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Abstract

:

Calcium phosphate nanoparticles (CaP NPs) are an efficient class of nanomaterials mainly used for biomedical applications but also very promising in other sectors such as cosmetics, catalysis, water remediation, and agriculture. Unfortunately, as in the case of other nanomaterials, their wide application is hindered by the difficulty to control size, morphology, purity and degree of particle aggregation in the translation from laboratory to industrial scale production that is usually carried out in batch or semi-batch systems. In this regard, the use of continuous flow synthesis can help to solve this problem, providing more homogenous reaction conditions and highly reproducible synthesis. In this paper, we have studied with a design of experiment approach the precipitation of citrate functionalized CaP NPs aided by sonication using a continuous flow wet chemical precipitation, and the effect of some of the most relevant process factors (i.e., reactant flow rate, sonication amplitude, and maturation time) on the physico-chemical properties of the NPs were evaluated. From the statistical data analysis, we have found that CaP NP dimensions are influenced by the reactor flow rate, while the crystalline domain dimensions and product purity are influenced by the maturation process. This work provides a deeper understanding of the relationships between reaction process factors and CaP NP properties, and is a relevant contribution for the scale-up production of CaP NPs for nanomedical or other applications.
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1. Introduction


Many domains of applied science and technology, especially health, energy, and environment, are facing an ever-growing demand for highly efficient materials. In this context, nanomaterials have emerged as a very attractive solution, because of their unique features and properties related to their small dimension, not shared by their bulk counterparts [1]. Indeed, nanomaterials are strongly impacting very different sectors and have been recently used for varies applications, such as diagnostic and therapeutic tools, smart fertilizers, energy storage units, or anti-pollution devices [2,3,4,5].



Calcium phosphate nanoparticles (CaP NPs) are one of the most investigated ceramic nanomaterials. Being chemically similar to the mineral phase of bone and teeth, CaP NPs have been mainly considered for biomedical use because of their excellent biological properties [6,7,8,9]. One of their main applications has been in hard tissues substitution and regeneration, but nowadays, they are also studied for drug and gene delivery, vaccination, imaging, and for the treatment of tumors, autoimmune and even cardiovascular diseases [10,11,12,13,14,15,16]. In addition, CaP NPs were recently advocated as promising nanomaterials for cosmetics, catalysis, water remediation, and agriculture [17,18,19,20].



Nevertheless, like many other nanomaterials, the wide application of CaP NPs is hindered by the low replicability and technical problems of their production process. The main challenge lies in the translation from laboratory to industrial scale production, well exemplified by the difficulties to control size, morphology, purity and degree of particle aggregation in order to achieve products with consistent specifications. When it comes to the large-scale synthesis of NPs with high-quality criteria for biomedical purposes, this challenge is even more critical as even small differences in stoichiometry, morphology or size can dramatically affect NP biological behavior.



Many methods have been studied to date for the large-scale production of CaP NPs, such as mechanochemical [21], sol–gel [22], chemical precipitation [23], sonochemical [24], and hydrothermal [25]. Wet chemical precipitation is one of the most widely applied methods for CaP NP synthesis due to the use of low-cost equipment and its ease of implementation [26]. However, chemical precipitation is usually carried out in batch or semi-batch systems, which provide limited amounts of material and require long reaction times. Moreover, batch precipitation reactions could yield NPs with a broad size distribution [27]. This is due to the rapid nucleation and growth of particles during precipitation generated by high levels of supersaturation combined with the low mixing efficiency of batch reactors. Indeed, insufficient mixing leads to a non-uniform distribution of supersaturation that produces nuclei with different size and tendency to aggregate, thus affecting particle size distribution [28].



A possible solution to these problems is the synthesis of CaP NPs by the constant composition method or the continuous flow precipitation. The constant composition method, developed by Nancollas et al., has the advantage of precisely regulate the conditions of supersaturation, thus allowing one to control the nature of precipitating solid during the whole process [29]. However, this method has the great disadvantage of not being suitable for industrial production because it requires a very low level of supersaturation that leads to limited product yield [30]. On the other hand, the continuous flow precipitation, where reactants are continuously mixed together and the precipitated NPs are quickly collected and removed from the reactor, can provide short reactants residence time, homogenous reaction conditions and thereby a more reproducible synthesis; moreover, differently from the constant composition method, it is suitable for scale up production of CaP NPs [31,32]. Furthermore, the use of continuous flow reactors enables an optimal use of reactants, solvents, energy, and space, allowing the optimization of the synthesis yield while minimizing waste [31]. On the other hand, the setup of chemical precipitation by continuous flow synthesis is more complicated than in batch, since all the process parameters usually are interconnected. This is probably the reason why, to date, only few papers on the continuous flow production of CaP NPs are reported in the literature. These works were collected and analyzed in detail by Latocha et al., [31] who concluded that, although these processes are complex and require thorough optimization, they are very promising for the industrial production of CaP NPs for biomedical application.



All the production processes, especially the continuous flow ones, are influenced by many parameters having a complex impact on the process output. Therefore, it is important to identify how a single factor or a combination of factors influences the process and the chemico-physical properties of the final material. This can be investigated from a statistical point of view thanks to the Design of Experiment (DoE) approach, where the influence of multiple parameters can be tested simultaneously [33].



Therefore, the main aim of this work is the study of a novel, simple and scalable synthesis of CaP NPs by wet chemical precipitation through a continuous flow process. In particular, we focused our efforts on the synthesis of citrate-functionalized CaP NPs, whose efficacy to deliver therapeutic molecules to the hearth was already demonstrated in other works [10,11]. A tubular flow-through reactor is immersed in an ultrasonic bath was set, where calcium and phosphate precursors are continuously mixed for CaP NPs precipitation. The formation of NPs was aided by sonication because it could improve the homogenization of reagents, reduce particle size and polydispersity, and avoid reactor tube clogging [34,35]. A DoE strategy was carried out to rationalize the study and optimize the number of experimental variables. The physical–chemical properties (size, surface charge, crystallinity, and composition) of the obtained CaP NPs have been thoroughly characterized, and the DoE was used to investigate the effect of the most relevant factors of the continuous flow process (i.e., reactants flow rate, sonication amplitude, and maturation time) on them. In addition, the physical–chemical properties of CaP NPs prepared by continuous flow precipitation were compared to the properties of CaP NPs prepared by batch precipitation with the same precursor reagents.




2. Materials and Methods


2.1. Materials


Sodium citrate tribasic dihydrate (Na3(C6H5O7)∙2H2O, ≥99.0% pure, hereafter named Na3(Cit)), sodium phosphate dibasic dihydrate (Na2HPO4∙2H2O, ≥99.0% pure), sodium hydroxide (NaOH, ≥98.0% pure), and calcium chloride dihydrate (CaCl2∙2H2O, ≥99.0% pure) were supplied by Sigma Aldrich (St. Luis, MO, USA). All the solutions were prepared with ultrapure water (18.2 MΩ × cm, 25 °C, Barnstead Nanopure™, Thermo Scientific, Waltham, MA, USA).




2.2. Description of the Continuous Flow Tube Type Reactor


CaP NPs were precipitated in a continuous flow tube type reactor which was immersed in a water bath together with a sonicator probe. A scheme of the reactor is reported in Figure 1. In detail, the reactor was composed of three main parts: (i) two stirred reservoirs containing calcium or phosphate precursor solutions connected to two independent peristaltic pumps, and (ii) a Y-shaped connector placed before (iii) a tubular reactor (Static mixer, Koflo Corporation) consisting of a spiral tube (316 stainless steel) with 4.8 mm in inner diameter and 230 mm in length immersed in a water bath with a sonicator probe (UP400ST, Hielscher, 400 W, with amplitude ratio 1:2.55 and diameter of 14 mm). The first two components of the reactor mix thoroughly the reactants and pump them in the second part of the reactor, where the precipitation aided by sonication occurs. At the outlet of the reactor, the product is collected in a reservoir which is maintained under magnetic stirring for a defined time window.




2.3. Calcium Phosphate Nanoparticles Preparation


The synthesis of citrate functionalized CaP NPs was carried out similarly to the biomineralization-inspired strategy employed as discontinuous batch precipitation by Miragoli et al. and Di Mauro et al. [10,11]. Namely, it consists in the continuous mixing (1:1) at room temperature in the tubular reactor of two aqueous solutions (2 L each) of (i) CaCl2 (100 mM) + Na3Cit (400 mM) and (ii) Na2HPO4 (120 mM). The pH was adjusted to alkaline conditions by adding 320 mL of NaOH 0.1 M in both precursor solutions in order to reach a final volume of 2.32 L for each solution. After precipitation, the suspension was kept under stirring at room temperature for further maturation (see below). Finally, the obtained CaP NPs suspension was pelleted by centrifugation at 4500 RPM for 10 min (ROTOSILENTA 630 RS, Hettich GMBH, Tuttlingen, Germany). The collected solid fraction was washed one time with an equal volume of ultrapure water by centrifugation and redispersed again in water to the original volume. This suspension was then sonicated for 4 min (UP400ST, Hielscher, 400W) and stored at 4 °C. For the physico-chemical characterization of CaP NPs, an aliquot of the suspension was dried in ventilated oven at 70 °C for 72 h, then grinded and sieved with a 50 μm sieve in order to achieve a uniform granulometry. A control experiment was performed as discontinuous batch precipitation. In this case, the precursor solutions described above were mixed in a tank with the aid of magnetic stirring. After mixing, the suspension was kept under stirring at room temperature for 24 h. Finally, the obtained CaP NPs suspension was washed by centrifugation and stored as described above.




2.4. Design of Experiment


In the present study, the DoE approach was used to optimize the production and to study the influence of selected process factors on CaP NPs’ physico-chemical properties. The DoE was conducted through a 23 full factorial design (3 factors with 2 levels each) that leads to eight different test runs, which were analyzed in triplicate. The selected process factors and levels were (i) the pump speed, hence the solution flow rate (FR) and thus the permanence time in the tubular reactor (FR, 0.7 and 2.8 mL s−1); (ii) the power output of the probe sonicator, expressed as sonication amplitude (SA, 20 and 100%); and (iii) the maturation time (MT) of CaP NPs after synthesis (MT, 0 and 24 h). The levels of each factor and the description of each run of the DoE study are reported in Table 1. The CaP NPs’ physico-chemical properties that were studied were the hydrodynamic diameter, size polydispersity, surface charge, crystallinity, crystalline domain size, Ca/P ratio, and yield of the CaP NPs. The values of each physico-chemical property (dependent variables) were analyzed using regression analysis in order to evaluate the influence of the process factors (independent variables). After a first regression analysis, the contribution of each process factor on the physico-chemical properties was calculated, and these results are reported in the Supplementary Materials. In the case that a two-factors combination had a very low incidence (<5%), it was excluded, and a new regression analysis on the remaining factors was performed. The effect of each factor was tested at the confidence limit of 95% (that corresponds to a p-value of 0.05). The factors having p < 0.05 were considered as “statistically significant”. The standardized effect (which is the estimated effect divided by the standard error) of each factor for each dependent variable was reported as a Pareto chart graph. In all the Pareto charts reported below, the length of bars is proportional to the standardized effect of a factor, and a factor was considered as “statistically significant” if its bar exceeded the threshold of p = 0.05, indicated by a horizontal line. In addition, the plot of marginal means was also reported in order to graphically show the relationships between dependent and independent variables.




2.5. Chemical, Morphological and Structural Characterization of the Samples


Powder X-ray diffraction (PXRD) patterns were recorded in the 2θ range from 10 to 80° with a step size (2θ) of 0.02 and a counting time of 1s with a D8 Advance diffractometer (Bruker, Karlsruhe, Germany) equipped with a Lynx-eye position sensitive detector using Cu Kα radiation (λ = 1.54178 Å) generated at 40 kV and 40 mA.



PXRD analysis was performed with the software TOPAS5 [36]. In the case of the samples obtained through runs 1, 3, 5, and 7, a multiphase Rietveld refinement of the PXRD patterns was performed. The relative contents of hydroxyapatite, sodium citrate tribasic dihydrate, and halite were refined considering a three-phase system and using tabulated atomic coordinates [37,38,39]. For all the Rietveld refinements, anisotropic peak-broadening effects due to the anisotropic crystal shape were modeled using symmetrized spherical harmonics, while the pattern’s background was modeled as 11th order Chebychev function.



The average sizes of crystalline domains along the hydroxyapatite axis directions D(002) and D(310) were calculated with the software TOPAS5 as full-profile peak broadening evaluation, using the peak function of fundamental parameters. The instrumental contribution to peak broadening was evaluated by collecting the PXRD pattern of a LaB6 standard sample.



Ca and P content was quantified by inductively coupled plasma optical emission spectrometer (ICP-OES) (ICAP 7400 DUO, Thermo Fisher Scientific Inc., Waltham, MA, USA). Atomic emission was measured at the following wavelengths: 422.673 nm for Ca, and 213.618 nm for P. Samples were prepared by dissolving an aliquot of powder in a 1 wt. % HNO3 solution.



Fourier transform infrared (FT-IR) spectroscopy analyses were carried out on a Nicolet iN10 microscope with Nicolet iZ™10 FT-IR module (Thermo Fisher Scientific Inc., Waltham, MA, USA) with a resolution of 0.482 cm−1 by accumulation of 64 scans, using the KBr pellet method.



Dynamic light scattering (DLS) was used to determine hydrodynamic diameter and polydispersity index of the samples. NP size was measured with a Zetasizer Nano ZSP analyzer (Malvern, UK). DLS measurements were performed with backscatter detection (λ = 630 nm; θ = 173°) using as working parameters hydroxyapatite refractive index (1.63) for the CaP NPs, and water refractive index (1.33) and viscosity (0.887 cP) for the solvent. Measurements were performed at sample concentration of 0.5 mg/mL at unadjusted pH. Results were reported as Z-average and relative polydispersity indexes of three measurements of at least 10 runs for 10 s at 25 °C.



Electrophoretic mobility measurement (ζ-potential) was used to evaluate the surface charge of the CaP NPs at unadjusted pH using disposable folded capillary cells (DTS1061; Malvern, UK) at 25 °C. Three measurements (maximum of 100 runs each) were collected for each sample.



Transmission electron microscopy (TEM) was used to observe CaP NPs morphology. Micrographs were acquired with a Tecnai F20 microscope (Fei Corp., Hillsboro, OR, USA) operating at 120 kV. The powder samples were dispersed in ultrapure water by sonication, and then a few droplets of the slurry were deposited and dried on 200 mesh copper TEM grids were covered with thin amorphous carbon films. CaP NPs morphology analysis was performed with software ImageJ [40]. All the characterizations were performed in triplicate, and data were expressed as mean values ± standard deviation (SD) of independent analyses (n = 3).





3. Results and Discussions


3.1. Crystallographic Features and Product Purity


PXRD patterns of the obtained powders are reported in Figure 2. All samples show the typical diffraction pattern of hydroxyapatite (HA, Ca5(PO4)3OH, PDF card file 00-009-0432) as the main crystalline phase [41]. For all the runs, the diffraction peaks are broad and poorly defined, suggesting that CaP NPs are composed of HA crystals with reduced crystalline order and nano-sized crystalline domains [42]. The PXRD patterns of odd-numbered runs (Figure 2A) present additional peaks that were ascribed to the presence of minor crystalline phases that conversely are not present in even-numbered runs (Figure 2B). These secondary phases were indexed as sodium citrate tribasic dihydrate (Na3(C6H5O7)∙2H2O, abbreviated as Na3(Cit), PDF card file 00-016-1170, marked with circles in Figure 2A) and halite (NaCl, PDF card file 00-005-0628, marked with squares in Figure 2A). Phase quantification was performed by multiphase Rietveld refinement (Table 2). Odd- and even- numbered runs differ for the MT factor, where the formers are (+1) MT level and the latter are (−1), respectively. The presence of secondary crystalline phases in the runs with (+1) MT level is probably due to a ripening effect in the final suspension, consisting of the dissolution and re-precipitation of CaP NPs together with halite and Na3(Cit) during maturation. Interestingly, the highest content of impurities seems to be associated to high-level of FR. The presence of Na3(Cit) and its increase with lower residence time were previously reported by Torrent-Burgués et al. for HA synthesized with similar precursors concentration and with a continuous process [43]. It is likely that the amount of water used in the washing step, that was minimized in order to avoid product losses, was not sufficient to remove these secondary products. As shown below, a high FR reduces particle size and increases particle number, thus, it is likely that in high FR runs, there is a higher number of particles where secondary phases can nucleate.



The dimensions of HA crystalline domains were estimated along the [00l] and [hk0] directions by evaluation of the broadening of the non-overlapped (002) and (310) PXRD peaks, and are reported in Table 2 together with the aspect ratio of the crystalline domains, estimated as the D(002)/D(310) ratio. For all the samples, the D(002) values (ranging from 23 to 39 nm) are higher than the corresponding D(310) values (ranging from 5 to 7.2 nm), indicating that all the crystalline domains are elongated along the c-axis, as also shown by the high aspect ratios. The presence of elongated crystalline domains was already reported in literature for HA synthesized in the presence of citrate in discontinuous batch conditions [42].



The ranking of all standardized effects of process factors and the possible cross effects for all responses on the crystallographic parameters are shown on the Pareto charts together with their cumulative relative incidence in Figure S1. According to the relative Pareto chart (Figure S1A), the combination of factors SA–MT has a very low incidence (<5%) on the crystallographic parameter D(002), and therefore was excluded from the regression analysis. A new regression analysis was applied without the SA–MT combination, and the ranking of standardized effects of the relevant factors on D(002) is shown on the Pareto charts in Figure 3A. The bars above the horizontal line indicate that the corresponding effects are statistically significant at p = 0.05. MT was found to be the only factor to be statistically significant on D(002) (p-value = 0.013). The plot of marginal means for D(002) (Figure 3B) shows that an increase in MT corresponds to an increase in the crystalline domain along the c-axis. On the other hand, the Pareto charts on the crystallographic parameter D(310) (Figure S1B and Figure 3C) showed that all the factors were statistically unrelated to it (all p-values > 0.05), even if none of them could be excluded from the regression analysis. This finding suggests that the crystalline domains of HA nanoparticles increase significantly with MT along the c-axis but not along the a- and b-axes. This is also evident from the regression analysis applied to the aspect ratio D(002)/D(310), where, according to the Pareto chart of all standardized effects of factors (Figure S1C), the combination of FR–MT factors has not been considered due to its low incidence (<5%). The regression analysis applied without the FR–MT combination (Figure 3E) shows that only MT is statistically significant (p-value = 0.011). Furthermore, in this case, the plot of marginal means for D(002)/D(310) (Figure 3F) shows that an increase in MT induces an expansion of the crystalline domain aspect ratio. Overall, these data indicate that CaP NPs crystalline domain dimensions are regulated by MT, and, particularly, an increase in MT leads to an increase in the crystalline domain length and aspect ratio.



These results were compared to the crystallographic features of CaP NPs prepared by discontinuous batch precipitation (Figure S2 and Table 2). It can be observed that batch CaP NPs do not present secondary crystalline phases. The size of crystalline domains of batch CaP NPs are similar to the samples prepared with the continuous flow precipitation at lower maturation time (even-numbered runs). This indicates that the continuous flow process shortens the growth time of crystals, since with ca. 40 min of continuous flow precipitation, the crystalline domain sizes were comparable to those obtained after 24 h of maturation in batch.




3.2. Ca/P Ratio and Yield


The Ca/P molar ratio is a feature for CaP-based materials that is commonly used to evaluate composition and stoichiometry of the product [44,45]. Ca/P molar ratios of the eight runs are reported in Table 3 and are comprised between 1.48 and 1.59. The Ca/P values are lower than the stoichiometric value of HA (i.e., 1.67), indicating that all the samples are Ca-deficient, having Ca/P molar ratios close to biogenic apatite (1.5), which could enhance their biomimetic character [46]. A Ca/P value close to 1.5 is common for CaP NPs precipitated in presence of citrate [42], and similar values were observed for NPs both precipitated in discontinuous batch conditions and with continuous processes [43].



Figure 4A,B shows the Pareto charts and plots of marginal means for the Ca/P ratios resulting from the statistical analysis. According to the Pareto chart of all standardized effects (Figure S3A), the combination of factors FR-MT has not been considered due to its low incidence. The regression analysis without FR-MT combination (Figure 4A) indicates that no factor has a significant effect on the Ca/P ratio, as also shown by the plot of marginal means (Figure 4B). In addition, also the CaP NPs prepared by discontinuous batch precipitation have a similar Ca/P ratio to those prepared by continuous flow precipitation. It is likely that the Ca/P ratio is dependent only to the stoichiometric ratios and concentration of the precursor reagents, as was reported in other works [47,48].



Of fundamental importance for the industrial development of CaP NPs is the process yield. Commonly, CaP NPs precipitation process is far from being a quantitative reaction, and in the presence of growth inhibitors like citrate, the yield is even lower due to the effect of calcium chelation. For this reason, it is essential to find the best compromise between the NPs properties and process yield. The production yields for the eight runs are reported in Table 3, and are comprised between 2.6 and 3.8 g L−1. Taking into account that odd-numbered runs contains impurities, the yields were corrected on the basis of HA content estimated from the phase quantification by PXRD Rietveld refinement. Indeed, a main result of the flow-process is the ca. two-fold increase in yield in comparison to discontinuous batch precipitation process (1.6 g L−1). The increase in yield is due to the highly efficient mixing of precursors in the continuous flow process that improves the consumption of reactants and precipitation of particles [49,50]. However, according to the Pareto charts, reported in Figure 4C and Figure S3B, none of the factors has a statistically significant influence on the syntheses yield. In addition, from the plot of marginal means that no clear trend was observed between corrected yield and all the factors.




3.3. Structural Characterization


The FT-IR spectra of the samples are reported in Figure 5 and Figure S4; all samples display the same bands. The main band is a broad band at ca. 1030 cm−1 with shoulders at ca. 1046 and ca. 1075 cm−1, and it corresponds to ν3PO4 vibration, which is the triply degenerated antisymmetric stretching mode of the apatitic phosphate groups. The other main bands are also due to the vibration of apatitic phosphate groups, which are at ca. 961 cm−1 (ν1PO4, symmetric stretching) and at 603, 574 (as a shoulder) and 564 cm−1 (ν4PO4, triply degenerated bending). All the runs present the bands associated to the librational and stretching mode of hydroxyl ions at 632 and 3570 cm−1, respectively [51], confirming the presence of OH- groups in the crystal lattice and thus the HA phase assignment. In the 1650–1350 cm−1 range, the signals of antisymmetric and symmetric stretching modes of carboxylate group (asym and sym νstret OCO, respectively) are present, together with a band due to adsorbed water (ca. 1640 cm−1). The νstret OCO bands were assigned to the presence of citrate ions, since carbonate ions were not detected in the samples, as evinced by the absence of νCO3 carbonate band at ca. 870 cm−1. The relative intensity of citrate bands is higher in odd-numbered runs (Figure 5A) than in even-numbered ones (Figure 5B), suggesting a higher citrate content due to the presence of Na3(Cit), as shown by PXRD. This is also confirmed by the presence of a small band at 840 cm−1 only in odd-numbered runs that was attributed to the signal of bending modes of carboxylate group (νben OCO) typical of Na3(Cit) crystals [52]. Apart from the differences in relative intensity of citrate bands, all samples have similar band positions and intensities. A FT-IR spectrum similar to the ones of odd-numbered runs was obtained for the discontinuous batch precipitation sample (Figure S2).



The FT-IR spectra were used to quantitatively evaluate the crystallinity of the products by means of the splitting factor (SF) (Table 2), a well-reported index for the evaluation of crystallinity degree of CaP-based materials [53]. All the samples have a SF between 4.2 and 4.6, suggesting that the crystallinity is comparable among the tested conditions. The SFs of the samples prepared by continuous flow precipitation are higher than that of CaP NPs synthesized through discontinuous batch precipitation (3.5), indicating that the flow-through precipitation aided by sonication improved particle crystallinity. From the Pareto charts on SF, reported in Figure S5, it is evident that the SA–MT combination can be excluded due to low incidence. The regression analysis without the SA–MT combination (Figure 6A) shows that no factor has a statistically significant influence on the SF. The plot of marginal means (Figure 6B) shows that a slightly higher SF value can be achieved with a lower SA.




3.4. Hydrodynamic Diameter, PdI, and ζ-Potential


CaP NPs dimensions, polydispersity, and surface charge are properties that are closely related to the biological behavior of the samples, and affect essential processes such as cell and tissue penetration, translocation, cell compatibility, and protein binding. The hydrodynamic diameter (expressed as Z-average), the maximal particle size (expressed as Dv(90), which is the diameter which encompasses the 90% in volume of the particles), the polydispersity index (PdI) and the ζ-potential of the samples are reported in Table 4. The obtained NPs have hydrodynamic diameters ranging from 60 to 140 nm (corresponding to a Dv(90) ranging from 60 to 400 nm) with a relatively low PdI (from 0.25 to 0.5), and have a strongly negative surface charge in the range between −23 and −34 mV. Figure 7 and Figure S6 shows the Pareto charts and plots of marginal means for size and surface charge values resulting from the statistical analysis. According to the Pareto chart of all the standardized effects on Z-average (Figure S6A), the SA–MT combination factor has a low incidence and was excluded. The regression analysis without the SA–MT combination (Figure 7A) shows that NPs’ hydrodynamic diameter is significantly dependent on FR (p = 0.003). Plots of marginal means (Figure 7B) show that size is notably lower with higher FR. The results suggest that a high FR, and thus the increase in pressure, led to the formation of a turbulent flow in the reactor, improving reactant mixing and nucleation and reducing particle aggregation. Dv(90), being another expression of particle size, has the same Pareto charts and plots of marginal means of Z-average, and for sake of simplicity, was omitted. Even the PdI is significantly influenced only by FR (p = 0.011); according to the relative Pareto chart (Figure 7C), the two are inversely proportional (high FRs correspond to lower PdI) as shown by the plot of marginal means (Figure 7D). For PdI, the FR–MT combination factor was excluded before regression analysis due to its low incidence (Figure S6B). The results indicate that both NPs dimension and polydispersity are inversely proportional to flow rate through the reactor. The particle size reduction and homogenization by higher flow rates were previously reported in other works on HA NPs produced by continuous flow processes. In these works, it was found that high flow rates and low residence times (i) improved the mixing of precursor solutions, (ii) increased nucleation and decreased particle size, and (iii) decreased particle aggregation after nucleation [31,32,54]. Indeed, the Z-average and PdI values of run 1 and run 5 samples (i.e., prepared at higher FR with 24h of MT) are lower than those of CaP NPs prepared in batch conditions (24h of maturation). From Pareto charts on ζ-potential values, reported in Figure S6C, both SA–MT and FR–MT combination factors can be excluded due to low incidence. The regression analysis without these factors (Figure 7E) shows that no factor has a statistically significant influence on the surface charge. In our previous works, we have demonstrated that the negative surface charge of NPs is due to the presence of citrate ions on their surface [10,11]. CaP NPs prepared by discontinuous batch precipitation have a slightly lower ζ-potential value (−19 mV) than those prepared by continuous flow.




3.5. Influence of the Process Factors on CaP NPs’ Physico-Chemical Properties


On the basis of the statistical data analysis, the significance of the factors on the CaP NPs’ physico-chemical properties is reported in Table 5. Overall, the crystalline domain size and the crystalline domain aspect ratio are dependent on the MT factor. In particular, the higher maturation time induces the growth of the crystalline domains along the crystallographic c-axis, thus increasing the crystalline domain aspect ratio. Moreover, the same leads to the formation of Na3(Cit) and halite secondary phases in the solid samples. It is important to remark that Na3(Cit) and halite are water soluble phases that can be easily removed from the solid product, improving the washing steps.



On the other hand, all particle size parameters (Z-average, Dv(90), and PdI) are controlled by FR, where higher flow rates—hence, higher pressure and more efficient mixing—lead to NPs with significantly smaller size due to higher nucleation, limited particle growth and lower aggregation. Finally, some CaP NPs properties (D(310), SF, Ca/P molar ratio, yield, ζ-potential) were not related to the herein studied process parameters. Additional DoE investigations will be carried out in the future to study the influence of reagents concentration and other synthesis parameters on the production of CaP NPs.




3.6. Morphological Investigation


In order to select the most suitable samples for a potential scale-up production, the following selection criteria were used, in decreasing order of relevance: (i) smallest hydrodynamic diameter, (ii) lowest PdI, (iii) highest ζ-potential, (iv) lowest content of impurities, (v) highest yield. According to these criteria, samples from run 2 and run 5 were selected as the most interesting of the even- and odd-numbered runs, respectively, thus, they were analyzed by TEM. TEM micrographs (Figure 8) show that the two samples have similar morphology and are constituted by thin, needle-like nanoparticles. This morphology was previously observed for HA nanoparticles grown in the presence of citrate [42,55], where it was proved that HA nanocrystals have an anisotropic growth along the crystallographic c-axis and form platy, needle-like particles. Both run 5 and run 2 samples are constituted by NPs ca. 50 nm long and ca. 10 nm wide. No significant differences were observed between the two samples, meaning that MT has not influenced the morphology of the nanoparticles, as was indicated by DoE statistical data analysis.





4. Conclusions


The present work is among the first reports on the systematic evaluation by DoE of some of the most relevant process factors, i.e., maturation time, flow rate and sonication amplitude, on the production of CaP NPs obtained by continuous flow wet chemical precipitation aided by sonication. CaP NPs obtained by each of the tested runs were proven to be composed of poorly crystalline HA nanoparticles with small size and a high negative surface charge, associated, in some cases, with halite and Na3(Cit) impurities. Through the statistical DoE data analysis, it was found that CaP NPs’ dimensions are influenced mainly by reactor flow-through rate, while crystalline domain dimensions and crystalline domain anisotropy are influenced by the post-synthesis maturation process. It was also found that sonication amplitude does not have a statistically significant influence on any physico-chemical property in the tested conditions, and the NPs’ stoichiometry, crystallinity, yield, and surface charge are not influenced by the analyzed process factors. In addition, it was shown that the continuous flow process in comparison to batch precipitation allows one to achieve generally higher yields and shorter production times, and, in some cases, smaller and more homogenous CaP NPs.



The study here reported gives a proof of concept for the production of CaP NPs with suitable characteristics for nanomedical applications by a continuous precipitation process with larger yields in comparison to discontinuous batch reactions. The best conditions for achieving low CaP NPs size and polydispersity, and at the same time high purity, yield and surface charge, have been individuated and will be used as basis for further DoE experiments. The present work provides a deeper understanding of the relationships between reaction process factors and CaP NPs properties, and at the same time is a relevant contribution to the development of a cost-effective scalable process for the continuous production of CaP NPs for nanomedical or even other applications.
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Figure 1. Schematic representation of the experimental apparatus. 
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Figure 2. Powder X-ray diffraction (PXRD) patterns of the CaP NPs samples. (A) Odd-numbered runs and (B) even-numbered runs. 
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Figure 3. (A,C,E) Pareto chart of relevant standardized effects at the confidence limit of 95% and (B,D,F) plot of marginal means for (A,B) the D(002) crystalline domain, (C,D) the D(310) crystalline domain, and the (E,F) D(002)/D(310) ratio. 
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Figure 4. (A,C) Pareto chart of relevant standardized effects at the confidence limit of 95% and (B,D) plot of marginal means for (A,B) Ca/P ratio and (C,D) yield. 
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Figure 5. FT-IR spectra of the samples in the 1800–400 cm−1 region. (A) Odd-numbered runs and (B) even-numbered runs. 
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Figure 6. (A) Pareto chart of relevant standardized effects at the confidence limit of 95% and (B) plot of marginal means for the splitting factor. 
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Figure 7. (A,C,E) Pareto chart of relevant standardized effects at the confidence limit of 95% and (B,D,F) plot of marginal means for (A,B) Z-average, (C,D) PdI, and (E,F) ζ-potential. 
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Figure 8. TEM micrograph of (A) run 5 and (B) run 2 samples. 
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Table 1. Levels of factors and 23 experimental design matrix applied for the synthesis of calcium phosphate nanoparticles (CaP NPs).
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Level

	
Sonication Amplitude (SA, %)

	
Flow Rate (FR, mL s−1)

	
Maturation Time (MT, h)






	
Level −1

	
20

	
0.7

	
0




	
Level +1

	
100

	
2.8

	
24




	
Sample Code

	
Design




	
Run 1

	
+1

	
+1

	
+1




	
Run 2

	
+1

	
+1

	
−1




	
Run 3

	
+1

	
−1

	
+1




	
Run 4

	
+1

	
−1

	
−1




	
Run 5

	
−1

	
+1

	
+1




	
Run 6

	
−1

	
+1

	
−1




	
Run 7

	
−1

	
−1

	
+1




	
Run 8

	
−1

	
−1

	
−1
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Table 2. Composition and crystallographic parameters of CaP NPs samples.
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Sample Code

	
Composition (wt. %)

	
D(002) (nm)

	
D(310) (nm)

	
D(002)/D(310)

	
Splitting Factor a




	

	
Hydroxyapatite (HA)

	
Na3(Cit)

	
Halite

	

	

	

	






	
Run 1

	
64.8 ± 0.5

	
34.3 ± 0.5

	
0.9 ± 0.1

	
38.5 ± 1.9

	
7.2 ± 0.9

	
5.3 ± 0.4

	
4.2 ± 0.1




	
Run 2

	
100 ± 0.1

	
-

	
-

	
22.6 ± 1.1

	
6.1 ± 0.7

	
3.7 ± 0.5

	
4.2 ± 0.1




	
Run 3

	
87.6 ± 0.7

	
11.9 ± 0.7

	
0.5 ± 0.1

	
30.3 ± 1.5

	
6.1 ± 0.8

	
5.0 ± 0.6

	
4.3 ± 0.1




	
Run 4

	
100 ± 0.1

	
-

	
-

	
24.2 ± 1.2

	
5.7 ± 0.7

	
4.2 ± 0.4

	
4.2 ± 0.1




	
Run 5

	
69.9 ± 0.4

	
29.3 ± 0.4

	
0.9 ± 0.1

	
34.3 ± 1.7

	
6.1 ± 0.6

	
5.6 ± 0.6

	
4.6 ± 0.1




	
Run 6

	
100 ± 0.1

	
-

	
-

	
22.6 ± 1.2

	
5.5 ± 0.5

	
4.1 ± 0.3

	
4.3 ± 0.1




	
Run 7

	
90.2 ± 0.7

	
9.5 ± 0.7

	
0.4 ± 0.1

	
32.2 ± 1.6

	
5.0 ± 0.6

	
6.4 ± 0.5

	
4.2 ± 0.1




	
Run 8

	
100 ± 0.1

	
-

	
-

	
23.8 ± 1.2

	
6.1 ± 0.7

	
3.9 ± 0.3

	
4.4 ± 0.1




	
Batch

	
100 ± 0.1

	
-

	
-

	
24.0 ± 1.1

	
7.1 ± 0.5

	
3.4 ± 0.4

	
3.5 ± 0.1








a Calculated from FT-IR spectra: the measure consists on sum of the heights of the stretching of phosphates peaks at 603 and 560 cm−1 and divided by the height of the valley between them at ca. 588 cm−1; all heights were measured above a baseline drawn from approximately 780–495 cm−1 [11].
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Table 3. Ca/P molar ratio of CaP NPs samples.
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	Sample Code
	Ca/P
	Yield (g L−1)
	Corrected Yield (g L−1)





	Run 1
	1.50 ± 0.01
	3.8 ± 0.4
	2.5 ± 0.3



	Run 2
	1.53 ± 0.01
	2.6 ± 0.3
	2.6 ± 0.3



	Run 3
	1.52 ± 0.01
	3.4 ± 0.4
	3.0 ± 0.3



	Run 4
	1.52 ± 0.01
	2.6 ± 0.3
	2.6 ± 0.3



	Run 5
	1.49 ± 0.01
	3.5 ± 0.2
	2.5 ± 0.2



	Run 6
	1.54 ± 0.01
	2.8 ± 0.3
	2.8 ± 0.3



	Run 7
	1.51 ± 0.01
	3.4 ± 0.3
	3.1 ± 0.3



	Run 8
	1.59 ± 0.01
	2.9 ± 0.3
	2.9 ± 0.3



	Batch
	1.50 ± 0.01
	1.6 ± 0.2
	1.6 ± 0.2
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Table 4. Dynamic light scattering (DLS) and electrophoretic mobility analysis of CaP NPs samples.
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	Sample Code
	Z-Average (nm)
	Dv(90) (nm)
	PdI
	ζ-Potential





	Run 1
	62 ± 2
	61 ± 3
	0.28 ± 0.04
	−23.3 ± 4.6



	Run 2
	74 ± 4
	70 ± 8
	0.25 ± 0.01
	−28.6 ± 0.7



	Run 3
	140 ± 12
	398 ± 130
	0.50 ± 0.02
	−33.6 ± 2.3



	Run 4
	126 ± 5
	336 ± 151
	0.42 ± 0.01
	−24.5 ± 1.3



	Run 5
	61 ± 4
	62 ± 4
	0.27 ± 0.05
	−31.3 ± 4.7



	Run 6
	91 ± 8
	97 ± 27
	0.25 ± 0.01
	−31.3 ± 2.7



	Run 7
	124 ± 12
	175 ± 78
	0.39 ± 0.02
	−33.6 ± 0.5



	Run 8
	135 ± 36
	151 ± 68
	0.42 ± 0.01
	−32.6 ± 1.4



	Batch
	87 ± 1
	90 ± 9
	0.41 ± 0.01
	−19.1 ± 2.1
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Table 5. Summary of process factors and their significance on CaP NPs’ physico-chemical properties. The arrows indicate whether an increase in the factor leads to an increase (↑) or a decrease (↓) in the physico-chemical properties.
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Factors

	

	
Response Parameter




	

	
D(002)

	
D(310)

	
D(002)/D(310)

	
Ca/P

	
Yield

	
Splitting Factor

	
Z-Average

	
PdI

	
ζ-Potential






	
SA

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
FR

	
-

	
-

	
-

	
-

	
-

	
-

	
(↓)

	
(↓)

	
-




	
MT

	
(↑)

	
-

	
(↑)

	
-

	
-

	
-

	
-

	
-

	
-




	
SA-FR

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
SA-MT

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
FR-MT

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-
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