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Abstract:

 Biominerals such as bones, teeth and seashells, very often have advanced material properties and are a source of inspiration for material chemists. As in biological systems acidic proteins play an important role in regulating the formation of CaCO3 biominerals, we employ poly(amino acid)s to mimic the processes involved in the laboratory. Here we report on the synthesis of random aminoacid copolymers of glutamic acid (Glu), lysine (Lys) and alanine (Ala) using the ring opening polymerization (ROP) of their respective N-carboxy anhydrides (NCA). The synthetic approach yields a series of polymers with different monomer composition but with similar degrees of polymerization (DP 45–56) and comparable polydispersities (PDI 1.2–1.6). Using random copolymers we can investigate the influence of composition on the activity of the polymers without having to take into account the effects of secondary structure or specific sequences. We show that variation of the Glu content of the polymer chains affects the nucleation and thereby also the particle size. Moreover, it is shown that the polymers with the highest Glu content affect the kinetics of mineral formation such that the first precipitate is more soluble than in the case of the control.
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1. Introduction

Biological organisms employ inorganic minerals and biocomposites with complex structures to fulfill biological functions including skeletal support and protection of soft tissue [1,2,3,4]. It is well recognized that acidic proteins existing in these mineralized tissues fulfill some important functions in controlling mineral formation, including the control over nucleation, growth and polymorph selection [5,6,7,8]. This has been documented most extensively for calcium carbonate, the most abundant crystalline biomineral. Biogenic calcium carbonate exists in several polymorphic forms of which calcite and aragonite are the most common ones, but also the metastable forms vaterite and amorphous calcium carbonate (ACC) are observed.

Several acidic proteins have been demonstrated to interact with growing calcium carbonate crystals in vitro, not only changing polymorphism, but also leading to modifications in the shape of the crystals [9,10] as well as to their occlusion within the crystalline matrix [11,12]. This is of immediate importance for the mechanical properties of these materials: Where single crystals of synthetic calcite cleave easily along the (10•4) planes, most biogenic calcite is much more resistant to fracture due to the presence of the acidic proteins occluded within the crystals [13,14]. Acidic macromolecules are therefore considered to play a key role in biomineralization processes [15,16,17]. Nevertheless, there are other characteristics of proteins which play important roles in biomineralization such as the total net charge of the chain, hydrophobicity and hydrogen bonding capacity [18]. To date however, despite many years of research, little information is available about the structure-activity relationships in the proteins that control the formation of calcium carbonate in nature.

Already for decades poly(amino acid)s and their copolymers (generally referred to as synthetic copolypeptides) have attracted interest as models for natural polypeptides and proteins [19,20,21]. A convenient way to prepare these amino acid based polymers is the ring-opening polymerization of amino acid N-carboxyanhydrides (NCAs) [22,23,24]. Recently, the increased demand for biodegradable and biocompatible polymers has renewed the interest in this class of polymers and thus, the chemistry of amino acid NCAs. With the development of new approaches towards controlled NCA polymerization, it has become possible to synthesize high molecular weight polypeptides with control over polydispersity index (PDI) and polymer architecture [25,26,27,28,29,30,31,32,33,34,35,36].

In our previous work [37], we demonstrated ring opening polymerization as a powerful tool to synthesize poly(amino acid)s with random composition and without secondary structure (we use the term “polyamino acids” to emphasize the random polymer character of these macromolecules and to differentiate them from peptides with a specific sequence). We investigated the influence of negative charge and hydrophobicity in copolymers of aspartic acid (Asp), glutamic acid (Glu) and alanine (Ala) on CaCO3 crystallization. It was demonstrated that the Glu/Asp/Ala ratio has a significant influence on the crystal morphology. Furthermore, by fluorescent labeling of the poly(amino acid)s their inclusion in the final product could be demonstrated. Here we show that ROP is a convenient technique to synthesize sets of random poly(amino acid)s with a composition tuned to their function. The poly(amino acid)s presented here were synthesized with different mol percentages of Glu (negatively charged), Lys (positively charged) and Ala (hydrophobic) in the chains. Furthermore, we used a limited set of these polymers with increasing relative amounts of Glu in the chain to address the influence of negative charge and the amount of acidic residues within a chain on the crystallization of CaCO3. Depending on the monomer composition of the polymers we found that they can inhibit nucleation, change polymorph selection as well as the size and morphology of the crystals. We discuss the composition-activity relations and assign specific changes in nucleation of crystals to the amino acid composition and therefore to the physicochemical characteristics of the poly(amino acid)s.



2. Experimental Section


2.1. Materials

Triphosgene, α-pinene, benzylamine, trifluoroacetic acid (TFA), HBr/acetic acid, N-dicyclohexylcarbodiimide, N-hydroxysuccinimide and deuterated TFA were purchased from Sigma-Aldrich (USA). L-Alanine, γ-benzyl-L-glutamate, and Nε-benzylcarbonyl-L-lysine were purchased from Bachem (Switzerland). DMF, THF, ethylacetate, n-heptane and diethylether were ordered from Biosolve. For the titration experiments, NaOH Pellets (≥ 98%, anhydrous, Sigma S8045), HCl 25% (Merck 100316), Calcium Chloride Dihydrate (≥ 98%, Sigma-Aldrich 22350-6) sodium carbonate (anhydrous, Merck 106392), sodium bicarbonate (GR for analysis, Merck 106329) were applied.



2.2. Synthesis


2.2.1. Synthesis of N-Carboxyanhydride (NCA) of γ-Benzyl-L-glutamate

In a round bottom flask γ-benzyl-L-glutamate (15 g, 63 mmol), α-pinene (25.6 g, 187 mmol) and ethyl acetate (120 mL) were added and stirred under reflux for 30 min at 90 °C in an oil bath. In a separate beaker triphosgene (9.36 g, 30 mmol) was dissolved in 60 mL of ethyl acetate. After 30 min the triphosgene solution was slowly added to the glutamic acid solution (one drop per second). When all the triphosgene solution was added and there was no solid glutamic acid remaining at the bottom of the flask, the reaction was stopped (approx. 3h). By using rotary evaporation the volume of the solution was reduced to approximately 30%. The polymer was precipitated by dropping in n-heptane (120 mL). After recrystallization from the mother liquor, white crystals of glutamic acid were obtained. Yield: 13.7 g; 57.9 mmol; 84 mol%. 1H-NMR (400MHz, CDCl3, δ, ppm): 2.20 (m, 2H, CH2), 2.59 (t, 2H, CH2, j = 6.8 Hz), 4.37 (t, H, CH2O, J = 6.1 Hz), 5.14 (s, 2H, CH2O), 6.57 (s, 1H, NH), 7.36 (m, 5H, ArH).



2.2.2. Synthesis of N-Carboxyanhydride (NCA) of Nε-Benzylcarbonyl-L-lysine

In a round bottom flask Nε-benzylcarbonyl-L-lysine (10 g, 26.6 mmol), α-pinene (11 g, 81 mmol) and ethyl acetate (80 mL) were added and stirred under reflux for 30 min at 90 °C in an oil bath. In a separate beaker triphosgene (6.4 g, 22 mmol) was dissolved in 40 mL of ethyl acetate. After 30 min the triphosgene solution was added to the lysine solution (one drop per second). Further steps were done using the procedure described for γ-benzyl-L-glutamate. Yield: 9.4 g; 33.5 mmol; 86 mol%. 1H-NMR (400MHz, CDCl3, δ, ppm): 1.54 (m, 4H, CH2CH2), 1.90 (m, 2H, CH2), 3.20 (q, 2H, CH2, J = 6.4 Hz), 4.25 (t, 1H, CH, J = 5.1 Hz), 4.90 (s, 1H, NH), 5.10 (s, 2H, CH2O), 7.05 (s, 1H, NH), 7.36 (m, 5H, ArH).



2.2.3. Synthesis of N-carboxyanhydride (NCA) of L-alanine

In a round bottom flask ground L-Alanine (6 g, 67 mmol), α-pinene (35 g, 257mmol) and ethyl acetate (250mL) were added and stirred under reflux for 30 min at 90 °C in an oil bath. In a separate beaker triphosgene (38 g, 128 mmol) was dissolved in 100 mL of ethyl acetate. After 30 min the triphosgene solution was added to the alanine solution (one drop per second). Further steps were done using the procedure described for γ-benzyl-L-glutamate. Yield: 5.1 g; 42.96 mmol; 63 mol%. 1H-NMR (400MHz, CDCl3, δ, ppm): 1.57 (d, 3H, CH3, J = 7.0 Hz), 4.46 (q, 1H, C, J = 7.0 Hz), 6.0 (s, 1H, NH).



2.2.4. Random NCA Copolymerization

Polymerization reactions were done in a Schlenk tube under argon flow at 0 °C. The NCA monomers of γ-benzyl-L-glutamate (1.2 g 4.5 mmol), Nε-benzylcarbonyl-L-lysine (0.7 g, 2.3 mmol) and L-alanine (0.3 g, 2.4 mmol) were added in the Schlenk tube and dissolved in 21 mL of N,N-dimethylformamide. After all NCAs were dissolved benzylamine (20 mg, in 1 mL DMF) was added from the stock solution to activate the reaction. The reaction was stirred for four days and then quenched by precipitating the reaction mixture in 200 mL of diethyl ether. After reprecipitation by diethyl ether a white powder was filtered and dried overnight in a vacuum oven at 30 °C. The quantities given above are used for the synthesis of the E16K17A13. Quantities for the other poly(amino acid)s were calculated corresponding to the desired polymer composition.



2.2.5. Deprotection of Polyamino Acids

The protected poly(amino acid) (0.5 g) was dissolved in 9 mL of trifluoroacitic acid. When the polyamino acid was completely dissolved, 33% HBr in acetic acid (7 mL) was added to the solution and the mixture was left to stir for 24 h. After 24 h the solution was precipitated in diethyl ether. The polypeptide was allowed to settle on the bottom and the solution was decanted. Diethylether (200 mL) was added and the mixture was stirred for 10 min, after which the solvent was removed by decantation again. This procedure was performed five times to get a clear diethylether solution. After filtration, residual solvent was removed by drying overnight in a vacuum oven at 30 °C. Yield: 0.27 g; 55 wt%.




2.3. Characterization


2.3.1. Size Exclusion Chromatography (SEC)

Size exclusion chromatography in hexafluoroisopropanol (HFIP) was performed on a system equipped with a Waters 1515 Isocratic HPLC pump, a Waters 2414 refractive index detector (40 °C), a Waters 2707 autosampler, a PSS PFG guard column followed by 2 PFGlinear-XL (7 µm, 8 × 300 mm) columns in series at 40 °C. 1,1,1,3,3,3 Hexafluoro-2-propanol (HFIP, Apollo Scientific Limited) with potassium trifluoro acetate (3 g L−1) was used as eluent at a flow rate of 0.8 mL min−1. The molecular weights were calculated against polymethyl methacrylate standards (Polymer Laboratories, Mp = 580 Da up to Mp = 7.1 × 106 Da).



2.3.2. 1H-NMR

1H-NMR analyses were performed on a Bruker 1H-NMR spectrometer type Mercury 400. For measuring the poly(amino acid)s spectra deuterated TFA was used. The composition of poly(amino acid)s was determined by comparing the peak intensities corresponding to the signals characteristic for L-glutamate (2.80 ppm, 2H), L-lysine (2.15 ppm, 2H) and L-alanine (1.70 ppm, 3H).



2.3.3. Titration Experiments

The Metrohm® commercial titration setup was used in all experiments. The setup contains a computer, which runs the software Tiamo 2.1 that controls two 809 Titrando tritrating units, three 2 mL Dosino dosing units and a magnetic stirrer plate. A double junction micro pH glass electrode (6.0234.100) and a polymer membrane (PVC) calcium ion selective electrode (Ca-ISE, 6.0508.110,) were utilized to measure the pH and concentration of free Ca2+ ions in solution, respectively; each connected to one of the Titrando 809 stations. The pH electrode was calibrated daily using Metrohm buffer standards at pH = 4.0 (No. 6.2307.100), pH = 7.0 (No. 6.2307.110) and pH = 9.0 (No. 6.2307.120), while the Ca-ISE was calibrated before each experiment.

All solutions were freshly prepared for each experiment utilizing fresh Milli-Q water (resistivity 18.2 MΩ·cm at 20 °C), degassed overnight with N2. A sodium hydroxide solution of 10 mM was prepared by dissolving NaOH pellets in water, 10mM hydrochloric acid was prepared by the dilution of HCl 25%. Calcium chloride solutions (50 mM) used for titrations and calibrations were obtained by dissolving calcium chloride dihydrate in CO2 free water. To achieve the desired pH value a 10 mM carbonate buffer was prepared consisting of a mixture of 10 mM sodium carbonate and 10 mM sodium bicarbonate. Experiments were performed in a 80 mL beaker containing a 25 mL 10 mM sodium carbonate/sodium bicarbonate solution set at pH = 9.75. Fifty millimolar calcium chloride solution set at pH = 9.75 was dosed at a rate of 10 μL/min. In experiments with poly(amino acid)s, 10 mg of poly(amino acid) was dissolved in 100 mL of 50 mM calcium chloride solution before starting the experiment. The pH was kept constant by titrating 10mM sodiumhydroxide/hydrochloric acid solutions and measured by the pH electrode at 20 ± 1 °C in all cases. The stirring rate in all performed experiments was 600RPM. All beakers, electrodes and burette tips were cleaned with 10% acetic acid and rinsed with distilled water after every experiment. To convert measured Ca2+ activities into concentrations for the calculation of the activity coefficients the Davies-extended Debye-Huckel Equation was applied [38].



2.3.4. Scanning Electron Microscopy (SEM)

SEM studies of the CaCO3 crystals were performed on a Quanta 3D FEG (FEI company) with a field emission electron gun as electron source at an acceleration voltage of 10 kV and a current between 10–14 pA. For this, precipitated crystals were centrifuged, washed with acetone and air-dried for a day and then placed on a SEM stub with carbon tape. Subsequently, the samples were sputter-coated with a layer of gold applied using a current of 20 mA for 3 min.



2.3.5. Powder X-ray Diffraction (PXRD)

XRD measurements were performed on a Rigaku Geigerflex powder diffractometer with Bragg-Brentano geometry, using copper radiation at 40 kV and 30 mA and a graphite monochromator on the detector side to eliminate the CuKβ radiation. The samples were prepared in a glass capillary. The XRD scans were measured from 10 till 60 (°) 2-theta with a step size of 0.02 (°) and a dwell time of 25 seconds.



2.3.6. Raman Microscopy

The Raman spectrometer (Dilor Labram) was equipped with a Millennia II doubled Nd:YVO4 laser with an excitation wavelength of 632.81 nm operated at a power of 200 mW, 1800 grooves/mm holographic grating and a 1024 × 256 pixel CCD camera. Spectra were recorded in the region 50–1500 cm−1. Depth profiles, i.e., spectral intensity as a function of the distance of the sampled spot to the surface, was performed by manually adjusting the distance between sample and objective. A 100x magnification, (Olympus, numerical aperture 0.8) ultra long working distance objective was used. The Labram was equipped with a built-in camera, enabling the visualization of the reflected laser light from the inner side of the glass plate. Focal depth zero was determined by minimizing the spot size of this reflected light.





3. Results and discussion

The NCA monomers used were synthesized according to literature procedures by reacting γ-benzyl-L-glutamate, Nε-benzylcarbonyl-L-lysine or L-alanine with triphosgene using α-pinene as HCl scavenger [39]. During the reaction the initially turbid solutions in all cases became clear, indicating the conversion of the poorly soluble (protected) amino acids into the more soluble NCA monomers. The NCA monomers could be purified by repeated recrystallization from n-heptene and ethylacetate, resulting in white crystals for all monomers.

While the syntheses of NCA-Glu and NCA-Lys were performed with an acceptable yield (84% and 86%, respectively), for NCA-Ala only a low yield was obtained, which was attributed to the low solubility of L-alanine in ethyl acetate. To improve the solubility of L-alanine the crystals were ground to a fine powder, which indeed resulted in an approximately threefold increase of the yield to ~63%. The conversion of L-alanine to NCA-Ala was monitored through the evolution of the C=O IR stretch vibration at 1810 cm−1 [40]. FTIR measurements showed that after 6 h of reaction time indeed no further increase in the peak intensity was observed. At this point also the alanine powder at the bottom of the flask had dissolved and the reaction was terminated.

Random co-poly(amino acid)s were prepared by performing the ring opening polymerization of varying amounts of the different NCAs in a Schlenk tube under argon atmosphere using DMF as the solvent and benzylamine as the initiator. The reactions were performed at 0 °C as it was shown previously that this lower temperature avoids side reactions at the chain ends, which commonly lead to in-ring structures and chain-end termination, as well as “in-main-chain” reactions [41,42]. After isolation of the polymers the benzyl protecting groups of the Glu and Lys side chains were removed by dissolution in TFA and by reaction with 33% HBr in acetic acid (Scheme 1).

Scheme 1. NCA polymerization and deprotection of random poly(amino acid)s.
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The amount of Glu (E) in the polymers was varied from 33 to 80 mol% while keeping Lys (K) and Ala (A) at equal contributions (33–10 mol%, Table 1). The monomer composition of the polymers was determined from 1H NMR spectra in TFA, integrating characteristic resonances for the different amino acids (Glu 2.80 ppm, 2H; Lys 2.15 ppm, 2H; Ala 1.70 ppm, 3H) using the initiator benzyl group as a standard (Figure 1, Table 1). The degrees of polymerization (DP) and polydispersity index (PDI) were derived from size exclusion chromatography of the protected polymers and NMR analysis of the deprotected ones.

Figure 1. 1H NMR spectra of poly(amino acid) E28K9A7 before and after deprotection. Arrows indicate characteristic peaks, which were used for the determination of the poly(amino acid) composition. Black (7.50 ppm) initiator benzyl group, blue (2.15 ppm) Lys, red (2.80 ppm) Glu and purple (1.70 ppm) Ala. Deuterated TFA was used as a solvent.
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Table 1. Overview of poly(amino acid)s synthesized by NCA amino acid polymerization and data calculated from 1H NMR spectra of deprotected poly(amino acid)s (a) Measured by Size Exclusion Chromatography (SEC) using PMMA standards; (b) Calculated using proton NMR of deprotected poly(amino acid)s.


	Target composition
	DP (a)
	Mn (g/mol) (a)
	PDI (a)
	Experimental composition (b)





	E14K14A14
	56
	10400
	1.20
	E11K25A18



	E18K12A12
	50
	9600
	1.60
	E13K20A15



	E22K10A10
	50
	9700
	1.57
	E16K17A13



	E26K9A9
	47
	9400
	1.45
	E21K19A13



	E34K4A4
	45
	9500
	1.61
	E28K9A7












Table 1 shows that only a moderate control over DP and PDI was obtained. The DP varied from 45–56 and the PDI between 1.20 and 1.61. Furthermore, it shows that compared to the targeted composition, the incorporation of Glu was less effective leading to the enrichment in Lys and Ala, compared to the targeted composition. Nevertheless a series of polymers with increasing relative Glu content and decreasing Lys and Ala content, which can be used to study the influence of total net charge and hydrophobicity on the nucleation and growth of calcium carbonate, were successfully synthesized.


3.1. Random Poly(Amino Acid)s in CaCO3 Mineralization

To investigate the influence of the polymer composition on the formation of calcium carbonate, mineralization experiments were performed using three polymers with increasing relative Glu content: E13K20A15, E16K17A13 and E28K9A7. The early stages of mineral formation were studied with titration experiments as described by Gebauer et al. [43] by titrating a 50 mM CaCl2 solution (10 µL/min) containing 10 mg of the respective polymers to a 10 mM carbonate buffer (pH = 9.75). During this process the free Ca2+ concentration was measured using a calcium ion-selective electrode (Ca-ISE) while the pH of the solution was kept constant by automated addition of 10 mM NaOH solution. It should be noted that in our experiments the polymers are added to the CaCl2 solution rather than to the carbonate buffer as we observed from similar studies that the calcium ions interact with the polymers. As this interaction changes over time, we choose to equilibrate the polymers in the calcium chloride solution, even though this precludes the possibility to probe the polymer-Ca2+ interaction during the titration experiment.



The control reaction (without polymer additives) showed that the measured calcium concentration (the free calcium concentration, [Ca2+free]) initially increases proportionally with the amount of calcium added (Figure 2A) but only accounts for approximately 40% of the total calcium concentration ([Ca2+tot]). This difference between the added and measured calcium concentrations has been attributed to the formation of nanometer sized pre-nucleation clusters, which were demonstrated to exist in saturated and undersatured solutions in equilibrium with the solute ions. After ~1200 sec a sudden drop in [Ca2+free] is observed marking the nucleation point of the first precipitated phase. After the drop the calcium level stabilizes and the associated free ion concentration product ([Cafree2+] [CO32−]) can be related to the solubility of the precipitate, which in the work of Gebauer et al. was ACC. It was observed that under different conditions the precipitated ACC had different solubilities, which were related to the crystalline phase that formed from the ACC in a later stage of the reaction. In our experiments only crystalline products were isolated from the reaction medium. As expected under these conditions PXRD and Raman spectroscopy revealed that the mineral phase consisted of vaterite (Figure 3), while SEM analysis revealed the formation of particles with an almond-like morphology and an average size of ~2 µm (Figure 4).

Figure 2. (A): Titration experiments showing the development of free calcium concentration in time in the absence of poly(amino acid)s (control, black) and in the presence of E13K20A15 (red), E16K17A13 (purple) and E28K9A7 (blue). Dashed line represents total amount of Ca2+ titrated in solution; (B): Time development of free ion concentration product without poly(amino acid)s (control, black) and in presence of E13K20A15 (red), E16K17A13 (purple) and E28K9A7 (blue).
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Figure 3. (A): X-Ray Diffraction (XRD) data collected from crystals precipitated in the experiment in the presence of E13K20A15, E16K17A13 and E28K9A7 clearly proving that these crystals were vaterite. The appearance of a small calcite peak in presence of E28K9A7 (arrow) is due to the presence of a few calcite crystals in mixture; (B): Raman data collected from experiments in the absence of additive (control) and in presence of E13K20A15, E16K17A13 and E28K9A7 showing that crystals were vaterite [44]. The peak at around 380 cm−1 (red arrow) could be assigned to the glass slide background on which crystals were placed for the measurements.
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Figure 4. SEM images of particles isolated from solutions.
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In contrast to the work of Gebauer et al. [43], activity coefficients were used to account for the difference in ionic strength between the Ca2+-Calibration in water (where I = max. 0.003 M) and the titration of Ca2+ in an excess of CO32− during the reaction (where I ≈ 0.014 M, γCa2+ ≈ 0.61). The plateau that is observed after nucleation represents an ion concentration product of 7.0 × 10 −8 M2. When the contribution of the activity coefficients is neglected, an ion concentration product of 4.0 × 10−8 M2 is obtained. This value agrees well with the value of 3.8 × 10−8 M2 found by Gebauer et al. [43].

Compared to the control, the presence of polymers leads to the delay in nucleation point for 300, 400 and 800 seconds going from E13K20A15, to E16K17A13 and E28K9A7, respectively. The different compositions of the polymers also had a significant effect on the particle size going from ~1.0 μm for E13K20A15, to 800 nm for E16K17A13 and finally to 500 nm for E28K9A7 (Figure 4).

The inhibition of nucleation associated with the presence of the polymers (Figure 2) appears to scale with their Glu content. It is well known from the literature that increasing the negative charge in the polymer chain results in the inhibition of CaCO3 nucleation [45,46] and stabilization of a less stable polymorph of CaCO3, i.e., vaterite [47,48]. However, positively charged polymers have also been demonstrated to inhibit the nucleation of calcium carbonate in solution [49]. Hence, one may expect that the net charge of the polymer, rather than the amount of negatively charged monomers, would play a decisive role in the inhibition of nucleation. It can be calculated that at the pH of the experiment (pH 9.75) the total net charge of the polymers is +7 for E13K20A15, +1 for E16K17A13 and −19 for E28K9A7. From the observation that the inhibition effect is stronger for E16K17A13 (total net charge = +1) than for E13K20A15 (total net charge = +7) we therefore must conclude that the effect of the negatively charged Glu is stronger than that of the positively charged Lys and that in fact it is the amount of negatively charged residues that determines the inhibition power of these polymers.

It is well known that the proteins involved in calcium carbonate biomineralization generally are rich in acidic amino acids [50], nevertheless it has recently been emphasized that also positively charged residues may play a significant role [49]. In our previous [37] work, we could see that in similar copolymers containing Asp, Glu and Ala the activity of Asp in modifying calcium carbonate formation is dominant over the activity of Glu. In the present study, we have replaced Asp by Lys in the copolymers. The results obtained show that the activity of the Glu monomers is stronger than that of Lys. Taking into account the respective control experiments we assign the fact that the end products in the current studies are different from our previous study [37] to the different experimental conditions used rather than to a difference in polymer composition. Hence, based on the results from both studies we can speculate that within a (bio)polymer chain, the activity of the above residues (monomers) in modifying calcium carbonate formation follows the order Asp > Glu > Lys.

The observed decrease in particle size from the control to E13K20A15, E16K17A13 and E28K9A7 implies an increase in nucleation sites going through this sequence of polymers. This observation can be related to the fact that in the titration experiment the [Ca2+tot] continuously increases and that the inhibiting action of the polymers causes nucleation to occur at a higher supersaturation which is known to lead to decreased particle sizes (Figure 5A).

Figure 5. (A): Summary data from titration experiments. Particle size and time at which nucleation occurred without poly(amino acid)s (control) and in the presence of E13K20A15, E16K17A13, E28K9A7; (B): Calculated total net charge of the same poly(amino acid)s for different pH values.
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4. Conclusions

ROP polymerization of NCA monomers under argon flow at 0 °C was used, for the first time, to synthesize random co-poly(amino acid)s composed of Glu, Lys and Ala. The resulting polymers were prepared with different compositions but with comparable degrees of polymerization (DP 45–56) and polydispersities (PDI 1.2–1.6). Three selected poly(amino acid)s with different Glu content were used in a vaterite forming mineralization assay in which calcium ions, containing the poly(amino acid)s, at a constant pH of 9.75 were added to a carbonate buffer. These results showed that increasing the Glu fraction in the polymer chain leads to an increased inhibition of the CaCO3 nucleation and to a decrease in particle size. This effect was attributed to the Glu content rather than to the concomitant variations in the net charge of the poly(amino acid). Interestingly, the poly(amino acid)s with highest Glu content were also able to modify the mineralization process such that the apparent solubility of the precipitated phases increased, as judged by the levels of soluble calcium detected in the solutions after the nucleation.

Overall the ability to synthesize such a set of poly(amino acid)s in which only their composition varies allows us to make direct assessments of the structure activity relationships in biomimetic mineralization experiments. The results presented in this work are part of an on-going project aiming at the use of random amino acid-based copolymers in the biomimetic formation of calcium carbonate based hybrid materials. In the near future we hope to extent the scope of our approach to random co-poly(amino acid)s with four (Glu, Lys Ala, Ser) and five (Glu, Lys Ala, Ser, Asp) different monomers to increase the number of control parameters encrypted in these poly(amino acid)s. With this we aim to eventually understand and control the bioinspired formation of calcium carbonate hybrid materials with advanced material properties.
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