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Abstract

:

The effect of cellulose-based polyelectrolytes on biomimetic calcium phosphate mineralization is described. Three cellulose derivatives, a polyanion, a polycation, and a polyzwitterion were used as additives. Scanning electron microscopy, X-ray diffraction, IR and Raman spectroscopy show that, depending on the composition of the starting solution, hydroxyapatite or brushite precipitates form. Infrared and Raman spectroscopy also show that significant amounts of nitrate ions are incorporated in the precipitates. Energy dispersive X-ray spectroscopy shows that the Ca/P ratio varies throughout the samples and resembles that of other bioinspired calcium phosphate hybrid materials. Elemental analysis shows that the carbon (i.e., polymer) contents reach 10% in some samples, clearly illustrating the formation of a true hybrid material. Overall, the data indicate that a higher polymer concentration in the reaction mixture favors the formation of polymer-enriched materials, while lower polymer concentrations or high precursor concentrations favor the formation of products that are closely related to the control samples precipitated in the absence of polymer. The results thus highlight the potential of (water-soluble) cellulose derivatives for the synthesis and design of bioinspired and bio-based hybrid materials.
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1. Introduction


Biomimetic hybrid materials composed of a polymer and an inorganic component like calcium phosphate (CP) are—among others—highly attractive for application as biomaterials [1,2,3,4]. One of the key challenges in hybrid biomaterials development is the fact that there is an increasing need for such materials, yet most polymers available today are based on fossil feedstocks with limited availability. As a result, the development of biomineralization-inspired (bio)materials based on renewable resources and via sustainable processes is of ever growing importance. Interestingly, however, although a large number of publications on bioinspired mineralization of calcium phosphate is available (see refs [5,6] for extensive reviews of the field), the number of studies on mineralization additives based on renewable raw materials is still rather limited.



Carbohydrates are particularly interesting for hybrid (bio)materials development because they are available in large amounts and numerous protocols for their chemical modification exist [7]. For example, Falini, et al. precipitated octacalcium phosphate (OCP) and hydroxyapatite (HAP) into a β-chitin matrix from a Loligo sp. squid pen [8]. Chitin offers carboxyl-, hydroxyl-, and amide groups as possible nucleation sites and OCP grew as oriented plate-like crystals with the a-axis almost normal to the chitin fiber. A recent study has also found calcium phosphate deposits in crustacean claws [9]. Other studies have focused on the synthesis of chitin/calcium phosphate composites [10,11,12,13,14]. One of the key issues with chitin scaffolds, however, is their very limited solubility in most solvents, making their processing difficult [2,15].



As a result, chitosan (deacetylated chitin), which is water-soluble especially at low pH, has been studied as an alternative to chitin. Schweizer, et al. prepared hybrid films from chitosan/heparin multilayers and calcium phosphate and demonstrated that the specific composition of these hybrid films strongly affects their water contact angle [16]. Fratzl and coworkers used a coprecipitation process for the synthesis of chitosan-based hybrids [17]. Chiono, et al [18] used fluorescein-grafted chitosan to locally trigger calcium phosphate deposition upon irradiation with UV/Vis light. Other groups have also studied the mineralization of chitosan; these developments have recently been reviewed [14].



Besides, only a few studies on other carbohydrates for calcium phosphate mineralization exist. Yamane, et al. showed that cholesterol-bearing pullulan and mannan nanogels favor the formation of amorphous calcium phosphate (ACP) or HAP, depending on the calcium precursor concentration initially present in the reaction mixture [19]. Dogan and Öner [20] and Thula, et al. [21] found strong effects of carboxylmethyl inulin (CMI), a biodegradable and non-toxic polysaccharide-based polycarboxylate, on the nucleation and growth of HAP.



Finally, cellulose—the most abundant biopolymer available—would also be interesting as a polymer component, but the low solubility of cellulose in essentially all conventional solvents severely limits the use and application of cellulose in bioinspired hybrid materials. As a result, numerous studies have explored the direct mineralization of insoluble or slightly swollen cellulose scaffolds. Joshi, et al. investigated the mineralization of cellulose foams [22]. Moreover, several research groups studied the mineralization of different types of cellulose [23,24,25,26,27,28,29], but the overarching problem in these approaches is the limited solubility of the cellulose, which leads to materials that are mostly surface-mineralized but not throughout the cellulose matrix. There is thus a need to develop protocols for a more intimate connection between the cellulose matrix and the calcium phosphate formed during mineralization. Two obvious strategies are available: (i) modify the cellulose such that it becomes water soluble (the strategy chosen in this study) or (ii) use solvents that provide a molecular dissolution of cellulose, such as ionic liquids.



Indeed, Salama, et al. [30] exploited the potential of ionic liquids (ILs) to dissolve native cellulose for the synthesis of cellulose/CP hybrid materials. The authors dissolved cellulose in the IL 1-butyl-3-methylimidazolium chloride using glacial acetic acid (GAA) and NaOH as additives for the mineralization process. The precipitates showed a strong dependence on the additive: while in the case of NaOH only heterogeneous materials with large mineral-free domains were obtained, the addition of GAA led to the formation of well-defined cellulose/CP hybrid materials with high order and homogeneity. Ma and colleagues have used hydrothermal treatments to synthesize apatite/cellulose composites [31,32,33].



Carboxymethyl cellulose (CMC), which has a higher water-solubility than native cellulose, has been used for the synthesis of calcium phosphate nanoparticle/CMC composites for dental repair [34]. Salama, et al. studied the mineralization of CMC/silica hybrids [35]. However, besides a few water-soluble cellulose derivatives that are available on a commercial scale [26], the number of specific and tailor-made additives for calcium phosphate precipitation is still rather limited. This is interesting because calcium phosphate mineralization control or delivery of (polymer stabilized) calcium phosphate nanoparticles are interesting for e.g., dental repair (remineralization), toothpastes, or drug or gene delivery [5,36,37,38,39]. As a result, although the amounts of polymeric additive needed for an individual application are not very large, the overall need for a special polymer may still be rather large, considering that toothpastes and mouthwash products for dental protection are an ever growing market [40,41].



The current article therefore focuses on the effects of a set of cellulose-based polyelectrolytes on the formation of calcium phosphate from bulk aqueous solution to evaluate the potential of cellulose-based polycations, polyanions, and polyzwitterions as green and sustainable yet specifically tailored mineralization additives.




2. Results


All mineralization experiments were done using identical procedures (see experimental part for details). The following variables were studied: polymer composition, polymer concentration, and precursor concentration. Calcium and phosphate precursor concentration was 10 or 100 mM after mixing the two starting solutions (calcium nitrate tetrahydrate and diammonium hydrogen phosphate) solutions and polymer concentrations were 0.1 or 1 mg/mL after mixing the calcium and the phosphate solutions, see experimental part for details.



The polymers used in this study are based on cellulose; one is an anionic derivative, (2-Carboxyethyl)(N-boc-2-aminoethyl)-cellulose carbamate (termed “anion” in the remainder of the text), one is a cationic derivative (3-Ethoxy-3-oxopropyl)(2-aminoethyl)-cellulose carbamate (termed “cation” in the remainder of the text), and one derivative is a zwitterion, (2-Carboxyethyl)(2-aminoethyl)-cellulose carbamate, termed “zwitterion” throughout the text. All polymer structures are shown in Scheme 1; their synthesis and pKa values have been described before [42]. The polymers have pKa values of 4.0 (carboxylic acid group) and 8.6 to 9.7 (amino group).



Scanning electron microscopy (SEM) images of all precipitates show that all sample morphologies and sizes follow a general trend: samples grown at low precursor concentrations (10 mM) always (in the control samples and samples grown with the different polymer additives) contain large, micrometer-sized, and rather dense blocks that appear to break upon sample preparation for the SEM. Higher magnification SEM images reveal, however, that these fairly large blocks are likely composed of small nanoparticles in the 10 to 100 nm size range. As all samples, regardless of the polymer additive, tend to charge very rapidly in the SEM, a more accurate size determination of these presumed primary particles is not easily possible. Moreover, some of the samples grown from 10 mM precursor solutions show “blob-” or “droplet-like” features (middle row in Figure 1). These features are only observed at 10 mM and have never been observed in the samples made with 100 mM precursor solutions.



In contrast, samples grown at higher precursor concentrations of 100 mM always form large platelets in the micrometer size range with a broad size distribution. Occasionally, particles with sizes in the 100 μm range are also observed. Quite some of these plates have morphologies that resemble the well-known brushite plates, but clearly, SEM alone cannot resolve this question. In contrast to samples known from the literature, most of the plates are broken and real sizes are therefore difficult to determine.



Figure 2 shows representative X-ray diffraction (XRD) patterns of the samples shown in Figure 1. XRD clearly shows that there are differences between the different sample preparation protocols. XRD data of the samples grown at the lower precursor salt concentration of 10 mM show reflections that can be assigned to hydroxyapatite (ICDD 00-001-1008) at 25.9° (002), 28.9° (210), 32.2° (112), 34.0° (202), 39.4° (212/310), 43.9° (113), 46.5° (222), 49.6° (213), and 53.5° (004) 2θ. In most cases the reflections are rather weak and broad. In addition to the reflections assigned to HAP, two reflections are reproducibly observed at 14.5° and 16.4° 2θ. These reflections can be assigned to ammonium nitrate (ICDD 00-008-0452), a side product from the mineralization reaction.



Samples grown from 100 mM reaction mixtures show different XRD patterns. Here, rather sharp and intense reflections that can be assigned to brushite (dicalcium phosphate dihydrate, DCPD, ICDD 00-009-0077) are observed at 11.6° (020), 20.9° (021), 23.4° (040), 29.3° (041), 30.5° (−221), 34.1° (−220) 2θ along a large number of less intense reflections at higher angles. Two additional reflections at 32.7° and 39.7° 2θ can again be assigned to ammonium nitrate (ICDD 00-008-0452).



Figure 3 shows the corresponding infrared (IR) spectra. Consistent with XRD, the samples grown at 10 mM essentially exhibit identical IR spectra as far as the band positions are concerned. The spectra exhibit a strong band at 1018 cm−1, which can be assigned to the P–O stretching vibration of the phosphate (PO43−) ion. Bands at 602 and 555 cm−1 can also be assigned to the phosphate ion (O–P–O triply degenerate bending mode,    v ˜   4a/c); these three bands are characteristic for HAP [43]. Further bands at 1697 and 1560 cm−1 are rather broad and may originate from overlapping signals caused by O–H deformation vibrations of the hydrogen phosphate ion, C=O stretching vibration of the cellulose, and asymmetric NO2 stretching vibrations of nitrate [44]. A very broad band at 3000 to 3500 cm−1 can be assigned to O–H stretching vibrations of water and hydroxyl groups of cellulose. Finally, some samples also show rather sharp bands in the region 3000 to 2800 cm−1; these signals can be assigned to C–H stretching vibrations of the polymer.



However, it has to be pointed out that, although the band positions are comparable between the control samples and the samples grown with the polymeric additives, the bands of the latter samples show a significant broadening. This indicates that the samples grown in the presence of the polymers are likely less crystalline, may contain nanocrystalline particles, or at least have a lower overall order than the control sample. Possibly, there are also amorphous sections of the material, but, as there is no clear indication from XRD, this is difficult to rule in or out. Nonetheless, while the data indicate that the same general material forms with or without polymer, IR spectroscopy also proves that there are subtle differences induced by the addition of the polymer.



Also consistent with the XRD data, samples grown at higher precursor concentrations of 100 mM show intense bands at 1207, 1110, 1049, and 981 cm−1, which can be assigned to different P=O stretching vibrations. Further bands at 875, 781, 572, and 518 cm−1, can also be assigned to phosphate [45]. These bands are indicative of DCPD. A further set of three strong bands at 3540, 3475, and 3261 cm−1 can be assigned to O–H stretching vibrations of DCPD. Finally, a strong band at 1643 cm−1 may be due to O–H deformation vibrations in hydrogen phosphate, O–H stretching vibrations in the cellulose polymer, or an asymmetric NO2 stretching vibration of the nitrate ion [44].



Figure 4 shows complementary Raman spectra obtained from the same materials. All samples made from 10 mM precursor solution exhibit a strong band at 961 cm−1; this signal can be assigned to the symmetric P–O stretching vibration of the phosphate ion [46,47,48,49]. Bands at 428 and 588 cm−1 are due to O–P–O bending vibrations of the phosphate ion [47,48,49,50,51]. A band at 1047 cm−1 is likely due to overlapping signals from an asymmetric P–O stretching vibration and a symmetric N–O stretching vibration from the nitrate ion [52,53]. The presence of nitrate is further confirmed by very broad and noisy signals ca. 1450 cm−1, which can assigned to symmetric stretching vibration of nitrate or nitrite [53]. Finally, a band at 764 cm−1 (not always observed) is due to a deformation vibration of the nitrate ion [54].



Spectra obtained from samples precipitated from 100 mM solution show strong bands at 991 and 887 cm−1; these bands can be assigned to P–O stretching vibrations of the phosphate ion [45,50,51,55,56,57,58]. Somewhat weaker bands at 382, 415 and 525 cm−1 are due to O–P–O bending vibrations of the HPO42− ion [45,50,58]. A band at 584 cm−1 is from P–O– and O–P–O stretching and bending vibrations of the PO43− ion [45,51,56,57,58]. These bands are characteristic for DCPD and thus confirm the XRD data shown above. An additional band at 1060 cm−1 is most likely due to overlapping bands caused by a phosphate P–O stretching vibration in DCPD [51] and a symmetric N–O stretching vibration from the nitrate ion [44,52,54]. Bands at 1081 and 1133 cm−1 are due to DCPD [51] and the band at 1288 cm−1 is due to the nitrate ion [53,54]. A band at 719 cm−1 that is not always present could again be due to a deformation vibration of the nitrate ion [54] as could a broad and noisy band at ca. 1410 cm−1, which can assigned to symmetric stretching vibration of nitrate or nitrite [53].



Figure 5 shows the Ca/P ratios obtained from energy dispersive X-ray spectroscopy (EDXS). In all cases, the samples exhibit a rather heterogeneous Ca/P ratio, if individual measurements (open black circles) taken at different sample locations or from different batches are compared. In spite of this, some generalities can be observed. Samples obtained from 10 mM reaction mixtures have average Ca/P ratios (red symbols) between ca. 1.35 and 1.50. This ratio is significantly lower than that if stoichiometric HAP (1.67) and is on the order of what would be expected for ACP (although here, literature reports Ca/P ratios between 1.20 and 2.20) [59] or OCP. However, HAP is well known to form calcium-deficient apatite, and Ca/P ratios for these materials have been as low as 1.50 [59,60].



The average Ca/P ratios obtained for the samples grown from 100 mM mixtures are significantly lower between 0.95 and 1.27 (although higher ratios have been observed in individual measurements). These values are—although they exhibit a rather broad variation—indicative of DCPD or OCP rather than HAP.



Finally, in all cases, the anionic polymer seems to favor the formation of products with lower Ca/P ratios than the other two polymers but, as the data are quite scattered, it is difficult to draw further conclusions on this subject at the moment.



Table 1 summarizes the results from elemental analysis. The control samples do not contain carbon, but some hydrogen, and, somewhat surprisingly, a significant amount of nitrogen. Nitrogen is also observed in all samples grown with the polymeric additives. The nitrogen fraction is quite significant and is much higher than what is expected, considering that the C/N ratio on the polymers is 6.0 for the anion, 5.0 for the cation, and 4.33 for the zwitterion (assuming 100% side chain functionalization, which is not entirely correct). Finally, the amounts of carbon (and hence of the polymer) in the precipitates are generally higher when a higher polymer concentration of 1 mg/mL was used. However, we do not observe a ten-fold increase of the carbon content compared to the samples grown from solutions with polymer concentrations of 0.1 mg/mL.



Figure 6 shows thermogravimetric analysis (TGA) data of the samples grown with 1 mg/mL of polymer from 100 mM precursor solutions. All TGA curves are quite similar in terms of their general shape, but there are significant differences in the weight losses between the different samples. The control sample loses 3% until 150 °C; this initial weight loss is likely due to water desorption. A second weight loss of 9% up to 240 °C can be assigned to a further water loss, likely from beginning condensation reactions between hydrogen phosphate groups and additional evaporation of more tightly bound water molecules. A third weight loss up to 550 °C is due to the more significant onset of pyrophosphate formation (further condensation of hydrogen phosphate groups). It is followed by a gradual, non-descript weight loss (1% to 2%) until the end of the experiment at 970 °C.



The same steps are observed for all polymer-containing samples, but the step heights are different and also the transition temperatures are slightly different from the control samples. All polymer-containing samples show a first weight loss of 10% (anion-based samples) or 13% (cation and zwitterion-based samples) until 140 °C. This initial loss is due to water desorption. Up to 290 °C, a further weight loss of 23% (anion-based samples) or 17% (cation and zwitterion-based samples) is likely due to a set of overlapping processes such as further weight loss due to hydrogen phosphate condensation and a rather complex multistep degradation of the cellulose-based polymer additive [61]. The last significant weight loss of 6%–7% for all polymer-containing samples up to 550 °C is due to charring of the polymer and possibly the beginning of pyrophosphate formation in the same temperature range [62]. The final weight loss to 970 °C is likely due to the formation of pyrophosphates and concurrent water elimination. Additional contributions can be assigned to decomposition of ammonium nitrate [63] and further water losses at higher temperatures up to ca. 300 °C [62,64].



The other samples generally provide analogous TGA curves, but due to the very low sample amounts available, these data are rather noisy and difficult to quantify.



Figure 7 shows representative pH data collected during the mineralization reactions. Reaction mixtures with precursor concentrations of 10 mM show a very reproducible pH behavior: upon addition of the phosphate solution to the calcium nitrate solution, the pH rapidly rises to around 7.0 and then drops to around pH 6.0 after 3–8 min. After this first increase and subsequent drop, the pH remains around 6.0 and only slight deviations are observed over the following 160 min.



Interestingly, the initial pH before addition of the phosphate solution follows the same sequence: the solution containing the zwitterionic additive has an initial pH of around 4, the solution containing the cation has an initial pH around 5.0, the control solutions have a pH of ca. 5.5, and the solutions containing the anionic additive have an initial pH of ca. 6.0.



The reactions performed in the 100 mM reaction mixtures show a different behavior. The initial pH before addition of the phosphate solution follows the same sequence zwitterion (ca. pH 4.0), cation (ca. pH 5.0), control (ca. pH 5.5). The only difference is that the solutions containing the anion have an initial pH of 5.5 in the 10 mM solutions and ca. 6.5 in the 100 mM solutions.



In contrast to the reaction mixtures prepared from the 10 mM solutions, the solutions with higher concentrations have a somewhat less controlled or at least less homogeneous pH evolution. In both cases (10 and 100 mM), after addition of the phosphate solution, the pH rapidly rises to 6.5–8 and then drops 5–5.7 after 1–2 min. After this initial rise-and-drop, the pH of the control mixtures (no polymer) remains at around 5.5 both at 10 and 100 mM. In contrast, all polymer-containing samples show additional changes. The anion-containing solutions reproducibly show oscillations around pH 5.0. The samples containing the cationic and the zwitterionic additive show a second increase of the pH over the course of 5–15 min, followed by a slow pH decrease until the end of the experiment after 160 min.




3. Discussion


It has been stated in the introduction that, although they are a very interesting class of materials, carbohydrates have only rarely been used for the synthesis of calcium phosphate/polymer composite materials. One of the key issues is the low solubility of both cellulose and chitosan in aqueous media (where mineralization reactions are typically conducted) [2,15]. In contrast, the polymers used in the current study are highly water-soluble [42] and thus provide access to a much more controlled mineralization process starting from true solutions.



A key question in polymer-controlled mineralization is the charge state of the polymer additive. Indeed, pH measurements (Figure 7) show that the solution pH during the entire reaction is between 5 and ca. 6.3. As the pKa values of the polymer are 4.0 (carboxylic acid moiety) and between 8.6 and 9.7 (amino group) [42], all groups are charged during the reaction.



XRD (Figure 2), IR (Figure 3), and Raman spectroscopy (Figure 4) show that either HAP (at low precursor precursor concentrations of 10 mM) or DCPD (at high precursor concentrations of 100 mM) form in the precipitation reactions. This is independent of the presence or absence of a polymer additive. These data are consistent with previous work demonstrating a strong dependence of the calcium phosphate phase selection vs. precursor concentration [62,65].



Moreover, IR and Raman spectroscopy provide strong evidence of the presence of nitrate ions in the samples; this is further confirmed by the fact that in some XRD patterns there is even evidence of ammonium nitrate as a contaminant. Somewhat surprisingly, this contamination could not be removed even with extended washing. This suggests that the ammonium nitrate is tightly bound or incorporated into the calcium phosphate precipitates.



SEM (Figure 1) further confirms these observations as in all cases morphologies typical of either brushite (DCPD) or HAP are observed. In contrast, the presence or absence of any of the polymers studied here does not seem to influence the size or morphology of the precipitates.



EDX data (Figure 5) are somewhat difficult to interpret, as in all cases, they show a rather large variation, even when recorded from one and the same sample but at different locations. This indicates that, although crystallographically the samples are quite homogeneous, there are local variations in Ca and P (i.e., phosphate) concentrations. Possibly, this is correlated to the inhomogeneous distribution of nitrate ions and/or ammonium nitrate. Such an observation is also consistent with previous examples of calcium phosphate/cellulose hybrid materials [30] and with many bioinspired calcium phosphate precipitates in general [5,6].



As the major purpose of this study is the evaluation of cellulose-based polymers for the formation of calcium phosphate/polymer hybrid materials, the formation of true hybrid materials (i.e., the incorporation of the polymer into the precipitate) is necessary. To that end, we have used TGA (Figure 6) and EA (Table 1). EA clearly shows that most samples precipitated with the polymer additive contain carbon, hydrogen, and nitrogen. The nitrogen contents are surprisingly high at around 4%. This is likely due to the incorporation of some nitrate into the precipitate as evidenced by IR and Raman spectroscopy along with XRD. As there are two nitrogen sources present in the system (nitrate in high concentration and polymer in lower concentration), nitrogen contents do not unambiguously prove the presence of the polymer in the precipitates. In contrast, there is no carbon in the precursor salt solution and the fact that the carbon contents reach 10% in some samples clearly shows that the polymer is incorporated into the precipitates. Moreover, there is a correlation between precursor and polymer concentration: the higher the polymer concentration in the reaction mixture, the higher the carbon content in the final product. Inversely, the higher the precursor concentration, the lower is the carbon content. These data indicate that a higher polymer concentration favors the formation of polymer-enriched materials, while lower polymer concentrations or high precursor concentrations favor the formation of products that are closely related to the control samples precipitated in the absence of polymer.



EA is further supported by TGA. All polymer-containing samples show a more pronounced weight loss than the control samples. Two major features can be observed in the TGA data: (i) the first weight loss is about four times larger in the polymer-containing samples than in the control samples (3% vs. 10%–13%) and (ii) the second weight loss is ca. twice as large in the polymer-containing samples than in the control samples (9% vs. 17%–23%). The first observation indicates that the polymer-containing samples contain ca. four times more water than the control samples. The latter point suggests that measurable amounts of polymer are incorporated into the hybrid materials.



Assuming that the weight loss of 9% between 150 and 240 °C in the control sample is caused by water desorption and the beginning of hydrogen phosphate condensation, the difference between this particular weight loss in the control samples and the much larger weight losses observed in the polymer-containing samples must be caused by the presence of the polymer. As a result, we conclude that, after subtraction of the 9% weight loss due to the inorganic component, the residual weight loss of 6%–14% is due to incorporated polymer.



A polymer weight fraction of 6%–14% matches reasonably well with EA: all polymer additives have a carbon content of ca. 45%. As a result, the overall polymer content calculated from EA is around 6%, which is comparable with TGA. The fact that EA measures slightly lower contents may be due to the high fraction of inorganic obscuring some of the data. Moreover, the still rather low polymer content in the final products may also be the reason why some of the IR spectra show rather low intensities of the C–H vibrations (Figure 3).



Overall, the current study proves that water-soluble cellulose-based polyelectrolytes lead to the formation of true calcium phosphate/polymer hybrids. The detailed composition of the precipitates depends on the relative concentrations of the precursor salt solutions and the polymer concentration. Consistent with previous studies [5], higher polymer concentrations and lower precursor concentrations lead to a material that is closer to a “real” hybrid material, while inverse conditions lead to samples that are more closely related to the control samples. Moreover, the crystal phase selection (HAP vs. DCPD in the current study) is not determined by the chemistry of the polymer additive, but by the precursor concentrations and the pH changes occurring during the mineralization process (Figure 7); this observation is also consistent with literature [5,6].




4. Materials and Methods


4.1. Materials


Diammonium hydrogen phosphate (Roth Karlsruhe, Germany, >99%) calcium nitrate tetrahydrate (Roth, >99%) were used as received. Millipore water (18.2 MΩ/cm and TOC < 2 ppb at 25 °C). Polymers were prepared as described previously [42].




4.2. Mineralization Reactions


Prior to the mineralization reaction, the starting solutions were prepared by dissolving the respective amounts (0.264 or 2.64 g, respectively) of diammonium hydrogen phosphate and calcium nitrate tetrahydrate (0.472 or 4.72 g, respectively) separately in 100 mL of water each yielding 20 or 200 mM solutions of both precursors. Subsequently, the polymer (anion, cation, zwitterion) was dissolved in the calcium nitrate solution at either 0.2 or 2 mg/mL.



Mineralization was done at 37 °C; 10 mL of either a 10 or 100 mM calcium nitrate solution were stirred in double-walled glass vessels connected to a Thermo Haake D8-L and housed in a Uniequip Unihood 550, which was also held at 37 °C. To this solution 10 mL of the corresponding phosphate solution (10 or 100 mM) were added rapidly. Upon mixing of the two solutions, the calcium and phosphate concentrations were 10 or 100 mM and the polymer concentration was 0.1 or 1 mg/mL by dilution to twice the original volume. The solution immediately became turbid and was stirred for 4 h at ca. 300 rpm. Samples were isolated by centrifugation at 10,000 rpm for 10 min and the white or off-white residues were dried at room temperature in a vacuum oven for three days.




4.3. Characterization


4.3.1. Infrared (IR) Spectroscopy


IR spectra were recorded via attenuated total reflection (ATR-IR) setup on a Thermo Nicolet FT-IR NEXUS 670 (Langenselbold, Germany).




4.3.2. Raman Spectroscopy


Raman sepctra were recorded using a confocal Raman microscope (Witec alpha300 AR, Ulm, Germany). For Raman excitation a laser emitting at 532 nm was used. For a reasonable signal-to-noise ratio, for each Raman spectrum ten individual spectra (using an integration time of five seconds) were accumulated.




4.3.3. Scanning Electron Microscopy (SEM)


SEM images were obtained on a JEOLJSM-6510 (Freising, Germany) with tungsten filament at an acceleration voltage between 1 and 3 kV. It must be stated here that a number of samples were difficult to image due to rapid sample charging. We attribute this behavior to the fact that calcium phosphate is an insulator and that the solids observed here are rather thick. This implies a rather poor sample-to-substrate (sample holder) contact, which in turn results in the said rapid charging. Unfortunately, this behavior could not be improved, even when using silver paste or other aids that usually are quite successful.




4.3.4. Energy Dispersive X-ray Spectroscopy (EDXS)


EDX spectra were recorded with an Oxford Instruments INCAx-act EDX detector (Uedem, Germany) attached to the above SEM. Acceleration voltage was 15 kV and the samples were sputter-coated with carbon and gold/palladium prior to the measurements. Calibration was done prior to each measurement. Spectrum processing was done using top hat filtering and least square fitting. INCA Energy uses the XPP matrix correction scheme developed by Pouchou and Pichoir [66,67]. The influence of coating is corrected automatically.




4.3.5. Thermogravimetric Analysis (TGA)


TGA data were obtained on a Perkin Elmer TGA 4000 (Rodgau, Germany) from 25 to 1000 °C at a heating rate of 10 °C/min in air.




4.3.6. X-ray Diffraction (XRD)


XRD measurements were done on a PANanalytical Empyrean Series 2 (Kassel, Germany). Sample identification was done via the DIFFRACplus and ICDD Powder Diffraction Database (PDF4). Samples were either mounted on a silicon sample holder and measured in reflection mode (Bragg-Brentano) or mounted between two Kapton windows and measured in transmission mode.




4.3.7. Elemental Analysis (EA)


EA was done on a Vario EL III Elementar (Langenselbold, Germany). Measurements were done at least in duplicate.






5. Conclusions


In conclusion, the article shows that cellulose derivatization provides access to highly water-soluble additives for calcium phosphate (bio)mineralization; these additives are potential green or sustainable alternatives to petrochemical-based mineralization additives. One of their main advantages is that the mineralization process can be initiated from true solutions containing calcium, phosphate, and the polymer. This simplifies the design of the mineralization compared to processes we only partly soluble or insoluble polymers (such as neat cellulose) are used for hybrid materials synthesis. As a result, cellulose derivatives have high potential as mineralization additives, yet their potential is still virtually unexplored for (bio)materials design. The current study, however, shows that composite materials with potential applications in the biomaterials fields can be made from these new water-soluble carbohydrate derivatives.
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Scheme 1. Polymers used in the current study. Gray areas highlight ionic groups. Counterions are Na+ and Cl−, respectively (not shown). 






Scheme 1. Polymers used in the current study. Gray areas highlight ionic groups. Counterions are Na+ and Cl−, respectively (not shown).



[image: Inorganics 04 00033 sch001]







[image: Inorganics 04 00033 g001 550] 





Figure 1. Representative SEM images of sample grown under different reaction conditions. Note that some of the samples showed very high charging (in spite of carbon or gold coating) and could therefore not be imaged with publishable image quality (see experimental part for details). Live observation in the SEM however shows that the samples look identical to those made under analogous synthesis conditions. Images in middle row show the “blob-” or “droplet-like” features mentioned in the text. 
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Figure 2. Representative XRD patterns of all samples studied. Control sample refers to samples grown in the absence of polymer additive. “Precursor concentration” refers to concentrations of the precursor salts (calcium nitrate and diammonium hydrogen phosphate) in the reaction mixtures. Color scheme applies to both panels of the figure. The different background in the two datasets is due to different sample holders (see experimental section for details). The difference in the signal intensities in the left panel are due to different amounts of material used for XRD analysis; this stems from the fact that these reactions in general provide very little material. The more intense reflections in the right panel are due to the fact that (i) more material was obtained in these reactions and (ii) the brushite reflections are generally sharper and more intense than the apatite or OCP reflections; this is due to a higher order (less defects) in brushite compared to HAP or OCP. 
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Figure 3. Representative IR spectra of all samples investigated in this study. The color coding applies to all panels in the figure and also to the remainder of the article. 
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Figure 4. Representative Raman spectra of all samples investigated in this study. 
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Figure 5. Calcium phosphate ratios determined from EDXS measurements. Red symbols are average values determined from at least five measurements, open black circles are Ca/P ratios obtained from individual measurements taken at different spots on different samples prepared with the identical procedure, respectively. Horizontal blue lines are the Ca/P ratios for the different calcium phosphate phases specified at the respective line. * Note that for ACP, the Ca/P ratios in the literature vary from ca. 1.20 to 2.20 [59,60]. 
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Figure 6. TGA curves obtained from samples grown with 100 mM precursor solution and 1 mg/mL of the respective polymers. Gray areas highlight the different decomposition steps. 1: water/solvent loss up to 140 °C (150 °C for the control sample); 2: overlapping further dehydration/condensation and cellulose decomposition steps up to 290 °C (240 °C for control sample); 3: final decomposition and pyrophosphate formation up to 550 °C. 
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Figure 7. Representative pH curves recorded during the mineralization reaction vs. polymer chemistry, polymer concentration, and precursor concentration. 
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Table 1. Elemental analysis data obtained from all samples. “n.d.” (not detected) indicates elements below the detection limit of the instrument (0.30%). Asterisk * indicates a sample with limited data quality due to very low sample mass available. Error has been estimated from the instrumental resolution of the instrument.
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Polymer

	
Precursor Concentration/mM

	
Polymer Concentration/mg/mL

	
C (%)

	
H (%)

	
N (%)






	
Control

	
10

	
0

	
n.d.

	
n.d.

	
1.500 ± 0.530




	

	
100

	
0

	
n.d.

	
2.423 ± 0.11

	
4.881 ± 0.607




	
Anion

	
10

	
1

	
10.01 ± 0.02

	
3.571 ± 0.01

	
5.094 ± 0.198




	

	
10

	
0.1

	
4.59 ± 0.08

	
1.284 ± 0.01

	
2.684 ± 0.078




	

	
100

	
1

	
2.41 ± 0.01

	
2.522 ± 0.05

	
4.080 ± 0.15




	

	
100

	
0.1

	
n.d.

	
2.511 ± 0.07

	
3.444 ± 0.09




	
Cation

	
10

	
1

	
7.47 ± 0.16

	
1.558 ± 0.01

	
3.403 ± 0.09




	

	
10 *

	
0.1

	
3.75 ± 0.30

	
1.150 ± 0.30

	
2.481 ± 0.30




	

	
100

	
1

	
1.43 ± 0.04

	
2.448 ± 0.09

	
4.925 ± 0.20




	

	
100

	
0.1

	
n.d.

	
2.307 ± 0.02

	
4.279 ± 0.06




	
Zwitterion

	
10

	
1

	
16.94 ± 0.20

	
3.103 ± 0.05

	
4.300 ± 0.01




	

	
10

	
0.1

	
4.71 ± 0.05

	
1.164 ± 0.03

	
2.463 ± 0.07




	

	
100

	
1

	
2.52 ± 0.01

	
2.572 ± 0.09

	
5.165 ± 0.18




	

	
100

	
0.1

	
n.d.

	
2.343 ± 0.01

	
4.387 ± 0.11
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