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Abstract

:

Synergistic relations between organic molecules and mineral precursors regulate biogenic mineralization. Given the remarkable material properties of the egg shell as a biogenic ceramic, it serves as an important model to elucidate biomineral growth. With established roles of complex anionic biopolymers and a heterogeneous organic scaffold in egg shell mineralization, the present study explores the regulation over mineralization attained by applying synthetic polymeric counterparts (polyethylene glycol, poly(acrylic acid), poly(aspartic acid) and poly(4-styrenesulfonic acid-co-maleic acid)) as additives during remineralization of decalcified eggshell membranes. By applying Mg2+ ions as a co-additive species, mineral retrosynthesis is achieved in a manner that modulates the polymorph and structure of mineral products. Notable features of the mineralization process include distinct local wettability of the biogenic organic scaffold by mineral precursors and mineralization-induced membrane actuation. Overall, the form, structure and polymorph of the mineralization products are synergistically affected by the additive and the content of Mg2+ ions. We also revisit the physicochemical nature of the biomineral scaffold and demonstrate the distinct spatial distribution of anionic biomolecules associated with the scaffold-mineral interface, as well as highlight the hydrogel-like properties of mammillae-associated macromolecules.
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1. Introduction


In higher organisms, biomineralization involves an efficacious integration of inorganic building units with an organic scaffold to yield functional materials [1,2,3]. The architecture and structure-property relationships exhibited by biominerals inspire synthetic counterparts due to fascinating materials emerging from bottom-to-top routes under physiological conditions [4,5,6]. Several complex biominerals present an organic scaffold (or matrix), which plays a crucial role in regulating mineral growth by incorporating inorganic precursors, such as ions, ion-clusters and amorphous phases. For instance, in nacre and bone material, the physicochemical properties of the scaffold tune interactions with mineral precursors and subsequently lead to hierarchically-organized composite biominerals [3,7,8]. Thus, the niche conditions of crowding and confinement presented by the scaffold offer a defined physicochemical environment towards mineralization reactions [9,10]. In biological environments, the activity of nucleation and crystallization additives modulate mineral growth. The dynamism of additives with respect to conformation, charge, molar mass, self-association propensity and phase behavior in relation to the distinct stages of material formation are crucial for regulating biomineralization [10,11,12,13,14,15]. From this view, the cooperation of scaffolds and biomolecular additives provides an exceptional control over mineralization in Nature.



The avian shell is a multifunctional biomineral with material properties that are evolutionarily optimized for protection, hatchability and diffusion [16,17,18,19,20]. Identified as one of the most rapid forms of calcification in Nature, the avian egg plays a key role in several disciplines, such as archaeology and paleontology, as well as art and philosophy [21]. Structurally, the shell is a multi-layered calcitic bioceramic. As the egg migrates through the oviduct, the biomineral matures under the influence of biomolecular additives and an extracellular matrix [22,23,24]. The matrix, primarily composed of collagen fibers, constitutes the shell membranes. Each fiber exhibits a core surrounded by a glyco-proteinous material termed as the mantle. This serves as the interface with the inorganic phase [25]. During mineral growth, crystals nucleate on the outer side of the shell membrane at specific sites called mammillae. This organic matrix enables the formation of a calcified layer (i.e., palisade) composed of calcite columns [26]. Morphologically, the palisade zone exhibits three regions (cone, middle and vertical layers) that vary with respect to relative crystallographic orientation. The outermost layer, the cuticle, is composed of glycoproteins, pigments in the colored eggs and hydroxyapatite. This composite shell microstructure reflects a sophisticated spatiotemporal regulation of nucleation and crystal growth, acquired synergistically via an organic scaffold and biomolecular additives [22].



The complexity of egg shell formation is reflected by proteomic studies, which report several biomolecules (>500 mineral-associated uterine fluid proteins), the relative abundance of which depends on the calcification stage [27,28]. These biomolecules are classified on the basis of their primary function as direct regulators of nucleation and crystal growth, antimicrobial agents, as well as biomolecular checkpoints for protein folding and proteolysis. Among direct regulators of nucleation and crystal growth, interwoven collagen fibrils of the shell membrane and certain associated proteins inhibit crystal nucleation, whereas the mammillae constituents present sites for mineralization [16,23,29]. From this perspective, mammillae-associated keratan sulfate proteoglycans exhibit anionic properties optimal for calcium binding and promote the nucleation of less soluble phases (i.e., crystalline) of CaCO3 [30]. Present in the shell matrix of the palisade, ovoglycan, a proteoglycan contains a core protein, ovocleidin-116 and presents glycosaminoglycan chains of dermatan sulfate [31]. Isolated from the mineral phase, dermatan sulfate proteoglycans induce highly soluble phases of CaCO3, which suggests a role in the transport of mineral precursors and crystal formation [30,32]. Another biomacromolecule associated with the scaffold is ovocleidin-17, an abundant constituent of the shell matrix with a C-type lectin-like domain [33]. This particular domain is suggested to be important in other biomineralization systems, such as the sea urchin spine [13]. Osteopontin, a protein ubiquitous in biological calcification processes is shown to interact with the {104} calcite face and inhibit mineral deposition in relation to distinct stages of shell development [34,35]. These studies collectively show that biomacromolecules in the shell matrix and membrane synergistically operate to produce the final bioceramic material. Although the exact function of individual biomolecules in the mineralization cascade is not clear, the homology among biomolecules within the shell material of different species suggests a minimal toolbox essential for egg shell development. With established biochemical functions in the mineralization process, macromolecules also encompass physicochemical purposes as molecular materials. The topological distribution of the mineral nucleation sites (mammillae) on the shell membrane lead to anisotropic crystal growth and elongated structures (palisade) due to spatial constraints towards the growing mineral [17,32]. On these lines, the excluded volume effect and spatial confinement at distinct length scales within the biomineral scaffold significantly impact mineral growth and structure [10]. For a heterogeneous biomineral scaffold, such as that in the egg shell, macromolecular composition itself provides distinct mechanical features. With material composition similar to the egg shell scaffold, cartilaginous tissue is generally rich in proteoglycans and collagen [36]. The proteoglycans being polyelectrolytes of high charge density provide a high osmotic pressure and imbibe water, maintaining turgor. On the other hand, the collagen network presents tensile properties and resists swelling. The resulting composite material exhibits a combination of good flexibility and high tensile strength [36]. In a similar manner, during egg shell development, the macromolecular properties of mineralization additives can modulate material properties, in addition to their primary purpose of regulating mineralization. This suggests co-operative relationships between the mineral scaffold and crystallization additives towards shaping the structure, as well as defining material properties of the composite biomineral.



Studies focusing on biomimetic materials have attempted to replicate the form and structure of natural materials by applying bio-inspired strategies. For instance, mineralization of collagen in the presence of poly(acrylic acid) (PAA), a synthetic anionic polymer, leads to a hierarchical composite structure similar to natural bone tissue [37]. The polymer-induced liquid precursor (PILP) phase stabilized by PAA exhibits liquid-like properties and is suggested to be drawn into the gaps within collagen fibrils by capillary effects. On crystallization, the collagenous matrix encloses organized assemblies of hydroxyapatite nanoparticles formed on phase transformation [38]. Mineralization of the insoluble matrix of nacre material in the presence of PAA also reports morphologies structurally analogous to the natural biomineral [39]. These studies demonstrate the crucial role of anionic biomacromolecules in determining non-equilibrium crystal morphologies and hierarchical structures that are typical of natural composite biominerals. Even in the case of egg shell formation, sulfated biopolymers appear to modulate biomineralization by inducing transient stabilization of liquid-like mineral precursors. Supporting evidence comes from the effects of an egg shell associated biomacromolecule, dermatan sulfate, which leads to transient mineral phases with considerably higher solubility products than that of solid amorphous calcium carbonate (ACC) [30]. Combined with carbonic anhydrase, dermatan sulfate produces calcite crystals with a columnar morphology, similar to the natural biomineral [32]. A chemically-similar anionic polysaccharide, dextran sulfate, leads to coacervates formed via a phase separation process in the course of mineralization [40]. Studies applying soluble components of the egg organic matrix also report the transient stabilization of amorphous mineral precursors with the involvement of Mg2+ ions [41]. Along these lines, the level of magnesium incorporation in the eggshell is suggested to correlate with the distribution of organic content across different species (subject to factors such as bird age) [42]. Although a cooperative function of Mg2+ ions and organic additives during biomineralization is under investigation, the impact of Mg2+ ions as a co-additive species on mineral nucleation and crystal growth was recently demonstrated [43,44,45].



Given the heterogeneous composition and structure of the egg shell scaffold, the cooperation between the biomineral scaffold, crystallization additives and mineral precursors emerges as a fundamental aspect of the biomineralization process. The complementarity between the physicochemical nature of transient mineral precursors and mineral matrices has also been suggested [10]. Therefore, in this study, we seek to (i) revisit the distribution and physical nature of organic macromolecules constituting the egg shell scaffold using the tools of microscopy and (ii) explore the relation between distinct mineral precursors and the biomineral matrix by applying synthetic additives during the ex situ mineralization of decalcified egg membranes. We show that the properties of polymeric additives, such as molar mass and charge distribution, as well as the content of Mg2+ ions affect mineralization in terms of structure and polymorph. Interactions between transient mineral precursors and the organic matrix are shown to be modulated by a complex mineralization environment, which involves the hydrogel properties of mammillae-associated macromolecules, as well as synergetic relations between organic additives and Mg2+ ions. In this manner, the physicochemical properties of the biomineral scaffold are evolutionary optimized for achieving homeostatic biomineralization.




2. Results and Discussion


2.1. Architecture of the Organic–Inorganic Interface


During the initial stages of eggshell development, mammillae, i.e., protrusions associated with the collagenous matrix, serve as important sites for regulating mineral nucleation [16,29,32]. The distribution of mammillae and organic constituents of the scaffold affect structural aspects, such as mammillary cone size, palisade morphology, as well as mechanics of the bioceramic [46,47]. To gain a better insight, morphological features of the shell layers are revisited by applying tools of microscopy. After decalcification-based separation of the membrane and mineral layers, the inner surfaces of the shell exhibit remnants of the mammillae constituents co-localized with cone-shaped initial mineral deposits (Figure 1A, arrows). After the removal of this organic matter by calcination, the spaces occupied by mammillae residues exhibit distinct microporous networks extending into the palisade superstructure (Figure 1B, arrows). This suggests an interlocking of the scaffold with the palisade cones at mammillae sites, serving as a robust interface between the organic and inorganic layers of the mature biomineral.



Several studies have revealed the important functions of anionic proteoglycans during egg shell development [32,48]. To explore the distribution of biomacromolecules at the mineral-scaffold interface, the inner shell surface and outer surface of the scaffolding membrane are probed using glycan-selective stains. Using Congo red, a diazo stain with a broad affinity towards β-glucans, the membrane-associated collagen fibrils, as well as mammillae are stained orange, suggesting respective compositions rich in β-glucan-based polysaccharides (Figure 2A). This agrees with the reported abundance of proteins post-translationally modified with glycan residues, as well as anionic polysaccharides in the eggshell structure [32,48,49]. As the inner shell surfaces exhibit β-glucan enrichment specifically at the mammillae residues, the role of proteoglycans in the interlocking of organic and inorganic layers is suggested (Figure 1).



To specifically probe the distribution of sulfated glycosaminoglycans (sGAGs), the shell and membrane surfaces are stained using 1,9-dimethyl-methylene blue (DMMB) (Figure 2B). Due to the metachromasic property of DMMB, areas of the shell and membrane rich in sGAGs are stained either pink or purple. The egg membrane is extensively stained by DMMB, independent of mammillae distribution (Figure 2B). This suggests an abundance of sGAGs in association with the mammillae, as well as the collagenous mesh of the egg membrane. On the other hand, the inner surface of the shell is selectively stained at the mammillae (Figure 2B). The co-association of sGAGs with the shell surface suggests that these anionic biomacromolecules permeate within the mineral structure and are primary constituents of the organic–inorganic interface between the mammillae and the mineral layer (Figure 1 and Figure 2B). Lastly, by applying Stains-all as a staining reagent, the organic and inorganic surfaces of the composite bioceramic exhibit distinct pink and yellow regions in the mammillae sites and palisade cones, respectively. Given the property of Stains-all to distinguish among sGAGs, the pink and yellow regions correspond to chondroitin or dermatan sulfate and heparan sulfate, respectively. Chondroitin or dermatan sulfate are selectively enriched at the mammillae sites. In the shell surface, however, an enrichment of the respective sGAG in the palisade cones is not observed. On the other hand, the localization of heparan sulfate is higher in the palisade cones, whereas its distribution in the organic membranes is limited to the mammillae surface. The unique localization of different sGAGs reflects the distinct roles of anionic proteoglycans and polysaccharides in the structural reinforcement of the bioceramic, as well as in regulation of mineral growth.



An important aspect of the structural integration involving organic and inorganic elements during shell development is the hydrogel-like nature of membrane-associated macromolecules. An organic matrix constituted by diverse macromolecules is likely to exhibit gelation properties in relation to mineralization [12]. Previous studies have shown that the degree of porosity presented by gels regulates mineral structure and form. For instance, the nucleation of mineral particles can either incorporate or exclude the gel structure as exemplified by mineralization in the presence of agarose beads with different degrees of cross-linking [9]. In relation, microscopic observations of the swelling of ethanol-dehydrated mammillae sites indicate changes in light transmittance and, hence, reveal the hydrogel-like properties of membrane-associated macromolecular assemblies (Figure 3A,B; Supplementary Video). Certain synthetic gels, such as PVA, also exhibit a similar change in light transmittance in relation to conditions of hydration [50]. Based on these observations, as well as the results of calcination and staining experiments, the egg shell scaffold exhibits a chemically-, as well as physically-patterned architecture. The mammillae-bound biomacromolecules and their phase behavior as hydrogels can lead to a distribution of organic macromolecules within a certain extent of the mineral layer (Figure 3C). Thus, the biomineral-bound macromolecules appear to serve multiple purposes involving (i) regulation of mineral nucleation and growth and (ii) incorporation of the mineral phase to generate robust interfaces within the composite structure. To gain a better mechanistic understanding of the biomineralization process, we further investigate in vitro mineralization of the egg shell membrane under the influence of polymeric additives. Since magnesium appears to be a common constituent of egg shells from different species, we apply Mg2+ ions as a co-additive to the mineralization reaction.




2.2. Reconstructing the Mineral: Reference Experiments


To investigate the cooperative effects of synthetic polymers and Mg2+ ions on mineral retrosynthesis, gas diffusion-based mineralization of decalcified egg shell membranes is performed. In the absence of polymeric additives, diffusion-based mineralization of membranous scaffolds leads to surface growth of crystals, presenting particle morphologies in relation to the Mg2+ content (Figure 4). The crystals present shapes ranging from typical calcitic rhombohedra to elongated morphologies. A notable observation is the growth of mineral particles in the proximity of mammillae sites, independent of the co-additive ion content (Figure 4, arrows). The mammillae-associated growth of calcite crystals with a columnar morphology has been reported in the presence of dermatan sulfate and carbonic anhydrase during in vitro calcification [32]. The role of the mammillae as primary nucleation sites during biomineralization is also shown by calcein-stained membranes, suggesting the sequestration and enrichment of Ca2+ ions by macromolecules constituting the mammillae (Figure S1). In addition, since crystal formation is limited to the surface of the organic matrix, a suppressed permeation of mineral precursors within the matrix and an inhibitory effect of the collagenous scaffold towards crystal nucleation is indicated (Figure 4C, left).



To investigate the effect of an uncharged polymer as a reference additive on egg membrane-associated CaCO3 crystallization, polyethylene glycol (PEG) is applied during mineralization in the presence of varying Mg2+ contents as the co-additive. Although no significant deviation in the polymorph of mineral particles is observed with respect to the reference experiment, certain variations in crystal morphology are evident. In the presence of PEG, calcite crystals grow in association with mammillae (Figure 5C) and tend to exhibit thermodynamically-favored rhombohedral shapes, even at high Mg2+ ion contents (10 mM). This suggests the role of PEG in inhibiting Mg2+-induced deviations in crystal morphology and in suppressing ion associations that underlay Mg2+-induced aragonite formation [51]. For instance, crowded solutions of mineralization additives lead to significant deviations in mineral nucleation behavior [9,10]. On these lines, high PEG contents can suppress ion-association, inhibit nucleation and also modulate mineral polymorphism, affected by diffusion-limitation and charge screening effects [9,10]. Although lower additive contents are applied in the present study, the effects on nucleation and crystal growth are possibly augmented within confined and crowded regions of the egg shell scaffold.




2.3. Reconstructing the Mineral: Poly(acrylic acid)


In order to investigate the effects of charged polymers during scaffold-associated mineralization, poly(acrylic acid) (PAA) of two distinct molar masses, i.e., 5000 g/mol (PAA 5000) and 35,000 g/mol (PAA 35000), is applied as the mineralization additives. Technically applied as a scale inhibitor, PAA is known to interact with soluble pre-nucleation clusters and inhibit the nucleation of mineral particles [52]. PAA interacts with transient mineral precursors and can stabilize amorphous forms of CaCO3 in a potent manner [52,53,54,55,56,57]. Retro-mineralization of the egg shell scaffold in the presence of PAA provides several insights into the mineralization process (Figure 6). With PAA 5000, the inner and outer side of the membrane (i.e., without and with mammillae respectively) exhibit distinct mineralization patterns. The mammillae-decorated membrane surface is significantly mineralized relative to the inner surface, on account of the nucleation-promoting activity of biomacromolecules presented by mammillae-decorated surfaces (Figure 6A, arrow). In the absence of Mg2+ ions, the collagenous membrane, as well as the mammillae sites are mineralized on the outer membrane. This indicates that mineral precursors formed in the presence of PAA are “incompatible” with the nucleation promoting activity of the mammillae. It appears that ion-complexation-based local supersaturation by sulfated macromolecules in the mammillae is suppressed by (i) the competitive association of PAA towards Ca2+ ions and (ii) a potent stabilization of mineral precursors in solution by PAA.



An interesting observation is the mineralization-induced deformation of the pseudo 2D scaffold, leading to membrane curvature (Figure 6A, left). This feature is not observed in reference experiments and hints towards a mechanism involving the initial association of mineral precursors with the substrate and subsequent phase transition to the crystalline phase. During this process, a selective enrichment and incorporation of the mineral phase on one side of the 2D organic matrix can lead to distinct swelling of the inner and outer surfaces, in turn causing membrane deformation (Figure 7). An analogous example can be drawn from the binding of certain proteins to lipid membranes involving domain insertion in the membrane, causing lateral expansion and curvature of the membrane bilayer [58]. Similarly at the mesoscale, in the present scenario, curvature of the egg scaffold in the course of mineralization can involve contributions from (i) mineral particles causing expansion of one side of the collagen scaffold and (ii) distinct stiffness presented by the mineral occupied and the bare organic surface of the scaffold (Figure 7). These factors are consistent with the observed direction of curvature, with the mineralized surface being presented outwards. Such processes might play a morphogenetic role during biogenic mineralization. In Nature, during egg development, the shell membranes cover the secreted albumen, and before the shell is mineralized, the developing egg undergoes the process of “plumping” (hydration), i.e., water and salts are pumped into the egg, swelling it and exposing the stretched mammillae surfaces in a manner that determines the egg size and shape [59].



The effects of PAA on egg scaffold re-mineralization are distinct in the presence of different Mg2+ ion contents (Figure 6). The collagenous membrane of the egg shell is a known inhibitor of crystal nucleation in the context of egg shell biomineralization [32]. However, in the presence of PAA, crystal growth is favored in the proximity of the collagenous membrane, whereas the mammillae are relatively less mineralized (Figure 6B,C, arrows). This effect becomes significant with increasing levels of Mg2+ ions. In the context of the established roles of additives with carboxylate, phosphate or sulfate residues in biomineralization systems [3,60], it emerges that synergetic relations with co-additive species, including ions, are crucial for the selective emergence of the biomineral structure and properties. Furthermore, previous studies on biomimetic mineralization of collagen via polymer-stabilized PILPs demonstrate the role of liquid mineral precursors in attaining biomimetic mineralization in confined spaces analogues to the natural scenario [61,62]. Here, we show that the amorphous phases cooperatively stabilized by PAA and Mg2+ ions preferentially mineralize collagen, as indicated by relatively suppressed mineral growth at mammillae sites (Figure 6B,C, arrows). As this trend is significant in the presence of Mg2+ ions, the role of co-additive ion species in tuning the interactions between the mineral precursors and the biomineral matrix is demonstrated. In a previous study, Mg2+ has been shown to tune the wettability of liquid-like mineral precursors depending on the functionalization of bioinspired substrates [45]. Therefore, even in the context of a biogenic scaffold, the association between mineral precursors and the organic matrix is determined by the Mg2+ content (Figure 6). Possible factors underlying Mg2+ ions favoring collagen mineralization include (i) the role of ion species in tuning the transient organic–inorganic interface (e.g., via electrostatic repulsion or charge screening effects, given the topological enrichment of sulfated biomacromolecules in the scaffold) and (ii) its role as a potent nucleation inhibitor, as well as a suppressor of ion-association in combination with PAA [43], which can lead to a low size regime of mineral precursors better compatible with the dimensions of confined zones within the collagen super-assembly.



Application of a high molar mass PAA (PAA 35000) during ex situ mineralization of the egg membrane provides certain similar trends as PAA 5000 (Figure 8). For instance, in the presence of Mg2+ ions, mineralization of collagen fibrils is clearly favored (Figure 8, arrows). However, a unique feature observed in the presence of PAA 35000 is the formation of two-dimensional crystal structures exhibiting porosities akin to a Swiss-cheese texture (Figure 9A,B). A comparable structure has been described earlier for monocrystalline mineral products produced using substrates with micropatterned chemical functionalities [63]. Therefore, the morphology derived during egg membrane-assisted mineralization is possibly related to the distinct localization of anionic biomacromolecules, mammillae distribution, as well as the void spaces of the collagen mesh. An additional contributing factor might be the release of additive species, such as PAA 35000 and Mg2+ ions from the mineral precursor during phase transformation towards crystalline forms. This process likely involves a microphase separation involving the transient enrichment and solubilization of additive species. In contrast to the monocrystalline sheets formed on micropatterned substrates as described earlier [63], quantitative polarization mapping of individual mineral sheets formed on the egg shell membrane shows distinct crystallographic domains constituting each porous sheet (Figure 9B). This reflects the contribution of multiple phase transition events in the formation of individual mineral superstructures. Since this feature specifically emerges in the presence of PAA of higher molar mass, the relation between additive molar mass and the properties of intermediate amorphous phases, such as stability and size distribution, appears critical for the emergence of superstructures. Previous studies indicate that the molar mass of PAA is an important determinant of the liquid- or gel-like form of amorphous intermediates [55,56], suggesting corresponding effects on the shape and structure of subsequently-formed mineral products.



An interesting feature of phase transitions associated with the mineral precursor is identified for mineralization on the inner membrane surface, i.e., devoid of mammillae (Figure 9C,D). Mineral structures suggestive of multiple wetting and phase transition events indicate that the “secondary wetting” by the PILP droplets is favored at mineralized surfaces relative to bare collagen surfaces. Therefore, the preferential association of mineral precursors with sites on the biomineral matrix is due to the distinct interfaces presented by collagen-rich surfaces with and without mineral growth. Under the applied experimental conditions, the initially-formed calcitic surfaces being hydrophilic and less charged in comparison to the organic surface lead to the preferential adsorption of PAA-stabilized mineral precursors. In addition, the flat surface of mineral products formed after secondary wetting is indicative of almost complete wetting (Figure 9D) and suggests that complete wetting by the mineral precursor precedes phase transition. Thus, the induction of phase transition by either the organic matrix or crystalline particles can lead to distinct consequences for mineralization pathways, as depicted in Figure 10.



In view of mineralized structures formed via polymer stabilized gel- or liquid-like mineral precursors and heterogeneous substrates, the role of surface properties in relation to wettability needs to be considered. Since the size distribution of the mineral precursors appears sufficiently large relative to the roughness of the membrane (Figure 9C,D), one might consider classical models that describe wetting of textured surfaces (Figure 11). According to the Cassie–Baxter model, for wetting of heterogeneous surfaces (such as the collagen substrate), the apparent contact angle is described as:


   cos  θ *  = r f cos  θ Y    + f − 1   








where r is the surface roughness, f is the fraction of substrate surface area wetted by the liquid and    cos  θ Y     is the contact angle for a flat surface. In the case of mineral precursors wetting the collagenous substrate, water initially occupying the gaps of the fibrils (i.e., high surface roughness) may result in a larger contact angle presented by the transient mineral phase, resulting in a temporary Cassie–Baxter state. Subsequently, due to the gradual displacement of solvent molecules by the precursor, complete wetting behavior results (i.e., Wenzel state). Considering mineralization via liquid- or gel-like precursors [56,64], the presence of droplet-like and sheet-like structures is indicative of a Cassie–Baxter or Wenzel state, respectively (Figure 11). During mineralization experiments using PAA 5000 and 35000 as polymeric additives, it appears that the transition from the Cassie–Baxter to the Wenzel state is rapid, as indicated by close to complete wetting of the substrate, finally resulting in flat mineral textures (Figure 9C,D). As shown for other systems, the energy barriers associated with wetting transitions are affected by multiple factors, such as interfacial energy and Laplace pressure [65]. These parameters need to be addressed in the case of fluidic mineral precursors and organic surfaces. Solely considering the rough texture presented by the collagen network, a low general wettability of the organic matrix is expected. However, the final structure of the mineral products suggesting complete wetting, the contribution of distinct chemical environments modulating polar and van der Waals interphasic interactions, as well as the nature of the transient mineral phase require elucidation.




2.4. Reconstructing the Mineral: Poly(aspartic acid)


Given the anionic nature of poly(aspartic acid) (PASP, 2000–3000 g/mol) and its role in stabilization of amorphous precursors, morphologies similar to that of PAA as the mineralization additive might be expected. However, at the applied polymer contents (50 ppm) and in the absence of Mg2+ ions, calcitic rhombohedra are observed in the proximity of mammillae sites (Figure 12, arrows), similar to the reference and PEG-containing experiments. On the outer membrane, mineral particles in association with the mammillae appear rounded and irregular, as well as exhibit a broad size distribution, with increasing contents of Mg2+ ions (Figure 12). Such structures are reminiscent of a Cassie–Baxter state and suggest a PILP phase with enhanced stability and cohesivity. In comparison to shell membranes mineralized in the presence of PAA, the co-association of mineral particles with mammillae for PASP and PEG as additives shows that the anionic properties of soluble additives are not the sole determinants for crystal nucleation. Properties such as additive conformation and molar mass, as well as inter-/intra-molecular interactions tune nucleation events. This is also indicated by assaying saccharide additives using a potentiometric titration methodology [66]. Since mineral precursors formed in the presence of PASP crystallize specifically in proximity of mammillae sites (Figure 12), the interactions of mammillae constituents appear to destabilize the transient mineral phase, inducing crystallization. This suggests cooperative interactions between sulfated proteoglycans and transiently-stabilized mineral precursors in spatially directing mineral nucleation. Supporting evidence comes from the function of a keratan sulfate proteoglycan isolated from the membrane in promoting the nucleation of less soluble phases (i.e., crystalline) of CaCO3 under in vitro conditions [30]. In the presence of PASP, an interesting feature is the prevalence of mineral morphologies on the outer membrane, which are suggestive of a PILP phase, specifically in the presence of Mg2+ ions. This agrees with mineralization studies that utilize peptide additives, wherein the co-presence of Mg2+ ions promotes the formation of liquid-like precursors of CaCO3 [67].



As shown for PAA as a mineralization additive, in the presence of PASP, distinct interactions of the mineral precursors occur with the inner and outer surfaces of the heterogeneous scaffold. Observations of the inner egg membrane post-mineralization exhibit distinct mineral morphologies in relation to the Mg2+ content (Figure 13). In the absence of Mg2+ ions, mineral precursors mostly exhibit spherical shapes with smooth surfaces formed due to partial wetting, as well as sheets formed due to complete wetting of the collagenous substrate (Figure 13, left). This hints towards a rapid transition from the Cassie–Baxter to Wenzel state. However, with Mg2+ ions (10 mM), an increased cohesivity of the liquid precursor is indicated by the absence of mineral sheets and the prevalence of spherical particles (Figure 13, right). This hints towards the stabilization of a Cassie–Baxter state and modulation of cohesivity by Mg2+ ions. A distinct feature of such particles is a porous texture, which reflects the role of demixing mechanisms involving the sequestration of a highly soluble (polymer-rich) phase.




2.5. Reconstructing the Mineral: Poly(4-styrenesulfonic acid-co-maleic acid)


The role of PSS-co-MA in controlling the superstructure of mineral products is well demonstrated. Mediated by non-classical crystallization processes, a systematic control over the size, structure and morphology of particles is achieved by applying PSS-co-MA during CaCO3 growth [68,69]. Given the functions of sulfated macromolecules in egg shell mineralization [48], PSS-co-MA (molar mass 20,000 g/mol) is an interesting synthetic counterpart and is evaluated as an additive during retro-mineralization of the egg biomineral. In the absence of Mg2+ ions, an extensive surface mineralization of the mammillae-occupied outer membrane is evident (Figure 14). The spatial control over mineral growth is minimal, reflected by mineralization at the mammillae sites, as well as in proximity to the collagen fibers. In this regard, the effects of PSS-co-MA and PAA on crystal nucleation are similar and contrast the biomimetic mammillae-associated mineral nucleation observed in the reference, as well as PEG- or PASP-containing experiments. In addition, in the presence of PSS-co-MA and Mg2+ ions, mineralization induces a significant curvature of the organic membrane, on account of a higher mineralization propensity exhibited by the mammillae-covered surface (Figure 14A, right). This mineralization outcome is also noted in the presence of PAA and reflects a mechanical actuation behavior because of anisotropic mineralization propensities (Figure 7).



An interesting observation is the presence of spherical particles, the remnant of a liquid-like CaCO3 intermediate, in the absence of Mg2+ ions (Figure 14). With increasing contents of Mg2+ ions, the abundance of the spherical particles decreases; however, the extensive mineralization of the biogenic scaffold is retained. Therefore, in the presence of PSS-co-MA, Mg2+ ions appear to decrease the transient stability of a liquid- or gel-like mineral precursor. With increasing Mg2+ contents, the mammillae sites are preferentially excluded from mineral nucleation, and collagen fibers are the preferred substrate for mineralization. Possible reasons suggested for this trend are: (i) Mg2+ ions decrease the stability of the intermediate mineral phases and lead to a rapid and relatively less controlled crystallization processes and (ii) Mg2+ ions modulate interfacial interactions between the transient mineral phase and the biomineral scaffold.




2.6. Polymorph Selection during Scaffold-Assisted Mineralization


The emergence of distinct mineral polymorphs is analyzed by performing FTIR spectroscopy of the membranes mineralized ex situ (Figure S2). Reference experiments that lack polymeric additives produce calcite as the predominant mineral phase, independent of Mg2+ content. Since mineralizing solutions with a relatively high Mg2+ content (1:1 Ca2+:Mg2+ ratio) produce a calcite-rich phase associated with the egg membrane, the contribution of the biogenic scaffold in polymorph selection is significant. An alternate explanation is the binding of Mg2+ ions by anionic constituents of the egg matrix; however, for the reason that calcite is nucleated even at 10 mM of Mg2+ ions, the contribution of this factor appears minimal. A similar trend is identified in the presence of PEG as the mineralization additive. Therefore, the capacity of the egg shell scaffold towards inducing calcite formation, even surpassing the effects of Mg2+-induced aragonite formation, is remarkable.



Polymeric additives have distinct effects on the polymorph formed during biomineral retrosynthesis. In the presence of PAA 5000, calcite is the predominant mineral phase irrespective of the Mg2+ content. However, with a higher molar mass PAA 35000, distinct mineral phases are stabilized as determined by Mg2+ ion content. In the absence of Mg2+ ions, ACC is the major mineral phase, as indicated by a peak at 863 cm−1 (ν2). With increasing Mg2+ contents, this peak shifts towards 854 cm−1 (ν2), indicating aragonite formation. Thus, the molar mass of PAA as a mineralization additive significantly affects Oswald ripening behavior and polymorph selection of the mineral phase. With PASP as the additive, calcite is formed as the major product after mineral retrosynthesis, independent of the Mg2+ content. On the other hand, PSS-co-MA leads to calcite or aragonite formation in the absence or presence of Mg2+ ions, respectively. Therefore, the capacity of Mg2+ ions to induce aragonite formation is either suppressed or relatively unaffected in the presence of PASP or PSS-co-MA, respectively. In this regard, in complex biological environments that consist of multiple ingredients, the synergistic interactions between additives species significantly affect mineralization outcomes. In addition, the concentration of Mg2+ ions as a co-additive species significantly affects the influence of organic additives on nucleation and crystallization processes.





3. Materials and Methods


3.1. Materials


Eggs from commercial White Leghorn laying hens are used. The internal egg contents are discarded through a perforation, and the shells are washed several times with de-ionized water. The egg is filled with 5% acetic acid, incubated for 30 min, and the separated outer shell and inner membranes are used for subsequent experiments. Mineralization experiments utilize calcium chloride (CaCl2, 1 M, Sigma, St Louis, MO, USA) and ammonium carbonate (Merck, Kenilworth, NJ, USA). Mineralization additives include magnesium chloride (MgCl2·6H2O, Merck), polyethylene glycol of molar mass 5000 g/mol (PEG), poly(acrylic acid) of molar masses 5000 g/mol (PAA 5000) and 35000 g/mol (PAA 35000), poly(aspartic acid) (Baypure DS100, LANXESS Corporation, Pittsburgh, PA, USA) of molar mass in the range of 2000 to 3000 g/mol (PASP) and poly(4-styrenesulfonic acid-co-maleic acid) of molar mass 20,000 g/mol (PSS-co-MA). All solutions are prepared using Milli-Q water (Millipore Corporation, Milford, MA, USA).




3.2. Staining and Swelling Studies


Surfaces of the shell and membrane materials are stained using Stains-all, Congo-red and 1,9-dimethyl-methylene blue (DMMB). Stains-all staining solution is prepared by diluting a stock solution (10×, 0.1% (w/v) in formamide) in Tris (20 mM, pH 8) containing 25% (v/v) isopropanol. Staining with Congo red is done using a solution containing 0.01% (w/v) dye in Tris buffer (0.5 M, pH 8.0). DMMB solution contains 0.01% (w/v) stain prepared in acetic acid (0.1 M) containing sodium chloride (0.1 M). After incubating samples in the respective staining solutions, the samples are rinsed to remove excess stain and visualized using a Zeiss Axio Imager M2m optical microscope (Wetzlar, Germany). Optical observations of membrane swelling behavior are performed by initial dehydration in absolute ethanol, followed by swelling by the addition of water.




3.3. Gas Diffusion-Based Mineralization


Egg shell membranes are decalcified by extensive washes using 5% acetic acid, followed by several washes with water to remove any traces of acid. Using sterile 12-well, flat bottom plates (Corning®, Corning, NY, USA), a membrane piece is submerged in calcium chloride (10 mM) solution containing either 0, 2 or 10 mM magnesium chloride. The plate is exposed to CO2 generated by the decomposition of ammonium carbonate in a sealed desiccator. After incubation for 3 days, the membranes are washed with absolute ethanol to remove weakly-attached crystals. Mineralized scaffolds are analyzed using (i) a desktop Scanning Electron Microscopy (SEM) (Hitachi TM-3000, Tokyo, Japan) and (ii) a Zeiss Axio Imager M2m optical microscope with polarizers and accessories for quantitative birefringence imaging.





4. Conclusions


Composite biominerals engineered by Nature exhibit remarkable formation routes and material properties. Of recent developments in the field of biomineralization, the nature of inorganic precursors, such as ion-clusters and amorphous phases, are shown crucial for mineral nucleation and growth [70,71]. For instance, in the presence of certain charged additives, stabilized amorphous phases exhibit fluid- or gel-like properties, suggested in enabling homeostatic mineralization (that involves an elegant integration with the organic matrix at different length scales). Of relevance is the occurrence of biogenic mineralization in non-ideal confined and crowded spaces, which significantly alters the pathways of nucleation and crystallization [10]. Thus, the in situ dynamics of the inorganic–organic interface from nascent to final stages of mineral formation must be addressed for a better understanding of biomineralization.



In the present study, we show that sulfated proteoglycans present distinct shell- and membrane-associated spatial distributions in the composite egg bioceramic. By applying the strategy of demineralization that yields intact organic scaffolds [72], we provide insights into biomineralization processes, as well as inspire soft materials for biomimetic mineralization. For instance, identified by using Stains-all reagent, heparan sulfate and chondroitin or dermatan sulfate are selectively enriched within the shell structure and at the membrane-bound mammillae sites, respectively. The patterns of localization reflect that the phase partitioning of certain sGAGs towards the growing mineral is favorable, leading to a selective enrichment of biomacromolecules within the mineral. Although this process has also been suggested in the emergence of diverse hierarchical structures of biominerals [71], in the case of the egg shell, the infiltration of organic additives within the mineral provides a robust interface between the organic substrate and the mineral layers. Supporting evidence comes from the hydrogel nature of egg membrane-associated macromolecules. Since gel porosity determines the selective inclusion or exclusion of mineral particles [9], the physical nature of additives as supramolecular assemblies (such as gels) is critical for the structural reinforcement of certain biominerals. In this manner, the distinct localization of additives and the hydrogel nature of additive macromolecules provide respective chemical and physical checkpoints for biomineralization. Thus, the egg membrane represents a micropatterned quasi-two-dimensional substrate designed by Nature in order to achieve a sophisticated control over mineral growth.



The present study also elucidates the emergence of mineral form and structure during the retrosynthesis of the egg shell under the combined influence of synthetic polymers and Mg2+ ions. Important aspects identified during retro-mineralization of the biogenic scaffold are:

	
The formation of aragonite, which is typically induced by Mg2+ ions, is suppressed by the organic matrix of the egg shell. This hints that the biochemical environment presented by the egg membrane actively promotes calcite formation. Applying PAA 35000 during mineralization, the polymorph selectivity towards calcite is rendered ineffective possibly via charge screening and competitive ion-binding by additive molecules. Therefore, biomineral scaffolds and soluble additives operate synergistically during mineral polymorph selection.



	
Mineralization additives with similar anionic groups can produce diverse mineral products in terms of shape, size, structure, as well as crystallographic orientation, due to the distinct molecular aspects of additives, such as conformation and chain-backbone chemistry. For instance, PASP leads to mammillae-associated nucleation of CaCO3 crystals. However, PAA 5000 leads to profuse surface mineralization, irrespective of mammillae distribution. Therefore, properties of additives, such as conformation and self-association, emerge as critical factors regulating mineralization.



	
The molar mass of a mineralization additive profoundly affects mineral structure. For instance, unlike PAA 5000, PAA 35000 leads to microporous sheets formed via multiple nucleation events, in association with the egg membrane.



	
Certain anionic additives lead to deformation and curvature of the egg organic matrix in the course of mineral growth. Phase transformation of attached mineral precursors induces surface-localized deformation of the membrane and subsequent membrane curvature. Similar mechanisms may operate during biogenic mineralization, determining the morphological aspects at larger length scales. To the best of our knowledge, this is the first report of mineralization-induced mechanical actuation.



	
Primary and secondary nucleation are distinct due to the surface properties of bare and mineralized organic surfaces. In case of the collagen membrane, secondary wetting by liquid-like mineral precursors preferentially occurs on mineralized surfaces relative to the bare collagenous membrane. Underlying factors include the inhibitory activity of collagen towards mineral nucleation, distinct properties of organic and mineral surfaces and the induction of phase transformation by initially-formed crystalline particles. Therefore, in this context, the primary nucleation event is of utmost importance and lays the foundation of subsequent nucleation events encompassing mineral maturation.



	
Properties of the mineral precursor phase, as well as subsequently-formed mineral products are determined by the nature of additive and co-additive species. For instance, on the inner surface of the egg membrane, in the presence of PASP, mineral particles with smooth surfaces suggestive of PILP droplets are formed. However, with the addition of Mg2+ ions, the particle surfaces are significantly coarse, suggesting a distinct mineralization process.








Given the structure-property relationships and rapid growth of the egg shell composite, the associated growth mechanisms have attracted considerable research attention. In this study, we show that the chemical and physical heterogeneity of the egg shell matrix serves important functional purposes during biomineralization. Organic–inorganic interactions prevalent during mineral formation are tuned by macromolecules, as well as dissolved ion species. Deciphering the true nature of biochemical environments and organic–inorganic interactions sustaining biomineralization will certainly aid the development of bioinspired composite materials.
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Figure 1. Representative SEM images of inner surfaces of the egg shell (A) before and (B) after calcination. Arrows indicate (A) co-association of mammillae content with the palisade base and (B) high porosity of the palisade cone after calcination. 
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Figure 2. Representative images of outer egg membrane (left panel) and inner shell (right panel) surfaces stained using (A) Congo red, (B) 1,9-dimethyl-methylene blue (DMMB) and (C) Stains-all. Scale bars represent 50 μm (left panel) and 100 μm (right panel). 
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Figure 3. (A,B) Representative images of the hydration process of egg membranes with mammillae sites indicated by dotted circles shown before (left) and after (right) swelling. Scale bars represent 100 μm. (C) Cartoon representation of the egg shell with the mineral (red), collagenous membrane (green), mammillae (yellow) and scaffold-bound hydrogel-like macromolecules (indigo) shown (i) before and (ii) after decalcification. 
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Figure 4. Representative SEM images of outer membrane surfaces mineralized in the presence of different Mg2+ contents. Arrows indicate mammillae-associated crystals. 
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Figure 5. Representative SEM images of the outer surfaces of egg shell membranes mineralized in the presence of PEG (50 ppm) and different Mg2+ contents. Arrows indicate mammillae-associated crystals. 
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Figure 6. Representative SEM images of outer surfaces of egg shell membranes mineralized in the presence of poly(acrylic acid) (PAA) 5000 (50 ppm) and different Mg2+ contents. Arrows indicate (A) membrane curvature post-mineralization and (B,C) preferential mineralization of collagen fibrils and active exclusion of mammillae from mineral growth. 






Figure 6. Representative SEM images of outer surfaces of egg shell membranes mineralized in the presence of poly(acrylic acid) (PAA) 5000 (50 ppm) and different Mg2+ contents. Arrows indicate (A) membrane curvature post-mineralization and (B,C) preferential mineralization of collagen fibrils and active exclusion of mammillae from mineral growth.



[image: Inorganics 05 00016 g006]







[image: Inorganics 05 00016 g007 550] 





Figure 7. Schematic depiction of the putative membrane curvature mechanism involving (A,B) specific interactions of mammillae-decorated (yellow) collagenous membrane (green) and mineral precursors (grey); (C) the enrichment of mineral precursors and phase transformation to crystalline forms (red) induce surface localized swelling of the membrane and subsequent membrane deformation and curvature. 
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Figure 8. Representative SEM images of outer surfaces of egg shell membranes mineralized in the presence of PAA 35000 (50 ppm) and different Mg2+ contents. Arrows indicate the exclusion of mammillae from crystallization. 
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Figure 9. Representative SEM images of mineralized (A) outer and (C,D) inner surfaces of egg shell membranes in the presence of PAA 35000 (50 ppm); (B) crystallographic domains from quantitative polarization mapping (Abrio©, CRi, Woburn, MA, USA) of the mineral structure corresponding to (A). 
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Figure 10. Schematic models for the emergence of distinct mineral superstructures favored via (A) mineral-induced or (B) organic matrix-induced preferential crystallization of mineral precursors. Crystallization of the amorphous phase (grey) in association with the collagenous matrix (green) or pre-formed crystalline particles (red) lead to distinct mineralization patterns involving subsequent mineral particles (violet). The top-view and side-view are represented by the suffixes 1 and 2, respectively. 
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Figure 11. Schematic depiction of interactions between mineral precursors (grey) and the organic matrix (green), involving the subsequent formation of crystalline products (red). (A1) Rapid phase transformation of polymer-induced liquid precursor (PILP) droplets that partially wet the organic surface leads to droplet-shaped mineral particles. Organic–inorganic interactions favoring a Wenzel state (i.e., complete wetting) lead to sheet-like structures via (B1) a matrix-induced crystallization of a PILP phase involving rapid, complete wetting or (B2) an intermediate Cassie–Baxter state involving phase transformations on a timescale significantly slower relative to the dynamics of the PILP phase. 
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Figure 12. Representative SEM images of the outer surfaces of egg shell membranes mineralized in the presence of poly(aspartic acid) (50 ppm) and different Mg2+ contents. Arrows indicate mammillae-associated crystals. 
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Figure 13. Representative SEM images of mineralized inner surfaces of egg shell membranes in the presence of poly(aspartic acid) (PASP) with (right panel) and without (left panel) Mg2+ ions. 
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Figure 14. Representative SEM images of outer surfaces of shell membranes mineralized in the presence of PSS-co-MA (50 ppm) and different Mg2+ contents. Arrows indicate (1) spherical particles formed in the absence of Mg2+ ions, (2) a higher degree of mineralization of collagen fibrils relative to mammillae and (3) distinct mineralization on inner and outer membrane surfaces. 
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