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Abstract

:

Calcium phosphate nanoparticles are highly biocompatible and biodegradable in bone regeneration. On the other hand, strontium and magnesium enhance the formation of bone. The substitution of calcium by strontium and magnesium is an efficient way to improve the biological properties of calcium phosphate-based biomaterials. Strontium-doped calcium phosphate nanoparticles and magnesium-doped calcium phosphate nanoparticles with degrees of cation substitution of 5, 10, 15, and 20 mol% with respect to calcium were prepared by precipitation, followed by surface functionalization with polyethyleneimine (PEI, cationic) or carboxymethylcellulose (CMC, anionic). The nanoparticles were characterized by dynamic light scattering (DLS), zeta potential measurement, scanning electron microscopy (SEM), atomic absorption spectrometry (AAS), energy dispersive X-ray analysis (EDX), and X-ray powder diffraction (XRD). The particles were approximately spherical (diameter 40–70 nm). The addition of magnesium and strontium considerably decreased the internal crystallinity, i.e., the doped particles were almost X-ray amorphous. The cell-biological effects were assessed on three different cell lines, i.e., HeLa cells, MG63 cells, and MC3T3 cells. Cell viability tests (MTT) showed a low cytotoxicity, the alkaline phosphatase (ALP) activity was strongly increased, and the nanoparticles were taken up well by the three cell lines.
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1. Introduction


Bone is an inorganic–bioorganic composite material consisting mainly of collagen and calcium phosphate [1,2]. Calcium phosphate nanoparticles that occur as hydroxyapatite constitute the inorganic basis of this biomineralized hard tissue, i.e., mammalian bone [3,4]. As they are inherently biocompatible and biodegradable [5], they have been extensively applied in the therapeutic delivery of drugs and biomolecules [1,6,7,8,9]. In the form of pastes and bone cements, calcium phosphate nanoparticles have been used for the repair of bone defects [9,10]. A bioactive coating of calcium phosphate nanoparticles with DNA and/or siRNA has been shown to induce bone formation (by transfection with DNA [11,12]) and to downregulate inflammatory proteins (by gene silencing with siRNA [13]).



The functionalization with drugs or biomolecules leads to a regulatory classification of a biomedical tool as a drug, which considerably complicates and prolongates its approval for clinical application [14,15,16]. For instance, medical devices that make use of nucleic acids or genes fall under the category of advanced therapy medicinal products (ATMPs) [17]. An alternative is the modification of the well-known and approved calcium phosphate (even as food additive [18]) with inorganic ions which enhance its properties but do not make it a drug. In the last decade, the doping of hydroxyapatite with foreign ions has been shown to improve the cell response and the biocompatibility of calcium phosphates [19,20,21]. As substituting ions, carbonate (leading to carbonated apatite [22,23]) and silicate [24,25,26] have been introduced to enhance bioactivity in bone contact. Silver [10,27,28], copper [29,30], and zinc [31,32] have been substituted for calcium to induce an antibacterial action (Ag and Cu) and to enhance bone growth (Zn). The most important cation that replaces calcium in biologically occurring apatite is magnesium, which also plays an essential role in bone metabolism. In bone metabolism, magnesium influences the activities of bone-forming osteoblasts and bone-degrading osteoclasts [33], in addition to exerting a number of other important metabolic functions inside the cells [34,35]. Consequently, it has been added to calcium phosphate-based bioceramics to enhance bone formation [10,36].



Strontium plays an important role in bone formation. The beneficial use of strontium in bone therapies has been reported [37,38]. Strontium has been proposed to constrain osteoporosis. It promotes osteoblast function and inhibits osteoclast performance in vitro [39]. Strontium ranelate (a water-soluble drug) was used to treat osteoporosis after menopause [40,41], but was removed from the market approximately ten years ago due to adverse side reactions [42]. However, strontium has been proposed as an additive to calcium phosphate-based biomaterials for bone reconstruction [10,36,39,43,44,45,46,47,48,49,50]. There, it is only slowly mobilized and does not cause the side reactions of a strontium salt after ingestion. The addition of strontium as a component of calcium phosphate nanoparticles should preserve its positive action while avoiding the negative effects of strontium ranelate.



Here, we demonstrate how colloidally stabilized calcium phosphate nanoparticles can be doped with different amounts of magnesium and strontium for their potential application in bone regeneration. Such nanoparticles could act as transporters of these beneficial ions into cells, e.g., after incorporation into a calcium phosphate cement or a calcium phosphate paste. Nanoparticles are mobilized and degraded more easily than sintered calcium phosphate ceramics [51], but are far less mobile than small molecules or ions [52]. The cell-biological effects of the nanoparticles are tested with three different cell lines: human cervix carcinoma cells (HeLa) as the standard cell line, human osteosarcoma cells (MG 63), and an osteoblast mouse precursor cell line derived from calvaria (MC3T3) as models for bone cells.




2. Materials and Methods


2.1. Reagents


Poly(ethyleneimine) (PEI, branched, Mw = 25 kDa) was obtained from Sigma-Aldrich (now Merck, Darmstadt, Germany). Fluorescent rhodamine-labelled PEI (PEIRh, branched, Mw = 25 kDa) was obtained from Surflay (Berlin, Germany). Calcium lactate (p.a.; Merck), diammonium hydrogen phosphate (p.a.; Merck), strontium nitrate (Merck), magnesium nitrate hexahydrate (Merck), trehalose (>98%; VWR Life Science, Darmstadt, Germany), and aqueous ammonia solution (30–33%, Carl Roth, Karlsruhe, Germany) were used as obtained. Sodium carboxymethyl cellulose (CMC, Mw = 90 kDa) was obtained from Sigma-Aldrich. Carboxymethylcellulose was conjugated with 6-aminofluorescein (CMC-F), as reported earlier [53].




2.2. Instruments


Scanning electron microscopy (SEM) was performed with an ESEM Quanta 400 instrument (FEI, Hillsboro, OR, USA) with gold/palladium-sputtered samples, combined with energy-dispersive X-ray spectroscopy (EDX; detector type: SUTW-sapphire, resolution: 128.81, Lsec: 50). The samples were drop-cast onto the sample holder and dried in the air before sputtering (in the absence of trehalose).



Dynamic light scattering (DLS) and zeta potential determinations were performed with a Zetasizer Nanoseries instrument (Malvern Panalytical, Malvern, UK; Malvern Nano-ZS, laser wavelength λ = 532 nm), using the Smoluchowski approximation and taking the data from the Malvern software without further correction. The particle size data refer to scattering intensity distributions (z-average). The particles were dispersed in neutral water at a concentration of approximately 1 mg mL−1.



X-ray powder diffraction (XRD) was performed using a Bruker D8 system (Bruker, Billerica, MA, USA) with Cu Kα radiation (λ= 1.54 Å) on silicon, single-crystal sample holders (range 5–90 °2Θ; step size 0.01 °2Θ; count time 0.6 s; nickel filter). The particles were drop-cast onto the sample holder and dried in the air (in the absence of trehalose).



Confocal laser scanning microscopy (CLSM) was performed with an SP8 Falcon (Leica, Wetzlar, Germany) instrument with a 63× water objective. The laser wavelength was λ = 405 nm for Hoechst33342 excitation (emission: 440–480 nm), λ = 488 nm for CMC-F excitation (emission: 510–540 nm), λ = 488 nm for AlexaFluor® 488-phalloidin excitation (emission: 510–540 nm), λ = 647 nm for AlexaFluor® 647-phalloidin excitation (emission: 680–720 nm), and λ = 590 nm for rhodamine excitation (emission: 610 nm).



Centrifugation for particle purification was performed with a Heraeus Fresco 21 instrument (Thermo Fisher Scientific, Waltham, MA, USA). The cell viability was analyzed with the MTT test by spectrophotometric analysis with a Multi-scan FC instrument (Thermo Fisher Scientific). Freeze-drying was performed with an Alpha 2-4 LSC instrument (Martin Christ, Osterode am Harz, Germany).




2.3. Synthesis of Strontium-Doped Calcium Phosphate Nanoparticles


According to earlier reported protocols, strontium-doped calcium phosphate nanoparticles were prepared in the same way as undoped calcium phosphate nanoparticles [54]. The molar contents of strontium with respect to calcium were 5, 10, 15, and 20%. Strontium-free calcium phosphate nanoparticles were prepared as a control. The synthesis of the 5% strontium-doped calcium phosphate nanoparticles is described in the following; the other syntheses were performed accordingly. Aqueous solutions of 1.75 mL of calcium lactate pentahydrate (4.54 mM, pH 10.0), 1.75 mL of strontium nitrate (0.24 mM, pH 10.0), and 3.5 mL of diammonium hydrogen phosphate (2.77 mM, pH 10.0) were pumped simultaneously with a peristaltic pump at 5 mL min−1 each into a round-bottom flask and stirred for 5 min. For colloidal stabilization, the formed particle dispersion was taken with a syringe and rapidly injected into 1.5 mL of a PEI solution (2 g L−1), followed by stirring for another 20 min. The particles were isolated by 15 min of centrifugation at 21,100× g, followed by redispersion in water or cell-culture medium under gentle ultrasonication. To obtain fluorescent particles, 5% of PEIRh was added to the PEI solution before the synthesis. Finally, 20 mg of the cryoprotectant trehalose was added to 1 mL of the nanoparticle dispersion before freeze-drying.




2.4. Synthesis of Magnesium-Doped Calcium Phosphate Nanoparticles


Magnesium-doped calcium phosphate nanoparticles were prepared in the same manner as the strontium-doped nanoparticles, with molar contents of magnesium of 5, 10, 15, and 20%. Stabilization of the particles was performed either with 1.5 mL PEI solution (as described above) or with 1.5 mL of CMC solution (2 g L−1). To prepare fluorescent CMC-coated nanoparticles, carboxymethylcellulose (CMC), labelled with 6-aminofluoresceine [53], was used (CMC-F). Finally, 20 mg of the cryoprotectant trehalose was added to 1 mL of the nanoparticle dispersion before freeze-drying.




2.5. Cell Culture Studies


Freeze-dried nanoparticles (including trehalose) were redispersed in the cell culture medium (DMEM) under gentle vortexing. All given concentrations refer to the combined mass of trehalose and nanoparticles. The cell culture studies were carried out with human cervix carcinoma cells (HeLa), human osteosarcoma cells (MG 63), and an osteoblast mouse precursor cell line derived from calvaria (MC3T3). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum (FBS, Gibco), 100 U mL−1 of penicillin, and 100 U mL−1 of streptomycin at 37 °C in a humidified atmosphere with 5% CO2. An amount of 3 mg of the freeze-dried nanoparticles was dispersed in 500 µL of DMEM prior to the addition to the cells.



The cytotoxicity was assessed with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cytotoxicity assay. The cells were trypsinized and seeded in a 24-well culture dish with 2.5 × 104 cells per well in 500 µL of cell culture medium 24 h prior to the experiments. An amount of 100 µL of the nanoparticle dispersion in DMEM was added to the cells, which were then incubated for 24 h. Afterwards, the cells were washed three times with 500 µL of PBS each and incubated with 300 µL of MTT solution (1 g L−1) for 1 h at 37 °C. The MTT solution was then replaced by 300 µL of DMSO, and the cells were incubated for another 30 min. Finally, sample triplicates of the DMSO solution were transferred to a 96-well plate (100 µL aliquots) for spectrophotometric analysis at 570 nm. The relative cell viability was calculated in comparison with a control group of untreated cells.



For the nanoparticle uptake studies, the cells were trypsinized and seeded in a glass bottom dish with 104 cells per well in 250 µL of cell culture medium 24 h prior to the experiment. The cells were then incubated for 24 h with 250 µL of the nanoparticle dispersion. The cells were washed three times with 300 µL of PBS to remove adherent nanoparticles. Finally, the cells were fixed with 100 µL of a 4% aqueous formaldehyde solution for 20 min at room temperature and washed again three times with 300 µL of PBS each. Prior to actin staining, the cells were permeabilized with 150 µL of 0.1% Triton X-100 for 5 min and washed twice with 300 µL of PBS each. For actin staining, the cells were incubated with 150 µL of a solution of 25 µg mL−1 of either AlexaFluor® 488-phalloidin or AlexaFluor® 647-phalloidin (Invitrogen, Karlsruhe, Germany) in PBS with 1% bovine serum albumin. They were then washed three times with 150 µL of PBS each. The cell nucleus was stained with 150 µL of a 10 µg mL−1 solution of Hoechst33342 (Life Technologies, Eugene, OR, USA) for 15 min. The cells were washed three times with 300 µL of PBS each and finally stored in 250 µL of PBS.



The alkaline phosphatase (ALP) activity was measured according to the manufacturer’s instructions, using an Alkaline Phosphatase Assay Kit (Colorimetric; ab83369) (abcam, Cambridge, UK). HeLa cells were seeded in a 24-well plate at a density of 10,000 cells per well and incubated for 24 h. After removing the culture medium, the cells were treated with 500 μL of DMEM containing 100 μL (3 mg mL−1) of dispersed nanoparticles. After 24 h of incubation, the cell medium was removed and the ALP activity was measured on days 7, 14 and 21 after incubation.





3. Results and Discussion


Three different series of doped nanoparticles were synthesized. The first group consisted of positively charged, strontium-doped calcium phosphate nanoparticles, stabilized with the cationic polyelectrolyte PEI. The second group consisted of positively charged, magnesium-doped calcium phosphate nanoparticles, stabilized with PEI. The third group consisted of negatively charged, magnesium-doped calcium phosphate, stabilized with the anionic polyelectrolyte CMC to elucidate the effect of the particle charge on the particle properties. Undoped calcium phosphate nanoparticles were prepared as a control, with both PEI and CMC functionalization. Figure 1 schematically shows the synthesis of the nanoparticles by rapid precipitation from water, followed by surface coating with a polyelectrolyte. The doped nanoparticles are denoted as the following, with respect to their composition and surface coating, e.g., (Ca/Sr)P/PEIRh 90:10 indicates a molar ratio of calcium to strontium of 90:10 and a surface coating with PEIRh.



After purification by centrifugation, washing, and redispersion, all nanoparticles were characterized by scanning electron microscopy (SEM), dynamic light scattering (DLS), atomic absorption spectroscopy (AAS), energy-dispersive X-ray spectroscopy (EDX), and X-ray powder diffraction (XRD). Figure 2 shows SEM images of all the prepared particles. Most particles were approximately spherical, with an average diameter of the solid core of approximately 40–70 nm, independent of the composition of the particles. The average particle size was determined manually by analyzing 100 to 200 particles per sample. Neither the ion substitution nor the surface coating had a significant effect on the particle size (see also Table 1).



Dynamic light scattering gave the particle size distributions in dispersion (Figure 3). The hydrodynamic diameter was between 80 and 140 nm. The particle diameters, which were slightly increased when compared to the SEM results indicate a moderate degree of agglomeration in all cases, but still a good dispersibility. The polydispersity index (PDI) was below 0.3 in all cases, indicating a stable dispersion. As expected, the particle charge, as expressed by the zeta potential, was positive for all PEI-coated nanoparticles and negative for all CMC-coated nanoparticles. The zeta potential is an important parameter for the interaction of nanoparticles with cells, especially for their uptake via endocytosis [55]. Usually, positively charged nanoparticles are taken up more easily by cells than negatively charged nanoparticles [56,57,58].



The ratio of dopant ions (strontium or magnesium) to calcium in the nanoparticles was determined by atomic absorption spectroscopy (AAS) and energy-dispersive X-ray spectroscopy (EDX). Within the experimental error of both methods, the composition of the nanoparticles was as expected, i.e., it corresponded well to the ratio of the ions applied during the synthesis. This shows that the precipitated nanoparticles had the same composition as in the ion solutions after mixing, i.e., there was no preferential, precipitation-specific solid formed. Figure 4 shows the results by EDX.



The internal structure of the nanoparticles was determined by X-ray powder diffraction. Figure 5 shows representative results. Notably, the undoped nanoparticles showed only the broad diffraction peaks of hydroxyapatite, Ca5(PO4)3OH, as the most common calcium phosphate phase [59,60], indicating a poorly crystalline particle core. In contrast, both magnesium- and strontium-doped nanoparticles were almost X-ray amorphous, underscoring that the ionic substitution reduces the crystallinity of the calcium phosphate [59,61,62]. Strontium ions [63] and magnesium ions [64] are known to reduce the crystallinity of hydroxyapatite, as shown by in vitro crystallization studies. No foreign phases, such as strontium phosphate, Sr3(PO4)2, or magnesium phosphate, Mg3(PO4)2, were found, also in agreement with earlier reports [63,64]. Table 1 summarizes all analytical results.



For any biological application, the particles must not be cytotoxic. Therefore, the viability of HeLa cells as model cell line was measured after 24 h incubation with nanoparticles to determine the cytotoxicity of the doped calcium phosphate nanoparticles (Figure 6). All nanoparticles led to a high cell viability, regardless of the presence of the substituting ions. The slight decrease in cell viability may be ascribed to the moderately cytotoxic PEI [65,66] and an increase in the intracellular calcium concentration [67,68]. The presence of magnesium or strontium did not affect the cell viability. However, it should be noted that long-term incubation studies would be required for a full assessment of a potential cytotoxicity.



The uptake of the nanoparticles by the three different cell lines (HeLa, MG63, and MC3T3) was studied. HeLa cells are typical model cells. MG-63 cells are osteoblast-like cells [69], such as MC3T3 cells [70], i.e., they are well-suited to study the effect of calcium phosphate nanoparticles in bone contact. The uptake of fluorescently labelled particles was studied after 24 h of incubation time. Figure 7 shows confocal laser scanning microscopic images of HeLa cells. All types of particles were detected inside the cells, regardless of their charge or chemical composition. This is in line with earlier observations for calcium phosphate nanoparticles [6,71,72,73] and can be ascribed to endocytosis, as observed for many other types of nanoparticles [56,74,75,76,77].



Figure 8 shows the uptake of nanoparticles by MG-63 cells. As with the HeLa cells, all kinds of nanoparticles were taken up well by MG-63 cells.



Figure 9 shows the uptake results for MC3T3 cells, which also efficiently took up the nanoparticles. For the three cell lines, there was no significant difference between the uptake of strontium- or magnesium-doped calcium phosphate nanoparticles and undoped calcium phosphate nanoparticles. The nanoparticle charge also did not significantly influence the uptake. The nanoparticles were found throughout the cells, with no specific intracellular localization.



As a final marker for the cell-biological effect of doped calcium phosphate nanoparticles, we studied the activity of alkaline phosphatase (ALP). Alkaline phosphatase (ALP) plays a crucial role in bone formation as well as osteoid mineralization, in which it is involved as an enzyme in osteoblasts. Its main function is to provide inorganic phosphate for the synthesis of hydroxyapatite bone mineral. Another task is the hydrolysis of inorganic pyrophosphate, which serves as a mineralization inhibitor [78,79]. Figure 10 shows the activity of ALP in HeLa cells after 7, 14, and 21 days.



Calcium phosphate nanoparticles were used as control. In general, the presence of calcium phosphate nanoparticles strongly enhanced the ALP activity, increasingly so with a longer incubation time, in conclusion with the earlier reported data [80]. The doping with either strontium or magnesium resulted in a moderate additional increase of low statistical significance. The increase of ALP activity with the dopant concentration, either magnesium or strontium, was not statistically significant.



Our results are well in line with earlier work on the interaction of calcium phosphate nanoparticles with cells [6,81,82,83,84]. Usually, these particles are easily taken up by cells and do not induce a cytotoxicity unless applied at high dose [5]. The delivery of strontium and magnesium in nanoparticulate form enhances the availability of these ions to cells and could further enhance the therapeutic potential of calcium phosphate nanoparticles, e.g., as component in calcium phosphate cements for the treatment of bone defectss [10,46,49,85,86,87].




4. Conclusions


A method to prepare uniform and spherical strontium- or magnesium-doped calcium phosphate nanoparticles, colloidally stabilized with either polyethyleneimine (PEI) or carboxymethylcellulose (CMC), was developed. The content of strontium or magnesium in the doped calcium phosphate nanoparticles can be adjusted by the synthesis conditions, i.e., the ratio of the elements in solutions. Both magnesium and strontium were substituted stoichiometrically (5 to 20 mol%) as in the solutions during synthesis, indicating a good substitution into the hydroxyapatite lattice. However, the internal crystallinity of the calcium phosphate nanoparticles was strongly reduced by the presence of both magnesium and strontium. The nanoparticles were not cytotoxic and were taken up well by three different cell lines, i.e., HeLa, MG-63, and MC3T3 cells. The nanoparticle charge did not influence the uptake efficiency. The activity of alkaline phosphatase was significantly increased by the nanoparticles in general, and a doping with magnesium and strontium moderately enhanced this effect. Thus, doped calcium phosphate nanoparticles represent a promising way to introduce magnesium and strontium into cells to induce biological effects, especially in bone contact.
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Figure 1. Schematic representation of the synthesis of the doped calcium phosphate nanoparticles. Aqueous solutions of the constituting ions were rapidly pumped into a reaction vessel for precipitation. An aliquot was then taken with a syringe and injected into solutions of either PEI or CMC to coat the particles’ surfaces. This prevented particle growth and agglomeration. 
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Figure 2. Scanning electron micrographs of undoped calcium phosphate nanoparticles and of strontium- or magnesium-doped calcium phosphate nanoparticles, stabilized and labelled with either PEIRh or CMC-F. All scalebars: 200 nm. 
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Figure 3. Dynamic light scattering results of undoped and magnesium- or strontium-doped calcium phosphate nanoparticles, stabilized and labelled with either PEIRh or CMC-F. Neither particle composition nor surface functionalization had a significant effect on the particle size distribution (represented by particle number distribution). No larger agglomerates were detectable. 
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Figure 4. Representative energy-dispersive X-ray spectra (EDX) of calcium phosphate nanoparticles (A,D), magnesium-doped calcium phosphate nanoparticles (B,E); and strontium-doped calcium phosphate nanoparticles (C,F). 
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Figure 5. Representative X-ray powder diffractograms of calcium phosphate nanoparticles (A,D), magnesium-doped calcium phosphate nanoparticles (B,E); and strontium-doped calcium phosphate nanoparticles (C,F). The doping with magnesium or strontium considerably decreased the particle crystallinity. The diffraction peaks of the reference for hydroxyapatite (JCPDS No. 00-009-0432) are inserted as red bars. The increase in the diffraction intensity towards low angles is due to the primary (incoming) X-ray beam. 
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Figure 6. Viability of HeLa cells after 24 h incubation with undoped (CaP), strontium- and magnesium-doped calcium phosphate-PEI nanoparticles. Control: untreated cells (mock). N = 3 for each data point. 
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Figure 7. Confocal laser scanning microscopy of HeLa cells after incubation with nanoparticles for 24 h. Top row: Undoped calcium phosphate and strontium-doped calcium phosphate nanoparticles labelled with PEIRh. Blue: cell nucleus (Hoechst33342); green: cytoskeleton (actin with AlexaFluor®-488 phalloidin); and red: PEIRh-labelled nanoparticles. Middle row: calcium phosphate and magnesium-doped nanoparticles labelled with PEIRh. Blue: cell nucleus (Hoechst33342); green: cytoskeleton (actin with AlexaFluor®-488 phalloidin); and red: PEIRh-labelled nanoparticles. Bottom row: calcium phosphate and magnesium-doped nanoparticles labelled with CMC-F. Blue: dell nucleus (Hoechst33342); red: dytoskeleton (actin with AlexaFluor®-647 phalloidin); and green: CMC-F-labelled nanoparticles. Control: untreated cells (mock). Scale bars: 20 µm. 
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Figure 8. Confocal laser scanning microscopy of MG-63 cells after incubation with nanoparticles for 24 h. Top row: Undoped calcium phosphate and strontium-doped calcium phosphate nanoparticles labelled with PEIRh. Blue: cell nucleus (Hoechst33342); green: cytoskeleton (actin with AlexaFluor®-488 phalloidin); and red: PEIRh-labelled nanoparticles. Middle row: Calcium phosphate and magnesium-doped nanoparticles labelled with PEIRh. Blue: ell nucleus (Hoechst33342); green: Cytoskeleton (actin with AlexaFluor®-488 phalloidin); and red: PEIRh-labelled nanoparticles. Bottom row: Calcium phosphate and magnesium-doped nanoparticles labelled with CMC-F. Blue: Cell nucleus (Hoechst33342); red: Cytoskeleton (actin with AlexaFluor®-647 phalloidin); and green: CMC-F-labelled nanoparticles. Control: untreated cells (mock). Scale bars: 20 µm. 
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Figure 9. Confocal laser scanning microscopy of MC3T3 cells after incubation with nanoparticles for 24 h. Top row: Undoped calcium phosphate and strontium-doped calcium phosphate nanoparticles labelled with PEIRh. Blue: Cell nucleus (Hoechst33342); green: Cytoskeleton (actin with AlexaFluor®-488 phalloidin); red: PEIRh-labelled nanoparticles. Middle row: Calcium phosphate and magnesium-doped nanoparticles labelled with PEIRh. Blue: Cell nucleus (Hoechst33342); green: Cytoskeleton (actin with AlexaFluor®-488 phalloidin); red: PEIRh-labelled nanoparticles. Bottom row: Calcium phosphate and magnesium-doped nanoparticles labelled with CMC-F. Blue: Cell nucleus (Hoechst33342); red: Cytoskeleton (actin with AlexaFluor®-647 phalloidin); green: CMC-F-labelled nanoparticles. Control: Untreated cells (Mock). Scale bars: 20 µm. 
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Figure 10. Alkaline phosphatase (ALP) activity in HeLa cells treated with undoped and strontium- or magnesium-doped PEI-functionalized calcium phosphate nanoparticles, normalized to the total protein content, after 7, 14, and 21 days. N = 3 for each data point. Error bars represent standard deviations. Control: untreated cells (mock). 
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Table 1. Characterization of calcium phosphate-only nanoparticles as well as strontium- and magnesium-doped calcium phosphate nanoparticles, stabilized and labelled with either PEIRh or CMC-F. The errors in the molar ratios of the elements are estimated to be about 5% (relative) for each element (for AAS and EDX results). In general, the results by AAS and EDX show a good agreement with a particle composition close to the ratio of the ions during synthesis.
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	Sample
	Hydrodynamic Diameter (DLS)/nm
	Zeta Potential/mV
	Solid Core Diameter (SEM)/nm
	Molar Ratio Ca:Mg/Sr by AAS/mol%
	Molar Ratio Ca:Mg/Sr by EDX/mol%





	CaP/PEIRh
	105 ± 28
	+11 ± 3
	50 ± 12
	100:0
	100:0



	(Ca/Sr)P/PEIRh 95:5
	80 ± 15
	+9 ± 2
	39 ± 07
	94:6
	95:5



	(Ca/Sr)P/PEIRh 90:10
	100 ± 29
	+8 ± 3
	36 ± 05
	92:8
	91:9



	(Ca/Sr)P/PEIRh 85:15
	90 ± 19
	+9 ± 4
	40 ± 08
	84:16
	84:16



	(Ca/Sr)P/PEIRh 80:20
	102 ± 37
	+11 ± 4
	42 ± 06
	81:19
	82:18



	(Ca/Mg)P/PEIRh 95:5
	105 ± 36
	+5 ± 3
	60 ± 18
	93:7
	93:7



	(Ca/Mg)P/PEIRh 90:10
	95 ± 37
	+8 ± 4
	60 ± 15
	89:11
	89:11



	(Ca/Mg)P/PEIRh 85:15
	95 ± 12
	+8 ± 3
	65 ± 20
	84:16
	83:17



	(Ca/Mg)P/PEIRh 80:20
	90 ± 32
	+15 ± 4
	75 ± 16
	81:19
	82:18



	CaP/CMC-F
	125 ± 53
	−17 ± 5
	70 ± 11
	100:0
	100:0



	(Ca/Mg)P/CMC-F 95:5
	115 ± 48
	−13 ± 3
	65 ± 10
	92:8
	97:3



	(Ca/Mg)P/CMC-F 90:10
	105 ± 35
	−19 ± 4
	60 ± 10
	93:7
	90:10



	(Ca/Mg)P/CMC-F 85:15
	140 ± 33
	−20 ± 5
	75 ± 13
	89:11
	83:17



	(Ca/Mg)P/CMC-F 80:20
	140 ± 54
	−18 ± 7
	75 ± 14
	86:14
	79:21
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