4).


[image: image]

FIGURE 6. Mechanical properties obtained by nanoindentation of sintered bodies. (A) Hardness and (B) Young’s modulus.


The greater flexural strength and higher value of hardness and Young’s modulus found in ion-doped sintered materials can be ascribed to the reduced grain size according to a Hall-Petch-like law—which could also be interpreted as a reduced size of critical flaws responsible of the ceramic fracturing—by virtue of the Griffith law (σKC/c1/2), where σ is the strength, Kc is the fracture toughness, and c is the size of the critical defect (Griffith, 1921) (in Hall-Petch law c is the grain size thus assumed in Griffith law as proportional to the flaw size). However, note that the exponents observed in our experiments are different from the 0.5 theoretical value and for flexural strength, hardness, and Young’s modulus are, respectively, 1.7, thus showing a very efficient strengthening mechanisms, 0.2, and again 0.2.

Accordingly, we can hypothesize that the degradation of the HA phase into βTCP occurring in our doped materials upon sintering resulted in the formation of new crystals at the grain boundaries of HA phase, thus creating a condition of pre-stress further—in addition to grain size reduction—preventing crack propagation and enhancing the flexural strength (as well as hardness and Young’s modulus).



Analysis of the Ions Release Profile

The release of ions from the sintered bodies is investigated to obtain the solubility profile in physiological environment (Hanks’ Balanced Salt solution). We show the release profile of Ca2+, Mg2+, and Zn2+ ions, expressed in absolute values (Figure 7) and as a percentage of the initial ion content in the material (Figure 8). The undoped S-HA shows the lowest extent of Ca2+ and Mg2+ ion release, whereas S-MgZnHA shows the highest one. No detectable release of Sr2+ ions is observed along the whole experiment; conversely, Mg2+ ions are released in large extent over time, whereas Zn2+ release is detected in much lesser extent than Mg2+ and Ca2+ (see particularly Figure 8). The ions release profile can be described by two distinct mechanisms. In fact, the first 3 days are characterized by fast ion release, while in the subsequent stage the release kinetic was slower. This suggests that, within the first stage, the release process involves ions characterized by relatively weaker bonds; we hypothesize that such ions are located in surface regions characterized by reduced binding energy in respect to the bulk. In the subsequent stage (i.e., days 3–14), the release of Ca2+, Mg2+, and Zn2+ ions is slackened, particularly Zn2+ release stops at the day 3. Considering that the HA phase is characterized by low solubility at physiological pH, in respect to βTCP, we can hypothesize that the released ions are prevalently dissolution products of βTCP phase. Taking into account that no Sr2+ ions release is detected, we can speculate that Sr2+ ions are entirely located in energetically stable substitutional lattice positions of HA and/or βTCP phase. Similarly, the halt of the Zn2+ ion release after 7 days suggests that only a small fraction of these ions is located into crystal sites characterized by low binding energy. Indeed, the high electronegativity of zinc, in comparison with calcium and strontium (i.e., Zn = 1.6; Sr = Ca = 1.0), supports the hypothesis that Zn2+ ions are stably incorporated into the HA lattice as a Zn-doped HA, thus limiting its segregation into the secondary βTCP phase. Hence, the very low extent of Zn release can be ascribed to the small fraction of Zn2+ ions incorporated, together with Mg2+, in the βTCP structure, which is characterized by higher solubility at physiological pH.


[image: image]

FIGURE 7. Ion release in physiological fluid: absolute values of released ions: (A) Ca release; (B) Mg release; and (C) Zn release.
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FIGURE 8. Ion release in physiological fluid: percentage values of released ions in respect to those present in the starting material: (A) Ca release; (B) Mg release; and (C) Zn release.




Gene Expression of Human Extracellular Matrix and Adhesion Molecules

Gene expression profiles of human ECM and adhesion molecules were evaluated by array technology. To this purpose, hASCs were grown on the sintered apatites and on TCPS, as control, until day 14.

A total of 33 differentially expressed genes (DEG) including 31 upregulated genes (red) and 2 downregulated genes (green) are identified in the hASC grown on S-HA material (Figure 9A). Specifically, the DEG positively modulated from S-HA material encoding for integrin proteins, such as Integrin alpha-2,3,5,6 (ITGA-2,3,5,6) and Integrin beta 5 (ITGB5). ECM proteins, such as nine collagen proteins called Collagen, type I, alpha 1; Collagen, type IV, alpha 2; Collagen, type V, alpha 1; Collagen, type VI, alpha 1,2; Collagen, type VII alpha 1; Collagen, type XII, alpha 1; Collagen, type XIV, alpha 1; Collagen, type XVI, alpha 1 (COL1A1, COL4A2, COL5A1, A2, COL6A1, COL7A1, COL12A1, COL14A, COL16A1), are detected as upregulated on hASCs grown on S-HA material. Five matrix metalloproteinases (MMPs) are upregulated by S-HA material (MMP1,2,3,14,16). PCR data demonstrated that S-HA material induces in hASCs upregulation of a specific gene involved in bone mineralization and ossification, such as secreted phosphoprotein 1 (SPP1). Versican (VCAN) and Integrin beta 1 (ITGB1) expression genes are downregulated in hASC grown on S-HA.
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FIGURE 9. Differentially Expressed Genes (DEG) from the sintered apatites. (A) S-HA; (B) S-MgHA; (C) S-MgSrHA; and (D) S-MgZnHA.


A total of 40 DEGs, including 38 upregulated genes and 2 downregulated genes, are identified in hASC cultures grown on S-MgHA material (Figure 9B). Specifically, the DEG modulated from S-MgHA genes encoding for four integrin proteins, named integrin alpha-5, 6 (ITGA- 5,6), and Integrin beta 3, beta 5 (ITGB 3, 5). ECM proteins, such as nine collagen proteins, as a COL1A1, COL4A2, COL5A1 COL6A1-A2 COL11A1, COL12A1, COL14A1, COL16A1, are upregulated on hASCs grown on S-MgHA material. The expression of five MMPs genes are upregulated by S-MgHA material, as a MMP1, 2, 3, 14, 16. Data obtained by array technology demonstrate that S-MgHA biomaterial induces in hASCs an upregulation of osteoblast-related gene such as secreted protein acidic and rich in cysteine (SPARC). SPARC codified for osteonectin protein that is one of the most abundant non-collagenous protein expressed in mineralized tissues. Versican (VCAN) gene was downregulated in hASCs grown on S-MgHA.

A total of 17 DEGs, including 11 upregulated genes and 6 downregulated genes, are identified in the hASCs at day 14 grown on S-MgSrHA material (Figure 9C). The DEG modulated from S-MgSrHA genes encode four integrins, such as ITGA- 2,3,5,6, compared to the control (TCPS). The S-MgSrHA material behaves in a manner similar to S-HA, that is, positively modulates the expression of the osteogenic gene SPP1. Downregulated genes in hASCs grown on S-MgSrHA were CD44 molecule (CD44), ADAM metallopeptidase with thrombospondin type 1 motif, 1 (ADAMTS1), Transforming growth factor, beta-induced (TGFBI), contactin-1 (CNTN1), COL16A1, and ITGB5.

A total of 30 DEG, including 27 upregulated genes and 3 downregulated genes, are identified in the hASCs grown on S-MgZnHA material (Figure 9D). Specifically, the DEG modulated from S-MgZnHA genes encoding for four integrins, specifically ITGA- 1,5,6 and Integrin beta 3 (ITGB 3), are positively modulated by S-MgZnHA compared to the control TCPS. ECM proteins, such as the five collagen proteins COL6A1, COL11A1, COL14A1, COL16A1, COL4A2, are detected upregulated on hASCs grown on S-MgZnHA material. The expression of 5 MMPs genes (MMP 1,2,3, 14, 16) are upregulated. Downregulated genes in hASCs grown on S-MgZnHA are the Versican (VCAN) Integrin beta 1 (ITGB1) and CD44 molecule (CD44). All materials upregulate the Fibronectin 1(FN1) gene expression and Thrombospondin 3 (THBS3).



Microbiological Analyses

The antimicrobial tests on the sintered materials were performed through the MTT colorimetric assay. The viability of both bacterial strains was investigated on (1) both the planktonic bacterial cultures after their removal from the sintered materials (Figure 10); and (2) directly onto the sintered materials after 24 h bacterial incubation (Figure 11).
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FIGURE 10. Cell viability on planktonic bacterial cultures after their removal from the ions-doped HA samples. After 24 h incubation with S-HA and ion-doped HA samples, both bacterial cultures were removed and cell viability evaluated by MTT test. Panel (A) shows the percentage of viability of all samples related to TCP set as 100%. Panel (B) reports the viability data of all samples to S-HA (undoped HA) set as 100%. Bars indicate mean values ± SD of the mean of results from three experiments. Statistical significance values were p < 0.05 for all samples related to TCP and S-HA, except for E. coli on S-HA (A,a) (data not shown); the statistical significance between each sample is also indicated as: ***p < 0.001.
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FIGURE 11. Percentage of bacterial adhesion onto S-HA and ions-doped HA. After 24-h incubation and removal of the planktonic cultures, the viability of both bacterial strains adherent to the apatite samples were evaluated by the MTT test. Panel (A) shows the percentage of viability of all samples related to TCP set as 100%; Panel (B) reports the viability data of all samples to S-HA (undoped HA) set as 100%. Bars indicate mean values ± SD of the mean of results from three experiments. Statistical significance values were p < 0.05 for all samples related to TCP and S-HA (data not shown); the statistical significance between each sample is also indicated as: *p < 0.05, **p < 0.01 and ***p < 0.001.


In Figure 10 viability data of both E. coli and S. aureus planktonic bacterial cultures after being in direct contact for 24 h and then removed from the sintered materials are reported. The comparison of cell viability between E. coli (Aa) and S. aureus (Ab) related to TCPs set as 100% showed some differences: S-MgZnHA (25%) results as the most active material in reducing E. coli cell viability followed by S-MgSrHA (50%), whereas S-MgHA is less effective (76%) (Figure 10Aa). For S. aureus, the percentage of cell viability is different: S-MgSrHA (76%) and S-MgHA (78%) show similar values whereas S-MgZnHA (95%) does not show any evident decrease (Figure 10Ab). The trend is quite similar if the viability data detected for both bacterial strains and all samples are reported to S-HA samples set as 100% (Figures 10Bc,d).

In Figure 11 is shown the percentage of viability of both bacterial strains adherent to the S-HA and to the ion-doped sintered samples. The adhesion of both bacterial strains, considering TCP set as 100% (Figure 11A), is quite reduced on S-MgSrHA samples, in particular showing the best performance with S. aureus (10%) (Figure 11Ab) in comparison to E. coli (∼20%) (Figure 11Aa). The results on S-MgSrHA samples for both bacterial strains are better in respect to S-HA; the other two materials (S-MgHA and S-MgZnHA) show a reduced cell adhesion even if it was higher in comparison to S-MgSrHA, although more effective in S. aureus. The trend is similar if the percentage of adhesion detected for both bacterial strains and all samples are reported to S-HA set as 100% (Figures 11Bc,d).

The adhesion data are further supported by CLSM images shown in Figure 12. Both bacterial strains were seeded and then incubated for 24 h on S-HA and the ion-doped sintered samples. After washing and staining, dead cells fluoresce red, while cells fluorescing green are deemed viable (see full method description in the Materials and Methods section). Figure 12 shows green-fluorescing viable cells in the control (S-HA) for both bacterial strains (Figures 12Aa,b,Bi,l). While with both bacterial cells cultured on S-MgSrHA almost widespread cellular death is observed (Figures 12Ae,f,Bo,p), a partial reduction of viable cells is detected for both strains when incubated onto S-MgZnHA (Figures 12Ag,h,Bq,r). The effect is less evident on S-MgHA (Figures 12Ac,d,Bm,n). In addition, on S-MgSrHA samples the dead cells are localized close to the surfaces. Interestingly, the pH value of S-MgSrHA samples (Table 5) incubated for 24 h at 37°C either in physiologic solution or in Luria Bertani culture medium was around 9, quite higher if compared to the others samples.
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FIGURE 12. CLSM images of E. coli (A,a–h) and S. aureus (B,i–r) adhesion onto apatite samples. The bacterial adhesions of both strains were performed and stained as reported in the materials and methods section. Panels (A,a,b), and (B,i,l) represent the adhesion to S-HA samples for E. coli and S. aureus, respectively. Panels (A,c–h) and (B,m–r) refer to the adhesion to ion-doped HA samples for E. coli and S. aureus, respectively. Orthogonal projections at 40× magnification for E. coli (A,a,c,e,g) and for S. aureus (B,i,m,o,q): scale bar = 45 μm; 3D projections at 63× magnification for E. coli (A,b,d,f,h) and for S. aureus (B,l,n,p,r): scale bar = 20 μm.



TABLE 5. pH values of all samples incubated for 24 h at 37°C either in physiologic solution or in Luria Bertani culture medium.
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DISCUSSION

The results obtained in the present work show that when HA powders obtained by wet synthesis process are sintered, the doping of the apatitic crystals with multiple ions is able to induce the formation of HA/βTCP composites with enhanced mechanical and biologic ability. In particular, we found that, besides the formation of βTCP as a secondary phase during the sintering process, the ion doping confines the crystal growth and induces microstructural changes in the final ceramics, particularly when the doping is realized with more than one type of ions. Generally, such modifications are found to be effective in enhancing the mechanical properties in the sintered materials, particularly the flexural strength, in comparison with S-HA.

Considering the Mg-doped HA phase, Mg2+ ions are unstable in substitutional lattice sites, likely due to its smaller size in comparison with Ca2+ ion; therefore, besides a partial substitution in the Ca2+ sites, they are supposed to occupy also the disordered hydrated surface layer typical of nanocrystalline apatites synthesized at near body temperature (Bertinetti et al., 2009). Thus, during sintering the HA phase tends to crystallize in stable lattice structures, whereas Mg2+ ions are segregated at the grain boundaries, inducing the formation of Mg-βTCP phase (whitlockite) (Zima et al., 2011). This phenomenon is associated with a decrease of the grain size, in turn yielding a strong increase of the flexural strength in the S-MgHA material. In the case of multiple ions doping the scenario is more complicated, due to the occurrence of multiple interactions. Contrary to Mg2+, both Sr2+ and Zn2+ have previously shown good ability to substitute Ca2+ inside the HA lattice. Particularly, Sr2+ can be extensively retained even after sintering, but it is also a promoter of βTCP phase formation (Boanini et al., 2019), as confirmed by our data reporting the formation of 36 wt% of βTCP in the S-MgSrHA material. On the other hand, the co-doping with Mg2+ and Sr2+ ions results as the most effective to achieve grain size reduction, thus resulting in the highest flexural strength among the studied materials, doubling the values recorded with S-HA. Differently, in the case of S-MgZnHA the co-doping with Mg2+ and Zn2+ yields limited formation of βTCP phase (9 wt%). βTCP can be partially substituted with Zn2+, in agreement with Boanini et al. (2019) reporting a certain solubility of Zn2+ in the βTCP phase (max 10%at). As for Sr2+, also the doping with Zn2+ ions is effective in reducing the grain size of the sintered S-MgZnHA material, and thus greatly increasing the flexural strength, in respect to S-HA. All these results indicate that ion doping can be designed to induce structural disorder in sintered CaPs, that we found to be greatly beneficial for the mechanical performance.

In a different perspective, the changes in the phase composition of the sintered materials, as induced by ion doping, are correlated to enhanced ion exchange ability along 14 days of soaking into a physiological-like medium at body temperature. Particularly, S-MgZnHA shows the highest release of Ca2+ and Mg2+ ions, but a very low release of Zn2+. This confirms recent results obtained with as-synthesized multi-doped (Mg, Zn)-HA powders (Boanini et al., 2019), reporting no Zn release, thus suggesting a high stability of Zn2+ ions in the HA lattice. Due to the low extent of Zn release, our results suggest that Zn2+ ions retain good stability in the HA lattice even after sintering.

The enhanced physicochemical properties found in ion-doped sintered CaPs can be directly related to the good osteogenic-related gene expression and enhanced resistance to biofilm formation, as shown by the cell tests carried out with hASC and with two different Gram+ and Gram- bacterial strains, frequent in post-surgical infections: S. aureus and E. coli. In the present study, we found that all the sintered materials here studied show upmodulation of genes encoding ECM, various adhesion molecules (integrins) and, also, of the gene Thbs3, this latter codifying the Thrombospondin 3 protein, a polypeptide structurally similar to the cartilage oligomeric matrix protein (COMP/TSP5), that mediate cell-to-cell and cell-to-matrix interactions. This finding reports good ability of the sintered CaPs to promote cell adhesion and proliferation, as well as favoring new bone tissue formation and osteointegration (Dalby et al., 2014; Docheva et al., 2014). The genes encoding for collagen proteins and MMP, relevant for the regulation of bone tissue maturation and sensitive to nanoscale surface features (Hankenson et al., 2005; von der Mark et al., 2010; Paiva and Granjeiro, 2017), are as well upregulated by all the studied material, with the exception of S-MgSrHA samples. Previous works reported that Sr-doped HA nanoparticles, microcapsules, bioglasses, and bone cements were effective in enhancing collagen type I expression and formation (Capuccini et al., 2009; Huang et al., 2016; Khan et al., 2016; Henriques Lourenço et al., 2017; Montesi et al., 2017), whereas no studies reported on the effect of strontium on MMP expression. However, these previous results were obtained with nanostructured and nanocrystalline materials, synthesized at near body temperature and characterized by high surface activity and greater ability of releasing Ca2+, PO43–, and Sr2+ ions, in comparison with sintered ceramics. In our case, S-MgSrHA did not release any Sr2+ ions along 14 days, thus suggesting high stabilization of this ion in the structure of both HA and βTCP phases that could have affected the expression of collagen-related genes at day 14. To be noted that this study does not consider gene expression in shorter (or longer) follow-up times; therefore, we are unable to say whether collagen-related genes may be upregulated by S-MgSrHA at different times. However, S-MgSrHA shows overexpression of osteogenic genes such as osteopontin (SPP1) and osteonectin (SPARC). These non-collagenous macromolecules are able to stimulate the hASCs to differentiate into the osteoblast cell lineage and are the structural basis for the formation of the bone-implant interface in vivo, which is a key aspect to achieve substantial osteointegration (Shah et al., 2019).

Concerning the antimicrobial ability, our results clearly show that the sintered materials presenting higher solubility, that is, S-MgSrHA and S-MgZnHA, are also the most effective in contrasting the viability of microbial strains. In this respect, an important parameter to consider regarding bacterial proliferation (Andrés et al., 2018) and adhesion (Sheng et al., 2008) is the pH. Our findings regarding the alkaline pH of S-MgSrHA and the neutral one of the other samples, are in accordance to literature because previous studies reported the increase of pH of bacterial culture medium as induced by materials containing Sr2+, which contribute to antibacterial effect (Douglas et al., 2018). A recent study reported that Sr2+ is released from surfaces when in contact with fluids. Once released it is an activator of the osteoblasts because it activates calcium receptors: it can positively contribute to reduce the risk of bacterial colonization by promoting an early adhesion of the osteoblasts and can also counteract the cytotoxic effect of other ions such as Ag (Cochis et al., 2020) or Mg (Gao et al., 2019), whether the Sr is a co-dopant element. For this excellent property of promoting bone growth, thus inhibiting osteoclasts activity, it can be involved in the treatment of osteoporosis (Frasnelli et al., 2017).

Previous studies pointed out that specific ion doping in the structure of nanocrystalline HA enhances the anti-infective character, thanks to the activation of mechanisms increasing the surface charge and ion mobility (Sprio et al., 2019). It was also observed that low crystallinity is particularly desired to obtain effective anti-proliferative ability, particularly against Gram + bacteria (Wu et al., 2018). The present work shows that these physicochemical effects and related biofunctionalities are found also in our sintered CaPs, in spite the high-temperature treatment caused the loss of nanocrystallinity with grain growth from the nano- to the micron size. Indeed, the presence of doping ions in HA powders yielded, after sintering, the formation of a secondary, bioresorbable, βTCP phase with increased solubility that can be tailored by the type and extent of initial ion doping. Since no release of Sr2+ was observed, we can conclude that in our tests Sr2+ ions did not come in direct contact with bacteria, so they are supposed to elicit no direct effects on the biologic properties of S-MgSrHA, but rather they were relevant to induce finer microstructure and more intense Ca2+ and Mg2+ ions release, a phenomenon recently found as a trigger of antibacterial ability (Sprio et al., 2019). Regarding S-MgZnHA, also in this material the co-doping with Mg2+ and Zn2+ caused a strong grain size reduction that favored the most intense release of Ca2+ and Mg2+ ions. Since the detected Zn release is very little and limited in time, we can suppose that, even in very small amounts, the release of Zn2+, previously reputed as a specific antibacterial agent (Thian et al., 2013), played a role in reducing bacterial viability, particularly effective with E. coli. The different effect in S. aureus and E. coli is due to the nature of the cell wall of Gram positive and negative bacteria, and these results are in accordance with literature. Gram positive have a thick cell wall, because of the presence of 20–25 layers of peptidoglycan, whereas Gram negative have up to three layers, which are between two membranes (the outer and the inner) (Elander, 2003). Hence, S. aureus has a negatively charged cell wall, due to lipoteichoic and teichuronic acids (Bari et al., 2017), which attract positively charges present in HA. By contrast, E. coli expose a highly organized compact structure, which is permeable to charged, uncharged, and small molecules. The consequence of these interactions is cell apoptosis via protein denaturation and cell membrane disruption (Bari et al., 2017). Indeed, our antibacterial data showed how these scaffolds are more effective against E. coli than S. aureus because Gram negative are more penetrable for their thin peptidoglycan. In this respect, it is worthy to note that, in comparison with the single-doped S-MgHA, the multi-doped S-MgSrHA and S-MgZnHA materials were found to greatly reduce the viability of Gram negative bacterium.

Resuming, our results report that physicochemical aspects such as ion release ability and microstructure of sintered calcium phosphates are biologically relevant factors and can be tailored by specific ion doping. In particular, we found that, in comparison with the single-doped S-MgHA, the bioactive effects are strengthened by synergistic contribution given by the co-doping with Sr2+ and Zn2+ ions. Since HA and β-tricalcium phosphate phases can host a very high number of ionic species into their lattice, with consequent alteration of physicochemical properties, the present work suggests that the exploration of different doping agents for CaP phases can yield new sintered materials with optimized biologic performance.

The integrability of osteosynthesis media with the surrounding bone is a primary target in order to ensure stabilization of fractures or of bone implants. Contrary to bioinert ceramic materials unable to establish tight bonding with bone, the good osteogenic and antibacterial ability shown by the sintered CaPs can help to provide strong and more stable biointerfaces, thus lowering the risk of failure. On the other hand, the alteration of the microstructure induced by multiple ion substitutions can help to improve the mechanical properties, thanks to residual stresses induced by ion doping that can reinforce the flexural strength of ceramics—while retaining compressive strength in the range of cortical bone—and be also beneficial for improving the fatigue life (Hearn, 2013; Bao et al., 2019).



CONCLUSION

HA powders doped with Mg2+, Sr2+, and Zn2+ ions were synthesized and sintered to obtain consolidated bulk materials. We found that ion doping in the HA structure can specifically affect the phase composition and microstructure of HA/βTCP composites, formed during the sintering process. This phenomenon enhances flexural strength and resistance to biofilm formation, in respect to the undoped sintered HA, while retaining upmodulation of various genes involving in osteogenesis. Thanks to the good solubility of many different ionic species in the crystal of bioactive calcium phosphates, the present results suggest that ion doping in sintered calcium phosphates can be designed to obtain tailored composition, microstructure, optimized mechanical properties, and ion release profile, capable to express good osteogenic ability and to achieve optimized eukaryotic vs. prokaryotic cell selectivity. These are biofunctionalities that, co-existing in the same device, are key aspects in favoring osteointegration and enhanced resistance against infections, and they are among the most critical threads in bone surgery. Hence, the obtained results open to the possibility of developing new biodevices, such as plates or screws and other osteosynthesis media with enhanced performance, are suitable for more effective and safer therapies in support of bone surgery procedures.
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