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Abstract

:

Calcium phosphates (CaP) composites with biomacromolecules and/or nanomaterials have recently emerged as a potential solution to improve the poor mechanical properties and biological response of CaP. Among the methods available for preparation of such composites, precipitation at low temperatures attracts special interest as it allows preservation of the activity of biomacromolecules. However, precipitation of CaP in the presence of two additives is a complex process that needs to be studied in detail to rationalize composite preparation. This study aimed to investigate co-precipitation of CaP on different TiO2 nanomaterials (TiNMs), including nanoparticles (TiNPs), nanoplates (TiNPls), nanotubes (TiNTs), and nanowires (TiNWs), in the presence of bovine serum albumin (BSA) and chitosan (Chi). The obtained results have shown that both BSA and Chi inhibited transformation of amorphous to crystalline CaP, even in the presence of TiNMs at concentrations that promoted transformation. Chi proved to be a stronger inhibitor due to its more flexible structure. The presence of BSA and Chi did not influence the composition of the CaP formed as calcium-deficient hydroxyapatite (CaDHA) was formed in all the systems. However, both macromolecules influenced the morphology of the formed CaDHA in different ways depending on the type of TiNM used. BSA and Chi adsorbed on all the TiNMs, as confirmed by zeta potential measurements, but this adsorption reduced the amount of CaP formed on TiNMs only in the case of TiNWs. The obtained results contribute to the understanding of the influence of BSA and Chi on CaP precipitation in the presence of nanomaterials and thus to the rational design of CaP-based multi-composite materials.
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1. Introduction


Among various materials available for bone regeneration, calcium phosphates (CaP) are among the most frequently used since the main mineral component of vertebrate hard tissue is calcium phosphate. More specifically, it is a non-stoichiometric, poorly crystalline, calcium-deficient hydroxyapatite doped with sodium, magnesium, and carbonate called biological apatite [1]. Of the 13 known CaP phases for bone tissue engineering, the most important are hydroxyapatite [HAP, Ca10(PO4)6(OH)2], calcium-deficient apatite [CaDHA, Ca10−x(HPO4)x(PO4)6−x(OH)2−x, 0 < x < 1], octacalcium phosphate [OCP, Ca8(HPO4)2(PO4)4·5H2O], α and β tricalcium phosphates [α-, β-TCP, Ca3(PO4)2], and calcium hydrogenphosphate dihydrate [DCPD, CaHPO4·2H2O] [1,2]. They are non-toxic, bioactive, osteoconductive, and support osteoblast adhesion and proliferation. However, they have low elasticity, mechanical reliability, and fracture toughness, as well as high brittleness [1,3]. To overcome these drawbacks, to better mimic bone tissue, and to introduce additional functionalities, CaP are frequently functionalized, either by doping with different ions or by preparing composites with various biologically active compounds, or, more recently, with different nanomaterials [3,4].



Functionalization of CaP with biomacromolecules is frequently pointed out as a way to better mimic bone structure since bone itself is an organic–inorganic composite of biological apatite and type I collagen fibers [5]. In this sense, two biomacromolecules of special interest are chitosan (Chi) and bovine serum albumin (BSA). Chitosan is a natural linear polysaccharide composed of D-glucosamine and N-acetyl D-glucosamine units [6,7]. It is biocompatible, biodegradable, bioactive, non-toxic, and possesses antibacterial and antiviral properties [7]. In bone tissue engineering, it is mostly used in the form of hydrogels and scaffolds to functionalize CaP, or as a component of drug delivery systems [3,7,8,9,10]. Serum albumin is the most abundant protein in mammalian blood [11] and is the first protein to surround implants that come into contact with blood, modifying their immunogenic response [12]. Therefore, functionalization with BSA is considered as a way to improve the bioactivity of CaP, but also as a model for sustained release drug delivery systems [3,13,14,15]. Most studies are performed with BSA because it is a very abundant protein, most similar to human serum albumin, and inexpensive [16]. Precipitation of CaP in the presence of biomacromolecules at low temperatures is considered an efficient way to functionalize CaP while maintaining the bioactivity of the biomacromolecule of interest [3]. Moreover, if the concentrations of the reactants are close to the physiological concentration, this is also considered as a way to elucidate biomineralization processes [17,18]. Despite the importance of BSA and Chi in the development of CaP-based bone regeneration materials, their influence on precipitation of CaP has not yet been fully elucidated.



In recent years, addition of inorganic nanomaterials to CaP has been considered a promising solution to improve their poor mechanical properties [19,20,21]. Since some nanomaterials have additional properties, such as antibacterial or magnetic, this is also a way to obtain multifunctional materials [22,23].



Among the various nanomaterials, TiO2 nanomaterials (TiNMs) are of special interest due to the excellent mechanical properties and biocompatibility of TiO2 [2]. Various synthetic procedures have been investigated for preparation of CaP composites with TiNMs (CaP/TiNMs) [24,25,26,27,28,29]. However, these were high-temperature and not environmentally friendly methods. Low-temperature wet chemical processes are attracting increasing attention because they offer better control of the CaP phase formed and the possibility of incorporating biologically active molecules into the composites while preserving their bioactivity. Moreover, they require simple equipment and are inexpensive [30]. To the best of our knowledge, only Ruso et al. [31] and our group [32,33] have used such methods to prepare CaP/TiNM composites. Ruso et al. have shown that amorphous calcium phosphate (ACP) can be formed from simulated body fluid (SBF) after one day on decahedral anatase nanoparticles with a high content of reactive {100} facets [31]. On the other hand, our group [32,33] was able to prepare CaDHA composites with TiNMs of different morphologies within one hour by precipitating CaDHA in the presence of TiNMs.



A combination of biomacromolecules and nanomaterials could open a wide range of possibilities for design of multifunctional composite biomaterials. This was recently demonstrated by Cojocaru et al. [22], who prepared biopolymer/calcium phosphate/magnetic nanoparticles by co-precipitation. However, precipitation of CaP in the presence of two additives is a complex process that needs to be studied in detail to rationalize composite preparation.



To elucidate precipitation of calcium phosphate in the presence of two types of additives, i.e., biomacromolecules and TiNMs, in this paper, we have investigated formation of CaP on TiNMs of different dimensionality and composition (anatase nanoparticles (TiNPs) and nanoplates (TiNPls), titanate nanotubes (TiNTs), and nanowires, which are a mixture of TiO2(B) and titanate (TiNWs)) in the presence of BSA and Chi to contribute to development of a mild preparation procedure of ternary biomacromolecule/CaP/NMs composites.




2. Materials and Methods


2.1. Materials


Analytical-grade chemicals were used in all experiments. Calcium chloride (CaCl2), sodium hydrogenphosphate (Na2HPO4), anatase TiO2 nanoparticles, TiO2 P25 Degussa (75% anatase, 25% rutile), titanium tetraisopropoxide (TTIP), hydrofluoric acid (HF), sodium hydroxide (NaOH), hydrochloric acid (HCl), bovine serum albumin, and chitosan (medium molecular weight) were purchased from Sigma Aldrich, Darmstadt, Germany. All experiments were performed in ultrapure water (UPW, Hydrolab HLP 10 UV, Straszyn, Poland, conductivity 0.5 μS cm−1).




2.2. Preparation of TiO2 Nanomaterials


For anatase TiNPls preparation, the modified procedure of Han et al. [34] was used. To the TTIP placed in a Teflon dish, HF was added dropwise, and the reaction mixture was placed in an autoclave at 180 °C for 24 h. The obtained precipitate was filtered and washed with UPW. The excess fluoride ions were removed by incubating the TiNPls with 0.1 mol L−1 NaOH for 24 h and washed with UPW until the conductivity of the mother liquor was below 10 μS cm−1. Afterward, the fluoride residues were removed by calcination at 500 °C for 2 h [35].



Both titanate/TiO2 (B) TiNWs and titanate TiNTs were synthesized by alkaline hydrothermal synthesis [36]. The required amount of TiO2 P25 particles was suspended in a 10 mol L−1 NaOH solution using magnetic stirring and sonication for 2 h. The prepared suspensions were transferred to a Teflon-lined autoclave. TiNWs were prepared by heating suspension at 180 °C for 24 h while the suspension was heated at 146 °C for 48 h to obtain TiNTs. The formed products were filtered and washed with UPW. The excess Na+ ions were removed by suspending TiNWs and TiNTs in 0.1 mol L−1 HCl and magnetically stirring for 3 h. Both TiNMs were washed with UPW until the conductivity of the mother liquor was lower than 10 μS cm−1, subsequently filtered, and dried at 100 °C for 8 h.



Detailed characterization of TiNMs was previously published [32,33].




2.3. Precipitation Experiments


CaCl2 and Na2HPO4 stock solutions were obtained by dissolving the appropriate amount of analytical grade chemicals, which were dried overnight in a desiccator over silica gel in UPW. HCl was used to adjust the pH of the Na2HPO4 stock solution to 7.4. TiNMs stock suspensions (γ = 1 g L−1) were obtained by suspending the appropriate amount of powder in UPW using ultrasound and stored in glass bottles in the dark. BSA stock solution (γ = 10 g L−1) was prepared by dissolving the appropriate amount of BSA in UPW. Chitosan stock solution (γ = 200 mg L−1) was prepared by dissolving the required amount of chitosan in 1 mol L−1 HCl using ultrasound for 2 h.



The cationic and anionic reactant solutions were prepared by diluting the CaCl2 and Na2HPO4 stock solutions, respectively, to the concentration c = 8 × 10−3 mol dm−3. After dilution, the pH of the anionic reactant solution was readjusted if necessary. The control precipitation system (system without the additives) was prepared by fast mixing equal volumes of cationic and anionic reactant solutions, resulting in the initial reactant concentrations c(CaCl2) = c(Na2HPO4) = 4 × 10−3 mol dm−3 at pH = 7.4. To investigate the effect of the additives on CaP precipitation, the required volumes of BSA and chitosan stock solutions and TiNMs stock suspensions were added to the anionic reactant solution before mixing the reactant solutions. The pH of the anionic reactant solution was readjusted if needed. Precipitation experiments were performed in a double-walled vessel without additional stirring at 25 ± 0.1 °C. Since precipitation of CaP consequentially leads to changes in pH, monitoring pH changes in precipitation systems was used to follow the advancement of the precipitation process (Metrohm 701 pH/Ion meter). From the obtained pH vs. time curves, the induction times for transformation of the amorphous to crystalline phase (ti) were determined at the intersection of the tangents drawn on the first two sections of the sigmoidal pH vs. time curve [37,38,39]. In this sense, ti represents the time elapsed between the appearance of ACP and the secondary precipitation of the crystalline phase [37]. Based on ti, the precipitates were filtered after 60 min in the case of the control system and the systems containing BSA and/or TiNMs and after 120 min in the case of the systems containing chitosan and/or TiNMs. The filtered precipitates were washed three times with UPW and ethanol. Subsequently, they were dried in the nitrogen stream and stored in a desiccator until further analysis by powder X-ray diffraction (PXRD), Fourier-transformed infrared spectroscopy (FTIR), and scanning electron microscopy (SEM).




2.4. Characterization Methods


PXRD patterns of the precipitates were obtained by Panalytical Aeris Research Edition (Malvern Pananalytical, Malvern, Worcestershire, UK) in Bragg–Brentano geometry using CuKα radiation. An angular scan range of 5° to 70° 2θ with a step size of 0.02° 2θ and a scan rate of 1° min−1 was used.



The FTIR spectra of the samples were recorded in the range 4000−400 cm−1 with a resolution of 1 cm−1 using an FTIR spectrometer equipped with an attenuated total reflection module (Tensor I, Bruker, Ettlingen, Germany). The obtained spectra are the average of 16 scans. To analyze FTIR spectra in more detail, first- and second-order differentiation were used. The obtained spectra were differentiated using the procedure described by Uskoković [40]. In short, FTIR spectra in the range 1200–400 cm−1 were differentiated using a manual differentiation routine in Origin Pro 2021b. First- and second-order differentiated spectra were further smoothed using the manual Lowess routine with a proportion span of 0.01.



The morphology of the investigated materials was observed using a field emission scanning electron microscope (FE-SEM; JEOL JSM-7000F microscope, Tokyo, Japan). The precipitates were put on a sample holder covered with carbon glue. The excess powder was removed by a gentle flow of nitrogen gas.



The zeta potential (ζ) of TiNMs in an anionic reactant solution in the presence of BSA and Chi was determined by electrophoretic light scattering. Measurements were performed using a photon correlation spectrophotometer equipped with a 532 nm “green” laser (Zetasizer Nano ZS, Malvern Instruments, Worcestershire, UK). The zeta potential was calculated from the measured electrophoretic mobility using Henry’s equation using the Smoluchowski approximation. Each measurement was repeated five times. The measurements were processed by Zetasizer Software 7.13 (Malvern Instrument Worcestershire, UK). All measurements were performed at 25.0 ± 0.1 °C.





3. Results and Discussion


To clarify the influence of BSA and Chi on CaDHA/TiNMs composites, their effect on the kinetics of crystalline phase precipitation and the properties of the crystalline phases were determined both in the absence and presence of the respective TiNMs.



3.1. The Influence of the Biomacromolecules on the Induction Time for Crystalline Phase Precipitation


Under near physiological conditions, precipitation of CaP can occur through formation of an amorphous precursor, amorphous calcium phosphate (ACP) [18]. ACP can further be transformed, depending on experimental conditions, in OCP, DCPD, CaDHA, and/or HAP when it remains in contact with the mother liquor [37,38,41,42,43,44]. Precipitation of CaP results in a decrease in pH, reflecting different stages of the precipitation process. This allows the precipitation process to be followed, at least semiquantitatively, by monitoring changes in the pH of the precipitation system. In all the investigated systems, precipitation began immediately after mixing of the reactant solutions, as evidenced by the turbidity of the systems. The pH vs. time curves obtained in all the investigated precipitation systems (Figure 1 and Figure 2) had a typical sigmoidal shape reflecting three stages of the precipitation process [37,38,45,46]. In the first stage, the pH drop is small or negligible and corresponds to formation of ACP. In the second stage, secondary precipitation of the crystalline phase on formed ACP occurs, followed by an abrupt decrease in pH. In the final stage, solution-mediated growth and phase transformation occur, also followed by a slight change in pH. Since no changes in the shape of the pH vs. time curves were observed, it can be concluded that none of the investigated additives altered the pathway of ACP transformation to the crystalline phase, as was previously observed for several different types of additives, such as ions (magnesium [47,48] and citrate ions [39]), small molecules (amino acids [47]), and macromolecules (phosphorylated osteopontin peptides [46] and polyelectrolytes [37]). In addition, the small drop in pH in the first stage, observed in all the precipitation systems, according to Du et al. [49], indicates that formation of a basic structural unit of ACP, Posner’s clusters, and, consequently, of ACP proceeds through the ligand substitution reaction in which non-coordinated, partially protonated phosphate ions replace the water molecule in the Ca2+ coordination sphere.



The induction times of crystalline phase formation determined in different precipitation systems are provided in Table 1 and Table 2. Both BSA and Chi prolonged the time needed for ACP transformation to the crystalline phase, consistent with the previously observed behavior of proteins and polyelectrolytes [37,50]. However, chitosan acted as a stronger inhibitor as the inhibitory effect was observed at much lower concentrations (7.5–15.0 mg L−1), at which no BSA effect was observed. Moreover, at concentrations of 50 mg L−1 or more, chitosan completely inhibited formation of CaP as no precipitate was observed even after 24 h. The difference in the behavior of BSA and Chi could be due to the different molecular structures. The BSA molecule has a rigid, compact, heart-like-shaped form [51], whereas CS is a flexible, linear polysaccharide [52,53]. Bar-Yosef Ofir et al. [37] suggested that the inhibitory effect of the flexible polyelectrolytes, at higher concentrations, is due to their spreading and arranging in a flat position at the surface of ACP particles, most probably in an irreversible manner. Due to that, transport of constitutive ions to the surface of the ACP particles and, consequently, secondary nucleation are inhibited. A similar explanation could be applied to BSA and Chi. Flexible Chi can cover the surface of the particles more efficiently at much lower concentrations than rigid BSA, leading to the difference in their inhibitory effect.



As far as we are aware, there are no data in the available literature on the promoter or inhibitor role of Chi.



In the systems containing both biomacromolecules and TiNMs, the determined ti was longer than in the control system or the presence of TiNMs alone (Table 2.). We have previously shown that TiNMs have an effect on ACP transformation opposite to that observed for polyelectrolytes [32,33]. At low concentrations, TiNMs inhibit ACP transformation, while, at high concentrations, they promote it. This was explained by obstruction of crystallization within the ACP particles formed in the solution at low TiNMs concentrations and promotion of transformation at higher TiNMs concentrations, at which ACP dominantly forms on the surface of the TiNMs [32,33]. However, addition of BSA or Chi to the precipitation systems resulted in ti longer than in the systems containing only TiNMs. As expected, the difference in ti between systems containing only TiNMs and systems containing both TiNMs and biomacromolecules decreased with increasing TiNMs concentration. It is worth noting that, at lower investigated concentrations of TiNPs and TiNWs, induction times in the presence of chitosan are longer than in the system containing only chitosan. This confirms the conclusion that flexible macromolecules that can effectively cover the surface of ACP particles are more efficient inhibitors of ACP transformation.



To the best of our knowledge, no literature data on the influence of BSA and Chi on rate of ACP transformation exists. However, Damen et al. [54] showed that anatase or rutile powders can serve as a substrate for secondary nucleation even in the presence of 40 mg mL−1 BSA, although, at that concentration of BSA, precipitation was completely inhibited in the control system. On the other hand, BSA inhibits formation of CaP on titanium surfaces, whether it is in solution or preadsorbed on titanium [55,56,57,58].




3.2. Influence of Biomacromolecules on the Properties of Crystalline Phase


CaP’s precipitation systems are usually supersaturated with several different phases. In such systems, polymers can cause changes in the composition of the precipitates either by selectively adsorbing onto the nuclei or crystals of one phase or by serving as a template for formation of a phase that would not have formed otherwise [18,50]. To determine the influence of BSA and Chi on the composition and morphology of the crystalline phase, PXRD, FTIR, and SEM analysis of precipitates formed after 60 min of aging time in the systems containing BSA and 120 min aging time in the systems containing Chi were performed. According to the previous studies, the transition from amorphous to crystalline phase ends when the abrupt drop in pH ends [37,46]. Therefore, the chosen aging times correspond to the third stage of the precipitation process.



The PXRD patterns and FTIR spectra of the precipitates formed in the control system and in the systems containing different BSA and chitosan concentrations are shown in Figure 3 and Figure 4, respectively. Previous studies have shown that, in contact with mother liquor, ACP can transform into OCP, CaDHA, DCPD, and/or HAP [37,38,41,42,43,44]. In the PXRD pattern of the precipitate formed in the control system after 60 min of aging time, prominent peaks were observed at 2θ around 26.1° and 32.0°, as well as low-intensity peaks at wider angles, namely at 46.5°, 49.6°, and 53.2° (Figure 3). Comparing the positions of the observed peaks with PDF cards, it was concluded that the observed peaks do not correspond to DCPD (JCPDS Card No.: 09-0077). Although peaks at a similar position can be observed in the PXRD patterns of HAP (JCPDS Card No.: 09-0432) and OCP (JCPDS Card No.: 074-1301), the width and the shape of the observed prominent peaks do not correspond to the HAP or OCP, especially of the peak at 2θ 32.0°. In addition, several characteristic OCP and HAP peaks were not observed. However, such PXRD patterns, appearing as the patterns of poorly crystalline apatites, are characteristic of CaDHA, as observed previously [59,60,61].



Formation of CaDHA was confirmed by the FTIR spectrum that contained bands characteristic of O–H and P–O vibrations. The low-intensity band characteristic of O–H stretching was observed at 3631–2518 cm−1, while the band characteristic of H–O–H deformation was observed at 1636 cm−1 [62]. Characteristic phosphate vibration bands were observed at 1104 cm−1, 1017 cm−1, 868 cm−1, 592 cm−1, and 561 cm−1, corresponding to ν3a triply degenerate asymmetric stretching mode of     PO  4  3 −     (P–O bond), ν3c triply degenerate asymmetric stretching mode of     PO  4  3 −     (P–O bond),     HPO  4  2 −     vibration, ν4 triply degenerate bending mode of     PO  4  3 −     (O–P–O bond), and ν4 triply degenerate bending mode of     PO  4  3 −     (O–P–O bond), respectively [62,63]. The lack of hyperfine structure of phosphate bands confirms that OCP and HAP were not formed [64]. No bands characteristic of carbonate [62] were detected.



Formation of CaDHA at the investigated experimental conditions is in line with the previous investigation, which has shown that CaDHA can form in a rather broad reactant concentration domain [65].



The presence of BSA did not influence the composition of the formed precipitates, but the intensity of the peaks at wider angles around 2θ 47.0°, 49.6°, and 53.6° was slightly increased, as well as the width of the peak at 2θ 32.0° (Figure 3a). No significant changes were observed in the PXRD patterns of the precipitates formed in the presence of Chi (Figure 3b). No changes in the composition of the precipitates induced by BSA or Chi present in solution were previously observed [13,66]. However, when CaP was prepared on porous chitosan membranes by sequential immersion in calcium and phosphate solutions, an effect on morphology, organization, and composition was observed [67].



The FTIR spectra of the precipitates formed in the presence of BSA (Figure 4a) contained, in addition to the bands characteristic of CaDHA, bands characteristic of BSA, namely amide A related to N–H stretching (around 3285 cm−1), amide B (around 2950 cm−1), C = O stretching of amide I (around 1650 cm−1), C–N stretching and N–H bending vibrations of amide II (around 1530 cm−1) and/or CH2 scissoring (around 1450 cm−1) [68,69,70]. Since the precipitates were extensively washed, this indicates incorporation of BSA into CaDHA. Compared to the FTIR spectrum of pure BSA, the shift in wavenumbers of C=O stretching from amide I towards higher wavenumbers and CH2 bending toward lower wave numbers indicated a possible change in BSA conformation. The closer analysis of spectra in the phosphate bands range 1200–400 cm−1 revealed that the shoulder at 1104 cm−1 became somewhat more pronounced (Figure S1a–c). The second-order differentiated spectra revealed no significant change in the position of FTIR bands (Figure S1c), indicating no significant change in the formed CaDHA [40]. None of the chitosan bands could be unambiguously assigned because the most intensive chitosan bands overlapped with phosphate bands (Figure 4b). The bands observed at around 1650 cm−1 can be assigned to both the H2O vibration or C=O stretching of amide I, while the bands at around 1020 cm−1 can be assigned to ν3c triply degenerate asymmetric stretching mode of     PO  4  3 −     (P–O bond) or C = O vibration in Chi [62,71]. In comparison with the spectra of the CaDHA formed in the control system in the phosphate band region, a somewhat more pronounced shoulder at 1104 cm−1 was observed (Figure S1d–f). As in the case of BSA, no significant change in the position of phosphate bands was observed (Figure S1f).



A detailed description of the PXRD patterns and FTIR spectra of TiNMs is provided in our previous work [32,33]. In the PXRD spectra of the precipitates formed in the presence of either BSA or chitosan and TiNMs (Figure 5), the peaks characteristic of CaDHA and the corresponding TiNM were detected. No peaks of other CaP phases were detected. However, the width of the peak at 2θ 32.0° increased in the presence of the additives.



The FTIR spectra of the precipitates formed in the presence of BSA contained bands characteristic of BSA (Figure 6a), indicating its incorporation into the composites. Moreover, the shift in the position of the amide II band towards higher wave numbers indicated possible changes in BSA conformation. In the FTIR spectra of the precipitates formed in the presence of chitosan (Figure 6b), the band at 1598 cm−1 could be assigned unambiguously to the vibration of the protonated amino group in chitosan only in the case of TiNPs at a higher concentration [71], suggesting that Chi was also incorporated into the CaDHA. The second-order differentiated spectra revealed no significant change in phosphate bands position in the spectra of any precipitate (Figures S2–S5).



In contrast to our observation, a previous study of CaP coatings prepared on a Ti alloy showed that the composition of the coating gradually changed from OCP to a mixture of OCP and carbonate apatite with increasing BSA concentration. However, the BSA concentrations were much higher than in this study [72].



The data on Chi influence on precipitate composition are contradictory. In the study by Aimoli et al. [73], it was shown that chitosan can influence the ratio of the phases in calcium phosphate mixtures formed in both acidic (pH 4.8) and alkaline (pH 8.4) solutions. On the other hand, Fadeeva et al. [66] did not observe changes in the precipitate composition as DCPD formed at pH 3.0 and ACP at pH 9.0 both in the absence and presence of Chi. This would indicate that the effect of Chi on CaP composition is highly dependent on the experimental conditions.



Both BSA and chitosan influenced the morphology of the obtained CaDHA. In the control system, spherical aggregates of leaf-like crystals characteristic of CaDHA [65] were obtained (Figure 7). In the presence of BSA, denser aggregates of irregular, non-developed leaf-like crystals were obtained. With increasing concentration of chitosan, a gradual change in morphology was observed as crystals became less developed (Figure 7). These results are in accordance with the previous studies showing that BSA can affect the morphology of CaP coatings [72], while, in the presence of chitosan, a decrease in the sizes of HAP [73] and DCPD [66] crystals was observed.



The morphological changes in CaDHA caused by the presence of BSA and chitosan in the systems containing TiNMs were strongly dependent on the type of TiNMs (Figure 8). In the case of TiNPs, smaller, more densely packed crystals were obtained in the presence of BSA (Figure 8) compared to the system without BSA [32], while larger crystals were formed in the presence of chitosan (Figure 8). However, in the presence of TiNPls and TINTs, denser crystals and better covering TiNMs were obtained in the presence of both BSA and chitosan (Figure 8) than in their absence [32,33]. Contrarily, in the case of TiNWs, the presence of both biomacromolecules resulted in less coverage of TiNWs compared to the system without BSA and chitosan (Figure 8) [33].



To verify that these effects were due to adsorption of BSA and chitosan on TiNMs, considering that both biopolymers and TiNMs were added to the anionic reactant solution, the zeta potential of biopolymers and TiNMs was determined in the presence of biopolymers immediately upon adding BSA or chitosan (Table 3). BSA particles in an anionic reactant solution have a negative zeta potential (−15.9 mV), while Chi is almost neutral (0.04 mV). In the presence of BSA, the zeta potential of TiNMs became less negative compared to suspensions in an anionic reactant solution without BSA [33,34]. The zeta potential of TiNMs even became slightly positive in the presence of Chi (Table 3).



After adsorption of BSA and Chi, a certain degree of conformational changes in their molecules can be expected depending on the surface arrangement of Ti–OH groups. On the one hand, these conformational changes can lead to formation of sites at which CaP can nucleate and, consequently, to better surface coverage, as we observed for TiNPls and TiNTs and as was previously observed for BSA adsorbed on HAP crystals [74]. On the other hand, they can prevent formation of CaP if the arrangement of functional groups in the adsorbed biomacromolecules and ions does not match the structure of the forming CaP phase, as we observed for TiNWs.





4. Conclusions


The influence of BSA and Chi on formation and properties of the crystalline phase in the presence of TiNMs with different morphologies was investigated. It was found that both BSA and Chi, at the investigated concentrations, inhibit ACP transformation into the crystalline phase. Chi was a more efficient inhibitor due to its more flexible structure. The inhibition effect was observed even in the presence of TiNMs in the concentrations in which they promote transformation. The only exception were TiNTs, which promoted transformation in the presence of BSA but not Chi. Although neither biomacromolecule influenced the composition of the crystalline phase, since CaDHA was formed in all the systems, they did affect the morphology. It was also shown that adsorption of biomacromolecules can lead to either higher (TiNPls and TiNTs) or lower (TiNWs) surface coverage of TiNMs with CaDHA crystals depending on the structure and morphology of the TiNMs.



The obtained results confirm that ternary biomacromolecule/CaP/NMs composites can be prepared by co-precipitation and reveal possibilities for fine-tuning the composites’ properties.
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Figure 1. Representative pH vs. time curves obtained in the control system (CS) and in the presence of different concentrations of (a) bovine serum albumin (BSA) and (b) chitosan (Chi). c(CaCl2) = c(Na2HPO4) = 4 × 10−3 mol dm−3, pHinit = 7.4, ϑ = (25 ± 0.1) °C. 
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Figure 2. Representative pH vs. time curves obtained in the control system (CS) and in the presence of (a–d) 50 mg L−1 BSA and (e,f) 15 mg L−1 of chitosan (Chi) and different concentrations of TiO2 nanomaterials: (a,e) TiO2 nanoparticles (TiNPs), (b,f) TiO2 nanoplates (TiNPls), (c,g) titanate nanotubes (TiNTs), (d,h) nanowires (TiNWs). C(CaCl2) = c(Na2HPO4) = 4 × 10−3 mol dm−3, pHinit = 7.4, ϑ = (25 ± 0.1) °C. 
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Figure 3. PXRD patterns of the precipitates obtained in the control system (CaDHA) and in the presence of different concentrations of (a) bovine serum albumin (BSA) after 60 min and (b) chitosan (Chi) after 120 min. c(CaCl2) = c(Na2HPO4) = 4 × 10−3 mol dm−3, pHinit = 7.4, ϑ = (25 ± 0.1) °C. 
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Figure 4. FTIR spectra of the precipitates obtained in the control system (CaDHA) and the presence of different concentrations of (a) bovine serum albumin (BSA) after 60 min and (b) chitosan (Chi) after 120 min. c(CaCl2) = c(Na2HPO4) = 4 × 10−3 mol dm−3, pHinit = 7.4, ϑ = (25 ± 0.1) °C. 






Figure 4. FTIR spectra of the precipitates obtained in the control system (CaDHA) and the presence of different concentrations of (a) bovine serum albumin (BSA) after 60 min and (b) chitosan (Chi) after 120 min. c(CaCl2) = c(Na2HPO4) = 4 × 10−3 mol dm−3, pHinit = 7.4, ϑ = (25 ± 0.1) °C.



[image: Minerals 12 01557 g004]







[image: Minerals 12 01557 g005 550] 





Figure 5. PXRD patterns of the precipitates obtained in the control system (CaDHA) and in the presence of (a–d) 50 mg L−1 bovine serum albumin (BSA) or (e,f) 15 mg L−1 of chitosan (Chi) and different concentrations of TiO2 nanomaterials: (a,e) TiO2 nanoparticles (TiNPs), (b,f) TiO2 nanoplates (TiNPls), (c,g) titanate nanotubes (TiNTs), (d,h) nanowires (TiNWs. c(CaCl2) = c(Na2HPO4) = 4 × 10−3 mol dm−3, pHinit = 7.4, ϑ = (25 ± 0.1) °C. 
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Figure 6. FTIR spectra of the precipitates obtained in the control system (CaDHA) and in the presence of (a–d) 50 mg L−1 bovine serum albumin (BSA) or (e,f) 15 mg L−1 of chitosan (Chi) and different concentrations of TiO2 nanomaterials: (a,e) TiO2 nanoparticles (TiNPs), (b,f) TiO2 nanoplates (TiNPls), (c,g) titanate nanotubes (TiNTs), (d,h) nanowires (TiNWs). c(CaCl2) = c(Na2HPO4) = 4 × 10−3 mol dm−3, pHinit = 7.4, ϑ = (25 ± 0.1) °C. 
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Figure 7. SEM micrographs of the precipitates obtained in the control system (CS) and in the presence of different concentrations of bovine serum albumin (BSA) after 60 min and chitosan (Chi) after 120 min. c(CaCl2) = c(Na2HPO4) = 4 × 10−3 mol dm−3, pHinit = 7.4, ϑ = (25 ± 0.1) °C. 
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Figure 8. SEM micrographs of the TiO2 nanomaterials and the precipitates obtained in the precipitation systems containing in addition bovine serum albumin (BSA) or chitosan (Chi) after 60 min and 120 min, respectively. c(CaCl2) = c(Na2HPO4) = 4 × 10−3 mol dm−3, γ (TiNMs) = γ (BSA) = 100 mg L−1, γ (Chi) = 15 mg L−1, pHinit = 7.4, ϑ = (25 ± 0.1) °C. 
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Table 1. Average induction times for crystalline phase formation (ti) obtained from pH vs. time curves from 3 measurements, with standard deviations in the control system [32,33] and in the precipitation systems containing different concentrations of bovine serum albumin (BSA) and chitosan (Chi). c(CaCl2) = c(Na2HPO4) = 4 × 10−3 mol dm−3, pHinit = 7.4, ϑ = (25 ± 0.1) °C.
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Chi

	
45.1± 2.1

	
34.9 ± 1.2

	
49.1 ± 1.1

	
46.4 ± 1.1
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Table 2. Average induction times for crystalline phase formation (ti) obtained from pH vs. time curves from 3 measurements, with standard deviations in the precipitation systems containing TiNMs and different concentrations of bovine serum albumin (BSA) and chitosan (Chi). c(CaCl2) = c(Na2HPO4) = 4 × 10−3 mol dm−3, pHinit = 7.4, ϑ = (25 ± 0.1) °C.
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ti/min




	

	

	

	
BSA

	
Chi




	
TiNMs

	
γ/mg L−1

	
0 *

	
50

	
15






	
TiNPs

	
50

	
28.4 ± 0.8

	
40.7 ± 5.3

	
55.6 ± 2.1




	
100

	
22.4 ± 1.2

	
34.9 ± 0.5

	
37.0 ± 1.1




	
TiNPls

	
50

	
27.1 ± 0.6

	
37.9 ± 2.5

	
37.5 ± 1.4




	
100

	
25.3 ± 0.9

	
35.9 ± 1.0

	
34.0 ± 1.6




	
TiNTs

	
50

	
17.4 ± 0.9

	
28.2 ± 1.1

	
31.9 ± 0.9




	
100

	
17.9 ± 2.0

	
20.3 ± 1.5

	
33.4 ± 1.5




	
TiNWs

	
50

	
29.2 ± 1.3

	
37.3 ± 1.7

	
57.6 ± 2.3




	
100

	
23.2 ± 1.6

	
38.8 ± 4.2

	
50.2 ± 0.3








* Data from [32,33].
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Table 3. Zeta potential of TiO2 nanoparticles (TiNPs), nanoplates (TiNPls), nanotubes (TiNTs), nanowires (TiNWs), bovine serum albumin (BSA), and chitosan (Chi) TiO2 nanomaterials in anionic reactant solution (c(Na2HPO4) = 8 × 10−3 mol dm−3, pHinit = 7.4, γ (TiNMs) = γ (BSA) 200 mg L−1, γ (Chi) = 30 mg L−1) at (25 ± 0.1) °C.
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ζ/mV




	
Sample

	
Anionic

	
Anionic + BSA

	
Anionic + Chi






	
TiNPs

	
−45.9 ± 2.2 a

	
−32.6 ± 1.3

	
3.13 ± 0.56




	
TiNPls

	
−53.0 ± 2.5 b

	
−34.3 ± 2.0

	
3.61 ± 1.22




	
TiNTs

	
−40.5 ± 1.6 a

	
−31.2 ±1.7

	
3.01 ± 0.46




	
TiNWs

	
−55.0 ± 2.0 b

	
−39.5 ± 1.9

	
3.50 ± 0.14




	
BSA

	
−15.9 ± 4.7

	
/

	
/




	
Chi

	
−0.04 ± 0.11

	
/

	
/








a—data from reference [32], b—data from reference [33].
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