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Abstract

:

Calcium phosphate nanoparticles (60 nm) were stabilized with either polyethyleneimine (PEI; polycationic electrolyte) or carboxymethylcellulose (CMC; polyanionic electrolyte). Next, a silica shell was added and terminated with either azide or alkyne groups via siloxane coupling chemistry. The particles were covalently functionalized by copper-catalyzed azide-alkyne cycloaddition (CuAAC; click chemistry) with proteins or gold nanoparticles that carried the complementary group, i.e., either alkyne or azide. The model proteins hemoglobin and bovine serum albumin (BSA) were attached as well as ultrasmall gold nanoparticles (2 nm). The number of protein molecules and gold nanoparticles attached to each calcium phosphate nanoparticle was quantitatively determined by extensive fluorescent labelling and UV–Vis spectroscopy on positively (PEI) or negatively (CMC) charged calcium phosphate nanoparticles, respectively. Depending on the cargo and the nanoparticle charge, this number was in the range of several hundreds to thousands. The functionalized calcium phosphate particles were well dispersible in water as shown by dynamic light scattering and internally amorphous as shown by X-ray powder diffraction. They were easily taken up by HeLa cells and not cytotoxic. This demonstrates that the covalent surface functionalization of calcium phosphate nanoparticles is a versatile method to create transporters with firmly attached cargo molecules into cells.
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1. Introduction


Nanoparticles are widely used in many areas, as not only their size but also their shape and surface functionalization can be varied. Due to their small size, they are easily taken up by cells [1,2]. Therefore, multifunctional nanoparticles find many interesting applications as drug carriers in modern biomedicine, also with an appropriate surface functionalization to target cells or tissues [3,4,5,6,7]. As adsorption leads only to a weak bond between a nanoparticle and its cargo, a covalent attachment is preferable as it creates a more stable attachment [8,9]. Calcium phosphate nanoparticles are especially promising drug carriers in biomedicine [10,11,12,13] due to their high similarity to human hard tissues (bones and teeth). These are both rich in hydroxyapatite, Ca5(PO4)3OH, the most common calcium phosphate mineral [14,15]. To ensure their colloidal stability, also in salt- and protein-containing biological media, calcium phosphate nanoparticles are usually surface-coated with polymers or polyelectrolytes. After subsequent coating with a silica shell [16,17,18,19], they can be equipped with thiol, azide or alkyne groups via siloxane chemistry. This permits a covalent attachment of molecules to their surface.



Here, we report a fundamental study where two model proteins (hemoglobin and bovine serum albumin; BSA) functionalized with alkyne groups were attached to the azide-terminated surface of calcium phosphate nanoparticles. Proteins represent important cargo molecules which often cannot penetrate the cell membrane on their own [20]. Thus, we chose hemoglobin and BSA to serve as models for other, more functional proteins. These particles can also serve as models for nanoparticles with a protein corona, although were not designed for that purpose. As abundant plasma protein, albumin plays a prominent role in protein coronas which determine the pathway of nanoparticles in the body [21,22].



In addition, we demonstrate how azide-terminated ultrasmall gold nanoparticles can be covalently attached to alkyne-terminated calcium phosphate nanoparticles. The surface conjugation was performed by copper-catalyzed azide-alkyne cycloaddition (CuAAC; click chemistry) [23,24,25,26,27]. By extensive fluorescent labelling of all components, it was possible to confirm the integrity and to elucidate the chemical composition of these nanocarriers. The charge of the nanoparticles was adjusted to either positive (by polyethyleneimine; PEI) or negative (by carboxymethylcellulose; CMC). Furthermore, their cytocompatibility and their ability to cross the cell membrane were demonstrated in HeLa cell culture.




2. Materials and Methods


2.1. Reagents


The following reagents were used: albumin bovine fraction V (BSA, Serva, Heidelberg, Germany, MW = 66.5 kDa); AlexaFluor®-647-succinimidyl ester (Invitrogen, Life Technologies, Carlsbad, CA, USA); AlexaFluor®-488-azide (Jena Bioscience, Jena, Germany, 95%); AlexaFluor®-647-alkyne (Jena Bioscience); AlexaFluor®-568-phalloidin (Invitrogen); aminoguanine (Alfa Aesar, Haverhill, MA, USA); aqueous ammonia solution (Carl Roth, Karlsruhe, Germany, 7.8%); (3-azidopropyl)triethoxysilane (SelectLab Chemicals, Münster, Germany, 97%); calcium lactate (Merck, Darmstadt, Germany); carboxymethylcellulose (CMC, Sigma-Aldrich, St. Louis, MO, USA, branched, MW = 70 kDa); copper sulfate (CuSO4, Sigma-Aldrich, p.a.); diammonium hydrogen phosphate (Merck, p.a.); 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich); D-(+)-trehalose dihydrate (Sigma-Aldrich, p.a.); Dulbecco’s modified Eagle’s medium (DMEM, Gibco, ThermoFisher Scientific, Waltham, MA, USA); Dulbecco’s phosphate buffered saline (DPBS, Gibco); ethanol (VWR, Darmstadt, Germany, p.a.); 3.7% formaldehyde solution (Merck, p.a.); glutathione (GSH, Sigma-Aldrich, 98%); hemoglobin (human, Sigma-Aldrich); methanol (VWR, p.a.); Hoechst-3342 dye (ThermoFisher Scientific); 3-methylsiloxy-1-propyne (AOB-Chem, Los Angeles, CA, USA, 95%); polyethyleneimine (PEI, Sigma-Aldrich, branched, MW = 25 kDa); potassium carbonate (K2CO3, Sigma-Aldrich, p.a.); propargyl-PEG3-aminooxy linker (Broadpharm, San Diego, CA, USA); sodium ascorbate (Sigma-Aldrich, 99%); sodium borohydride (NaBH4, Sigma-Aldrich, 96%); sodium hydroxide (NaOH, VWR, p.a.); tetraethylorthosilicate (TEOS, Sigma-Aldrich, 98%); tris(3-hydroxypropyl-triazolylmethyl)amine (THPTA, Sigma-Aldrich, 95%).



For all syntheses and purifications, ultrapure water (Purelab ultra instrument from ELGA, Celle, Germany) was used. All syntheses and analyses were carried out in water unless otherwise noted.




2.2. Instruments


All calcium phosphate nanoparticles described in the following syntheses were isolated and purified by centrifugation with a 5430/5430 R Centrifuge (Eppendorf AG, Hamburg, Germany) at room temperature for 30 min at 14,200 rpm in 5 mL tubes. The gold nanoparticles were purified for 40 min at 4000 rpm in centrifugal spin filters (Amicon® Ultra, 3 kDa MWCO, Merck). The particles were washed with water and redispersed with a sonotrode (UP50H, Sonotrode N7, amplitude 70%, pulse duration 0.12 s, Hielscher Ultrasonics GmbH, Teltow, Germany). To determine the calcium concentration in the dispersions, atomic absorption spectroscopy (AAS) with an M-Series AA spectrometer (ThermoElectron Corporation, Waltham, MA, USA) was performed. For this, 0.5 mL of the dispersion was mixed with 0.5 mL HCl (0.1 M) and filled up to 5 mL with water. To determine the gold concentration, 20 µL of the gold-containing sample was reacted with 980 µL aqua regia and filled up to 5 mL with water for the AAS measurements.



After characterization and for storage, the particles were lyophilized in a D-(+)-trehalose solution (20 mg mL−1; cryoprotectant) with a Christ Alpha 2-4 LSC instrument (Martin Christ GmbH, Osterode am Harz, Germany). For subsequent investigations, the nanoparticles were redispersed in water.



Dynamic light scattering (DLS) for particle size determination (number distribution) and zeta potential measurement was performed with 760 µL of the nanoparticle dispersion in a dip cell kit (Malvern, UK) in a Zetasizer Nano ZS instrument (λ = 633 nm, Malvern Nano ZS ZEN 3600 (Malvern Panalytical; Malvern, UK). For scanning electron microscopy (SEM), 5 µL of the dispersion was placed on a sample holder, dried in air, sputtered with gold/palladium, and examined with an Apreo S LoVac microscope (ThermoFisher Scientific). Energy-dispersive X-ray spectroscopy (EDX; detector type: SUTW-Sapphire) was used together with the SEM. The samples were analyzed by EDX without prior sputtering. The average particle diameter was calculated from visual inspection of at least 50 nanoparticles in SEM images with the software ImageJ [28].



X-ray powder diffraction (XRD) was performed with Cu Kα radiation (λ = 1.54 Å) on silicon single crystal sample holders cut along (911) with a Bruker D8 instrument (Bruker, Billerica, MA, USA). A range of 5–90 °2Θ, a step size of 0.01 °2Θ, a counting time of 0.6 s, and a nickel filter were used.



UV–Vis spectroscopy in a 400 µL Suprasil® quartz cuvette was carried out with a Varian Cary 300 Bio spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). For fluorescence spectroscopy, the particles were dispersed in water and measured in a quartz cuvette with an Agilent Technologies Cary Eclipse spectrophotometer. Differential centrifugal sedimentation (DCS) with a DC24000 UHR instrument (CPS Instruments, Prairieville, LA, USA) was used to determine the size of the water-dispersed ultrasmall gold nanoparticles. Prior to the measurement, a sucrose gradient was created, and a calibration was performed with a PVC calibration dispersion standard (diameter 483 nm; CPS Instruments).




2.3. Synthesis of CaP/PEI/SiO2-N3 and CaP/CMC/SiO2-N3 Nanoparticles


The synthesis of PEI- or CMC-stabilized calcium phosphate (CaP) nanoparticles was carried out as follows, following a modified procedure first reported by Rojas et al. [18]. Extending these earlier results where only cationic nanoparticles with a primary PEI shell were prepared, we have extended the synthetic procedure to prepare anionic nanoparticles with CMC as primary shell. First, a calcium lactate solution (18 mmol L−1, 5 mL min−1, pH 10), a diammonium hydrogen phosphate solution (10.8 mmol L−1, 5 mL min−1, pH 10) and either a PEI solution (2 g L−1, 7 mL min−1) or a CMC solution (2 g L−1, 7 mL min−1) were pumped for 30 s into a beaker containing 10 mL water at room temperature with two peristaltic pumps. After stirring for 20 min, the silica shell was applied. 12 mL of the CaP-PEI or CaP-CMC nanoparticle dispersion, 60 µL tetraethylorthosilicate (TEOS), 120 µL ammonia solution (7.8%) and 48 mL ethanol were rapidly mixed under stirring. The dispersion was stirred for 16 h. The particles were purified by centrifugation and redispersed in 12 mL of water to obtain CaP/PEI/SiO2 and CaP/CMC/SiO2 nanoparticles.



For the attachment of azide groups to the particle surface, 12 mL of the redispersed CaP/PEI/SiO2 or CaP/CMC/SiO2 particles were mixed with 48 mL ethanol, 58.8 µL ammonia solution (7.8%), and 181 µL (3-azidopropyl)triethoxysilane and stirred for 6 h. The resulting CaP/PEI/SiO2-N3 and CaP/CMC/SiO2-N3 nanoparticles were purified by centrifugation.




2.4. Synthesis of CaP/PEI/SiO2-Alkyne and CaP/CMC/SiO2-Alkyne Nanoparticles


For the attachment of alkyne groups on the particle surface, the same procedure as in 2.3 was followed, except for the use of 3-trimethylsiloxy-1-propyne instead of (3-azidopropyl)triethoxysilane.




2.5. Synthesis of Fluorescent and Alkyne-Conjugated BSA and Hemoglobin


First, BSA and hemoglobin (Hem) (1 mg mL−1) were conjugated with AF647-succinimidyl ester according to the manufacturer’s instructions. Centrifugal spin filters were used for three times purification (Amicon® Ultra, 3 kDa MWCO) at 4000 rpm for 40 min. The labelling allowed to quantify Hem-AF647 and BSA-AF647 in subsequent synthesis steps by UV spectroscopy after recording calibration curves as the protein concentration was known (1 mg mL−1).



Next, the fluorescent proteins were conjugated with alkyne groups. To attach alkyne groups to BSA-AF647 and Hem-AF647, the fluorescently labelled proteins (1 mg mL−1) were incubated with 125 µM propargyl-PEG3-aminooxy linker for 12 h at 37 °C under stirring. Subsequently, BSA-AF647-alkyne and Hem-AF647-alkyne were purified twice with centrifugal spin filters (3 kDa MWCO) at 4000 rpm for 40 min to remove excess linker and redispersed in water.




2.6. Conjugation of BSA-AF647-Alkyne and Hem-AF647-Alkyne to CaP/PEI/SiO2-N3 and CaP/CMC/SiO2-N3 Nanoparticles


BSA-AF647-alkyne and Hem-AF647-alkyne were coupled to CaP/PEI/SiO2-N3 and CaP/CMC/SiO2-N3 nanoparticles by CuAAC, respectively. For this, 0.5 mL of CaP/PEI/SiO2-N3 or CaP/CMC/SiO2-N3 nanoparticle dispersion were used: 95 mg mL−1 CaP/PEI/SiO2-N3 and 93 mg mL−1 CaP/CMC/SiO2-N3 for the conjugation with BSA-AF647-alkyne; 58 mg mL−1 CaP/PEI/SiO2-N3 and 56 mg mL−1 CaP/CMC/SiO2-N3 for the conjugation with Hem-AF647-alkyne, respectively. Each dispersion was mixed with 0.35 µL NaOH (0.1 M), 38.5 µL aminoguanidine (1 mg mL−1), 36.5 µL sodium ascorbate (100 mM), 3.65 µL of a solution containing CuSO4 (40 µM) and THPTA (200 µM), and 25 µL of BSA-AF647-alkyne (1 mg mL−1) or 25 µL of Hem-AF647-alkyne (1 mg mL−1). Each dispersion was stirred for 1 h at room temperature under light exclusion. The particles were purified by spin filtration and redispersed in 0.5 mL water by ultrasonication for 4 s.




2.7. Conjugation of AF488-N3 to CaP/PEI/SiO2-Alkyne and CaP/CMC/SiO2-Alkyne Nanoparticles


For the click reaction of AF488-N3 to CaP/PEI/SiO2-alkyne and CaP/CMC/SiO2-alkyne nanoparticles, 5 mL of the nanoparticle dispersion was mixed with 167 µL AF488-N3, 385 µL aminoguanidine (1 mg mL−1), 3.5 µL NaOH (0.1 M), 36.5 µL of a solution containing CuSO4 (40 µM) and THPTA (200 µM), and 365 µL sodium ascorbate (100 mM) and stirred for 1 h at RT under light exclusion. The amount of AF488-N3 was set to leave some alkyne groups on the calcium phosphate nanoparticles unconjugated. The particles were purified by spin filtration and redispersed in 5 mL water by ultrasonication for 4 s.




2.8. Synthesis of Fluorescent Ultrasmall Gold Nanoparticles (2 nm; Au-AF647-N3)


Ultrasmall gold nanoparticles carrying AF647 were prepared as described earlier by clicking AF647-alkyne to the surface of azide-functionalized glutathione-coated gold nanoparticles [29]. In order to load the surface of the Au-GSH-N3 nanoparticles with fluorescent AF647-alkyne molecules, but to leave some azide groups free for subsequent coupling, only 1/3 of AF647-alkyne of the synthesis protocol reported in [29] was used. The particles had a diameter of the gold core of 2 nm and were characterized by UV spectroscopy, fluorescence spectroscopy, atomic absorption spectroscopy, NMR spectroscopy, and differential centrifugal sedimentation, giving the same results as in the standard synthesis reported in [29].




2.9. Conjugation of Ultrasmall Au-AF647-N3 Nanoparticles to CaP/PEI/SiO2-AF488-Alkyne or CaP/CMC/SiO2-AF488-Alkyne Nanoparticles


50 µL of Au-AF647-N3 nanoparticle dispersion (1 mg mL−1) was used for conjugation to CaP/PEI/SiO2-AF488-alkyne and CaP/CMC/SiO2-AF488-alkyne nanoparticles, respectively. CuAAC was carried out under the same conditions as during the clicking of the alkyne-terminated proteins to the azide-terminated calcium phosphate nanoparticles described above, leading to CaP/PEI/SiO2-AF488-Au-AF647 and CaP/CMC/SiO2-AF488-Au-AF647 nanoparticles. The particles were purified by spin filtration and redispersed in 0.5 mL water by ultrasonication for 4 s.




2.10. Cell Culture Studies


HeLa cells were cultured at 37 °C in 5% CO2 atmosphere in cell culture flasks and then seeded onto the well plates for microscopy. Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum, 100 U mL−1 penicillin, and 100 U mL−1 streptomycin served as cell culture medium.



An MTT assay was performed by spectrophotometric analysis. HeLa cells were transferred into a 24-well plate with 5×104 cells/well in 500 µL DMEM and cultivated for 24 h. 30 µL (1 mg mL−1) of the different nanoparticle dispersions was added, respectively, for incubation for 24 h. Subsequently, the cells were washed three times with 500 µL DPBS, treated with 300 µL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 1 mg mL−1) and incubated for 1 h at 37 °C. Then, the MTT solution was removed and replaced with 300 µL DMSO for 30 min. Finally, 100 µL of the DMSO solution was put into a 96-well plate for spectrophotometric analysis at 570 nm with a multiscan FC instrument (Thermo Fisher Scientific). The relative cell viability was normalized to the control group (mock), i.e., untreated cells.



For nanoparticle uptake, HeLa cells (5×104 cells/well) were cultured in an 8-well plate in 250 µL of DMEM for 24 h prior to incubation with the nanoparticles. Subsequently, 30 µL of the nanoparticle dispersion (1 mg mL−1) diluted with 220 µL of DMEM was added. The incubation time was 24 h. Then, the cells were washed twice with DPBS to remove dead cells and free nanoparticles. For cell fixation, 150 µL of a 3.7% formaldehyde solution was added for 15 min at room temperature. The fixed cells were incubated with AF568-phalloidin (30 µL in 2 mL DPBS; 230 µL/well) for 20 min for actin staining. For nuclear staining, a Hoechst-3342 solution (4 µL in 2 mL DPBS; 230 µL/well) was applied for 15 min. The cells were washed twice with DPBS after each fixation and staining step. Images were taken with a fluorescence microscope (Keyence Biorevo BZ-9000, Neu-Isenburg, Germany) with a TRITC filter (Ex. 540/25 nm, DM 565 nm, BA 605/55 nm) and a FITC filter (Ex. 470/40 nm, DM 495 nm, BA 535/50 nm). A confocal laser scanning microscope (Leica TCS SP8X FALCON, Wetzlar, Germany) with laser wavelengths of 405 nm (nuclear staining; Hoechst-3342), 488 nm (AF488), 568 nm (AlexaFluor568 phalloidin), 647 nm (AF647), and a pulsed laser WLL (470–670 nm) was used for higher resolution, together with an HC PL APO UVIS CS2 63X/1.2 water immersion lens.





3. Results and Discussion


The calcium phosphate nanoparticles were prepared with either positive charge (by PEI) or negative charge (by CMC) to elucidate the effect of the particle charge on the biomolecule attachment and the subsequent particle effect on cells. A shell of silica to permit a covalent surface functionalization by azide or alkyne groups was added. Copper-catalyzed azide-alkyne cycloaddition (CuAAC; click chemistry) was used for subsequent covalent attachment of molecules and gold nanoparticles [30]. For this, BSA-AF647 and Hem-AF647 proteins were previously conjugated with alkyne groups, and ultrasmall gold nanoparticles were functionalized with azide groups. In the following, we denote the particles in abbreviated form, indicating the particle charge and omitting the omnipresent silica shell. Thus, the particle type CaP/CMC/SiO2-AF488 is abbreviated as CaPneg-AF488, the particle type CaP/PEI/SiO2-BSA is abbreviated as CaPpos-BSA, etc. Figure 1 shows all steps of the particle synthesis.



The attachment of fluorescently labelled bovine serum albumin (BSA-AF647) led to CaPpos-BSA-AF647 and CaPneg-BSA-AF647 nanoparticles, and the attachment of fluorescently labelled hemoglobin (Hem-AF647) led to CaPpos-Hem-AF647 and CaPneg-Hem-AF647 nanoparticles. Each BSA molecule carried 3.6 AF647 molecules, and each hemoglobin molecule carried 3.0 AF647 molecules. These labelling degrees were later used to compute the number of protein molecules on each calcium phosphate nanoparticle.



We also attached AF647-carrying ultrasmall gold nanoparticles (Au-AF647) together with the dye AF488, leading to CaPpos-AF488-Au-AF647 and CaPneg-AF488-Au-AF647 nanoparticles. As fluorescent control particles without cargo, CaPpos-AF488 and CaPneg-AF488 nanoparticles were prepared. All particles were thoroughly purified and characterized. Figure 2 schematically shows the synthetic pathways to all prepared nanoparticles.



The composition of the particles was quantitatively determined by UV–Vis spectroscopy (Figure 3). The recording of calibration curves and the determination of the calcium concentration in the dispersion by AAS permitted to compute the number of molecules attached to each nanoparticle (see below).



All particles showed the strong fluorescence of the attached molecules (Figure 4). The green color depicts the presence of AF488 and the red color the presence of AF647. In general, the particle charge does not play a significant role for the optical properties and also does not affect the conjugation.



The solid core diameter of the particles was determined by scanning electron microscopy (SEM). All calcium phosphate nanoparticles had an approximately spherical (or globular) shape (Figure 5). The particle size varied between 39 nm and 90 nm, depending on the synthesis, but did not depend on the particle charge (see also Table 1). The calcium phosphate nanoparticles were agglomerated to some degree in the SEM due to the drying process. For the particle size distribution, we used the particle diameter that a spherical particle would have (by visual inspection). The gold nanoparticles were too small (2 nm) to be detectable by SEM.



Dynamic light scattering (DLS) was performed to determine the hydrodynamic diameter and the water dispersibility of the nanoparticles. The increasing hydrodynamic diameter confirmed the successful attachment of the fluorescent molecules and of gold nanoparticles (Figure 6). The hydrodynamic diameter was between 129 nm and 340 nm, i.e., always larger than the solid core diameter as determined by SEM, indicating a moderate agglomeration in dispersion. In general, the gold nanoparticles were too small for DLS [29]; therefore, they were characterized by differential centrifugal sedimentation (DCS).



To determine the elemental composition of the functionalized nanoparticles, energy-dispersive X-ray spectroscopy (EDX) was performed. All expected elements were found (Figure 7). An EDX mapping of similar silica-coated calcium phosphate nanoparticles was reported in [16], showing a homogeneous distribution of calcium, phosphate, and silicon.



X-ray powder diffraction was carried out to determine the internal crystallinity of the nanoparticles (Figure 8). The nanoparticles were almost X-ray amorphous (extreme broadening of the peaks) and did not show the characteristic peaks of the most prominent calcium phosphate phase, i.e., hydroxyapatite. According to our experience and the literature, it is likely that they consist of X-ray amorphous calcium phosphate with a stoichiometry close to hydroxyapatite [31,32,33].



From the calcium concentration in a given dispersion by AAS and the solid core diameter by SEM, the particle concentration can be computed if uniform spherical particles are assumed. Here, the solid core diameters of the nanoparticles with the same stabilization (PEI or CMC) were averaged/normalized for both syntheses and used for the calculations. The concentration of calcium in the samples was converted into the concentration of stoichiometric hydroxyapatite, Ca5(PO4)3OH, and then into a volume by the density of hydroxyapatite (3140 kg m−3). The combination of the calcium concentration (giving the total particle volume) and the average particle diameter (giving the volume of one particle) gave the concentration of calcium phosphate nanoparticles (see [18] for details of the computation). All particles had the expected zeta potential, i.e., the cationic polyelectrolyte PEI and the anionic polyelectrolyte CMC gave the particles their characteristic charge. The attachment of the cargo did not reverse the particle charge, i.e., cationic nanoparticles remained positively charged and anionic nanoparticles remained negatively charged. This led to well-dispersed particles as indicated by the hydrodynamic diameter as determined by DLS, despite some agglomeration as the comparison with the solid core diameter by SEM shows. Table 1 summarizes the characterization data of all functionalized calcium phosphate nanoparticles.



The composition of the functionalized nanoparticles comprises the number of attached cargo molecules on each nanoparticle. This was possible by recording UV–Vis spectra of all dispersions and quantifying the absorption of each fluorophore with Lambert-Beer’s law. Previously, calibration curves were recorded for each cargo compound. The molar masses of AF647-alkyne (910 Da), BSA-AF647-alkyne (67.4 kDa), Hem-AF647-alkyne (65.9 kDa), AF488-alkyne (774 Da), AF647-azide (940 Da) and AF488-azide (659 Da), were used to convert mass concentrations into molar concentrations. The molar ratio of cargo molecules to calcium phosphate nanoparticles then gave the desired loading number.



The number of conjugated gold nanoparticles was determined in the same way. First, the concentration of gold nanoparticles in the dispersion was computed with the average gold core diameter of 2 nm that was measured earlier [29]. Each gold nanoparticle contains approximately 250 gold atoms if assumed as spherical and weighs approximately 250 × M(Au)/NA = 250 × 197 g mol−1/6.023 × 1023 mol−1 = 8.2 × 10−20 g. Again, the concentration of AF647 in the dispersion was determined by quantitative UV–Vis spectroscopy. The molar ratio of AF647 molecules and gold nanoparticles gave the number of AF647 on each gold nanoparticle with 2.3 (Table 2). The number of gold nanoparticles attached to each calcium phosphate nanoparticle then followed from the concentrations of gold and calcium in the dispersion.



Table 3 shows the numbers of protein molecules and gold nanoparticles attached to each calcium phosphate nanoparticle. The number of attached protein molecules differed considerably between BSA and Hem. The lower number of attached BSA molecules on negatively charged calcium phosphate nanoparticles may be explained by its negative charge at the moderately alkaline pH during clicking: The isoelectric point of BSA is 4.5 to 5 [34], and that of hemoglobin is 7.1 to 7.3 [35], i.e., hemoglobin is less negatively charged than BSA at neutral pH.



For ultrasmall gold nanoparticles, the ratio of calcium to gold as determined by AAS and EDX was similar. Due to the presence of glutathione on the surface of the gold nanoparticles, they are expected to carry a negative charge as well at moderately alkaline pH. This explains why fewer gold nanoparticles are conjugated to negatively charged calcium phosphate nanoparticles. In contrast, the number of AF488 molecules clicked to calcium phosphate did not depend on the particle charge.



Of course, the numbers given in Table 2 and Table 3 must be considered as being associated with a considerable uncertainty. This arises from a number of assumptions such as monodisperse and spherical nanoparticles. Furthermore, the applied analytical methods (UV–Vis, AAS) all carry some instrumental uncertainty. It is not possible to quantitatively determine all these uncertainties, but it is realistic to assume that the cargo numbers given in Table 2 and Table 3 carry an uncertainty of at least ±30%. Nevertheless, they give at least an impression on the conjugated cargo and allow to identify trends in the conjugation efficiency.



To test the efficiency of the calcium phosphate nanoparticles to transport their cargo across the cell membrane into cells, uptake studies with HeLa cells were performed (Figure 9). All types of nanoparticles were well taken up by the cells, with a slight preference for positively charged nanoparticles. The cargo (Hem, BSA, Au-NPs) was well transported into the cells as indicated by the corresponding fluorescence signals. It has been shown earlier that many dissolved proteins alone cannot cross the cell membrane [36,37,38,39] but ultrasmall gold nanoparticles are well able to do that [40]. The co-localization of AF488 and AF647 indicates that the gold nanoparticles remained attached to the calcium phosphate nanoparticles during the uptake, i.e., that they are not separated and taken up by cells separately.



Calcium phosphate nanoparticles enter eukaryotic cells via endocytosis [41] and end up in endolysosomes [36,37,38]. It was suggested that they will dissolve there under the acidic conditions in an endolysosome to release their cargo. It is very likely that the endolysosome bursts due to increased osmotic pressure after the dissolution of calcium phosphate [42], thus the cargo will eventually reach the cytosol.



Finally, it was shown by an MTT assay that the functionalized calcium phosphate nanoparticles were not cytotoxic (Figure 10).




4. Conclusions


The conjugation of proteins to the surface of calcium phosphate nanoparticles via copper-catalyzed azide-alkyne cycloaddition (CuAAC, click chemistry) leads to a stable attachment. This was shown for the model proteins hemoglobin (Hem) and bovine serum albumin (BSA) and can be extended to other proteins, e.g., to antibodies or immunostimulatory proteins. To confirm the binding and to quantify the number of attached protein molecules, they were fluorescently labelled before the conjugation. Of course, this process can be skipped if functional particles shall be prepared, e.g., for therapeutic purpose. The prerequisite for CuAAC conjugation is the presence of an azide or an alkyne group on the protein. As calcium phosphate nanoparticles can be prepared with the complementary group, either one is possible. This procedure can be extended to coat large calcium phosphate nanoparticles (70 nm) with small gold nanoparticles (2 nm). There is a covalent bond between the two types of nanoparticles, again established via click chemistry. These super-particles are stable and not separated under cell culture conditions. This opens the pathway for the synthesis of multifunctional calcium phosphate particles that carry a cargo inside and functional gold nanoparticles, e.g., carrying biomolecules such as siRNA or peptides, on the outside.



The charge of the calcium phosphate nanoparticle and the cargo compounds under the moderately alkaline conditions during clicking influences the conjugation efficiency. If nanoparticle and cargo have opposite charges, the clicking is less efficient and leads to fewer clicked cargo units. Thus, a synthesis must be fine-tuned for every protein and potential cargo molecule or nanoparticle.



Finally, the fact that calcium phosphate nanoparticles were first conjugated with AF488 molecules and then with ultrasmall gold nanoparticles that attached to the remaining azide groups shows that it is possible to attach more than one species to the calcium phosphate surface. Thus, calcium phosphate nanoparticles that carry a range of species on their surface (e.g., a protein, a dye, and a gold nanoparticles) are easily conceivable. Nevertheless, their full characterization will involve careful purification, component labelling, and elemental analysis to ensure a reproducible synthesis with all cargo molecules in a defined ratio and concentration.
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Figure 1. Steps of the surface functionalization of calcium phosphate nanoparticles (CaP) with Hem-AF647-, BSA-AF647-, and AF647-labelled ultrasmall gold nanoparticles (Au-AF647). 
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Figure 2. Summary of the surface conjugation of Hem-AF647-, BSA-AF647-, and AF647-carrying ultrasmall gold nanoparticles to calcium phosphate nanoparticles. All conjugated moieties were fluorescently labelled for detection and quantification. 
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Figure 3. UV–Vis spectra of the functionalized calcium phosphate nanoparticles (A–D) and of ultrasmall gold nanoparticles before (Au-GSH; GSH = glutathione) and after (Au-AF647) the attachment of AF647 (E). All fluorescent labels were clearly detectable in the UV spectra and later used to quantify the individual species. Note the absorption of the protein hemoglobin itself at approximately 400 nm in (B). 
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Figure 4. Absorption and emission spectra of functionalized calcium phosphate nanoparticles (A–F) and of ultrasmall gold nanoparticles before (G) and after attachment to calcium phosphate (H,I). In all cases, the expected fluorescence signals were present, giving a green (AF488) or a red (AF647) fluorescence. 
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Figure 5. Representative SEM images of surface-functionalized calcium phosphate nanoparticles. Scale bars 500 nm. (A) CaPpos-Hem-AF647, (B) CaPneg-Hem-AF647, (C) CaPpos-AF488-Au-AF647 and (D) CaPneg-AF488-Au-AF647 nanoparticles. The corresponding particle size distributions indicate the polydispersity of the particles, based on the assumption of spherical particles. 
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Figure 6. Particle size distribution (by number) of calcium phosphate nanoparticles by dynamic light scattering (DLS) (A–D), and differential centrifugal sedimentation (DCS) of Au-AF647 nanoparticles (E). 
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Figure 7. Representative energy-dispersive X-ray spectra (EDX) of calcium phosphate nanoparticles carrying AF488 (A,B) and AF488 together with Au-AF647 nanoparticles (C,D). 
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Figure 8. Representative X-ray powder diffractograms of functionalized calcium phosphate nanoparticles. The peaks of crystalline hydroxyapatite (JCPDS No. 00-009-0432) are shown for comparison as red bars. 






Figure 8. Representative X-ray powder diffractograms of functionalized calcium phosphate nanoparticles. The peaks of crystalline hydroxyapatite (JCPDS No. 00-009-0432) are shown for comparison as red bars.



[image: Chemistry 05 00072 g008]







[image: Chemistry 05 00072 g009 550] 





Figure 9. CLSM images demonstrate the uptake of functionalized calcium phosphate nanoparticles by HeLa cells. All particle types easily entered the cells. Actin staining with AF568-phalloidin (magenta; red) or AF488-phalloidin (green), nuclear staining with HOECHST33342 (blue). (A) CaPpos-BSA-AF647, (B) CaPneg-BSA-AF647, (C) CaPpos-Hem-AF647, (D) CaPneg-Hem-AF647, (E) CaPpos-AF488-Au-AF647 and (F) CaPneg-AF488-Au-AF647. Scale bars 20 µm. 
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Figure 10. Viability of HeLa cells after 24 h incubation. Control groups: Mock = positive control, i.e., cells without treatment with nanoparticles. DMSO = negative control, where DMSO was added to the cells in DMEM instead of nanoparticles. The data show the average of three independent assays for each sample. 
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Table 1. Properties of PEI- and CMC-stabilized calcium phosphate nanoparticles with different conjugated molecules.
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	CaPpos-BSA-AF647
	CaPneg-BSA-AF647
	CaPpos-Hem-AF647
	CaPneg-Hem-AF647
	CaPpos-AF488
	CaPneg-AF488
	CaPpos-AF488-Au-AF647
	CaPneg-AF488-Au-AF647





	Solid core diameter by SEM/nm
	64 ± 6
	49 ± 5
	39 ± 6
	39 ± 6
	72 ± 11
	74 ± 12
	72 ± 11
	74 ± 12



	w(Ca2+) in dispersion by AAS/kg m−3
	0.092
	0.090
	0.056
	0.053
	0.096
	0.092
	0.046
	0.040



	w(HAP) in dispersion/kg m−3 (computed)
	0.231
	0.226
	0.140
	0.133
	0.241
	0.231
	0.115
	0.100



	N(nanoparticles) in dispersion/m−3 (computed)
	5.35 × 1017
	1.17 × 1018
	1.44 × 1018
	1.36 × 1018
	3.92 × 1017
	3.46 × 1017
	1.88 × 1017
	1.51 × 1017



	Hydrodynamic particle diameter by DLS/nm
	181 ± 9
	149 ± 10
	126 ± 9
	206 ± 16
	200 ± 8
	291 ± 15
	301 ± 7
	340 ± 21



	Polydispersity index (PDI) by DLS
	0.32 ± 0.02
	0.33 ± 0.01
	0.29 ± 0.07
	0.35 ± 0.02
	0.22 ± 0.14
	0.31 ± 0.02
	0.29 ± 0.06
	0.24 ± 0.12



	Zeta potential by DLS/mV
	+17 ± 2
	−16 ± 1
	+20 ± 4
	−24 ± 6
	+20 ± 1
	−17 ± 1
	+14 ± 1
	−12 ± 6
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Table 2. Gold concentration in dispersion and the number of AF647 molecules attached to each gold nanoparticle (Au-NP; 2 nm), measured for the functionalized calcium phosphate nanoparticles CaPpos-AF488-Au-AF647 and CaPneg-AF488-Au-AF647.
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	w(Au) in Dispersion (AAS)/

kg m−3
	c(Au) in Dispersion (AAS)/

mol m−3
	N(Au-NP) in Dispersion/m−3
	c(Au-NP) in Dispersion/

mol m−3
	c(AF647) in Dispersion/mol m−3





	CaPpos-AF488-Au-AF647
	4.00 × 10−2
	2.03 × 10−1
	4.95 × 1020
	8.22 × 10−4
	1.89 × 10−3



	CaPneg-AF488-Au-AF647
	5.75 × 10−3
	2.92 × 10−2
	7.11 × 1019
	1.18 × 10−4
	2.71 × 10−4
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Table 3. Number of cargo proteins and nanoparticles on the functionalized calcium phosphate nanoparticles as computed by calcium phosphate particle concentrations (Table 1) and conjugated molecule concentrations (by UV spectroscopy).
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	CaPpos-BSA-AF647
	CaPneg-BSA-AF647
	CaPpos-Hem-AF647
	CaPneg-Hem-AF647
	CaPpos-AF488
	CaPneg-AF488
	CaPpos-AF488-Au-AF647
	CaPneg-AF488-Au-AF647





	Protein molecules on each CaP nanoparticle
	385
	9
	127
	99
	-
	-
	-
	-



	Au nanoparticles on each CaP nanoparticle
	-
	-
	-
	-
	-
	-
	2717
	452



	AF647 molecules on each CaP nanoparticle
	1385
	34
	380
	297
	-
	-
	6250
	1040



	AF488 molecules on each CaP nanoparticle
	-
	-
	-
	-
	9320
	7920
	1310
	1210



	Molar ratio Ca:Au by AAS
	-
	-
	-
	-
	-
	-
	85:15
	97:3



	Molar ratio Ca:Au by EDX
	-
	-
	-
	-
	-
	-
	93:7
	95:5
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