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Summary  

In living systems, the biologically programmed interplay of organic and inorganic constituents 

often produces materials with fascinating morphologies and organizations. As a promising 

model system for elucidating biogenic nucleation and crystallization, sea urchins produce 

elaborate Mg-calcite spines via the deposition of amorphous precursors. The crystalline phase 

is deposited with spatiotemporal precision, thereby facilitating a mesocrystalline organization 

of co-oriented nanocrystals embedded in a matrix of amorphous mineral and biomolecules. 

Despite the prevalence of C-type lectin-like (CTL) proteins in the spine proteome, the 

mechanistic roles of this motif towards mineral nucleation and crystallization are not well 

understood. Therefore, the primary objective of this research is to investigate protein-mineral 

interactions during the early stages of calcium carbonate (CaCO3) formation, and how they 

influence and direct the course of crystallization in near physiological scenarios.  

Given the pH dependent speciation of (bi)carbonate ions, a methodology to quantitatively 

investigate CaCO3 mineralization at near-neutral pH levels (pH 7.5–9.0) is established. In 

particular, the contributions of HCO3
- ions as active soluble species and structural constituents 

in mineral nucleation are revealed. The titration methodology further identifies the specific 

effects of CTL proteins on mineralization, elucidating the biochemical mechanisms concerning 

crystal formation and growth. By investigating recombinant forms of three CTL proteins from 

the spine proteome (SM50, SM30A, LSM34), the proteins are found to inhibit the onset of 

mineral nucleation and also affect the solubility product of initially formed mineral phases in a 

pH- and ion-dependent manner. Small angle X-ray scattering (SAXS) and analytical 

ultracentrifugation (AUC) reveal that these proteins self-associate to distinct supramolecular 

structures during mineralization in response to the applied ionic and pH conditions. Collectively, 

these findings suggest that biomineralization encompasses bidirectional processes involving (i) 

biomolecules that modulate the nucleation and crystallization of inorganics and (ii) distinct 

mineral precursors that influence the self-association of biomolecules. In addition, elucidating 

the phase transformation of minerals, the transitions of amorphous mixed metal carbonates 

towards crystalline superstructures are found to be synergistically regulated by environmental 

water contents and occluded Mg2+ ion contents. In this regard, a novel mechanism for 

mesocrystal formation via interface-coupled dissolution-re-precipitation of mesoscale 

amorphous precursors is proposed. Overall biomineralization emerges as a biologically 

programmed multistep crystallization reaction, wherein ionic and molecular additives influence 

the nucleation and transformation of mineral phases towards distinct crystalline superstructures. 



 iii 

Zusammenfassung 

Das durch die Biologie vorgegebene Zusammenspiel von organischen und anorganischen 

Verbindungen in Lebewesen erzeugt Materialien von faszinierender Morphologie und 

Anordnung. Seeigel stellen aufgrund ihrer komplex aufgebauten Mg-Calcit-Stacheln, die durch 

die Ablagerung von amorphen Vorläuferstufen entstehen, ein vielversprechendes 

Modellsystem für biogene Nukleation und Kristallisation dar. Die kristalline Phase wird 

räumlich und zeitlich präzise abgeschieden, wodurch eine mesokristalline Anordnung co-

orientierter Nanokristalle ermöglicht wird. Diese sind eingebettet in eine Matrix aus amorphem 

Mineral und Biomolekülen. Trotz der Verbreitung von C-Typ-lektinartigen (CTL) Proteinen 

im Stachel-Proteom ist die Rolle dieses Motivs im Nukleations- und 

Kristallisationsmechanismus von Mineralien bisher kaum verstanden. Daher liegt der 

Schwerpunkt dieser Arbeit darauf, die Wechselwirkungen zwischen derartigen Proteinen und 

dem Mineral in den frühen Stadien der Bildung von Calciumcarbonat (CaCO3) zu untersuchen. 

Ebenso wird die Art und Weise untersucht, wie sie den Verlauf der Kristallisation unter 

annähernd physiologischen Bedingungen beeinflussen und steuern.  

Angesichts der pH-abhängigen Speziierung von (Hydrogen-)Carbonat-Ionen wird 

zunächst eine Methodik zur quantitativen Untersuchung der Mineralisation von CaCO3 bei 

nahezu neutralen pH-Werten (pH 7.5–9.0) etabliert. Insbesondere wird die Rolle von HCO3
- 

Ionen als aktive gelöste Spezies und als struktureller Bestandteil im Nukleationsmechanismus 

aufgezeigt. Darüber hinaus ermöglicht die Titrationsmethode die Identifikation spezifischer 

Effekte von CTL-Proteinen auf die Mineralisation. Dabei werden biochemische Mechanismen 

aufgeklärt, die für die Bildung und das Wachstum der Kristalle relevant sind. Bei der 

Untersuchung von rekombinanten Formen dreier CTL-Proteine aus dem Stachel-Proteom 

(SM50, SM30A, LSM34) zeigte sich, dass die Proteine den Beginn der Mineralnukleation 

inhibieren. Ebenso konnte gezeigt werden, dass sie das Löslichkeitsprodukt der anfänglich 

gebildeten mineralischen Phasen auf eine pH-Wert- und ionenabhängige Art und Weise 

beeinflussen. Biophysikalische Methoden wie Röntgen-Kleinwinkelstreuung (small angle X-

ray scattering, SAXS) und Analytische Ultrazentrifugation (AUZ) zeigen, dass sich diese 

Proteine als Reaktion auf die eingestellten ionischen und pH-Bedingungen während der 

Mineralbildung zu supramolekularen Strukturen zusammenlagern. Insgesamt deuten diese 

Ergebnisse darauf hin, dass in der Biomineralisation bidirektionale Prozesse auftreten, in denen 

(i) Biomoleküle die Nukleation und Kristallisation von Mineralien modulieren, und 

(ii) bestimmte Mineral-Vorläuferstufen wiederum die Selbstassoziation dieser Biomoleküle 
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beeinflussen. Außerdem fällt bei dem Phasenübergang von Mineralien auf, dass die Übergänge 

von amorphen gemischten Metall-Carbonaten zu kristallinen Überstrukturen über eine 

Synergie, begünstigt durch den Wassergehalt in der Umgebung sowie durch eingeschlossene 

Mg2+-Ionen, reguliert werden. In diesem Zusammenhang wird ein neuartiger Mechanismus für 

die Bildung von Mesokristallen vorgeschlagen, der über einen an Grenzflächen gekoppelten 

Prozess der Auflösung von amorphen Vorstufen und Wiederausfällung auf der Mesoskala 

verläuft. Zusammenfassend stellt sich Biomineralisation als eine biologisch programmierte 

mehrstufige Kristallisationsreaktion heraus, in der ionische und molekulare Additive die 

Nukleation und die Umwandlung von Mineralphasen zu bestimmten kristallinen 

Überstrukturen beeinflussen. 
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1 Biomineralization 

Biomineralization is a complex process involving the biological production of organic-

inorganic hybrid minerals such as shells, skeletons and teeth in living organisms. These 

exquisite biominerals are often produced by biochemically-controlled, genetically programmed 

pathways1. Recruiting diverse biomolecules such as polysaccharides and proteins, the 

controlled nucleation and crystallization of mineral phases confer biogenic composites with 

unique structural and mechanical properties. Biominerals exhibit remarkable features including 

intricate morphologies, hierarchical organizations and enhanced mechanical properties, which 

are optimized by evolutionary mechanisms for specialized functions such as protection, support, 

sensing, defense and navigation2–5. These structure-property relations of biominerals are 

distinct and remarkable, with morphological patterns seldom found in geological counterparts. 

Among biominerals, calcium carbonate is commonly employed by invertebrates as the 

fundamental inorganic building block for hard composite tissues. Calcium carbonate (CaCO3) 

exists as distinct polymorphs, i.e. calcite, aragonite, and vaterite. Among these, calcite and 

aragonite are mostly found in biominerals1,6,7. 

Inspired by the remarkable morphologies and structural organizations of biominerals as 

well as elaborate material developmental strategies adopted by organisms, an arising amount 

of research aims for understanding biomineralization pathways and their application towards 

biomimetic materials. However, due to the dynamics and complicated interplay between 

organic and inorganic constituents in microenvironments, the mechanisms that underlay 

biomineralization still remain elusive. Therefore, a better understanding of biomineralization is 

required from the fundamental perspectives of biological and material sciences. In addition, 

advances in the field of biomineralization might provide relevant applications, such as the 

development of biocompatible implant materials and the prevention of undesirable mineral 

deposition related to pathology and industrial scale formation. 

 

1.1 Macromolecules in Biomineralization 

During biomineralization, organisms appear to employ common strategies to regulate mineral 

form and growth. Usually the microenvironment for mineral nucleation and crystallization is 

isolated from the cellular environment. For instance, specific cells (e.g. epithelial cells of the 

mantle in mollusks and primary mesenchyme cells in sea urchins) construct elaborate organic 

matrices within a space dedicated to mineralization. Organic matrices can be embedded within 

the mineral phase, providing a hierarchical structural organization. Although the occluded 
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amounts are usually minor (1–5% in mollusk shell and 0.1% in sea urchin spine), their 

contributions to the formation, structure and properties of biominerals are crucial. Isolated by 

decalcification with EDTA or weak acids, the organic matrices of biominerals can be generally 

categorized into two groups: the soluble fraction and insoluble fraction. Soluble biomolecules 

have been suggested to control the crystal nucleation and growth, while the insoluble matrices 

might serve as 3-dimensional templates presenting predefined nucleation sites.  

In certain biominerals, soluble biomolecules are comprised of acidic proteins and 

glycoproteins, commonly rich in aspartic acid (Asp), glutamic acid (Glu), phosphorylated 

amino acids, and acidic sulfated polysaccharides.8–11 On account of their potential interactions 

with Ca2+ ions, such as ion complexation and conformational transitions, these biomolecules 

have been indicated to play essential roles in the mineralization process12. For instance, acidic 

proteins isolated from the prismatic layer of mollusk shells and glycoproteins extracted from 

sea urchin spines display distinct interactions with calcite crystals, resulting in dissimilar 

morphologies and compositions of emergent crystals13. On the other hand, the framework- or 

matrix-associated biomolecules are diverse and appear biochemically tailored for specific 

functions, such as type I collagen in bone and dentin, ß-chitin-protein complexes in mollusk 

shells and proteinaceous envelopes in sea urchin skeletal elements6,12,14. In biominerals, these 

distinct (soluble and insoluble) organic components function together, providing precise control 

over mineralization. For instance, glycoproteins isolated from either aragonitic or calcitic shells, 

pre-absorbed on a substrate of ß-chitin and silk-fibroin, can selectively induce the formation of 

aragonite and calcite phases, respectively15. This reflects the collective functions of soluble and 

framework biomolecules in determining the polymorph selection of crystalline (bio)materials. 

Notably, certain key proteins in biogenic minerals do not abundantly contain acidic amino 

acids residues but exhibit repetitive sequences, which have been also demonstrated to influence 

mineral formation. These biomineral-associated proteins, such as Pif80 in molluscan nacres16 

and SM50 in sea urchin spines17, appear intrinsically disordered and aggregation-prone, 

suggested to produce liquid-like organic phases that regulate mineralization18. In addition, 

certain recombinant disordered domains from SM50 and LSM34 in sea urchin skeletons have 

been shown to control the in vitro nucleation of CaCO3, involving self-association and 

conformational changes from disordered states toward ß-conformations17. Note that studies on 

the activities and functions of the mineralization-related biomolecules are largely performed 

under in vitro conditions. In view of the complex nature of biochemical environments involving 

macromolecular crowding, confinement and gel-like media, the regulatory influences of these 

biomolecules on mineralization might be distinct19.  
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1.2 Amorphous Calcium Carbonate in Biomineralization  

Amorphous calcium carbonate (ACC) has been identified in several organisms. During 

biological crystallization, amorphous minerals appear to provide multiple advantages, serving 

as (i) structural constituents (e.g. sponge and ascidian spicules)20, (ii) temporal mineral 

reservoirs (e.g. crustaceans21), as well as (iii) transient precursor phases for crystalline 

counterparts (e.g. sea urchins22 and mollusks23).7,24 In addition, biogenic ACCs exhibit short-

range order with species-dependent structural variations, suggested to be under genetic 

control24,25. Based on these structural differences of biogenic ACCs characterized by extended 

X-ray absorption fine structure (EXAFS) analysis, Addadi et al. proposed that ACC is not one 

mineral phase, but a family of phases24. This distinct short-range structural variation of 

amorphous phases is termed as polyamorphism7. Biogenic ACCs can be generally categorized 

into two groups, depending on whether it is stable or gradually transforms into a crystalline 

phase. The stable form typically comprises stoichiometric contents of structural water, whereas 

the latter is usually anhydrous7,24.  

During biogenic mineralization, the phase transformation of amorphous precursors 

towards crystalline counterparts involves dehydration steps24,26,27. For the larval spicules of sea 

urchins, Beniash et al. first suggested that transient ACC transforms towards calcite22. 

Subsequent studies also revealed that the mineralization of aragonite phases proceed via 

amorphous precursors in larval bivalves23, gastropod Biomphalaria28 and freshwater-cultured 

pearls29. Even in adult specimens, the growth of biominerals involves transient amorphous 

mineral phases. For instance, Politi et al. identified the existence of a thin layer of ACC on the 

regenerating sea urchin spine, which subsequently transform into calcite30. In addition, Nassif 

et al. observed a continuous ACC layer (3-5 nm) enveloping aragonite tablets in nacre material 

of adult mollusks31. In a similar manner, transient amorphous precursors can be found in other 

biomineral systems such as amorphous ferric oxide in the radular teeth of Cryptochiton stelleri32 

and amorphous calcium phosphate (ACP) in the fin bones of zebrafish33. 

In bulk solutions, synthesized amorphous minerals such as ACC can transform rapidly to 

crystalline phases. In this regard, the enhanced stability of biologically-produced ACC might 

be attributed to biomolecules such as proteins and polysaccharides10,34, biological structures17,35, 

ionic constituents36 as well as local water environments37. For instance, in sea urchins, the 

crystalline phase with colocalized ACC is delineated by membrane compartments38. In addition, 

prior to deposition, the mineral precursors transported to mineralization sites are also delimited 

in vesicles39–41. Secondly, biogenic ACCs are often found to contain “impurities” such as 

magnesium ions and incorporated proteins, which are suggested to play key roles in stabilizing 
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forms of biogenic ACC24,42–44. The roles of biomolecules in stabilizing amorphous minerals 

have been indicated by in vitro studies, in which the macromolecules derived from biogenic 

ACC can effectively stabilize synthetic ACC42,43. 

 

1.3 Roles of Mg2+ Ions in Biomineralization 

Magnesium ion is a common constituent of biogenic carbonate- and phosphate-based minerals. 

The incorporation of Mg2+ ions has been proposed to regulate the formation and transient 

stability of certain thermodynamically unstable mineral phases during biomineralization45,46. In 

particular, Mg-containing calcite is the primary inorganic component in skeletal elements of 

sea urchin, sea star, sponges and red coral. The integrated Mg2+ ion contents can vary in these 

hard tissues, ranging from 4 to 45 mol%45. An interesting feature is the inhomogeneous 

distribution of Mg2+ ions in these biogenic structures. The occluded Mg2+ ion contents and the 

inhomogeneity of its distribution in biominerals are attributed to biological design, related to 

their mechanical properties47–49 and under active biochemical regulation. For instance, the 

localization of Asp residues in regions of high Mg2+ ion contents in teeth of the sea 

urchin Lytechinus variegatus indicates the contributions of biomolecules in modulating Mg2+ 

ion-mediated skeletal development50. Apart from the functional significance of biomolecules 

in biomineralization, the Mg/Ca ratio in seawater is a crucial factor for marine organisms. For 

example, coralline algae produce high-Mg calcite in modern seawater, whereas in formulated 

seawater with Mg/Ca ratio of 1.0, the organisms generate low-Mg calcite51. This is also 

indicated by the direct uptake of ambient sea water for biomineralization activity by organisms 

such as corals52, foraminifera53 and sea urchins40.  

 

2 Sea Urchin Skeletons 

2.1 Development of Sea Urchin Spicules 

For elucidating the fundamental mechanisms underlying biomineralization, the sea urchin spine 

is a remarkable and well-documented model system. The embryonic development of sea urchin 

has gained much attention in cell biology and embryology due to well-studied larval 

developmental stages as well as abundant and translucent eggs, enabling the organismal 

maturation to be observed in real time54,55. During embryonic development, primary 

mesenchyme cells (PMCs) shift to stereotypical locations close to blastula wall and fuse with 

one another to form a syncytium. In the gastrula stage, the emergence of rhombohedral, 

birefringent crystal granule in the syncytial compartment marks the initiation of spicule 
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formation38,55. Subsequently, tri-radiate spicules are formed by continuous depositions of 

calcareous supplements along three radii of initial crystal seed in the pluteus stage. 

The impacts of calcium uptake on spicule growth have been demonstrated with the 

utilization of 45Ca isotopic tracers, calcein fluorescence and Ca2+ channel blockers. 

Circumventing ion-by-ion attachment for crystal growth in the classical sense of nucleation, 

spicule growth recruits transient amorphous precursors22. The calcium source of calcareous 

spicule is directly recruited from sea water56 with the involvement of L-type calcium channels 

as well as non-specific endocytosis57. The engulfed fluid undergoes a poorly understood 

maturation process, forming amorphous mineral confined within vesicular packages40. The 

mineral precursor-containing vesicles39 are subsequently introduced into the syncytium58, 

wherein the initially hydrated ACC phase expels its water content and transforms into 

crystalline forms26,30. In this manner, the biomineralization process utilizes vesicular packages 

and intracellular compartments, thereby presenting local conditions that might prevent rapid 

crystallization. In this regard, the ACC-mediated approach also appears to present higher 

skeletal growth rates, in comparison to ion-by-ion as the primary crystal growth mode. 

 

2.2 Structural Features of Sea Urchin Spines 

Sea urchin spines display material features alike amorphous materials including sponge-like 

morphologies, macroscopically fenestrated structures, smooth and curved surfaces as well as 

conchoidal fractures such as glassy materials. However, studies utilizing techniques including 

polarized light microscopy, X-ray diffraction (XRD)59 and electron backscatter diffraction47 

have suggested single crystal structures. From these observations, the single crystal 

characteristic of this biomineral has been debated60. A recent study has elucidated its structure 

at distinct length scales, wherein the sea urchin spine exhibits macroscopically convoluted 

morphologies, while at mesoscale, it comprises Mg-calcite (5% Mg) constructed by highly co-

oriented nanocrystals (50–200 nm) within a cement of ACC and biomolecules distributed in 

the inter- and intra-crystalline zones2. Accordingly, this hierarchical structural organization 

endows the elaborate skeleton with unique material and optical characteristics, such as single 

crystal-like diffraction, birefringence, conchoidal fracture planes as well as enhanced 

mechanical properties.  
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2.3 Spicule Matrix Proteins 

PMCs orchestrate the process of skeleton formation, not only modulating the local mineral 

source but also producing biomolecules which actively guide mineralization. The 

macromolecules secreted by PMCs regulate formation of the spicule and spine, termed “spicule 

matrix (SM) proteins”, some of which are embedded in the biominerals (0.1% by weight of 

spicule), while others are localized in the specialized extracellular envelope surrounding the 

biominerals14. More than 200 SM proteins in the respective matrices of Strongylocentrotus 

purpuratus spicules and spines have been characterized by mass spectrometry-based 

approaches61,62, of which SM30 and SM50 have been shown to be active in biomineralization. 

The SM30 family, containing SM30A–F isoforms, are acidic glycoproteins and harbor a 

single C-type lectin domain. The expression patterns of these isoforms vary during the distinct 

stages of skeletal formation. For instance, RT-PCR analysis indicated that SpSM30A, B, C and 

E are expressed in embryonic stages, while SpSM30C, D, E and F show high level of expression 

in adult spines. However, the exact function and bio-inorganic interactions of the SM30 family 

during biomineralization still remains unclear63. Distinct from acidic biomineralization proteins, 

SM5064,65 as well as its ortholog, LSM34 identified in Lytechinus pictus66,67, exhibit highly 

alkaline isoelectric points (pI) and lack glycosylation. These proteins have unique structural 

motifs encompassing an N-terminal C-type lectin domain and a residual glycine- and proline-

rich repeat region. The repeat region is putatively disordered, suggested to have critical 

functions during biomineralization17.  

To a certain extent, biochemical studies have revealed the roles of the spicule-associated 

proteins in biomineralization. For instance, a decrease of LSM34 expression by treating anti-

LSM34 oligonucleotides into blastocoel of L. pictus embryos causes mineralization to cease, 

indicating vital roles of LSM34 in spicule formation67. Similar knockdown experiments proved 

that LSM34 and SM50 are essential in initiating spicule formation and modulating development 

of the calcareous skeletons68. In contrast, the inhibition of SM30 does not affect spicule 

formation as significantly69 although SM30 is proposed to regulate the direction of spicule 

growth due to its localization in skeletal elements growing along with c-axis direction and its 

absence in those following the a-axis growth direction (e.g. test)70. Variations in the localization 

patterns of these proteins in space and time have been also reported. For instance, the 

accumulation of SM50 and LSM34 initiates several hours prior to spicule formation, while the 

accumulation of SM30 increases just prior to the initiation of spicule formation. In addition, 

SM50 is widely distributed in the spicule but mainly adherent on the surface of spicule, while 

SM30 appears primarily occluded in spicule71. However, whether the spatiotemporal 
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accumulation and localization of these matrix proteins are directly related to their functional 

involvement in spicule formation is an unresolved question.  

 

2.4 C-Type Lectin-Like (CTL) Proteins  

Based on bioinformatic studies, certain biomineral-associated proteins present domains which 

are homologous to the carbohydrate recognition domains of C-type lectins. Prevalence of the 

CTL motif in biomineral-associated proteins implicates potential functional roles of this 

domain in biomineralization. For instance, certain matrix proteins derived from avian eggshells 

present CTL domains, such as struthiocalcin-1 and struthiocalcin-2 in ostrich eggshells72, 

ovocleidin-17 (OC-17) in chicken eggshells73 and ansocalcin in goose eggshells74. These 

proteins have been suggested to modulate the deposition of Ca2+ ion-rich mineral phases during 

calcification. Moreover, the recombinant form of perlucin, a CTL protein based on abalone 

nacre material75, with a fusion tag was shown to incorporate into calcite crystals, regulating 

CaCO3 precipitation76. 

Overall proteins presenting CTL domains exhibit diverse functions, exemplified by 

coagulation factor binding proteins, Type II antifreeze proteins and phospholipase receptors77. 

This might be related to distinct properties concerning carbohydrate- and Ca2+-bindings. Some 

CTL proteins can even self-associate, forming oligomers77,78. For the biomineral-associated 

CTL proteins, their aggregation propensities and distinct contributions in regulating 

mineralization have been indicated as well. For instance, OC-17 and ansocalcin display distinct 

interactions with calcite crystals in vitro79. Related to biomineralization processes pertaining to 

sea urchins, recombinant rSpSM30B/C-G and rSpSM50 are prone to aggregation and are 

suggested to form smart ion-responsive hydrogels. Nuclear magnetic resonance (NMR) studies 

further demonstrated that hydrogels composed of rSpSM50 can influence the diffusion of water 

and anionic solute, while those made of rSpSM30B/C-G can exclusively impact water 

dynamics80. In addition, the roles of these CTL proteins in controlling early stages of CaCO3 

mineralization have been reported as well81–83. Also, in view of unique localization, 

biochemical studies have revealed distinct patterns of expression and accumulation of SM30 

and SM50 during spiculogenesis70,84. Although both proteins present CTL domains, it appears 

that SM30 and SM50 might have distinct functions or provide synergistic control over mineral 

formation. Altogether, these studies reveal the significance of CTL proteins in 

biomineralization and hint towards their specialized functions in mineral nucleation and 

crystallization. However, precise mechanistic processes of how CTL proteins influence mineral 

formation are still elusive. Especially, the investigation of structure and function relationship 
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of these biomineral-related proteins is in its infancy stage; therefore, further research attention 

is needed here.  

 

3 Non-Classical Nucleation and Crystallization 

A vital key to elucidating the mechanisms of biomineralization lays in the fundamental 

understanding of mineral formation and growth. In this regard, advances in the fields of 

nucleation and crystallization have revealed several interesting phenomena such as the 

existence of pre-nucleation clusters (PNCs), crystallization via liquid-condensed mineral 

precursors as well as crystal growth via particle-attachment and phase transformation of 

amorphous precursors. As discussed below, the contributions of these distinct precursors and 

intermediates towards crystallization provide comprehensive insights into crystal formation and 

growth in biological and synthetic environments. For instance, biominerals often display 

fascinating hierarchical organizations and non-equilibrium morphologies, which can 

effectively be better described in consideration of the multistep nature of nucleation and 

crystallization. These emerging conceptual frameworks are expected to enhance the 

mechanistic descriptions of biogenic and synthetic crystallization, opening synthetic avenues 

towards complex functional materials.  

 

3.1 Classical Nucleation Theory and Pre-Nucleation Cluster Pathway  

An extensively utilized theoretical model for describing and explaining nucleation phenomena 

is so-called classical nucleation theory (CNT). Based on the works of J. W. Gibbs85, CNT was 

originally derived for the vapor systems and subsequently applied to describe crystal nucleation 

in solutions86,87. According to CNT, in bulk solution, fundamental building units (e.g. ions, 

molecules) stochastically associate to form dynamic nascent nuclei. The bulk energy 

(proportional to the cube of radius) of nascent nuclei counterbalances the surface energy 

(proportional to the square of radius), hence determining the critical size of nuclei. Relative to 

this critical size, thermodynamically unstable, smaller nuclei can dissolve, whereas larger ones 

can continue growth88 (Figure 1.1 top). CNT represents a valuable and widely applied 

framework for the quantitative description of nucleation events. However, in certain scenarios, 

the quantitative predictions of nucleation rates based on CNT are incompatible with the 

experimental observations by many orders of magnitude89. The deviation primarily arises due 

to certain oversimplifications, one of which is the capillary assumption that the chemical and 

physical behavior of nuclei are considered identical to macroscopic bulk phase90. To resolve 
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the deviation between theoretical predictions and experimental data, a two-step mechanism of 

nucleation89,91 has been proposed, wherein the dense liquid phases are initially formed which 

decreases the barrier for nucleation of solid phases, followed by crystal formation within this 

dense liquid. Although consistent with experimental data concerning protein crystallization, on 

account of the conceptual exclusion of solute clusters or pre-associated fundamental building 

units, the applicability of the two-step nucleation concept for inorganic materials such as 

biominerals might be limited.  

An emerging nucleation framework, the pre-nucleation cluster (PNC) pathway, has been 

recently introduced, wherein thermodynamically stable solute clusters, existing in equilibrium 

with free ions and ion pairs prior to nucleation, serve as the primary species for particle 

nucleation92–94. Driven by the release of solvent molecules from ionic hydration layers95, the 

solute species in solution initially associate to form PNCs, which display decaying size 

distributions96 and encompass dynamic configurations, termed as dynamically-ordered liquid-

like oxyanion polymers (DOLLOPs)97. PNCs are described as highly dynamic 

thermodynamically stable solutes, i.e. lacking a phase interface92,97. With the rising 

supersaturation and upon reaching a certain ion activity product, the clusters internally organize 

and develop a greater coordination relative to the initial chain-like configurations, resulting in 

reduced dynamics of the maturing clusters98. Transitions in the structural dynamics of PNCs 

and their proximal derivatives, accompanied with limited desolvation, produce phase-separated 

nanodroplets via liquid-liquid demixing98,99. Exhibiting fluid-like properties, the aggregation 

and coalescence of the as-formed transient nanodroplets can produce larger intermediate phases, 

which subsequently undergo further dehydration and subsequently solidify, yielding particles. 

Amorphous particles can further transform into crystalline counterparts (Figure 1.1, bottom). 

In this crystallization regime, inter-particle interactions involving amorphous and crystalline 

particles can produce crystals with atypical morphologies and hierarchical organizations100,101.  

In PNC pathway, the transition state is determined by the structural dynamics and 

solvation state of the clusters instead of the size of as-formed species. Therefore, the “non-

classical” perspective of PNC pathway or the decisive core of the nucleation event depends on 

transitional physicochemical states of nucleating species in relation to phase separation, rather 

than a critical nucleus size defined within CNT. In addition, from the CNT perspective, the 

probability of nucleation, i.e. the height of nucleation barrier, is determined by the excess 

standard free energy in relation to supersaturation. In this case, pre-crystalline species such as 

stable ion associates, whose excess standard free energy are independent on supersaturation, 

are neglected by CNT. In this vein, CNT is not a universal nucleation theory, excluding the 
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existence of cluster species such as ion pairs or complexes even though they are abundant in 

solution and amenable to analytical characterization, in contrast to “critical nuclei”.94 On the 

other hand, the PNC pathway emerges as a promising framework for revealing nucleation 

phenomena and solute speciation in diverse systems. The initial report on the existence of PNCs 

based on CaCO3 mineralization92 has sparked enormous research interest97,98,102. The related 

PNC pathway for other minerals, such as calcium phosphate103 and iron(oxy)(hydro)oxides104, 

as well as for organic molecules such as amino acids105 and tartaric acid106, has been 

investigated as well.93 Recently, a few studies challenged the existence of PNCs and proposed 

the rationalization of CaCO3 nucleation via CNT107–109. However, detailed examination of 

corresponding experimental evidence raises concerns and are difficult to scientifically 

validate94.  In summary, with the growing validity of the PNC pathway towards diverse 

crystallization systems including (bio)minerals, nucleation and crystallization events 

proceeding via solute clusters might be far more prevalent than previously assumed. 

 

 

 

Figure 1.1. Schematic illustration of nucleation mechanisms based on the classical nucleation theory 

(CNT, top) and the pre-nucleation cluster (PNC) pathway (bottom). Reproduced from Gebauer (2018)110.  

 

3.2 Amorphous Precursors  

During crystallization, the transient existence of liquid condensed phases (LCP) is 

demonstrated for minerals, metals as well as biomolecules18,111–113. For CaCO3, Gower et al. 
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initially reported the existence of liquid-like amorphous intermediates as crystal precursors114. 

The fluidic precursor phase was initially assumed to be induced by minute amounts of anionic 

polymer, thereby termed as polymer-induced liquid-precursor (PILP). Subsequent 

investigations revealed that PILPs are not induced but rather transiently stabilized by the 

applied polymers. In agreement, the formation of mineral LCPs has been demonstrated even in 

the absence of external additives115,116. Studies have indicated that the charged polymers are 

incorporated into the transient liquid dense phase, inhibiting its dehydration and solidification 

towards intermediate amorphous phases99. Fluidic mineral precursors with emulsified 

appearance have been suggested to be stabilized by electrostatic and depletion forces, strongly 

influenced by (bio)polymers117,118. For CaCO3, the formation of mineral LCPs was found to be 

promoted at near-neutral (i.e. bicarbonate enriched) pH conditions and in situ NMR studies 

further confirmed a bicarbonate-biased nucleation phenomenon115,116.  

Under thermodynamic equilibrium, studies on mineral nucleation suggest that the 

mechanisms of phase separation are based on liquid-liquid binodal demixing99 rather than a 

spinodal one98. By utilizing potentiometric titration in combination with THz spectroscopy, the 

mechanisms of phase separation of LCPs formed via PNC pathway have been investigated99. 

Correspondence between the locus of liquid-liquid binodal limit and the solubility of initially 

formed amorphous intermediate phases indicates that the formation of amorphous phases 

proceeds via the dehydration of nascent liquid precursors99. In literature, mechanistic accounts 

attribute the emergence of LCPs to either liquid-liquid binodal demixing or spinodal 

decomposition. At high levels of supersaturation, the occurrence of mineral LCPs was 

speculated to proceed via spinodal phase decomposition119,120. However, it is difficult to assign 

the mechanism of phase separation based on the final particle morphology because the transient 

fluidic amorphous precursors are highly susceptible to morphological distortions originating 

from experimental conditions such as turbulence as well as electron irradiation118,121. Overall 

fluidic pre-crystalline phases such as PILPs represent an important feature of regulated 

nucleation and crystallization in artificial and biological systems122. These malleable crystal 

precursors lead to several non-equilibrium morphologies and hierarchical architectures of 

crystalline materials, exemplified by biomimetic nacre-type materials123 and composite 

structures derived via LCP infiltration124.  

Solid-state NMR studies have indicated that the amorphous intermediates originating from 

the PNC pathway exhibit distinct short-range organizations, which emerge at distinct pH 

conditions125 or temperature126 in the absence of external additives. In this regard, the PNC 

pathway also appears to lay the foundation of distinct short-range order of amorphous 
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precursors, termed as polyamorphism7. This kind of pre-structuring of amorphous intermediates 

appears to play a central role in polymorph selection, i.e. the selective emergence of one of 

several accessible crystalline phases, even relevant for biominerals24.  

 

3.3 Amorphous Precursor- and Crystalline Particle-Mediated Crystallization 

Mirroring classical unit-by-unit crystal growth (single ion mediated for minerals), particle-

based growth pathways recruit fluidic phases as well as amorphous and crystalline particles as 

modular building blocks. Collectively classified as “non-classical crystallization”, these 

pathways produce intricate crystalline superstructures via mesoscale transformations. A 

superstructure constituted of highly crystallographic oriented building blocks, referred to as 

“mesocrystal”, which is defined as “a nanostructured material with a defined long-range order 

on the atomic scale, which can be inferred from the existence of an essentially sharp wide-angle 

diffraction pattern (with sharp Bragg peaks) together with clear evidence that the material 

consists of individual nanoparticle building units”.127 Mesocrystals are derived from the self-

assembly of pre-synthesized individual nanocrystals via particle-mediated crystallization100,128. 

On the other hand, these crystal organizations can also arise via transformations of a dense 

volume of disordered precursors in biological scenarios2,129 and synthesized materials121,130,131. 

Crystallization via disordered, isotropic and malleable amorphous precursors can endow the 

emergent products with intricate morphologies and convoluted organizations, which are 

strikingly distinct from the equilibrium shapes of crystals as described by Wulff’s rule100,128. In 

this pathway, additives play important roles in modulating the colloidal interactions of 

amorphous precursors and regulation of the kinetics of phase transformation. Certain ions and 

molecules are effectively incorporated into amorphous precursors and thus influence the 

physicochemical properties of amorphous phases and their transformation36,132. With the 

identification of amorphous precursors as crystal precursors in several biominerals24, it is likely 

that the remarkable regulation of mineral structures emerges from biogenic phase 

transformation events, employing ions sequestered from the environment and biologically 

programmed macromolecules in a precise and effective manner.  

For biominerals, sea urchin spines depict a mesocrystalline organization, which is 

generated via transitions of amorphous precursors in the presence of ions and biomolecules 

under biological regulation2. Complex crystal superstructures appear to recruit the non-classical 

crystallization mechanisms, wherein particle-attachment is coupled with phase transformation. 

In this process, emergent crystals can exhibit nanogranular textures, wherein amorphous 

precursors attach, re-organize and subsequently fuse with crystalline substrate with highly 
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oriented crystallographic register133. Even in coral skeletons134 and eggshells135, crystal growth 

is shown to proceed via the attachment and transformation of ACC particles. For biogenic as 

well as synthetic crystals, the progression of phase transformation via either solid-state 

transformation or dissolution re-precipitation is still an unresolved enigma131,136–138. Solid-state 

reactions are often considered as the primary mechanism for “pseudomorphic” transformations. 

However, crystallographic and structural properties can also be controlled via structural epitaxy 

wherein product phases nucleate on precursor phases in an interface-coupled dissolution-

precipitation mechanism139. For instance, during phase transformation via dissolution-

reprecipitation processes, crystallographic organizations ranging from monoliths to 

polycrystals can emerge under the influence of additives which regulate the kinetics of phase 

transformation. In this pathway, key regulatory factors include the relative solubility of 

precursors and products, local hydration environments as well as additive-mediated colloidal 

interactions.  
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4 Methodology  

4.1 Potentiometric Titration: Elucidating Mineral Nucleation  

Applied to investigate nucleation and crystallization reactions in a quantitative manner, the 

titration methodology is based on in situ metal ion-selective potentiometric measurements 

under defined solution conditions92. This titration methodology is also extended to monitor in 

situ conductivity and turbidity developments of reactions by using a conductometric cell and 

optical sensor, respectively. It was originally developed for investigating CaCO3 nucleation and 

subsequently adapted for other material systems such as silver140 and calcium phosphate141. In 

the case of CaCO3 system, a dilute CaCl2 solution is continually and slowly (10 µL/min) titrated 

into a carbonate buffer at a given pH value, wherein supersaturation gradually evolves. The pH 

is maintained constant by the counter-titration of acid or base. By monitoring the in situ Ca2+ 

ion potential, the association of solute ions prior to nucleation can be quantitatively assessed 

and the thermodynamic solubility products of initially precipitated phases can be also 

determined (See Chapter 2). By employing this technique, investigations have revealed the 

existence of PNCs, LCPs and proto-structured ACCs in defined solution environments, 

allowing the elucidation of a novel nucleation pathway based on PNCs92,99,125.  

Additive-controlled mineralization is highly relevant in diverse fields ranging from 

biomineralization, material chemistry and medicine. Elucidating the mechanisms underlying 

biomineralization, the mechanistic roles of ionic and (bio)molecular additives in regulating 

mineral formation and growth are fundamentally important, especially their influences on the 

early stages of mineralization, i.e. prior to the formation of solid particles. The multistep process 

of the PNC pathway indicates distinct interactions of additives with ionic species and mineral 

entities such as PNCs, LCPs and amorphous intermediates110. These interactions can be 

revealed and quantitatively addressed by utilizing the potentiometric titration methodology. 

Therefore, in this work, the titration method was applied to quantitatively assess the different 

effects of individual proteins as well as protein mixtures during the early stage of CaCO3 

precipitation. 

Figure 1.2 illustrates the development of detected free Ca2+ ions during the early stages of 

CaCO3 precipitation (black line). Note that the free Ca2+ ions detected by the ion-selective 

electrode represent non-complexed and unbound ions in hydrated states. Generally, the amounts 

of free Ca2+ ions develop linearly in the pre-nucleation regime. Upon reaching a critical point, 

nucleation occurs and the amount of Ca2+ drops to a plateau which represents the solubility 

product of the precipitated phase. In the presence of additives, the curve of Ca2+ ion 
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development may display distinct features representative of the nucleation process, hence 

facilitating the classification of the effects of additives upon CaCO3 precipitation.  

By using the titration method, the influences of additives on the early stages of CaCO3 

mineralization can be categorized as: (I) binding of calcium ions, (II) influencing PNC stability, 

(III) promotion or inhibition of particle nucleation, (IV) inhibition of the growth of nucleated 

intermediate particles, (V) effects on type and stability of initially precipitated intermediate, 

and (VI) subsequent transitions towards the final stable phases142,143. The effects of type IV and 

VI are not depicted in the exemplified curve (Figure 1.2, red line).  

 

 

Figure 1.2. Scheme illustrating the development of free Ca2+ during titration of CaCl2 into carbonate 

buffer in the absence (black) and presence (red) of an additive. In both cases, the detected amount of 

free Ca2+ is lower than the added contents, reflecting the binding of Ca2+ to ionic and additive species. 

Variations of free Ca2+ ion development indicate the influences of a hypothetical additive in (I) 

complexation of calcium ions, (II) stabilization of ion associates, (III) inhibition of nucleation and (V) 

stabilization of a more soluble phase. See the main text for more details.  

 

Distinct roles of diverse additives in the early stage of CaCO3 nucleation have been 

addressed144, in consideration of species such as ions145,146 and molecules143 to polymers142, 

peptides147 and protein81. In addition to the categorization and quantitative descriptions of the 

effects of additives, the great benefit of this methodology is that the distinct sequential stages 

in the precipitation process, i.e. the occurrence of PNCs or intermediate phases, can be 

identified, which promotes an accessibility to in-depth characterization utilizing supplementary 

techniques such as cryogenic electron microscopy102 and solid-state nuclear magnetic 

resonance (ssNMR)125. In this manner, in context of biomineralization, the effects of 

biomolecules such as proteins on the nascent stages of mineralization can be analyzed in depth. 
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4.2 Analytical Ultracentrifugation 

Analytical ultracentrifugation (AUC) is a versatile analytical technique invented by Theodor 

Svedberg (Nobel Prize 1926 awardee)148. Its application serves as an important catalyst for 

research concerning the solution state interactions of diverse species such as colloids, ion 

clusters, polymers and (bio)macromolecules. In a typical AUC experiment, the reference and 

sample are loaded in each side of double-sector centerpiece, respectively (Figure 1.3). The 

sector centerpieces are aligned with the analytical optics (e.g. absorbance at 280 nm for 

proteins), which enables the determination of concentration profiles in dependence of the cell 

radius and experimental time.  

In the centerpiece, particles determined by mass (𝑚p) and density (𝜌p) are dissolved or 

suspended in the solvent characterized by viscosity (𝜂s) and density (𝜌s). At high rotational 

speeds, a centrifugal acceleration is generated, and three forces act on an individual particle: 

(1) The gravitational force or sedimentation force (𝐹𝑠), 

𝐹𝑠 = 𝑚𝑝𝜔
2𝑟 =

𝑀

𝑁𝐴
𝜔2𝑟      [1] 

where 𝜔 is the angular velocity, 𝑟 denotes the radial distance from the rotation axis, M is the 

molar mass of the particle and NA is the Avogadro’s number (6.022 × 1023 mol-1). 

(2) The buoyant force (𝐹𝑏), which counteracts 𝐹𝑠  

𝐹𝑏 = −𝑚𝑠𝜔
2𝑟 = −𝑚𝑝�̅�𝜌s𝜔

2𝑟 = −
𝑀

𝑁𝐴
�̅�𝜌s𝜔

2𝑟      [2] 

where 𝑚𝑠 represents the mass of solvent displaced by the particle, �̅� is the partial specific 

volume of the particle (�̅� = 𝜌𝑝
−1), which is inversely proportional to the density of particle 

(𝜌𝑝). 

(3) The frictional force (𝐹𝑓), which is opposite direction to 𝐹𝑠 

𝐹𝑓 = −𝑓 𝑢      [3] 

where 𝑓 is frictional coefficient, generated by the movement of particle in the solvent, and 𝑢 

denotes the sedimentation velocity.  

 

By balancing these forces, the sedimentation velocity (𝑢) of particles moving through the 

solvent can be determined, 

𝐹𝑠 +  𝐹𝑏 + 𝐹𝑓 = 0      [4] 

Therefore, the sedimentation coefficient (s) can be derived as: 
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𝑠 =
𝑀(1 − �̅�𝜌s)

𝑁𝐴𝑓
=

𝑢

𝜔2𝑟
      [5] 

The sedimentation coefficient (s), i.e. the velocity of the particle per unit gravitational 

acceleration, depends on the molar mass of the particle (M), the partial specific volume of the 

particle ( �̅� ) as well as the density (𝜌s ) and viscosity (𝜂s ) of the solution. Note that the 

sedimentation coefficient is reciprocal of the frictional coefficient (f). The frictional coefficient 

(f) describes the size and shape of sedimenting species. For a simplest case that a spherical 

particle moves through the solvent, the relationship between frictional coefficient (f) and 

translational diffusion coefficient (D) can be described by the Stokes-Einstein equation as: 

𝑓 =
𝑅𝑇

𝑁𝐴𝐷
      [6] 

where R is the gas constant and T denotes the absolute temperature. 

By using the Stokes-Einstein equation (Equation [6]), Equation [5] can be expressed as the 

Svedberg equation: 

𝑀 =
𝑠𝑅𝑇

𝐷(1 − �̅�𝜌s) 
      [7] 

By acquiring s, D and �̅�, the molecular mass (M) of the particle can be effectively determined 

from the Svedberg equation (Equation [7]). Therefore, solute species with distinct molecular 

weight, shape and size can be effectively characterized by AUC. 

Using Stokes equation:  

𝑓 = 3𝜋𝜂𝑠𝑑𝑝      [8] 

and the sedimentation coefficient (Equation [5]), the particle size (𝑑𝑝), assuming a spherical 

particle, can be derived as: 

𝑑𝑝 = √
18 ∙ 𝜂𝑠𝑠

(𝜌p − 𝜌s)
= √

18 ∙ 𝜂𝑠
(𝜌p − 𝜌s)

∙
𝑢

𝜔2𝑟
      [9] 

wherein 𝜂𝑠 is the viscosity of solvent, 𝜌p and 𝜌s are the densities of the particle and solvent, 

respectively.  
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Figure 1.3. Schematic representation of the principle of sedimentation velocity experiments in AUC. 

Reference and sample are loaded in double-sector centerpieces, which are under a centrifugal force 𝜔2𝑟 

(top). Concentration profiles of the sample as a function of cell radius and time are recorded, wherein 

the positions of reference and sample meniscus are indicated by sharp peaks (caused by the interface 

between air and liquid) (bottom). (A) Before applying centrifugation (t = 0), the concentration of species 

is homogeneous in sample cell. (B) After a certain time (t) of centrifugation, solute species sediment to 

a certain extent and the intermediate position of the sedimenting boundary is indicated by the 

concentration profile (bottom). Reprinted from Kellermeier et al.149, Copyright (2013), with permission 

from Elsevier.  

 

During ultracentrifugation, the change of concentration distribution as a function of time 

and radius can be expressed by the Lamm equation: 

𝜕𝑐

𝜕𝑡
= 𝐷 [

𝜕2𝑐

𝜕𝑟2
+
1

𝑟

𝜕𝑐

𝜕𝑟
]

⏟        
diffusion term

− 𝜔2𝑠 [𝑟
𝜕𝑐

𝜕𝑟
+ 2𝑐]

⏟          
sedimentation term

       [10] 

where the c(t, r) denotes sample concentration, r is the radius from rotation axis, D is the 

diffusion coefficient, 𝜔 is the angular velocity, and s is the sedimentation coefficient. As 

described in the Lamm equation, the mass transport of particles in a sector-shaped cell proceeds 

via diffusion and sedimentation. Based on the dominating operative term, five basic approaches 

of AUC experiments are categorized as sedimentation velocity, synthetic boundary, 

sedimentation equilibrium, density gradient and approach to equilibrium150. 

Herein, to investigate the self-association of protein molecules and the characterization of 

organic-inorganic interactions, the sedimentation velocity experiment was applied. During 

sedimentation velocity experiments operating at a high rotational speed, the particles sediment 
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based on their mass, density and shape, without being affected by substantial back-diffusion. 

At the same time, radial concentration profiles are detected (Figure 1.3), allowing subsequent 

determination of sedimentation coefficient (s) and molar mass (M) distributions. For evaluating 

the sedimentation velocity data, 2-dimensional spectrum analysis (2DSA) can simultaneously 

determine the shape and molar mass distributions for mono- and poly-disperse 

macromolecules151. This algorithm generates a two-dimensional grid of frictional ratios (𝑓/𝑓0) 

and sedimentation coefficients (s) based on finite element solutions of the Lamm equation. 

Frictional ratio ( 𝑓/𝑓0) is an indicator for the structure or shape of investigated species. It 

allows the heterogeneity in the shape and molar mass of sedimenting species to generate a high-

resolution analysis. On the other hand, the SEDFIT152 evaluation algorithm might assume 

similar frictional ratios for all sedimenting species. Here, a fixed frictional ratio is plotted 

against a horizontal line of different sedimentation coefficient and solutions to the Lamm 

equation are found based on this line. In a c(s) distribution, solutions are also fitted for the 

diffusion coefficient and the distributions are corrected for the broadening caused by diffusion, 

which leads to higher resolution.  

 

4.3 Small Angle X-ray Scattering 

Small angle X-ray scattering (SAXS), especially coupled with synchrotron sources, is a 

powerful method to investigate the structure and shape of diverse materials including 

macromolecules. Employing SAXS, information such as particle size, shape, internal structure, 

degree of aggregation can be accessed. For biological samples, apart from elucidation of 

structural information, one key advantage is that biomolecules can be investigated under 

physiological conditions, which is crucial for investigating the kinetics of dynamic processes 

such as conformational transitions and folding/unfolding states upon variations of external 

parameters. With benefits of rapid data collection and solution-state characterization, SAXS is 

an effective means to complement high-resolution analytical methods such as X-ray 

crystallography and NMR.  

As depicted in Figure 1.4, the solutions of investigated particles and solvents, usually 

placed in quartz capillaries, are illuminated by a collimated monochromatic X-ray beam. When 

the incoming wave of X-rays propagates through particles larger than the wavelength of X-rays, 

at small angles (typically 0.1–10°), elastic scattering of X-rays occurs. This results in a 

deflection of radiation from the incident trajectory. The scattering intensity, I(q), is recorded as 

a function of momentum transfer vector (𝑞 = 4𝜋 sin 𝜃 /𝜆), where  is the wavelength of the 

incoming beam and 2 is the scattering angle. By subtracting the scattering signal of the solvent, 
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the scattering patterns of investigated particles are obtained. Several parameters can be acquired 

directly from the resulting scattering patterns. For instance, Rg can be estimated by Guinier 

approximation at very small angles (q < 1/Rg)
153, which is described as: 

𝑙𝑛 𝐼(𝑞) = 𝑙𝑛 𝐼(0) −
(𝑅𝑔)

2

3
𝑞2       [11] 

where I(0) and Rg can be determined from the y-axis intercept and initial slope of Guinier plot 

(lnI(q) vs. q2), respectively. I(0) is proportional to molar mass and concentration of investigated 

particles. Rg denotes the root-mean-square of the distance of all electrons from the center of 

gravity and represents the overall size of a macromolecule. For example, in the case of a 

spherical particle with radius of R:  𝑅𝑔 = √3/5 𝑅, while for an ellipsoid with half axes a, 

b and c:  𝑅𝑔 = 
1

√5
(𝑎2 + 𝑏2 + 𝑐2)1/2 . Factors such as improper background subtraction, 

aggregation of proteins and polydispersity can lead to non-linear Guinier plots, which also 

affect the estimation of Rg.  

Moreover, the interface and fractal dimension of the scattering particles can be determined 

from the slope of the scattering pattern (ln(I(q)) vs. ln(q))154,155. Following Porod distribution 

(𝐼(𝑞) ∝ 𝑞−4), a slope of -4 indicates particles with smooth surface (dense particles with sharp 

boundaries). A slope n between -3 and -4 characterizes particles with rough interface. Slopes 

of -1 and -2 represent the fractal features as a rigid rod and a thin disk-like particle (or a flexible 

chain), respectively. Another useful evaluation method is the Kratky plot (q2I(q) vs. q), which 

is commonly used to qualitatively identify the folding states and flexibility of biomolecules. As 

Figure 1.5 depicts, in the case of the well-folded globular protein, the Kratky plot displays a 

bell-shaped peak at low q with a defined maximum. On the other hand, the unfolded protein 

presents a plateau at a specific q range (Figure 1.5). 

 

 

Figure 1.4. Schematic illustration of a small angle X-ray scattering (SAXS) experiment. Modified from 

Kikhney et al. (2015)156. 
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Figure 1.5. Representative Kratky plot of simulated data based on three 60 kDa proteins: globular (dark 

blue), 50% unfolded (light blue) and fully disordered (gray). Modified from Kikhney et al. (2015)156. 

 

5 Scope of Thesis 

Fueled by the advances in bio-techniques and the development of high-resolution analytical 

techniques, several breakthroughs in the field of nucleation and crystallization have furthered 

our understanding of biomineralization mechanisms. Related key discoveries include (i) the 

early stages of mineral formation involving PNCs, LCPs and amorphous precursors, and (ii) 

the mechanistic roles of water, ionic and biomolecular additives during mineralization. 

However, the underlying mechanism of how organisms precisely exert control over biominerals 

still remain elusive. To gain better insights into the (bio)molecular understanding of 

physiological and geological mineralization, the present work addresses research topics toward 

three essential aspects.  

Firstly, liquid-like states of CaCO3 have been reported to exist at close to physiological 

pH and in presence of certain biomineralization proteins18,115–117. Conditions of pH are known 

to significantly influence calcium carbonate speciation during the early stage of 

precipitation,92,125 while the assessment of near-neutral pH has not been explored with 

quantitative crystallization assays so far. As a major part of the present study, a methodology 

is established for the study of calcium carbonate mineralization at near-neutral pH levels (pH 

7.5–9.0), where entirely distinct and novel effects of proteins are also subsequently identified. 

In the near-neutral pH regime, the impacts of bicarbonate species on mineral nucleation are 

addressed, with a special focus on ion association equilibria in the pre-nucleation regime. In 

addition, the compositional and structural insights into intermediate forms and mineralization 

products are provided by ssNMR, thermogravimetric analysis (TGA), Fourier transform 

infrared spectroscopy (FTIR) and electron microscopy. 
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Secondly, bioinformatic studies identify certain biomineral-associated proteins harboring 

a common domain—CTL motif. Previous studies have shown that these CTL proteins modulate 

mineralization. However, active functions of the CTL motif have not been assessed by 

quantitative crystallization method, especially their synergistic influences in complex 

biological environments. Besides, considering the seawater habitat of marine organisms, the 

early stages of CaCO3 mineralization under the combined influence of CTL proteins and Mg2+ 

ions have not been explored yet. Since the isolation of macromolecules from biominerals 

provides a pool of biomolecules, which cannot be applied to identify individual functions, 

recombinant proteins with the specific CTL domain (SM50-CTL, SM30A-CTL and LSM34-

CTL) based on the sea urchin biomineral proteome are synthesized. Influences of the proteins, 

in individual and combined formats, on CaCO3 precipitation are investigated by utilizing 

quantitative potentiometric titration under distinct pH and Mg2+ ion conditions. This assists the 

characterization of distinct mineralization stages involving the pre-nucleation regime as well as 

nucleation and crystallization reactions. Related protein-mineral interactions are studied in 

detail by applying physical techniques including AUC, SAXS and electron microscopy. 

Last but not least, the growth of minerals via amorphous inorganic precursors in complex 

environments has been explored. During biomineralization, the mechanisms and structural 

consequences of the transformation of amorphous minerals remain unclear. Given the 

isomorphic substitution of Mg2+ ions in certain biominerals and its significant role on mineral 

nucleation, the structural development and kinetics of phase transformations of amorphous 

mixed metal carbonates (CaxMg1-xCO3) controlled by environmental water are investigated. 

The structural evolution and transformation of minerals via amorphous precursors are 

characterized by FTIR, TGA, differential scanning calorimetry (DSC) and electron microscopy.  
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Chapter 2 

 

Uncovering Bicarbonate as a Structural Constituent of 

Amorphous Calcium Carbonate at Near-Neutral pH 
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1 Introduction 

Reactions of mineral nucleation and crystallization operating at distinct spatiotemporal scales 

make critical contributions to biological and geological phenomena. CaCO3 is an important 

scientific model system for investigating the molecular mechanisms of nucleation and 

crystallization. The quest for understanding of CaCO3 formation is particularly intense due to 

the ecological, geological and industrial relevance of this system157. However, the underlying 

mechanisms of mineral formation and growth are still under debate. Recently, the existence of 

soluble ion clusters92, liquid-liquid phase separation phenomena98,99,114, PILPs114,158 and 

amorphous intermediates30,119,159,160 as precursors of several biological and synthetic materials 

have provided new perspectives on the classical notions of nucleation and crystallization.  

The emerging nucleation framework involving stable PNCs has challenged the basic 

notions of CNT92. The precipitation of mineral particles from dilute solutions has been 

identified as a complex and multistep sequence of processes, based on the initial clustering of 

ions accompanied with the release of hydration water95, the formation of transient LCPs via 

liquid-liquid demixing98,99, the aggregation of the nanodroplets that are formed due to the 

decrease in interfacial surface area, and the subsequent precipitation of hydrated ACC particles 

owing to desolvation and solidification of the liquid precursors. These studies have shown that 

mineralization pathways involve an interplay between precursor and intermediate forms with 

distinct degrees of size, stability, structural order and solvation. With these remarkable 

developments in the field of CaCO3 nucleation and crystallization, it has to be realized that the 

pH regime below ca. pH 8.5–9.0 has not been explored quantitatively, owing to technical 

difficulties that arise from the strong and increasing outgassing of CO2. Hence, any potential, 

fundamental aspects of the precipitation and crystallization pathways under such conditions 

remain to be elucidated, the importance of which for an improved, comprehensive 

understanding of a major mineral class is obvious. Furthermore, the mechanistic effects of near-

neutral pH levels are of ultimate relevance in biological and geological environments.  

Environmental, near-neutral pH conditions play an important role in the nucleation and 

crystallization of calcium carbonate. Computer simulations identify distinct configurations of 

PNCs, with HCO3
- ions occupying the ends of the molecular motifs serving as chain 

terminators.97 For instance, at pH 8.5, an excess of HCO3
- ions limits the cluster chain length 

relative to that at higher pH values.97 Transiently formed in the course of mineral nucleation, 

liquid-like states of calcium carbonate have been suggested to be relatively stable at close to 

neutral pH116, due to a stabilization effect of HCO3
- ions115. With indications that the pH 

conditions significantly influence mineral precipitation92, the assessment of physiological, i.e. 
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near-neutral pH is literally imperative, but indeed challenging. Given that the pH of seawater 

is between 7.5 and 8.4, the understanding of mineral nucleation in this pH regime is vital for 

gaining fundamental insights into physiologically-relevant biomineralization mechanisms and 

also for assessing the crucial impacts of environmental factors such as pollution and climate 

change on aquatic life161.  

In this study, the pathways of mineral nucleation for CaCO3 are investigated under 

constant near-neutral pH conditions, which have so far not been addressed. By adapting and 

using quantitative potentiometric titration as the basic methodology, the ion association 

tendencies in dilute calcium carbonate solutions were investigated in the pH range from 7.5 to 

9.0. In implementing this quantitative titration assay, challenges due to CO2 out-diffusion at 

physiological pH levels were experimentally addressed and thoroughly accounted for during 

data evaluation. In addition, in-depth compositional and structural characterizations of 

intermediate forms and mineral products were acquired. 
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2 Materials and Methods 

2.1 Titration Setup 

Potentiometric titration experiments were performed utilizing a computer-controlled system 

manufactured by Metrohm using the software Tiamo 2.3. The setup is composed of two titration 

devices (Titrando 809) controlling three dosing devices (800 Dosino) for the automatic dosing 

of CaCl2, NaOH and HCl, respectively. A calcium ion-selective electrode (Metrohm No. 

6.0508.110) and a pH electrode (Metrohm No. 6.0256.100) were utilized to monitor the calcium 

potential and pH, respectively. The pH electrode was used as the reference electrode for calcium 

potential measurements and was calibrated using pH 4.01, pH 7.00 and pH 9.21 Mettler Toledo 

standard buffers (No. 51302069, No. 51302047, No. 51302070).   

 

2.2 Titration Experimental Protocol 

All solutions were prepared using Milli-Q water. Different concentrations of CaCl2 solutions 

(10 mM, 20 mM and 50 mM) and HCl (10 mM and 50 mM) solutions were diluted by using 

stock solutions of CaCl2 (1.0 M, Fluka, volumetric solution) and HCl (0.1 N, Merck, Titripur® 

volumetric solution), respectively. The NaOH solution used in constant-pH titrations is a 

standardized liquid (0.01 N, Alfa Aesar). The carbonate solutions with pH values higher than 

8.4 were freshly prepared by mixing appropriate quantities of 10 mM each of NaHCO3 (Carl 

Roth, ACS grade, ≥ 99.5%) and Na2CO3 (Sigma-Aldrich, ACS grade, ≥ 99.8%) solutions in a 

volume ratio that produces the particular pH value (pH 9.0, 8.8 and 8.5). The carbonate 

solutions with lower pH levels were freshly prepared by using NaHCO3 and the pH values (pH 

8.2, 8.0, 7.8 and 7.5) of the solutions were adjusted by adding small aliquots of either 50 mM 

or 100 mM HCl. Aqueous NaCl solutions (30 mM and 60 mM) were prepared by dissolution 

of the solid salt (VWR, ACS grade). 

In a titration experiment, the CaCl2 solution (10 mM or 20 mM) was continually dosed 

into carbonate buffer (10 mM or 20 mM, 20 mL) at a constant rate of 20 μL/min under ambient 

conditions and the pH was kept constant by automatic addition of NaOH and HCl solutions. 

During the experiment, the titration vessel (150 mL) was firmly sealed in order to prevent CO2 

out-diffusion. The same method was applied for NaCl titration experiments, but the CaCl2 

solution was replaced by NaCl solution (30 mM or 60 mM) with identical ionic strength as the 

corresponding CaCl2 solution (10 mM or 20 mM). A calibration experiment was conducted for 

calculating the free Ca2+ ion concentration by dosing CaCl2 into Milli-Q water (20 mL) using 

similar conditions. After each titration experiment, acetic acid (10%, diluted by using 95.9% 
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acetic acid, Carl Roth) was used to eliminate the traces of precipitation in the titration vessel, 

on the electrodes and on the burette tips. After two washes with acetic acid, the equipment was 

cleaned by using Milli-Q water and dust-free tissue paper. For each investigated pH condition, 

at least three independent experiments were conducted to ensure reproducibility. 

 

2.3 Cryogenic Transmission Electron Microscopy (Cryo-TEM)  

Prior to and after the nucleation of solid mineral particles (N: 0.8 and 1.1, see Figure 2.10), 

samples were drawn from titration experiments conducted at pH 8.5 and pH 8.0 and were 

blotted as thin films on lacey carbon filmed copper grids and vitrified by plunging into liquid 

ethane by using a temperature- and humidity-controlled plunge-freezing device (Leica EMGP, 

Wetzlar, Germany). The specimen was transferred with the help of a cryo-holder (CT3500, 

Gatan, Munich, Germany) and examined in a Zeiss/LEO EM922 Omega EFTEM operated at 

200 kV (Carl Zeiss Microscopy GmbH, Jena, Germany). Imaging was performed with a slow-

scan CCD camera (Ultrascan 1000, Gatan, Munich, Germany) operated by using a software 

suite (Digital Micrograph, Gatan, Munich, Germany). 

 

2.4 Sample Preparation  

2.4.1 Preparation of ACCs 

Following the titration protocol, CaCl2 solutions (10 mM, 20 mM or 50 mM) were slowly dosed 

into carbonate buffer (10 mM, 20 mM or 50 mM, 50 mL) at pH 8.5, pH 8.0 and pH 7.5, 

respectively. The buffer solutions at pH 8.5, pH 8.0 and pH 7.5 with total volumes of about 55 

mL (including the dosed CaCl2 and HCl solutions during titration) were collected at 10800 s, 

10000 s and 8000 s, respectively (before the nucleation of solid mineral particles) and then 

slowly poured into 1.2 L (around 20 times of mother solutions) 99.95% absolute ethanol (VWR, 

No. 20821.296). After stirring for 30 minutes in a beaker sealed with Parafilm, the resulting 

solutions were kept still for 1 hour. Note that a longer incubation time can produce a larger 

amount of sediments; however, at the risk that the ACC particles might transform into the 

crystalline phase. The amorphous sediments are transparent and settled at the bottom of the 

beaker. Significant proportions of the supernatants were aspirated by using an automatic pipette 

and remaining volumes (about 150–200 mL) were centrifuged at 9000 rpm (7690 g) for 10 min. 

The obtained transparent pellets were re-suspended in absolute ethanol (100 mL) and then were 

centrifuged. Subsequently, the re-suspension and centrifugation were repeated by using 

isopropanol (50 mL, VWR, No. 20842.312) and subsequently with acetone (50 mL, VWR, No. 

20066.296) to ensure the removal of water. The resultant ACCs were stored in acetone, which 
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enables the amorphous mineral to be unaffected by non-structural water, and stable for at least 

3 weeks. Only prior to subsequent experiments, the ACC samples were vacuum dried at 40°C 

for 30 min. The yields of synthesized specimens at pH 8.5, 8.0 and 7.5 are approximately 0.3–

0.5 mg, 0.8–1.0 mg and 2.5–3.0 mg, respectively.  

 

2.4.2 Preparation of 13C-enriched ACCs 

13C-enriched samples were prepared using NaH13CO3 (Cambridge Isotopes, No. CLM-411-5, 

99.9% 13C enriched). NaH13CO3 solutions (10 mM, 20 mM or 50 mM) were prepared and the 

pH values of these solutions (pH 8.5, 8.0 and 7.5) were adjusted by adding small aliquots of 

HCl (10 mM, 50 mM or 100 mM), respectively. The procedure for ACC preparation is 

described above. For ssNMR measurements, the samples were vacuum dried at 40°C for 30 

minutes and were stored in a desiccator containing molecular sieves in order to mitigate 

interactions with atmospheric water contents and to inhibit crystallization. 

 

2.4.3 Preparation of post-nucleation sediments 

The titration experiments were conducted by using carbonate solutions (20 mL) at pH 9.0, pH 

8.8, pH 8.5, pH 8.2 and pH 8.0. Following the nucleation event, after 1 hour (in the plateau 

stage), the post-nucleation precipitates were collected by slowly pouring the mineralizing 

solution in 99.95% absolute ethanol (0.4 L). The collection procedure is the same as mentioned 

above.  

 

2.5 ATR-FTIR Spectroscopy, SEM and EDS 

Fourier transform infrared (FTIR) spectra were acquired on a PerkinElmer spectrum 100 

instrument equipped with an attenuated total reflection (ATR) accessory and recorded in the 

range of 650–4000 cm-1 with a spectral resolution of 4 cm-1. 64 scans were accumulated for the 

background correction and sample characterization, and for each sample at least two spectra 

were measured. The specimens of ACCs synthesized at distinct pH (pH 7.5, 8.0 and pH 8.5) 

were placed on silica wafers and characterized by using a desktop SEM (Hitachi TM-3000 SEM, 

Hitachi High-Technologies Europe GmbH) coupled with energy dispersive detector (Xcite, 

Bruker AXS GmbH). The elemental analyses of ACC samples were conducted by using energy 

dispersive spectroscopy (EDS). The high-resolution SEM micrographs were acquired using a 

Zeiss CrossBeam 1540XB SEM.  
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2.6 TGA and DSC 

The thermogravimetric analyses (TGA) and differential scanning calorimetry (DSC) profiles 

were acquired simultaneously by utilizing Al2O3 crucibles at a heating rate of 10 K/min under 

a nitrogen atmosphere on a STA449F3 Jupiter® instrument.  

 

2.7 Solid-State Nuclear Magnetic Resonance 

Experiments involving 13C direct excitation and 13C{1H} cross-polarization were carried out at 

13C and 1H frequencies of 100.7 and 400.1 MHz, respectively, whereas the 13C{1H} 

heteronuclear correlation (HETCOR) spectra were acquired at 13C and 1H frequencies of 150.9 

and 600.2 MHz, respectively, on Bruker Avance III spectrometers equipped with commercial 

3.2 mm probeheads. 13C chemical shifts were externally referenced with adamantane as the 

secondary reference. MAS frequency was 12 kHz and the measurements were conducted at 273 

K. For 13C direct excitation (Bloch decay) experiments, the recycle delay was set to 350 s. For 

the 13C{1H} cross-polarization experiments, the 1H nutation frequency was set to 50 kHz and 

that of 13C was ramped linearly through the Hartmann-Hahn matching condition. Two pulse 

phase modulation (TPPM)162 proton decoupling of 75 kHz was applied during the acquisition 

period. The 13C{1H} HETCOR spectra were acquired under the conditions of frequency-

switched Lee-Goldburg (FSLG)163 irradiation during the t1 evolution to enhance the spectral 

resolution in the 1H dimension. The FSLG irradiation was achieved by setting the 1H decoupling 

field and the resonance offset at 90 and 63.64 kHz, respectively, so that the effective nutation 

frequency was equal to 110.2 kHz. The spectrum was acquired at a spin rate of 12 kHz. For 

each t1 increment, 1024 transients were accumulated and a total of 32 increments were at steps 

of 41.96 µs. 
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3 Results and Discussion  

3.1 Ion Association of Calcium Carbonate at Near-Neutral pH  

To investigate the ion association tendencies in distinct mineralization solutions maintained at 

fixed pH values between 7.5 and 9.0, a quantitative potentiometric titration technique was 

utilized, which is based on in situ measurements of free calcium ions by using a calcium ion-

selective electrode at constant pH. This enables the quantitative analysis of ion association at 

the different stages of mineral nucleation (pre-nucleation, nucleation and post-nucleation)92. 

During a titration experiment, a dilute calcium chloride (CaCl2) solution is slowly and 

continually titrated into a dilute carbonate buffer (see the experimental section) at a fixed pH 

value, which allows supersaturation to slowly evolve and subsequently reach a critical point, 

resulting in the nucleation and precipitation of mineral (CaCO3) particles (Figure 2.1). The 

deficit in the detected free Ca2+ ions, when compared to the added amount, represents the 

formation of stable ion associates through the binding of Ca2+ ions and carbonate species92.  

For titrations conducted using CaCl2 solutions (10 mM) dosed into carbonate solutions (10 

mM), approximate 38%, 30% and 20% of dosed Ca2+ ions are bound at pH 9.0, 8.5 and 8.2, 

respectively, in the pre-nucleation regime (Figure 2.2A). When the pH value is maintained 

below 8.0, no apparent nucleation is observed at the investigated concentrations of mother 

solutions for the duration of the experiments. To quantitatively evaluate ion association at lower 

pH levels, increased concentrations (20 mM) of CaCl2 solution and carbonate buffer were 

applied. At pH 8.5, 8.2, 8.0 and 7.8, around 45%, 38%, 36% and 25% of added Ca2+ ions are in 

a bound state, respectively (Figure 2.2B). Under the conditions utilized, no nucleation occurs 

at pH values below 7.6. From the titration curves (Figure 2.2), it is observed that, as the pH 

levels decrease, the amount of bound Ca2+ ions to the counter ions declines. In light of the 

reported association between Ca2+ ions and CO3
2- ions in the pH range between 9.0 and 10.0,92 

the observed trend can be attributed to the decreasing fraction of CO3
2- ions in buffer solutions 

maintained at low pH levels (Table 2.1). At conditions of pH 8.0, 8.2, 8.5 and 9.0, the respective 

fraction of CO3
2- ions in the buffer solutions is rather low, corresponding to 0.46 %, 0.73%, 

1.45% and 4.5%, respectively (Table 2.1). Thus, the pH-dependent speciation of CO2, HCO3
- 

and CO3
2- in carbonate buffers, which influences the supersaturation level of the solution, 

affects the fractions of bound Ca2+ ions and related pre-nucleation equilibria (Figure 2.1, Figure 

2.2). In addition, as the pH levels decrease, the fraction of CO2 starts to increase (Table 2.1) 

and correspondingly influences the acid/base counter titration necessary to maintain the pH 

value. In the pre-nucleation regime at pH values below 8.5, HCl addition is required to balance 

the out-diffusion of CO2 (Figure 2.3). Since the fraction of CO3
2- ions in the carbonate buffer 
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is extremely low at pH values below 8.0 (Table 2.1) and the out-diffusion of CO2 becomes more 

pronounced at lower pH values, the investigated pH range confronts a lower limit when it comes 

to a fully quantitative evaluation of the pre-nucleation ion association.  

 

 

Figure 2.1. Development of the amount of free Ca2+ ions for titrations performed at (A) pH 9.0, pH 8.8 

and pH 8.5 (CaCl2 (10 mM) titrated into carbonate buffers) and (B) pH 8.5, pH 8.2 and pH 8.0 (CaCl2 

(20 mM) added into carbonate buffers). The black dashed lines represent the amount of dosed Ca2+ ions. 

Differences between the amount of added and detected Ca2+ ions thus allow the determination of bound 

Ca2+ ions at all stages of the experiments. The average values were based on three independent 

measurements. Error bars represent ± 1--standard deviation. 

 

 

Figure 2.2. Profile of the amount of bound Ca2+ ions at different pH values for titration runs involving 

(A) CaCl2 (10 mM) dosed into carbonate buffers (10 mM) at pH 9.0, pH 8.8, pH 8.5 and pH 8.2 (B) 

CaCl2 (20 mM) added into carbonate buffers (20 mM) at pH 8.5, pH 8.2, pH 8.0 and pH 7.8. The average 

amount of bound Ca2+ ions was assessed from respective differences between the amount of dosed and 

detected free Ca2+ ions. The dashed black lines represent a hypothetical scenario involving a complete 

(100 %) binding of added Ca2+ ions. Error bars represent ±1--standard deviation for N = 3 repetitions.  
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Table 2.1. Fractions of carbonate buffer species in the range of pH 7.5 to 9.0. The pK values for 

calculating the fractions of carbonate species are 6.35 and 10.33164, respectively. 

pH (H2CO3) (HCO3
-) (CO3

2-) 

9.0 0.0021 0.9533 0.0446 

8.8 0.0034 0.9680 0.0286 

8.5 0.0069 0.9786 0.0145 

8.2 0.0138 0.9789 0.0073 

8.0 0.0218 0.9736 0.0046 

7.5 0.0660 0.9326 0.0014 

 

3.2 Assessment of Bound CO3
2- Ions based on Constant-pH Titrations 

The association of Ca2+ ions and carbonate species, CO2 out-diffusion and the nucleation 

process altogether lead to changes in the pH levels, which alter the ratio of 

bicarbonate/carbonate species in the system. For quantitative analyses, it is important to 

maintain a constant pH indicating a fixed ratio of CO3
2- and HCO3

- species during the titration 

experiments. Thus, in the present study, the quantitative evaluation is based on the condition of 

constant pH. During the pre-nucleation stage, equilibrium [1] represents the (bi)carbonate 

buffer equilibrium, wherein the fractional numbers (HCO3
-) and (CO3

2-) of HCO3
- and CO3

2- 

ions, respectively, can be used to calculate the amount of H+ ions generated by the buffer 

equilibrium upon binding. When one CO3
2- ion is removed from the equilibrium, 

[2λ(CO3,aq
2− )pH + λ(HCO3,aq

− )pH]OH
−  ions are automatically dosed in order to keep pH 

constant.92 From the amount of NaOH addition during the titration experiments, the amount of 

bound CO3
2- ions (nbound(CO3

2−)NaOH) constituting the pre-nucleation clusters and nucleation 

products can be calculated (Equation [2]); 

CO2,aq + H2O ⇋ H2CO3,aq ⇋ Haq
+ + HCO3, aq

− ⇋ 2Haq
+ + CO3,aq

2−     [1] 

nbound(CO3
2−)NaOH ≅ c(NaOH) ∙ V(NaOH) ∙

1

2λ(CO3,aq
2− )pH + λ(HCO3,aq

− )pH
    [2] 

where c(NaOH)  and V(NaOH)  denote the concentration and the volume of NaOH, 

respectively. λ(HCO3,aq
−

)
pH

 and λ(CO3,aq
2−

)
pH

 represent the fractional number of HCO3
- and 

CO3
2- species, respectively, and the index ‘pH’ indicates the pH dependence of these parameters. 

In titrations performed below pH 8.5, CO2 out-diffusion occurs during titration, which 

shifts the equilibrium towards CO2 and causes an increase of pH levels. Simultaneously, Ca2+ 

ions bind to CO3
2- ions and the protons are released in the system, leading to a decrease of the 
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pH level. In the pre-nucleation regime for experiments conducted below pH 8.5, HCl is 

automatically titrated to maintain constant pH, showing that the outgassing effects contribute 

to the acid-base equilibria in addition to carbonate binding (Figure 2.3). However, when mineral 

nucleation occurs, HCl addition stops and NaOH begins to be dosed, indicating that ion binding 

prevails at this stage (Figure 2.3). Since the pH development during titrations is affected by 

both CO2 out-diffusion (represented by HCl addition) and ion binding (represented by HCl or 

NaOH addition for bicarbonate binding (Section 3.3) and NaOH addition for carbonate binding), 

which compete during titration, the amount of NaOH addition does not represent the entire 

fraction of bound CO3
2- ions. To determine the actual amount of bound CO3

2- ions during 

titration, NaCl titration experiments were performed, wherein CaCl2 solutions (10 mM or 20 

mM) were replaced by NaCl solutions (30 mM or 60 mM) with identical ionic strength. In the 

NaCl titrations, we consistently observed higher contents of HCl required to balance the out-

diffusion of CO2 (Figure 2.4). From the difference between the HCl additions in these two 

titrations (i.e. in which CaCl2 and NaCl are dosed), one can determine the amount of NaOH 

contents which corresponds to bound CO3
2- ions for mineral formation (nbound(CO3

2−
)
HCl

, 

Equation [3]);  

nbound(CO3
2−)HCl ≅

c(HCl)∙[V(HCl NaCl) − V(HCl CaCl2)]

2λ(CO3,aq
2− )pH + λ(HCO3,aq

− )pH
    [3] 

where c(HCl)  is the concentration of HCl. V(HCl NaCl)  and V(HCl CaCl2
)  represent the 

volume of added HCl required to balance CO2 out-diffusion in NaCl and CaCl2 titration 

experiments, respectively.  

Thus, the amount of added HCl and NaOH during the titration experiments was applied 

for the quantitation of bound CO3
2- ions. In Figure 2.5, the red lines represent the total amount 

of bound CO3
2- ions (nbound(CO3

2−), calculated according to Equation [4]; 

nbound(CO3
2−) = nbound(CO3

2−)NaOH + nbound(CO3
2−)HCl    [4] 
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Figure 2.3. Time development of HCl (black) and NaOH (blue) additions for the titration experiment 

(10 mM CaCl2 solution and carbonate buffer) performed at pH 8.5. 

 

 

Figure 2.4. Development of the amount of HCl addition in titration experiments when dosing NaCl (red, 

30 mM) and CaCl2 (black, 10 mM) solutions into carbonate buffer (10 mM) at pH 8.5. 
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Figure 2.5. Time evolution of the amount of bound Ca2+ and bound CO3
2- (black lines and red lines) at 

(A) pH 9.0 and (B) pH 8.5 (CaCl2 (10 mM) titrated into carbonate buffer (10 mM)) as well as (C) pH 

8.2 and (D) pH 8.0 (CaCl2 (20 mM) dosed into carbonate buffer (20 mM)). The data shown is based on 

the average of three independent measurements. Error bars represent ±1--standard deviation (N = 3).  
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3.3 On pH Influences on Bicarbonate Binding 

The amount of bound calcium and carbonate do not overlay completely (Figure 2.5), indicating 

the mechanistic contributions of HCO3
- ion-binding during the reaction of CaCO3 nucleation. 

To deduce whether HCO3
- ion-binding affects mineral nucleation, the effects of HCO3

- ion-

binding on the pH development was initially neglected and the amount of NaOH (n0 (OH
−)) 

utilized in the system was derived from the rate of NaOH and HCl addition (Equation [5]), 

which facilitates the evaluation of the total amount of bound CO3
2- (Equation [6]);  

n0 (OH
−) = c(NaOH) ∙ V(NaOH) + c(HCl)∙[V(HCl NaCl) − V(HCl CaCl2)]    [5] 

nbound(CO3
2−)0 =

n0 (OH
−)

2λ(CO3,aq
2− )pH + λ(HCO3,aq

− )pH
    [6] 

The binding of calcium and carbonate species is 1:1 is assumed, as thoroughly demonstrated 

for pH 9.0 elsewhere92,95. Thus, the amount of bound HCO3
- ions (nbound(HCO3

−)) can be 

assessed by the difference between the amount of bound Ca2+ (nbound(Ca
2+)) and bound CO3

2- 

ions (nbound(CO3
2−)) (Equation [7]);  

nbound(HCO3
−) = nbound(Ca

2+) − nbound(CO3
2−)    [7] 

The number of protons (n0 (H
+)) generated due to bicarbonate binding is accessible by the 

following formula in an iterative method (Equation [8]). However, the number of protons 

generated by bicarbonate binding is negligible. 

n0 (H
+) = nbound(HCO3

−)0 ×
λ(CO3,aq

2− )pH

  λ(HCO3,aq
− )pH

    [8] 

Iteration: 

n1(OH
−) = n0 (OH

−) + n0 (H
+) 

nbound(CO3
2−)1= 

n1 (OH
−)

2λ(CO3,aq
2− )pH + λ(HCO3,aq

− )pH
 

nbound(HCO3
−)1= nbound(Ca

2+) − nbound(CO3
2−)1 

n1 (H
+) = nbound(HCO3

−)1×
λ(CO3,aq

2− )pH

  λ(HCO3,aq
− )pH

 

∆n0(H
+) = n1 (H

+) − n0 (H
+) 

n2(OH
−) = n1 (OH

−) + ∆n0(H
+) 

nz(OH
−) = nz-1 (OH

−) + ∆nz-0(H
+) 

After few iterations, the ∆nz-0(H
+) values gradually converge to zero.  
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3.4 Out-Diffusion of CO2 

For titrations in which NaCl solutions were dosed into carbonate buffers, the added amount of 

HCl represents the amount of outgassed CO2 (noutgassing(CO2, t)) (Equation [9], Figure 2.6, 

black line);  

noutgassing(CO2, t) = V(HClNaCl, t)∙c(HCl)    [9] 

where V(HCl NaCl, t)  represents the volume of added HCl and c(HCl)  denotes the 

concentration of HCl. 

Due to the nucleation event, the concentration of carbonate species in the buffer solutions 

pronouncedly decreases. The out-diffusion still occurs during nucleation and after nucleation, 

though, is less significant due to the lowered buffer concentration upon precipitation caused by 

ion binding to the solid calcium carbonate phases. From Equation [10], the concentration of the 

carbonate buffer (c(carbonate, t)) after the nucleation event can be evaluated;  

c(carbonate, t)=
[ntotal(carbonate, t=0) − nbound(Ca

2+, t)]

V(t)
    [10]   

where ntotal(carbonate, t=0)  denotes the initial amount of carbonate species. 

nbound(Ca
2+, t) represents the amount of bound Ca2+ ions with time. V(t) is the total volume 

of solution at a particular point in time. 

At the point in time corresponding to the drop in the amount of free Ca2+ ion to a plateau, 

the concentrations of carbonate buffers at pH 8.5, 8.2 and 8.0 are approximately 7, 15 and 13 

mM, respectively. NaCl solutions were titrated into corresponding concentrations of carbonate 

buffers at a given pH value, which enables the out-diffusion curve at the post-nucleation stage 

to be assessed (Figure 2.6, gray line). The out-diffusion curve during nucleation was 

interpolated by the curves in the pre-nucleation regime and post-nucleation regime (Figure 2.6, 

dashed line). From the addition of HCl for balancing CO2 out-diffusion in carbonate buffers at 

particular pH conditions, the amount of outgassed CO2 can be calculated. As shown in Figure 

2.7, the CO2 out-diffusion becomes more significant as the pH level decreases. 
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Figure 2.6. Temporal development of HCl addition for balancing CO2 out-diffusion in carbonate buffers 

at pH 8.5, which fits well to an exponential growth function (red line) described as:  

noutgassing(CO2, t) = -1.28 × 10-4 × exp(-t/11736.5) + 1.28×10-4 

 

 

 

Figure 2.7. Time development of the amount of HCl required for balancing CO2 out-diffusion at 

particular pH values. Here only the fitted curves are shown. 
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3.5 Participation of Bicarbonate in Ion Association  

Previous studies showed that in the range of pH 9.0–10.0, Ca2+ ions bind CO3
2- ions in an equal 

molar ratio, which was corroborated by potentiometric titration92 and conductivity 

measurement95. In this pH regime, the amount of bound Ca2+ and bound CO3
2- ions, assessed 

by the potential of Ca2+ ions and the volume of added NaOH, respectively, overlay completely 

(Figure 2.5A). This indicates that Ca2+ and HCO3
- ion association is insignificant above pH 

9.0.92,95 However, at pH below 8.5, the decreasing fraction of CO3
2- ions in the buffer (Table 

2.1) raises the importance of HCO3
- species in ion association behavior during pre-nucleation 

regime. For instance, at pH 8.5, after correcting for CO2 outgassing, the amount of bound Ca2+ 

ions is considerably larger than the amount of bound CO3
2- ions (Figure 2.5B). Since there is 

no reason to assume that the equimolar binding ratio between Ca2+ ions and CO3
2- ions is 

affected by the decreasing pH values from 9.0 to 8.5, wherein the fraction of CO3
2- in the buffer 

decreases from 4.5% to 1.5% (Table 2.1), this suggests that HCO3
- ions start to play an 

important role in the overall ion association below ca. pH 8.5. (Figure 2.5B). In experiments 

performed at even lower pH conditions (pH 8.2 and pH 8.0), the difference between total 

amount of bound Ca2+ ions and bound CO3
2- ions becomes even larger (Figure 2.5C, D), due to 

a continually decreasing carbonate fraction. 

Descriptions of calcium carbonate (CaCO3
0) and calcium bicarbonate (CaHCO3

+) ion pairs 

in solution were first reported by Greenwald165. Regarding the respective equilibrium constants, 

a considerable disparity exists in the literature166–168. However, there is a consistent trend that 

the interactions of Ca2+ with CO3
2- ions are stronger than that with HCO3

- ions, with reported 

respective equilibrium constants being in the range of 1000–2000 M-1 and 10–20 M-1, 

respectively. Based on this, the titration data are consistent with the literature, showing that the 

equilibrium constant of CaCO3
0 ion pair formation is approximately 100-fold higher than that 

of CaHCO3
+ at lower pH levels (Table 2.2), whereas they are independent of pH values to 

within experimental accuracy in this pH regime. The association constants of CaCO3
0 and 

CaHCO3
+ (Table 2.2) correspond to standard Gibbs free energies of -18.43 and -7.42 kJ/mol 

for the formation of CaCO3
0 and CaHCO3

+, respectively. This shows that although the calcium 

bicarbonate interaction is considerably weaker than calcium carbonate, it can still play a critical 

role during mineral pre-nucleation stages in the near-neutral pH regime. Note that although at 

lower pH levels, the calcium bound fraction of HCO3
- ions is dominant relative to the bound 

fraction of CO3
2- ions, the calcium carbonate interaction cannot be considered insignificant and 

also contributes to ion association. At pH 8.5, the ratio of calcium bound HCO3
- ions and bound 

CO3
2- ions in the pre-nucleation stages is approximately 1.0, which reflects that the total amount 
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of calcium (bi)carbonate ion associates are constituted of equal proportions of Ca2+ ion bound 

CO3
2- and HCO3

- ions (Table 2.2). At pH 8.2 and 8.0, the ratio is ca. 1.4 and 2.7, respectively, 

indicating that the ion associates contain larger fractions of HCO3
- ions (Table 2.2). Based on 

the equilibrium constants and empirical pH-development of bound Ca2+ ions (Figure 2.8), the 

theoretical percentage of bound Ca2+ ions, categorized into fractions bound to HCO3
- ions and 

CO3
2- ions, are accessible at distinct pH conditions (Figure 2.9). According to this extrapolation, 

at pH values below 7.1, in the pre-nucleation stage, the ion association is insignificant, wherein 

the percentage of bound Ca2+ ions is 2.1% at pH 7.1 and becomes negligible at lower pH levels. 

This represents the lower limit of pH essential for CaCO3-based mineralization reactions in a 

homogenous environment. 

 

Table 2.2. Equilibrium constants for formation of calcium bicarbonate (CaHCO3
+) and calcium 

carbonate (CaCO3
0) ion pairs, as well as the ratio of bound HCO3

- and bound CO3
2- ions in ion associates 

at distinct pH values. Errors represent ± 1--standard deviation for N = 3 repetitions. 

pH log KCaHCO3
+ log KCaCO30

 
c(CaHCO3

+)

c(CaCO3
𝟎)

 

8.5 1.39 ± 0.11 3.22 ± 0.10 0.98 ± 0.22 

8.2 1.26 ± 0.04 3.23 ± 0.03 1.44 ± 0.10 

8.0 1.34 ± 0.04 3.24 ± 0.03 2.72 ± 0.18 

 

 

 

Figure 2.8. Empirical plot of the slopes of the amount of bound Ca2+ ions versus pH values. The data 

points were fitted linearly (R2 = 0.985). 
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Figure 2.9. pH-development of total bound Ca2+ ion fraction (black), CO3
2- bound Ca2+ ions (red), and 

HCO3
- bound Ca2+ ions (blue). The ratio of bound CO3

2- and bound HCO3
- ions is obtained by applying 

the equilibrium constant of CaCO3
0 and CaHCO3

+ as 1700 and 20 M-1, respectively. The interpolation 

was conducted within 0.1 pH increments and extrapolated to pH 6.8. 
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3.6 Multiple-Binding Analyses and Equilibrium Constant 

Calcium carbonate ion association   

A so-called multiple-binding model, first utilized for protein-ligand systems169, was applied to 

evaluate the thermodynamics of calcium carbonate ion association into clusters prior to mineral 

nucleation from a microscopic perspective92,97. In this model, a CO3
2- ion acts as a central ion 

which contains several binding sites for Ca2+ ions (binding ions). It is based on the assumption 

that the independent binding events are equal and have identical equilibrium constants (K1), 

illustrated as below92: 

CO3
2−
+Ca2+

⇋
K1

CaCO3

+Ca2+

⇋
K1

[Ca2CO3]
2+
+Ca2+

⇋
K1

…    [I] 

According to the scheme [I], 

nbound(Ca
2+)carbonate

nbound(CO3
2−)+nfree(CO3

2−)
= x1

K1∙cfree(Ca
2+)

1+K1∙cfree(Ca2+)
    [11] 

where x1 signifies the number of binding sites of a CO3
2- ion for Ca2+ ions and K1 represents 

the microscopic equilibrium constant of calcium carbonate. nbound(Ca
2+)carbonate  is the 

amount of Ca2+ bound to CO3
2- ions. nbound(CO3

2−) and nfree(CO3
2−) are the amounts of bound 

and free CO3
2- ions, respectively. cfree(Ca

2+) denotes the concentration of free Ca2+ ions in the 

system. 

Since nbound(Ca
2+)carbonate  is equivalent to nbound(CO3

2−)  and with ν =

nbound(CO3
2−)+nfree(CO3

2−)

nbound(Ca
2+)carbonate

= 1 +
nfree(CO3

2−)

nbound(CO3
2−)

, the Equation [11] can be rewritten as 

ν=
1

x1
+

1

x1⋅K1
⋅

1

cfree(Ca2+)
    [12] 

 

nbound(CO3
2−, t), cfree(Ca

2+, t) and nfree(CO3
2−, t) are required for estimating the values of x1 

and K1. nbound(CO3
2−, t) is accessible from the time development of NaOH and HCl addition 

(Equation [4]). cfree(Ca
2+, t)  can be evaluated from the calcium potential measurements. 

During titration, CO2 diffuses out from the carbonate buffer. Thus, when calculating the 

temporal development of the amount of free CO3
2- ions (nfree(CO3

2−, t)), the amount of out-

diffused CO2 (noutgassing(CO2, t)) needs to be applied as a correction (Equation [13]); 

nfree(CO3
2−, t) = λ(CO3, aq

2− )pH[ntotal(carbonate, t=0) − nbound(Ca
2+, t)

− noutgassing(CO2, t)]    [13] 
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where ntotal(carbonate, t=0) represents the total amount of carbonate species in the solution 

at the beginning of titration. nbound(Ca
2+, t) denotes the amount of bound Ca2+ ions with time, 

which is equivalent to the total amount of bound CO3
2- and HCO3

- species. λ(CO3,  aq
2− )pH 

represents the fractional number of CO3
2- species.  

The mean values of nbound(CO3
2−, t) , nfree(CO3

2−, t)  and cfree(Ca
2+, t) were fitted by 

means of linear regression for the data in the pre-nucleation regime. From the plots of ν and the 

reciprocal of free calcium concentration (cfree(Ca
2+)), the binding parameters, x1 and K1, are 

accessible (Table 2.3). In the macroscopic perspective (x1 = 1), the equilibrium constant of 

calcium carbonate ion pairs in clusters (K1') can be obtained from the product of x1 and K1; 

Caaq.
2+ + CO3, aq.

2−
K1'
⇋ [CaCO3

0]cluster, aq.      

KCaCO30
=

c([CaCO3
0]cluster, aq., t)

c(Caaq.
2+,  t) ∙ c(CO3, aq.

2− , t)
≅ K1' = x1 · K1    [14]  

where c(Caaq.
2+) and c(CO3, aq.

2− ) signify the concentration of free Ca2+ and CO3
2-, respectively. 

c([CaCO3
0]cluster, aq.) represents the concentration of bound CO3

2- species.  

 

Table 2.3. Microscopic binding parameters (x1 and K1) and macroscopic equilibrium constant of 

calcium carbonate ion association (K1' and KCaCO3
0) at given pH conditions. Standard deviations of 

KCaCO3
0 represent data points from the linear pre-nucleation regime collected at time intervals of 10 s. 

pH x1
a K1

a K1' 
a KCaCO30

 

8.5 1.0740 ± 0.0003 1547 ± 8 1662 ± 9 1716 ± 377 

8.2 1.0760 ± 0.0006 1538 ± 14 1655 ± 15 1717 ± 138 

8.0 1.0963 ± 0.0005 1497 ± 13 1641 ± 15 1740 ± 131 

a The error assessment does not consider the errors from CO2 out-diffusion, which are difficult to quantify. Thus, 

the uncertainties of binding parameters should be somewhat larger than the derived errors.  

 

Calcium bicarbonate ion association   

Multiple-binding model was further utilized to elucidate the calcium bicarbonate ion 

association. The scheme is demonstrated as below: 

HCO3
−
+Ca2+

⇋
K2

[CaHCO3]
+
+Ca2+

⇋
K2

[Ca2HCO3]
3+
+Ca2+

⇋
K2

…    [II] 
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According to the scheme [II], 

nbound(Ca
2+)bicarbonate

nbound(HCO3
−) + nfree(HCO3

−)
= x2

K2∙cfree(Ca
2+)

1+K2∙cfree(Ca2+)
    [15] 

where x2 represents the number of binding sites for Ca2+ ions on a HCO3
- ion and K2 denotes 

the microscopic equilibrium constant of calcium bicarbonate. nbound(Ca
2+)bicarbonate signifies 

the amount of Ca2+ bound to HCO3
- ions, which is equivalent to nbound(HCO3

−). nbound(HCO3
−) 

(Equation [7]) and nfree(HCO3
−) (Equation [16]) represent the amount of bound and free HCO3

- 

ions, respectively. cfree(Ca
2+) is the concentration of free Ca2+ ions in the system. 

nfree(HCO3
−, t) = λ(HCO3, aq

− )pH[ntotal(carbonate, t=0) − nbound(Ca
2+, t)

− noutgassing(CO2, t)]    [16] 

where λ(HCO3,  aq
− )pH represents the fractional number of HCO3

- species. 

The microscopic binding parameters x2 and K2 are accessible from the average values of 

nbound(HCO3
−, t), nfree(HCO3

−, t)bicarbonate and cfree(Ca
2+, t) which were derived by a linear 

fit of the data (Table 2.4). The macroscopic association constant for the formation of calcium 

bicarbonate ion pairs in clusters (K2') can be acquired by multiplying x2 with K2
92. However, 

the obtained x2 and K2 values are negative (Table 2.4), suggesting that the multiple-binding 

model does not adequately describe the Ca2+ and HCO3
- ion association.  

Caaq.
2+ + HCO3, aq.

− ⇋ [CaHCO3
+]cluster, aq. 

 KCaHCO3
+ =

c([CaHCO3
+]cluster, aq.)

c(Caaq.
2+) ∙ c(HCO3, aq.

− )
≅ K2' =  x2 · K2    [17] 

where c(Caaq.
2+)  and c(HCO3, aq.

− )  represent the concentrations of free Ca2+ and HCO3
-, 

respectively. c([CaHCO3
+]cluster, aq.) indicates the concentration of bound HCO3

- species. 

 

Table 2.4. Derived binding parameters (x2 and K2) from a microscopic perspective and macroscopic 

equilibrium constant of calcium bicarbonate ion association (K2' and KCaHCO3
+). Standard deviations of 

KCaHCO3
+ were evaluated from data points in the pre-nucleation stage recorded at time intervals of 10 s.   

pH x2
a K2

a K2' 
a KCaHCO3

+ 

8.5 -0.2521 ± 0.0021 -95.8 ± 1.3 24.2 ± 0.1 25.0 ± 6.0 

8.2 -0.1791 ± 0.0016 -98.7 ± 2.0 17.7 ± 0.2 18.4 ± 1.7 

8.0 -0.1690 ± 0.0007 -124.3 ± 1.7 21.0 ± 0.2 22.1 ± 1.8 

a The errors of binding parameters should be somewhat larger than the derived errors because the errors due to 

CO2 out-diffusion were not included in the calculated errors since they are difficult to assess.  
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Discussion: PNCs and ion pairs 

As discussed in detail elsewhere170, and also reported by Smeets et al.108, the linear binding of 

calcium in the pre-nucleation stage is ambiguous towards speciation and is consistent with both 

ion pairing and PNC formation. The proof of PNCs, therefore, relies on additional analyses of 

the size of the species forming, e.g. by means of AUC92. However, at pH values below 8.5, the 

carbonate fraction becomes very low (Table 2.1), and the presence of PNCs by AUC in this pH 

regime could not be unambiguously proved. This might be due to the very low concentration 

of carbonate and is expected, but then also suggests that calcium bicarbonate ion associates are 

indeed present as ion pairs, predominantly. In any case, the thermodynamics of CaCO3 ion 

association into clusters prior to mineral nucleation at pH 8.0, 8.2 and 8.5 can be evaluated 

using a multiple-binding model (Table 2.3). The model assumes that in a microscopic picture, 

the CO3
2- ions have more than just one binding site for Ca2+ ions, as required for cluster 

formation. As opposed to pH 9.0–10.0, where the binding strength in cluster entities varies and 

provides a link between the pre-and post-nucleation speciation (more stable clusters yield more 

stable amorphous calcium carbonate, and vice versa)92, below pH 8.5, the number of binding 

sites (x1) of a CO3
2- ion for Ca2+ ions and the microscopic equilibrium constant (K1) are 

relatively constant (Table 2.3). The low number of binding sites below pH 8.5 is due to the very 

low fraction of carbonate ions, and the calculation of corresponding calcium-carbonate 

coordination numbers97 within PNCs is associated with large errors. However, these parameters 

suggest that calcium carbonate association also proceeds beyond ion pairing in the near-neutral 

pH regime (Table 2.3).  

On the other hand, the corresponding x2 and K2 values display negative values (Table 2.4), 

which shows that the physicochemical model has insufficient assumptions for describing ion 

association involving HCO3
- species. The product of the respective microscopic parameters still 

yields the macroscopic ion pairing constant for CaHCO3
+ (Table 2.4), and AUC does not reveal 

species larger than ion pairs in this pH regime. Therefore, calcium bicarbonate association does 

not proceed beyond the ion pair, owing to the very weak interaction free energy, as opposed to 

calcium carbonate. However, due to the non-equivalent association between Ca2+ and CO3
2- 

ions (Figure 2.5), and a potential binding of bicarbonate ions to calcium carbonate PNCs as 

suggested by computer simulations97, the involvement of bicarbonate in calcium carbonate 

nucleation certainly cannot be excluded. 
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3.7 Liquid-Like Precursors and Amorphous Calcium Carbonate 

During the titration-based mineralization reactions, samples taken at time points before 

nucleation (normalization factor (N): 0.8), wherein a value of N equal to unity indicates the 

nucleation event within a titration run, were investigated by cryo-TEM (Figure 2.10). Structures 

with diameters of 100–200 nm and low electron density contrast without clear interphase 

boundary are observed. These characteristics are evidence for hydrated, liquid-like mineral 

intermediates, suggestive of LCPs similar to recent experiments performed at higher pH 

levels108. Considering that the corresponding liquid-liquid binodal limit was shown to be given 

by the solubility threshold of the initially precipitated amorphous solid at pH 9.0 and 10.0, 

which is likely the case also at lower pH levels and was surpassed at the stages the samples 

were drawn, these structures are suggestively products of liquid-liquid demixing99. Although 

polymers114 and proteins117 can stabilize these liquid-phase precursors, there are indications of 

a liquid-like homogeneous phase with greater kinetic stability at close to neutral pH in additive-

free systems.115,116  

According to the PNC pathway93, PNCs serve as direct molecular precursors to the phase 

separated liquid nanodroplets; that is, liquid-liquid demixing is based on pre-nucleation calcium 

carbonate ion association. Indeed, nucleation occurs at constant levels of bound calcium 

carbonate, whereas the bound calcium bicarbonate does not seem to play a role (Figure 2.11). 

As calcium bicarbonate association does not proceed beyond ion pairs, it can thus only 

participate in phase separation when bound to terminal binding sites of carbonate PNCs, as 

suggested by computer simulations97, or subsequently, upon liquid-liquid demixing, bound at 

the interface of the nascent calcium carbonate nanodroplets. This model, which seems 

consistent with observations of Bewernitz et al.115, is later used to rationalize the amount of 

bicarbonate incorporated in the solid amorphous intermediates (see Section 3.8). In this regard, 

the experimentally observed kinetic stabilization of the liquid intermediates at near-neutral pH 

may be based on the inclusion of interface-bound bicarbonate upon aggregation of nanodroplets, 

which may inhibit their dehydration116 and also introduce colloidal stabilization due to charges 

at the nanodroplets’ surfaces, similar to effects observed in the presence of silica171.  
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Figure 2.10. Representative cryo-TEM micrographs of liquid-like phases at the pre-nucleation stages 

of titration experiments conducted at (A, C) pH 8.5 (B, D) pH 8.0. A normalization factor (N) represents 

the ratio of the time points for sampling to nucleation time for a titration run.  

  

 

Figure 2.11. pH-development of the concentration of (A) total bound calcium ions and (B) carbonate 

bound calcium ions at the nucleation point. At the point of nucleation, the calcium ions bound to 

carbonate ions show constant levels at distinct pH values within experimental accuracy. The average 

values and error bars (± 1--standard deviation) were assessed from three independent measurements. 

 

The temporal evolution of ion products was calculated by using the concentrations of free 

calcium and free carbonate ions. Since calibration of the ion selective electrode was carried out 

in pure water, the values reflect ion activity products as demonstrated elsewhere170. As 
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mentioned above, the CO2 out-diffusion from carbonate solution need to be considered. Figure 

2.12 shows the profile of ion products before and after CO2 out-diffusion correction. Under the 

investigated pH conditions, the solubility products of the initially nucleated mineral phases 

indicate the formation of ACC (Figure 2.13), which most likely emerges upon dehydration of 

the liquid precursors, as at higher pH values99. At pH 8.5, within experimental accuracy, the 

solubility product of the initially formed phase agrees with that of proto-calcite ACC (pc-ACC), 

which is approximately 3.0  10-8 M2.92,125 However, the solubility products of initially 

precipitated phases at pH 8.2 and pH 8.0 are slightly higher, corresponding to 3.7  10-8 M2 and 

3.8  10-8 M2, respectively. Although these higher values might correspond to distinct proto-

structured forms of ACC125, bicarbonate ions can enhance the solvation through a 

thermodynamic destabilization of the ACC when incorporated into the structure. Therefore, 

these metastable amorphous phases were further characterized with respect to their 

compositional and structural nature. 

 

 

Figure 2.12. Development of ion product for titrations performed at (A) pH 8.5, (B) pH 8.2 and (C) pH 

8.0 without (black lines) and with CO2 out-diffusion correction (colored lines), respectively. 

 

 

Figure 2.13. Development of ion product for titrations conducted at (A) pH 9.0, 8.8 and 8.5 (CaCl2 (10 

mM) and carbonate buffer (10 mM)) and (B) pH 8.5, 8.2 and 8.0 (CaCl2 (20 mM) and carbonate buffer 

(20 mM)). The lines represent the average of three measurements, while the error bars denote ± 1--

standard deviation.  
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3.8 Bicarbonate in Solid Amorphous Calcium Carbonate 

Solid-state NMR is a powerful method for analyzing amorphous compounds. Reaction 

parameters involving pH125 and temperature126 can alter the short-range order of proto-

structured amorphous CaCO3 that can be isolated from the titration assay by a quench in excess 

ethanol. From the viewpoint of liquid-liquid demixing and pathways toward solid ACC via 

dehydration of the liquid precursors, this quenching procedure serves as a quick drying of the 

liquid-liquid phase separated pre-nucleation state.  

To address the effects of near-neutral pH conditions on the composition and structure of 

the as-isolated amorphous mineral phases, 13C enriched (99.9%) specimens were characterized 

utilizing ssNMR techniques. As opposed to pc-ACC and proto-vaterite ACC (pv-ACC), the 

13C{1H}CPMAS spectra of samples prepared at pH 8.5, 8.0 and 7.5 do not display single 

Gaussian environments, and were deconvoluted into two spectral components (Figure 2.14). 

The chemical shift of the major component at the given pH is 168.8 ppm with a line width of 

3.7 ppm (Figure 2.14), both of which are in line with the values for pc-ACC to within 

experimental accuracy125. This interpretation is further supported by the IR spectral 

characteristics with bands at 1074 cm-1 (ν1), 862 cm-1 (ν2) and 692 cm-1 (ν4) for amorphous 

samples synthesized at pH 7.5, 8.0 and 8.5, in accord with that of pc-ACC prepared at pH 9.0125 

(Figure 2.15). Since the proto-structure of the ACC remains pc-ACC below pH 9.0, the higher 

solubility threshold (Figure 2.13) supports the role of bicarbonate ions as a structural 

component of ACC. Indeed, the minor component in the ssNMR spectra at 163.0 ppm with a 

line width of 6.4 ppm corresponds to the 13C chemical shift of bicarbonate species172,173.  

In order to elucidate the respective contents of carbonate and bicarbonate species in the 

amorphous mineral produced at distinct pH values, 13C MAS spectra obtained by direct 

excitation of carbon via a single 90° pulse were deconvoluted based on the parameters acquired 

from 13C{1H}CPMAS spectra, where the optimal fit was achieved by varying the intensities 

(Figure 2.16, Table 2.5). The content of carbonate species shows no significant pH-dependence 

and approximately 5% of bicarbonate is detected in the ACC samples.  
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Figure 2.14. (A)13C{1H} CPMAS spectra of ACCs synthesized at distinct pH values. (B–D) Spectral 

deconvolution for specimens prepared at pH 8.5, 8.0 and 7.5, where two spectral components correspond 

to chemical shifts of proto-calcite ACC (green dashed line) and bicarbonate (pink dashed line), 

respectively. The red solid lines represent the sum of two deconvoluted peaks. The values of respective 

chemical shifts and line widths of spectral components are listed in Table 2.5. 

 

 

Figure 2.15. Representative FTIR spectra of ACCs synthesized at pH 8.5, 8.0 and 7.5. The presence of 

characteristic bands, 1074 cm-1 (ν1), 862 cm-1 (ν2) and 692 cm-1 (ν4), indicate the amorphous nature of 

as-synthesized specimens. 
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Figure 2.16. 13C MAS spectra acquired for samples prepared at (A) pH 8.5, (B) pH 8.0 and (C) pH 7.5 

(black solid lines). The spectral components were determined based on the 13C{1H} CPMAS spectra. 

 

Table 2.5. NMR parameters of spectral components deconvoluted from 13C MAS spectra and their 

relative content in the ACCs at particular pH values. 

pH Component δiso (ppm) Δν1/2 (ppm) Relative content 

8.5 
pc-ACC 168.8 3.7 94.4% 

bicarbonate-ACC 163.5 7.3 5.6% 

8.0 
pc-ACC 168.7 3.8 94.9% 

bicarbonate-ACC 162.8 6.6 5.1% 

7.5 
pc-ACC 168.8 3.8 95.2% 

bicarbonate-ACC 162.6 6.3 4.8% 

 

  



 53 

To further elucidate the spatial arrangement of carbonate and bicarbonate species, 2D 

13C{1H} heteronuclear correlation (HETCOR) experiments were performed for a sample 

prepared at pH 7.5 (Figure 2.17). The correlation peak in the 1H and 13C dimensions at 12.4 

ppm and 161.8 ppm, respectively, provides strong evidence for the existence of bicarbonate 

species as a structural unit of the amorphous mineral. Interestingly, a cross-correlation peak in 

the region of 17.2 ppm (1H) and 166.2 ppm (13C) was also found (Figure 2.17, dashed squared 

area). The chemical shift in the proton dimension is more deshielded than that typically found 

for bicarbonate in ACC (12.4 ppm), indicating that the proton of bicarbonate must be very close 

to an electronegative species. A similar proton chemical shift for bicarbonate has been observed 

in the disordered mineral trona (Na3(CO3)(HCO3)(H2O)2) at 18.6 ppm174. Thus, the chemical 

shift at 17.2 ppm might be assigned to a H(CO3)2
3- species, where the proton is dynamically 

disordered between two carbonate ions at a short distance. For ACCs prepared at pH 8.5 and 

8.0, identical correlation peaks were found (Figure 2.18). Thus, the ssNMR results demonstrate 

that bicarbonate ions are incorporated as a structural component of ACC, as soon as calcium 

bicarbonate pre-nucleation association starts to become significant. The fact that bicarbonate 

constitutes a structural component of ACC shows that it is not simply co-precipitated during 

the quench. In turn, this underpins the interpretation that it becomes a structural part of ACC 

due to its binding to the solution PNCs and liquid-liquid separated calcium carbonate precursors. 

Collectively, the IR and NMR spectroscopic studies reveal that the ACC samples prepared at 

low pH levels exhibit proto-calcite structures and the bicarbonate ions are an important 

constitutive component of the amorphous structure.  
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Figure 2.17. 13C{1H} FSLG-HETCOR spectrum acquired for ACC synthesized at pH 7.5. The spectral 

component at 5.5 ppm (1H) and 168.8 ppm (13C) corresponds to the correlation peak between structural 

water and the carbonate ions of ACC, whereas the one at 12.4 ppm and 161.8 ppm represent the 1H/13C 

correlation within the bicarbonate ions. The correlation peak at 17.2 ppm and 166.2 ppm highlighted by 

the dashed squared area is assigned to a species in ACC where a proton is shared almost equally between 

two carbonate anions. 

 

 

Figure 2.18. 13C{1H} FSLG-HETCOR spectra acquired for ACCs obtained at (A) pH 8.5 and (B) pH 

8.0. The correlation peaks at approximately 17.5 and 165 ppm for the 1H and 13C dimensions in the 

dashed frame indicate the bicarbonate species in the vicinity of calcium carbonate.   
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3.9 Compositional and Structural Nature of Amorphous Calcium Carbonate  

SEM and TEM micrographs show that the nanoscale amorphous particles with a size of 

approximately 10 nm favor agglomeration. SAED patterns indicate the amorphous nature of 

as-synthesized samples at pH 8.5, 8.0 and 7.5 (Figure 2.19). The stoichiometry of the ACCs 

prepared at pH 7.5 and 8.0 was characterized by TGA (Figure 2.20, Table 2.6). The initial 

weight losses between 30°C and 250°C in the TGA profile are due to hydration constituents of 

ACCs. Subsequently, additional weight losses between 400°C and 600°C for samples at pH 8.0 

and 7.5 are found, which were assigned to the formation of Ca(OH)2 for ACCs synthesized at 

higher pH levels92,126. However, the corresponding IR spectra do not show any peaks 

characteristic of Ca(OH)2 (Figure 2.15) and also the samples were prepared at lower pH levels. 

Thus, the mass losses as a result of the formation of Ca(OH)2 are excluded. Additionally, the 

EDS show that the ACCs contain insignificant impurities of sodium and potassium (atom% < 

2%) (Figure 2.21). Thus, the weight losses might be caused by the minor amount of bicarbonate 

occluded with the ACCs: 

Ca(HCO3)2 → CaCO3 + H2O + CO2  (162 u →  100 u + 18 u + 44 u) 

The mass losses in the later stage between 600°C and 850°C arise from the decomposition of 

calcium carbonate:  

CaCO3 → CaCO + CO2  (100 u →  56 u + 44 u) 

DSC elucidates the thermal transitions of ACCs. Two sets of endothermic reactions, 

corresponding to the peaks at approximate 100°C and 650°C, represent the dehydration of 

structural water and the decomposition of crystalline CaCO3 into CaO and CO2, respectively. 

The endothermic peaks, indicating the crystallization of anhydrous ACCs, of the samples 

synthesized at pH 7.5 and 8.0 are located at 350°C and 359°C, respectively. This suggests that 

the thermal stability of the sample at pH 8.0 is slightly higher than that at pH 7.5. However, the 

thermally-induced transitions of both anhydrous ACCs present similar estimated enthalpies 

(ΔHcryst) for crystallization (Table 2.6). Notably, the thermal stability of ACCs prepared at pH 

7.5 and 8.0 is greater than the ACCs synthesized by direct mixing of precursor solutions27,175 

(Table 2.6). The enhanced thermal stability can arise due to the surface localization of 

bicarbonate ions on the nanoscopic ACC constituents within the bulk structure and also their 

accompanying hydration molecules, which could prevent their transformation into a crystalline 

phase, similar to the stabilization of the liquid precursors in the aqueous solution.  
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Figure 2.19. Micrographs of amorphous minerals synthesized at pH 8.5, 8.0 and 7.5 via SEM (left panel) 

and TEM (right panel). Insets in TEM micrographs represent corresponding SAED patterns (Scale bars: 

0.5 Å-1). 
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Figure 2.20. Simultaneous TGA (dotted lines) and DSC profile (continuous lines) for amorphous 

mineral samples prepared at pH 8.0 (pink) and pH 7.5 (green).   

 

Table 2.6. Stoichiometry and thermal stability of ACC samples at pH 8.0 and 7.5 acquired from TGA 

and DSC profiles based on two independent repetitions. 

pH Stoichiometry 
Thermal 

Stability (°C) 

Enthalpy of ACC 

crystallization (ΔHcryst KJ/mol) 

8.0 Ca(CO
3
)
0.95

(HCO
3
)
0.05

(H
2
O)

0.87
 359 ± 0 -42.51 ± 11.90 

7.5 Ca(CO
3
)
0.97

(HCO
3
)
0.03

(H
2
O)

0.87
 350 ± 0 -44.22 ± 20.06 

 

 

 

Figure 2.21. Respective SEM images (top) and EDS spectra (below) of ACCs collected at pH 8.5, 8.0 

and 7.5. 
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3.10 Analyses of Post-Nucleation Precipitates 

In the IR spectra of post-nucleation sediments at given pH values, the characteristic peaks at 

1087 cm-1 and 1077 cm-1 (1), 873 cm-1 (2), and 744 cm-1 (4) correspond to vaterite. The 

hydration peak at around 3300 cm-1, however, indicates the co-existence of amorphous minerals 

in these samples, suggesting a mixture of ACC and vaterite. The hydration peak becomes more 

apparent at lower pH levels (Figure 2.22). This is in line with the results for the ion product of 

calcium carbonate, in which amorphous phases form as the initially precipitated nucleation 

products at all investigated pH values. In addition, the hydration band is consistent with the 

higher solubility of calcium carbonate phases nucleated at lower pH levels, which might be 

caused by the hydration molecules associated with bicarbonate ions. From cryo-TEM 

investigations, the co-existence of amorphous structures and vaterite crystals were found in the 

post-nucleation regime at pH 8.0 and 8.5 (Figure 2.23). The corresponding SEM images also 

show vaterite microcrystals accompanied with amorphous nanoparticles. The amorphous 

nanoscopic particles are more abundant at lower pH levels relative to pH 9.0 (Figure 2.24), 

which is consistent with the water peak shown in the IR spectra (Figure 2.22).  

 

 

Figure 2.22. Representative IR spectra of post-nucleation sediments collected at distinct pH values.  
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Figure 2.23. Representative cryo-TEM micrographs of mineral structures observed in the post-

nucleation stage (N: 1.1) at (A, C) pH 8.5 and (B, D) pH 8.0. 
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Figure 2.24. Representative SEM images of mineral particles formed after nucleation at (A, B) pH 9.0, 

(C, D) pH 8.5, (E, F) pH 8.2 and (G, H) pH 8.0. The arrows indicate the nanoparticles constituting ACC 

(left panel) and the microparticles represent crystalline calcium carbonate, vaterite (right panel).  
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4 Conclusions 

Mechanisms of calcium carbonate formation are significantly influenced by the speciation 

states of ionic precursors. At near-neutral pH, the existence of competition for interaction with 

calcium ions between carbonate and bicarbonate species produces distinct ion association 

behavior in the form of PNCs and ion pairs, respectively, the latter of which are negligible only 

above ca. pH 8.5–9.0. As demonstrated elsewhere, with increasing supersaturation, the 

carbonate PNCs serve as molecular precursors to dense CaCO3 nanodroplets, and undergo 

condensation and dehydration forming liquid-condensed phases in the regime prior to 

nucleation. Subsequently, the solidification of fluidic precursors produces hydrated proto-

structured amorphous mineral phases which contain bicarbonate ions as a structural unit. Here, 

below pH 8.5 the structural integration of bicarbonate ions can only be explained based on the 

binding of bicarbonate to terminal binding sites of carbonate PNCs and subsequently, upon 

liquid-liquid demixing, to the interfaces of the nascent nanodroplets, which leads to their 

structural integration upon aggregation and dehydration towards solid ACC. This can also 

explain the improved kinetic stabilization of liquid phases at near-neutral pH, and the increased 

thermal stability of solid ACCs obtained in this pH regime against crystallization.  

Here, the observation that the bicarbonate content in solid ACC is constant at around 5%, 

independent of pH values, may reflect the more or less constant bicarbonate fraction in this pH 

regime (Table 2.1). Indeed, we can formulate the corresponding equilibrium for the binding of 

bicarbonate to carbonate PNCs and emerging nanodroplets. Assuming that the size distribution 

of carbonate PNCs does not differ significantly with pH values, their concentration is 

proportional to the constituent ion pairs. Thus, the equilibrium  

HCO3, aq
− + [CaCO3

0]cluster ⇋ HCO3
−: [CaCO3

0]cluster 

where HCO3
−: [CaCO3

0]cluster represents bicarbonate ions bound to the terminal binding sites of 

PNCs, is defined by the equilibrium constant 

𝐾3=
c(HCO3

−: [CaCO3
0]cluster)

c(HCO3, aq
− )c([CaCO3

0]cluster)
=

0.05 ∙ c([CaCO3
0]cluster)

c(HCO3, aq
− )c([CaCO3

0]cluster)
=

0.05

c(HCO3, aq
− )

 

Since the free bicarbonate concentration is on the order of 10 mM and 20 mM, K3 values are 

on the order of 5 M-1 and 3 M-1 at pH 8.5 and lower pH, respectively. The corresponding 

standard Gibbs free energies are approximately -4 to -3 kJ/mol and agree within thermal energy 

with the standard free energy of calcium bicarbonate association yielding ion pairs (-7 kJ/mol, 

see above and Table 2.2). This consideration suggests that bicarbonate binding to free and PNC-

bound calcium is equal and independent, similar to the basic assumptions made for calcium 

carbonate PNC formation92. In turn, this suggests that the constant fraction of bicarbonate in 
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solid ACC intermediates below ca. pH 8.5 can be quantitatively attributed to a pre-nucleation 

ion association strength between calcium and bicarbonate of approximately -4 to -7 kJ/mol. 

Thus, bicarbonate ions have two major influences on the pathways of mineral nucleation, as a 

soluble species interacting with ionic components as well as a structural constituent of the 

emergent solid amorphous phases.  

In all, the present study reveals the mechanistic contributions of HCO3
- species towards 

ion-association during the nucleation of mineral particles and also the progressions and impact 

of these ionic interactions after particle nucleation, hence identifying novel aspects of 

physiologically relevant material genesis. These results are crucial for a better understanding 

of the ionic players in regulating biological and geological mineralization reactions, as well as 

potentially inspiring synthetic strategies for controlling the growth and structure of minerals. 
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Chapter 3  

 

Bidirectional Influences of Sea Urchin Proteins on Calcium 

Carbonate Mineralization at Near Physiological pH 
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1 Introduction 

Fascinating material properties of biominerals arise due to hierarchical structures and complex 

morphologies, which are biologically tailored for specific functions. Biominerals often exhibit 

non-equilibrium morphologies and mesocrystalline properties, which, in some cases, can be 

better rationalized by non-classical nucleation and non-classical crystallization theories rather 

than CNT100. For instance, the mechanisms of nucleation and crystallization involve ion clusters 

for the formation of ACP and apatite in simulated body fluid103 as well as the attachment of 

amorphous particles as an efficient approach for crystal growth in coral skeletons134 and in 

eggshells135. CaCO3, one of the most abundant biominerals in nature, is the major inorganic 

constituent in mollusk shells, coral skeletons and sea urchin skeletal elements. While the 

biological functions and physical properties of diverse CaCO3 biominerals are multiple and 

distinct, common molecular mechanisms, developmental aspects and strategies of material 

genesis are identified in different biomineralization systems1,176–178. The widespread relevance 

of amorphous precursors and mechanistic roles of ionic additives and biomolecules have been 

revealed in biomineralization processes. However, the detailed molecular mechanisms and 

organic-inorganic interactions of how biomolecules mediate mineral deposition and construct 

the specific biogenic function that underlay biomineralization have remained elusive.  

The sea urchin is a promising and well-established model system for investigating 

mechanistic roles of macromolecules for CaCO3 biomineralization. During embryogenesis, the 

spicule matrix (SM) proteins generated by PMCs regulate sea urchin spicule formation, with 

suggested functions in ion accumulation and mineral deposition. Several spicule proteins, such 

as SM50 and SM30 from Strongylocentrotus purpuratus as well as LSM34 from Lytechinus 

pictus, are expressed by PMCs and are relatively well-studied14. Interestingly, these proteins 

possess a common functional domain, the CTL motif, which is located in N-terminal region of 

these three proteins and potentially affects CaCO3 mineralization65,81. Apart from these 

macromolecules in sea urchin spicules, certain proteins from other biominerals possess a CTL 

domain as well, such as perlucin in abalone nacre75 and OC-17 in chicken eggshell73. This raises 

an intriguing question: does this domain possess potentially functional roles in 

biomineralization, particularly mineral nucleation and growth processes? Supporting evidence 

comes from the inhibition of spicule formation in the presence of glycosylation inhibitors179. 

Recent work also showed that fluorescently tagged lectins are taken up by sea urchin embryos 

and incorporated in the spicule structure180. In vitro studies have suggested that sea urchin-

associated CTL proteins bear strong aggregation propensities and tend to form hydrogels, 

regulating nucleation of CaCO3 as well as mediating nanoporosities and nanotextures of CaCO3 
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crystals82,83. Collectively, these investigations imply that CTL domains have important 

mechanistic functions in the pathways of biomineralization.  

Reflecting mineral nucleation and growth controlled via ionic species, a major constituent 

of several biogenic minerals is the thermodynamically unstable Mg-calcite phase45. The 

prevalence of the Mg2+ ion species can be attributed to multiple factors, such as the mechanistic 

role of Mg2+ ions in stabilizing amorphous mineral precursor phases36,121, the synergetic 

regulation of mineral polymorphs by biomacromolecules and ions, as well as the high Mg/Ca 

ratio in modern seawater (Mg/Ca: 5) directly adopted by mineralization pathways45. 

Experiments performed in defined solution environments showed that in the early stages of 

CaCO3 nucleation, under Mg2+ ion-rich conditions, binary Ca/Mg carbonate PNCs are 

formed146 and the participation of Mg2+ ions inhibits the nucleation of CaCO3 particles181. 

Synergistic effects of macromolecules and Mg2+ ions in stabilizing the transient ACC phases 

have been also demonstrated46. For the biological systems, i.e. the sea urchin spine, seawater 

was identified as the major source of ionic species for ACC formation and spicule 

development40. With the high magnesium contents of seawater (Mg/Ca: 5), the essential role of 

Mg2+ ions in marine biomineralization appears to encompass regulatory contributions in 

mineralization as well as functional purposes in terms of mechanics. In this regard, the 

synergetic contributions of biomacromolecules and Mg2+ ions towards regulating the nucleation 

and growth of mineral phases require further attention.  

The aim of this study is to address the prevalence of CTL domains in biomineral-

associated proteins and the mechanistic functionality of this domain in biomineralization 

processes at the molecular and nanoscale levels. So far, few CTL proteins have been 

investigated by quantitative crystallization techniques,81–83 and especially considering the role 

of synergy, that is how different proteinaceous components work together when it comes to 

mineralization reactions182. Besides, the early stages of CaCO3 mineralization under the 

combined influence of CTL proteins and Mg2+ ions have not been accessed yet. Therefore, in 

this chapter, the expression of three recombinant CTL proteins from sea urchin spicule 

(SM30A-CTL, SM50-CTL and LSM34-CTL) is described. Also, how these CTL proteins, 

individually and in combination, mediate CaCO3 deposition in Mg2+ ion-free and Mg2+ ion-rich 

scenarios as well as self-associate in response to pH values and ionic compositions in the early 

stages of CaCO3 mineralization are addressed. The experimental approach involves a 

quantitative mineralization assay as the fundamental methodology, supported by analytical 

techniques such as AUC, FTIR, electron microscopy and SAXS. 
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2 Material and Methods 

2.1 Cloning and Construction of Plasmids for Recombinant SM30A, SM50 and LSM34 

Production 

The putative C-type lectin-like (CTL) domains of SM30A (Strongylocentrotus purpuratus, 

Q26646), SM50 (Strongylocentrotus purpuratus, W4YSM4) and LSM34 (Lytechinus pictus, 

Q05904) were predicted using the SMART server183, which were identified at the N-terminus 

of these proteins and designated as SM30A-CTL, SM50-CTL and LSM34-CTL, respectively. 

The isoelectric point (pI) and molecular weight were calculated using PROTPARAM184. The 

cDNA templates were provided by the Center for Regulatory Genomics, Beckman Institute and 

the Eric Davidson Lab, Division of Biology at Caltech. Respective coding sequences of the 

CTL domains of SM30A, SM50 and LSM34 were amplified by polymerase chain reaction 

(PCR) with Phusion DNA polymerase (New England Biolabs). Afterwards, the target DNA 

fragments were digested by restriction enzymes BamHI and XhoI (New England Biolabs) with 

target sites in the forward and reverse primers, respectively (GATC Biotech GmbH, Konstanz, 

Germany, Table 3.1). The products of restriction digestion were inserted into a pET-3a-His 

vector with an N-terminal 6xHis-tag (provided by Dr. Hao-Cheng Tang, Department of Biology, 

University of Konstanz, Konstanz, Germany). Following standard molecular biology 

procedures185, the resulting plasmids were transformed to Escherichia coli (E. coli) DH5 

competent cells. The transformants were selected by plating on Luria broth (LB) agar plates 

with ampicillin antibiotics. Selected constructs were validated by DNA (capillary sequencing) 

sequencing (GATC Biotech GmbH, Konstanz, Germany). The expression plasmids were 

transformed to E. coli strain BL21-CodonPlus (DE3) RIL competent cells (Stratagene, Agilent 

Technologies Inc., Santa Clara, USA). 

LSM34-CTL, SM30A-CTL and SM50-CTL were incubated in LB supplemented with 

chloramphenicol (35 µg/mL, Carl Roth) as well as ampicillin (100 µg/mL, ampicillin sodium 

salt, Carl Roth) and intracellularly expressed as 6xHis-tag fusion proteins using E. coli at 37°C. 

On attaining the absorbance of 0.3–0.4 O.D., the cell cultures were shifted to the incubator at 

20°C. After incubation for 30 min at 20°C, attaining OD600 0.6–0.7, the cell cultures were 

induced by the addition of isopropyl-ß-D-thiogalactopyranoside (IPTG, 0.1 mM). The cell 

cultures were harvested after 22 h of incubation at 20°C.  
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Table 3.1. Primers used for PCR amplification of CTL fragments of SM30A, SM50 and LSM34. The 

restriction sites BamHI and XhoI are labelled in bold-face for forward and reverse primers, respectively.  

Proteins Primers Sequence 

SM30A FP-CTL CGCGGATCCTGCGCTAAGTTCTGGGTG 

 RP-CTL CCGCTCGAGTTAGCTGTGCCTATCGTTGATAGC 

SM50 FP-CTL CGCGGATCCACGGGTCAAGACTGCCCAG 

 RP-CTL CCGCTCGAGTTAGGGCCAGCTACGAGTTGG 

LSM34 FP-CTL CGCGGATCCTGTCCCGCGTACTATGTC 

 RP-CTL CCGCTCGAGTTATTCGCACACGAACGCACG 

 

2.2 Protein Purification and Characterization 

Cell pellets with expressed SM30A-CTL, SM50-CTL and LSM34-CTL were resuspended in 

lysis buffer (10 mM Tris and 100 mM NaCl, pH 8.0) containing DNase I (5 g/mL, Roche 

Diagnostics GmbH) and Pefabloc (protease inhibitor, 100 N, Carl Roth). Cell lysis was 

performed by EmulsiFlex-C3 homogenizer (Avestin, Canada). The lysate was centrifuged at 

15,000 rpm (26890 g) for 20 min. The target proteins were present primarily in inclusion bodies. 

The pellets were further treated with denaturing buffer (6 M urea, 10 mM Tris, and 300 mM 

NaCl, pH 8.0). The resultant lysate was centrifuged at 15,000 rpm (26890 g) for 20 min. The 

supernatant was aspirated and mixed with Ni2+ charged IDA (iminodiacetic acid) agarose resin 

(Protino® Ni-IDA Resin, Macherey-Nagel). The mixture was incubated for 1 h at 4°C and was 

further loaded on a column for immobilized metal affinity chromatography (IMAC). After 

removing the impurities with washing buffer (6 M urea, 10 mM Tris, and 300 mM NaCl, pH 

8.0), the target proteins were eluted by an imidazole gradient: (i) 20 mM imidazole (3 mL), (ii) 

100 mM imidazole (2 mL), and (iii) 200 mM imidazole (till no further protein was eluted).  

The purity of each collected fraction was confirmed by SDS polyacrylamide gel 

electrophoresis (SDS-PAGE), conducted using 12.5% acrylamide gels and stained with 

Coomassie Blue. The SDS-PAGE bands were further characterized by using reversed phase 

liquid chromatography nano-spray tandem mass spectrometry (LC-MS/MS) with an LTQ-

Orbitrap mass spectrometer (Thermo Fisher) equipped with an Eksigent nano-HPLC 

(Proteomics Core Facility, University of Konstanz, Konstanz, Germany). The LTQ-Orbitrap 

mass spectrometer was operated in a data dependent mode in which each full MS scan was 

followed by ten MS/MS scans where the ten most abundant molecular ions were dynamically 

selected and fragmented by collision-induced dissociation (CID) using a normalized collision 

energy of 35% in the LTQ ion trap. Dynamic exclusion was allowed. Tandem mass spectra 
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were searched against the protein database using Mascot (Matrix Science) with the 

modifications of Trypsin enzyme cleavage, static cysteine alkylation by chloroacetamide and 

variable methionine oxidation. Identified in the manner, primary sequences of CTL proteins are 

provided in Appendix Table S3.1.  

The purified SM30A-CTL and SM50-CTL were dialyzed at 4°C initially against buffer A 

(1 M urea, 10 mM carbonate buffer, pH 9.5) for 12 h and subsequently against buffer B (10 

mM carbonate buffer, pH 9.5) for 8 h for three times. The purified LSM34-CTL were stepwise 

dialyzed at 4°C with the following buffers: (1) buffer A (1 M urea, 10 mM carbonate buffer, 

pH 10.75) for 12 h, (2) buffer B (10 mM carbonate buffer, pH 10.5) for 12 h, (3) buffer C (10 

mM carbonate buffer, pH 10.0) for 12 h, and lastly (4) buffer D (10 mM carbonate buffer, pH 

9.75) for 8 h for two times. For the proteins used for gas diffusion-based mineralization and 

SAXS experiments, the final dialyzed solution is water (pH 9.0). The proteins utilized for 

investigating the roles of Ca2+ ions in self-association mechanisms (AUC and titration 

experiments) were dialyzed against 10 mM Tris buffer at pH 9.0 and pH 8.0. During the 

refolding process, low protein concentrations are necessary (0.3–0.4 mg/mL) to prevent protein 

aggregation. Protein concentrations were determined by using NanoPhotometer (IMPLEN). 

The protein specimens were concentrated by using Vivaspin 3000 MWCO centrifuge 

concentrators (GE Healthcare Life Sciences).  

 

2.3 Titration Experiment 

Detailed descriptions of the potentiometric titration setup were mentioned in Chapter 2. All 

solutions were prepared using Milli-Q water. The preparation of CaCl2 (10 mM), HCl (10 mM), 

NaOH (10 mM) solutions were performed by using stock solutions of CaCl2 (1.0 M, Fluka, 

volumetric solution), HCl (0.1 N, Merck, Titripur® volumetric solution) and a standardized 

NaOH liquid (0.01 N, Alfa Aesar), respectively. The carbonate buffers (pH 9.75, 9.0 and 8.5) 

were freshly prepared by mixing appropriate volume ratio of 10 mM of NaHCO3 (Carl Roth, 

ACS grade, ≥ 99.5%) and Na2CO3 (Sigma-Aldrich, ACS grade, ≥ 99.8%) solutions. Tris buffers 

(10 mM, pH 9.0 and 8.0) and MgCl2 solution (50 mM) were prepared by dissolution of Tris-

base (Sigma-Aldrich, ≥ 99.9%) and MgCl2·6H2O (Acros Organics, 99%).  

During titration experiments, either a CaCl2 solution (10 mM) or a mixture (Mg/Ca: 5) of 

CaCl2 (10 mM) and MgCl2 (50 mM) solutions was continually dosed into a carbonate buffer 

(10 mM, 20 mL) in the absence and presence of CTL proteins (5 M for pH 9.75 and pH 9.0, 

1 M for pH 8.5) at a constant rate of 20 μL/min under ambient conditions (Section 3.2, Section 

3.4). The pH was kept constant by the automatic addition of NaOH (10 mM) and HCl (10 mM) 
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solutions. In the titration experiments for investigating synergistic effects of SM30A-CTL and 

SM50-CTL, the applied protein concentrations are 5 µM and 10 µM for titrations at pH 9.0 as 

well as 1 µM and 2 µM for titrations at pH 8.5, respectively (Section 3.5). During these 

experiments, the titration vessel (150 mL) was firmly sealed to prevent CO2 out-diffusion. A 

calibration experiment was conducted for evaluating free Ca2+ ion contents by dosing CaCl2 

into Milli-Q water (20 mL) with N2 showering under similar conditions. In titration experiments, 

wherein the turbidity was continuously measured, a higher volume of carbonate buffer (25 mL) 

was used. An optical sensor Optrode (Metrohm No. 6.1115.000), operating at a wavelength of 

640 nm, was utilized for monitoring the transmission change during the experiments. Since the 

starting potentials of the Optrode can exhibit certain variations, the transmission data was 

normalized with each experiment starting at a value of 1.0 indicating a clear solution at the start 

of the experiments. 

After each protein-containing experiment, the titration vessel, electrodes and burette tips 

were cleaned with the following solutions: (1) acetic acid (10%, diluted by using 95.9% acetic 

acid, Carl Roth) for two times, (2) pepsin solution (0.1 M acetic acid, 0.5 M NaCl, 1 mg/mL 

pepsin, Sigma-Aldrich) for 20 min, (3) urea (1 M, VWR) for 20 min and (4) Milli-Q water. For 

all experiments, at least two independent experiments were conducted to ensure reproducibility. 

After nucleation, the mineral precipitates were centrifuged (without performing ethanol quench) 

at 9000 rpm (7690 g) for 10 min. The pellets were re-suspended and washed using absolute 

ethanol (3 mL, VWR) and transferred to a 1.5 mL tube. Subsequently, the re-suspension and 

centrifugation were repeated by using acetone (1 mL, VWR). The mineral sediments were 

vacuum dried at 40°C.  

 

2.4 Cryo-TEM, ATR-FTIR and SEM 

For cryo-TEM measurement, samples were drawn from different stages of titration experiments. 

Mineral products collected from the post-nucleation stage in titration-based mineralization were 

characterized by using FTIR and SEM. For the FTIR measurement, 16 scans were accumulated 

for the background correction and sample characterization. Cryo-TEM, FTIR and SEM setup 

were described in detail in Chapter 2.  

 

2.5 Analytical Ultracentrifugation  

Sedimentation velocity experiments were performed on an Optima XL-A/I ultracentrifuge 

(Beckman Coulter) at 20°C. Standard measurement cells containing a 12 mm titanium 

centerpiece were used. The operating rotor speeds for all measurements are listed in Appendix 



 70 

Table S3.2. The correlating buffer was used as a reference solution. The sedimentation velocity 

profiles were acquired utilizing a UV absorption optical system at 280 nm and were further 

fitted to the Lamm equation using SEDFIT (c(s) model)152 to obtain the corresponding 

sedimentation coefficient and molecular mass distributions. Two dimensional spectrum 

analyses (2-DSA Monte Carlo) with 20 iterations and grid resolution of 64*64 were conducted 

using Ultrascan III151,186. The axial ratios of oblate ellipsoids with given frictional ratios (𝑓/𝑓0) 

were estimated using Ultrascan III. Monte Carlo iteration is used to distinguish between signal 

and noise and the signal of investigated protein species is enhanced with iterations.  

The partial specific volumes of SM30A-CTL, SM50-CTL and LSM34-CTL were 

estimated by using Sednterp based on their primary sequence, corresponding to 0.726 mL/g, 

0.709 mL/g and 0.713 mL/g, respectively. For the density and viscosity of buffers, 0.997679 

g/cm3 and 0.893 mPa·s for carbonate buffer and 0.998683 g/cm3 and 0.998 mPa·s for Tris buffer, 

respectively, were used for data evaluation. To investigate the self-assembly of CTL proteins 

during mineralization, titration experiments were performed in protein-containing (0.2 mg/mL) 

carbonate buffer (10 mM, 7 mL) at pH 9.0 and pH 8.5. Prior to mineral nucleation, samples for 

AUC measurements were drawn when the added Ca2+ ion contents were 0 M, 200 M and 

750 M (Section 3.2). In the experiments for studying the independent effect of Ca2+ ions on 

protein self-assembly, distinct contents of CaCl2 were directly added into CTL proteins (0.2 

mg/mL) in Tris buffer at pH 9.0 and pH 8.0 (Section 3.3). 

 

2.6 Small Angle X-ray Scattering 

For SAXS analysis, distinct CaCl2 contents were directly mixed with CTL proteins (1 mg/mL) 

in water and carbonate buffer at pH 9.0. SAXS patterns were acquired at the ESRF beamline 

ID02 (Grenoble, France) with an X-ray energy of 12.46 keV, corresponding to a wavelength of 

λ = 0.995 Å. The distances between sample and detector is 1.5 m, covering the scattering vector 

(q) range from 0.05 nm-1 to 5 nm-1 (q = 4π sin(θ)/λ, where 2θ is the scattering angle). Water (as 

background) and samples loaded in quartz capillary (a wall thickness of ~10 µm and an internal 

diameter of 1.6 mm) were measured for a short exposure time (1 s) at ambient temperature 

(22°C). To generate the intensity profiles, the scattering patterns were normalized to an absolute 

scale, azimuthally averaged and the background of solvent (water) was subtracted187. 

The final scattering intensity of the sample is 

𝐼(𝑞) =

𝐼(𝑞)𝑠
𝑡𝑠𝑇𝑠

−
𝐼(𝑞)𝑏
𝑡𝑏𝑇𝑏

(
𝐼(𝑞)𝑤
𝑡𝑤𝑇𝑤

−
𝐼(𝑞)𝐸𝐶
𝑡𝐸𝐶𝑇𝐸𝐶

)
1𝑛𝑚−1≤𝑄≤4𝑛𝑚−1

∗ 0.0164 
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where I(q)s, I(q)b, I(q)w, and I(q)EC represent the measured intensity of the sample, solution 

background, water and empty capillary, respectively. The bottom term in the high q range is a 

flat scattering (q independent), where T is the transmission and t the irradiation time. A set of 

general laws (Porod’s law, Guinier and Kratky analysis) was applied for evaluating the SAXS 

data. The scattering curves were fitted with models that yield accuracy parameters for data 

analysis.   

 

2.7 Circular Dichroism Spectroscopy 

CD spectra were acquired by using a Jasco 715 spectropolarimeter with a Peltier temperature 

control unit (Jasco Hachioji, Tokyo, Japan). Quartz cuvettes with 1 mm path length were used. 

The spectra were recorded at 0.1 nm intervals between 190 and 250 nm at 20°C at a 200 nm/min 

scanning speed with accumulations of 5 scans per sample. Minute quantities (micro-liters) of 

CaCl2 stock solution were added to CTL proteins (0.1 mg/mL) in carbonate buffer (10 mM, 

250L) at pH 9.0. The final Ca2+ ion contents are 200 M, 750 M and 1000 M. Secondary 

structure analyses were performed by using Selcon3188 and Contin-LL algorithms189. 

 

2.8 Gas Diffusion Mineralization 

A droplet (20 L) containing a mixture of CaCl2 (10 mM) and MgCl2 (50 mM) solutions in the 

absence and presence of CTL proteins (0.1 mg/mL) was placed upon a silicon wafer (side length: 

5 mm). In total, 24 silicon wafers were put on a lid of culture multi-well plate (24 wells). The 

perforation (pore sizes: 0.5 mm) was made for the bottom of each well and the basal part of the 

plate was covered upside down on the lid of the plate which contains silicon wafers with ionic 

solutions. In a sealed desiccator, the droplet mixtures of ions and proteins were exposed to a 

decomposing (NH4)2CO3 (0.5 g) in a parafilm sealed glass vial with 24 holes (pore sizes: 0.8 

mm). After 3 h of incubation, the droplets on the silicon wafers were dried using filter papers 

and the minerals on silicon wafers were washed with ethanol. The mineral specimens were 

further analyzed by ATR-FTIR (LUMOS FTIR microscope, Bruker) with a germanium crystal 

and using a desktop SEM (Hitachi TM-3000 SEM, Hitachi High-Technologies Europe GmbH) 

coupled with energy dispersive detector (Xcite, Bruker AXS GmbH). High-resolution images 

were obtained using a Zeiss CrossBeam 1540XB SEM. 
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3 Results and Discussion 

3.1 Expression and Purification of CTL Proteins  

To elucidate the functional contributions of C-type lectin (CTL) proteins in biomineralization, 

the coding sequences of the CTL domains from three proteins, SM30A63,190,191, SM5064,65,192, 

and LSM3466,67, associated with sea urchin spicule were cloned with an N-terminal 6xHis tag. 

The expression of the recombinant proteins (i.e. LSM34-CTL, SM30A-CTL and SM50-CTL) 

was optimized under different conditions of induction, i.e. temperature (37/30/16°C) and IPTG 

concentration (1/0.1/0.01 mM). However, under the applied conditions, all three recombinant 

proteins are localized primarily in inclusion bodies, i.e. these proteins are insoluble. Insolubility 

is an issue when it comes to the expression of recombinant biomineral-associated proteins since 

biomineralization itself is a precipitation process involving organic and inorganic constituents76. 

Previous studies also showed that the structural disorder of certain proteins involved in 

biomineralization can hamper expression in E. coli, possibly due to their low stability and 

tendency toward aggregation81,193. For the investigated proteins, these factors might limit the 

expression of high contents of soluble fractions and reduce recovery at each purification step.  

To address the challenges associated with protein insolubility, urea, known for its 

chaotropic character and its direct hydrogen bonding interactions with protein interfaces was 

utilized194. Expressed with an N-terminal 6xHis-tag, the purification of the recombinant 

proteins was effective by Ni2+-based immobilized metal affinity chromatography (IMAC). 

Protein purity was assessed by gel electrophoresis. As illustrated in Figure 3.1, the bands 

correspond to the molecular weight of SM30A-CTL (~18 kDa), SM50-CTL (~15 kDa), and 

LSM34-CTL (~20 kDa), respectively (Table 3.2). Further, the three proteins were characterized 

by utilizing mass spectrometry and the respective sequence coverage are provided in Appendix 

Section (Figure S3.1). Under optimal conditions, approximately 7–8 mg SM30A-CTL, 8–9 mg 

SM50-CTL, and 3–4 mg LSM34-CTL were purified from 1-liter batch of bacterial cultures. 
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Figure 3.1. Representative SDS-PAGE profile of cell extracts and fractions of SM30A-CTL, SM50-

CTL and LSM34-CTL purified by IMAC. The left marker represents the standard molecular weight 

ladder (kDa). Lane 1: Lysis supernatant (soluble fraction) of cell lysate. Lane 2: Soluble fractions of the 

intracellular protein in 6 M urea. Lane 3: Insoluble fractions of the intracellular protein in 6 M urea. 

Lane 4: Purified proteins after IMAC. 

 

Table 3.2. Molecular weight, isoelectric points (pI) and relative compositions (%) of negatively charged 

amino acid residues (Glu and Asp) and abundant amino acids of the recombinant CTL proteins.  

Proteins Molecular Weight pI Amino acid composition (%) 

SM30A-CTL 18 kDa 5.29 Glu (7.3), Asp (1.8), 

Ala (9.1), Val (9.1)  

SM50-CTL 15 kDa 6.02 Glu (5.2), Asp (2.2),  

Pro (11.1), Ser (11.9) 

LSM34-CTL 20 kDa 6.78 Glu (5.4), Asp (1.6),  

Pro (11.4), Ser (9.7) 

 

Since protein purification was performed under denaturing conditions, dialysis was 

employed for protein refolding by gradual buffer exchange. Optimization of the dialysis 

procedure suggested that the initial protein concentrations should be lower than 0.4 mg/mL in 

order to achieve soluble fractions during the removal of urea and refolding195. After screening 

different ionic and pH conditions of buffer solutions, SM30A-CTL and SM50-CTL were found 

to be soluble in carbonate buffer at pH 8.5–9.5 and on the other hand, LSM34-CTL favored 

carbonate buffer at pH 9.75–10.5. 
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3.2 Influences of CTL Proteins on the Early Stages of CaCO3 Mineralization  

3.2.1 Potentiometric titration 

In the applied methodology, potentiometric titration data enable the quantitative elucidation of 

the multiple roles of additives during calcium carbonate precipitation, i.e. the complexation of 

Ca2+ ions, the interactions between additive and PNCs, the onset of nucleation and the solubility 

product of initially formed mineral phases (Chapter 1, Section 4.1). Applying this method, 

previous studies have shown that nacre proteins196,197, sea urchin proteins including 

rSpSM30B/C82 and domains of SM50 protein81,83 have distinct effects on mineral nucleation, 

reflecting the contributions toward regulatory aspects of biomineralization via the pre-

nucleation cluster pathway110. To explore the functional roles of CTL domains of sea urchin 

spicule proteome during mineral nucleation, a quantitative evaluation of potentiometric titration 

assays was performed. The applied protein concentration is 5 µM for pH 9.75 and pH 9.0 while 

at pH 8.5, the protein concentration is reduced to 1 µM due to severe aggregation of proteins at 

lower pH levels (see below). In these studies, three key characteristics of titration curves are 

discussed:  

(i) Pre-nucleation regime: the slope of free Ca2+ ion content in the pre-nucleation stage, 

representing the effects of additives on the equilibrium of PNC formation. 

(ii) Nucleation time: the time for nucleation event, i.e. the supersaturation conditions required 

for mineral nucleation. 

(iii) Ion product: the solubility product of initially formed phases, which signifies the solubility 

product of the most soluble phase among all phases present in the post-nucleation regime. 
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Pre-nucleation regime 

While dosing Ca2+ ions into (bi)carbonate buffer maintained at constant pH, the linear pre-

nucleation regions of the titration curves show that the amounts of free Ca2+ in the solution 

detected by the Ca2+ ion-selective electrode are lower than the added contents, which evidence 

the binding of Ca2+ ions with counter ionic species and has been discussed in terms of the 

formation of PNCs92. In the pre-nucleation regime, variations in the slopes of free Ca2+ ion 

development indirectly reflect the interactions between distinct ion species as well as those 

between protein additives and inorganic solute precursors including free species and clustered 

entities. For experiments performed at constant pH, the values of pre-nucleation slopes in 

additive-containing titrations being higher or lower than that in the corresponding additive-free 

scenarios signify that the additives either destabilize or stabilize the thermodynamic equilibria 

of ion associates, respectively.  

At pH 9.75, 9.0 and 8.5, for SM30A-CTL, SM50-CTL and LSM34-CTL containing 

titrations, the slopes in the pre-nucleation regime do not change significantly in comparison to 

the reference experiments, suggesting that SM30A-CTL, SM50-CTL and LSM34-CTL do not 

pronouncedly interfere with the formation equilibria of solute PNCs (Figure 3.2A, C and E) at 

the applied protein concentrations. The result of SM50-CTL is in accordance with previous 

studies, wherein a fusion variant of SM50-CTL applied at pH 9.081 and rSpSM50 applied at pH 

8.583 in titration experiments did not significantly shift the equilibrium of pre-nucleation ion 

associates. However, rSpSM30B/C glycoprotein, a glycosylated version of SM30B/C (the 

isoform of SM30A), is reported to stabilize the ion association equilibrium of PNCs at pH 9.082, 

which appears inconsistent with our findings. Plausible explanations for this discrepancy are (i) 

the isolated CTL domain of SM30A exhibits distinct functions in relation to the full-length 

form; (ii) the isoforms of SM30 family have distinct interactions with solute ions and ion 

clusters; and (iii) the post-translational modifications of protein, including glycosylation and 

phosphorylation198,199 play essential roles in altering the bio-inorganic interfaces of proteins, 

thus affecting the formation and stability of PNCs prior to mineral nucleation.  
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Figure 3.2 Development of the amount of free Ca2+ ions (left panel) and ion product (right panel) at (A, 

B) pH 9.75, (C, D) pH 9.0 and (E, F) pH 8.5, respectively, in the absence and presence of CTL proteins. 

Error bars represent ± 1--standard deviation from three repetitions for reference titrations and two 

repetitions for protein-containing titrations. 
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Nucleation time 

The nucleation of solid calcium carbonate particles is reflected by the drop in free Ca2+ ion 

contents (Figure 3.2A) and corresponding ion product (Figure 3.2B). The time required for 

nucleation can be represented by a normalized scaling factor (F), which is the ratio of the 

average nucleation time in protein-containing titrations to that in the corresponding reference 

titration144,200. Suggestive of the relative supersaturation conditions required for the nucleation 

of mineral particles, the value of F is used as an indicator for the categorization of additives as 

promoters or inhibitors of calcium carbonate nucleation144.  

At pH 9.75, SM30A-CTL does not have manifest inhibitory effects on the nucleation of 

calcium carbonate, while in the presence of LSM34-CTL and SM50-CTL, the nucleation event 

is slightly postponed, corresponding to F values of 1.1 and 1.2, respectively (Figure 3.2A). At 

conditions of lower pH levels, the retardant effects of proteins toward the nucleation event 

become pronounced (Table 3.3). For instance, at pH 9.0, the F values of SM30A-CTL, SM50-

CTL and LSM34-CTL (5 µM) are 1.7, 1.5 and 1.7, respectively, while at pH 8.5, the respective 

F values of the proteins (1 µM) are 1.6, 2.9 and 1.3, respectively (Figure 3.2C, E). This suggests 

that the investigated CTL proteins modulate the nucleation of CaCO3 in a pH-dependent manner, 

wherein the lower pH values lead to more delayed nucleation events (Note that for titrations at 

pH 9.75 and pH 9.0, protein concentration is 5-fold higher than those at pH 8.5) (Table 3.3). 

Especially, at pH 8.5, SM50-CTL (F = 2.9) is more effective. This might be due to the 

involvement of weaker calcium bicarbonate interactions during ion association at lower pH 

values, arising from the scarcity of CO3
2- ions in carbonate buffer (Chapter 2, Table 2.1). In 

this regard, bicarbonate ions might promote the bio-inorganic interactions of CTL proteins in 

delaying the nucleation event. In addition, bicarbonate and CTL proteins might also co-mediate 

the coalescence or transformation of solute clusters and liquid condensed precursors toward 

solid particles, impeding the onset of nucleation (Figure 3.2E). The behavior of delayed 

nucleation in the presence of the investigated CTL proteins is akin to that of diverse additives, 

such as certain polymers142 and amino acids200, nacre proteins197, SM5081,83 and rSpSM30B/C-

G82 from sea urchin spicule as well as ionic additives such as Mg2+ ions146.  
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Table 3.3. Comparisons of normalized scaling factors (F), the ratio of the average nucleation time in 

CTL protein-containing titrations to those in the corresponding reference titrations, at distinct pH values. 

pH SM30A-CTL SM50-CTL LSM34-CTL Applied protein contents 

9.75 1.0 1.2 1.1 5 µM 

9.0 1.7 1.5 1.7 5 µM 

8.5 1.6 2.9 1.3 1 µM 

 

Addressing the conceivable mechanisms for the delayed onset of the nucleation event in 

the presence of CTL proteins, three possible scenarios can be discussed. Firstly, in terms of net 

charge, at higher pH values, the CTL proteins with acidic isoelectric points (pI) present a net 

negative charge (Table 3.2), which possibly leads to the complexation of proteins with Ca2+ 

ions or PNCs. In this scenario, at pH 9.75, the recombinant CTL proteins are expected to impede 

the nucleation event more significantly relative to low pH conditions. However, as the titration 

curves depicted (Figure 3.2), these proteins have more pronounced retardant effects toward 

mineral nucleation at lower pH (Table 3.3). Also, the contents of negatively charged amino acid, 

Asp and Glu, which efficiently impede the onset of mineral nucleation200, are low in the CTL 

proteins (Table 3.2). Thus, ion-complexation and electrostatic stabilization of the free ions and 

PNCs by the CTL proteins might not be the primary explanation for the observed inhibition of 

mineral nucleation.  

Secondly, the inhibitory effects are possibly due to the amino acid compositions of the 

CTL proteins. As depicted in Table 3.2, SM50-CTL and LSM34-CTL contain a higher 

percentage of serine, which also functions as an inhibitor of nucleation200. However, the most 

abundant amino acids in SM30A-CTL sequence are alanine and valine, which do not exhibit 

pronounced retardation influences towards mineral nucleation200. Thus, the amino acid 

composition of proteins is not the exclusive factor for the observed inhibitory influences of 

CTL proteins on mineral nucleation.  

Representing the third explanation, the possible mechanism of biomolecular interference 

with mineral nucleation can depend on the nature of distinct mineral precursors and 

intermediates99,115 as well as the conformational changes and self-association of CTL proteins 

in course of mineralization. Here, the bio-inorganic interactions related to protein structure and 

conformation, such as surface charge distribution and solvent-exposed amino acid residues, are 

likely to determine the interactions with mineral precursors leading to distinct profiles of 

mineral nucleation. Considering previous studies wherein the biomolecular inhibition of 

mineral nucleation was addressed, certain acidic proteins have been shown to stabilize an 

emulsified state of mineral precursors. Electrostatic and depletion stabilization were suggested 
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to contribute towards the enhanced stability of a liquid-like phase of calcium carbonate by the 

acidic ovalbumin protein (pI: 4.7) from hen eggshell117. Recently, Evans et al. described the 

formation of protein hydrogels during mineral nucleation, which were suggested to prevent the 

aggregation and dehydration of solute cluster molecules and also hinder the subsequent 

solidification of amorphous mineral phases83. Recently, THz spectroscopy has identified a 

binodal locus for the phase separation of inorganic nanodroplets (LCPs), attributed to the 

aggregation of PNCs99. Moreover, bicarbonate species appear to stabilize the mineral LCP115. 

Hence, distinct interactions of protein species with fluidic mineral phases might also elucidate 

the observed inhibition of mineral nucleation. In this regard, the observed effects of the CTL 

proteins on mineral formation cannot be ascribed to a single molecular parameter. Rather, they 

encompass multiple contributions, which originate from sequence determined properties such 

as charge and hydration, as well as from the interfaces, structural dynamism and organization 

of protein self-associates and distinct mineral precursors.  

 

Ion product  

In the post-nucleation regime, the threshold of the constant ion product signifies the solubility 

product of the initially precipitated phase, characterizing the most soluble of all phases present 

in the system (Figure 3.2B). At pH 9.75, in the presence of SM30A-CTL, the solubility product 

of the initially formed phase is identical to that of reference experiments within experimental 

accuracy, corresponding to about 3.8 × 10-8 M2, which is typical of pv-ACC92,125 (Figure 3.2B). 

This indicates that the effect of SM30A-CTL toward the solubility of the initially precipitated 

phase is negligible at the applied concentration (5 µM) at pH 9.75. However, LSM34-CTL 

transiently stabilizes a more soluble phase to some extent and the influence of SM50-CTL in 

promoting the formation of a more soluble mineral phase is even more noticeable. Initially, the 

ion products of nascent mineral phases in LSM34-CTL- and SM50-CTL-containing titrations 

are on the order of 4.8 × 10-8 M2 and 5.9 × 10-8 M2, respectively, and gradually decrease with 

time.  

Under conditions of lower pH values, the effects of the CTL proteins on the solubility 

product of the initially formed mineral phase is quite pronounced. At pH 9.0, SM30A-CTL and 

LSM34-CTL cause an increase in post-nucleation solubility products relative to additive-free 

experiments, in which a reference value of 3.0 × 10-8 M2 characteristic of pc-ACC was 

determined92,125 (Figure 3.2D). Initial ion products of nascent mineral phases formed in 

SM30A-CTL- and LSM34-CTL-containing titrations are on the order of 6.2 × 10-8 M2 and 6.6 

× 10-8 M2, respectively, and gradually decrease till the plateau, corresponding to 2.6 × 10-8 M2 
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and 2.7 × 10-8 M2, which are slightly lower than that of the reference value (Figure 3.2D). This 

suggests that transient (more soluble) mineral phases are stabilized by SM30A-CTL and 

LSM34-CTL. Nevertheless, these gradually transform into a less soluble phase. However, at 

pH 8.5, after nucleation, in the presence of SM30A-CTL and LSM34-CTL, the ion products 

directly drop to a plateau, corresponding to about 2.6 × 10-8  M2 and 2.2 × 10-8 M2 respectively, 

which are intermediate to that of monohydrocalcite201 and vaterite167, corresponding to 2.5 × 

10-8 M2 and 1.2 × 10-8 M2, respectively (Figure 3.2F). This suggests that LSM34-CTL is more 

effective in facilitating the formation of thermodynamically more stable mineral phases 

compared with SM30A-CTL. Since the transiently stabilized mineral phases in the presence of 

LSM34-CTL and SM30A-CTL at pH 9.0 are not detected at pH 8.5 (Figure 3.2D, F), this 

reflects that SM30A-CTL and LSM34-CTL promote the formation of either monohydrocalcite 

or vaterite at lower pH values. Previous studies showed that the rSpSM30B/C glycoprotein 

stabilizes a more soluble mineral phase relative to pc-ACC at pH 9.082, which is in agreement 

with the results of SM30A-CTL (Figure 3.2D). This indicates that SM30A-CTL might have 

similar functions as the rSpSMB/C glycoprotein toward the temporal stabilization of transient 

mineral phases, during in vitro mineralization. 

Considering the effects of SM50-CTL at pH 9.0, the ion product of the initially formed 

mineral phase is about 4.1 × 10-8 M2 and gradually increases to a value of 4.4 × 10-8 M2 (Figure 

3.2D). After mineral nucleation, a corresponding increase is also displayed in the amount of 

free Ca2+ ion (Figure 3.2C), which is also evident in titrations conducted at pH 8.5 (Figure 3.2E). 

Interestingly, at pH 8.5, at higher concentration of SM50-CTL (5 M), after the first nucleation 

event, a new increase in the amount of free Ca2+ ions is observed (Figure 3.3). In the presence 

of certain anionic polymers such as poly(aspartic) acid (PAA), a similar phenomenon was also 

displayed in titrations performed at pH 9.75. The suggested mechanism involves the release of 

a fraction of PAA molecules from mineral particles upon nucleation, which can then absorb to 

newly-formed ion clusters142,202. In the presence of SM50-CTL at pH 9.0 (5 M) and pH 8.5 (1 

M), the experiment duration was not sufficient enough to detect the fluctuations in the amount 

of free Ca2+ ions after the first nucleation event. However, the simultaneous increases of ion 

product values and free Ca2+ ion contents after mineral nucleation suggest that the protein 

effectively stabilizes mineral clusters (or possibly nanodroplets representing liquid condensed 

phases) formed during the continuous addition of Ca2+ ions, following the similar trends as 

observed for PAA-containing mineralization reactions. At pH 8.5, in the presence of 5 µM 

SM50-CTL, the amount of free Ca2+ ions detected by Ca2+-ISE surpasses the amount of added 

Ca2+ ions at some point, which interferes with the quantitative assessment of the titration data 
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(Figure 3.3). This effect might be due to the interactions of the ion-protein complexes with the 

membrane of Ca2+-ISE203,204. Nevertheless, the fluctuations in the amount of free Ca2+ ions 

toward nucleation of mineral particles are qualitatively evident.  

In summary, based on the set of titration experiments investigating the three CTL proteins, 

we can conclude that SM50-CTL stabilizes more soluble mineral phases relative to reference 

scenarios in the range of pH 8.5–9.75, whereas SM30A-CTL and LSM34-CTL exhibit distinct 

effects towards the solubility products of the initially formed mineral phases in a pH-dependent 

manner (Table 3.4). 

 

 

Figure 3.3. Development of the amount of free Ca2+ ions (black) and the volume of NaOH (10 mM, 

blue) for the titration performed with SM50-CTL (5 µM) at pH 8.5. The dashed black line represents 

the amount of added Ca2+ ions dosed in the system. Note that the amount of detected free Ca2+ ions 

surpasses the amount of added Ca2+ ions at some point, which might arise from a possible interference 

of ion-protein complex with the membrane of Ca2+-ISE.  

 

Table 3.4. Solubility products (M2) of initially formed phases in the absence and presence of CTL 

proteins at different pH values. 

pH reference SM30A-CTL SM50-CTL LSM34-CTL 

9.75 3.8 × 10-8 3.8 × 10-8 5.9 × 10-8 4.8 × 10-8 

9.0 3.0 × 10-8 6.2 × 10-8 4.1× 10-8 6.6 × 10-8 

8.5 3.0 × 10-8 2.6 × 10-8 4.5 × 10-8 2.2 × 10-8 
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Turbidity measurement  

To probe the self-association behavior of the organic and inorganic constituents, i.e. the protein 

molecules and mineral precursors respectively, the change in relative transmission of the 

solutions was monitored during the titration experiments. On the occurrence of mineral 

nucleation, a decrease in relative transmission is displayed, reflecting increased solution 

turbidity.  

In the reference titration experiments performed at pH 9.0 and 8.5, after mineral nucleation, 

the developments of relative transmission steadily decrease (Figure 3.4A, B). Nevertheless, the 

change in relative transmission is more pronounced at pH 8.5 compared to that at pH 9.0. In the 

case of CTL protein-containing titrations, turbidity measurements display distinct profiles 

relative to the reference experiments (Figure 3.4C–H). After nucleation, relative transmission 

curves decline at a faster rate, suggesting that three CTL proteins promote the solidification of 

mineral precursors, enhance the growth rate of mineral particles or form flocculates with 

mineral particles. For the SM30A-CTL-containing titrations, the turbidity development at pH 

8.5 is akin to that at pH 9.0 (Figure 3.4C, D). However, in the presence of SM50-CTL and 

LSM34-CTL, steeper and more vigorous drops in the relative transmission are observed at pH 

8.5 compared to the corresponding profiles estimated at pH 9.0 (Figure 3.4E–H). Distinct pH-

dependent turbidity profiles indicate that the interactions between protein molecules and 

mineral precursors or particles producing larger structural organizations are dominant at lower 

pH values.  

Intriguingly, in the presence of a higher concentration of SM50-CTL (5 µM) at pH 8.5, an 

increase in turbidity is exhibited prior to the first nucleation event, suggestive of protein self-

association triggered by ion precursors or liquid condensed phases (Figure 3.5). Increased 

turbidity prior to nucleation is not shown in the SM50-CTL-containing titration performed at 

pH 9.0, indicating that a more pronounced association tendency of SM50-CTL at lower pH 

levels or the possible coalescence of SM50-CTL and liquid-condensed phases, which is 

stabilized due to the prevalence of bicarbonate ions115 at pH 8.5 (Chapter 2). 
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Figure 3.4. Development of the amount of free Ca2+ ions (black) and relative transmission (red) in the 

(A, B) absence and presence of (C, D) SM30A-CTL, (E, F) SM50-CTL and (G, H) LSM34-CTL at pH 

9.0 (left panel) and pH 8.5 (right panel), respectively.  
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Figure 3.5. Development of the amount of free Ca2+ ions (black) and relative transmission (red) against 

the amount of added Ca2+ ions in the presence of SM50-CTL (5 µM) at pH 8.5. 
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3.2.2 Nanostructure characterization of CTL proteins and mineral precursors  

To elucidate the nanoscopic interplay of CTL-proteins and inorganic precursors during 

titration-based mineralization, the structural evolution at different stages of the mineralization 

reaction in the presence of SM30A-CTL and SM50-CTL were investigated by using cryo-TEM. 

The time points described below are normalized by the corresponding nucleation time and are 

represented by a normalization factor (N), wherein a value of N equal to unity represents the 

nucleation event within a titration run.  

 

SM30A-CTL 

Regarding the SM30A-CTL containing titration performed at pH 9.0, in the regime prior to 

mineral nucleation (N = 0.8) (in the supersaturated stage), nanoscale vesicle-like structures are 

observed (Figure 3.6A, B). The electron contrast suggests that the vesicles enclose mineral 

phases, which might be analogous to biogenic vesicles enclosing nanospheres of amorphous 

mineral in the sea urchin spicule40. For certain recombinant biomineral-associated intrinsically 

disordered proteins, recent titration-related mineralization studies showed that the vesicle 

structures were formed prior to nucleation but were not found in the very early stages of titration 

(N < 0.2), i.e. in the undersaturated regime. This suggests that the formation of hybrid vesicles 

is driven by liquid-liquid phase separation17,99. This implies that in the present investigation, 

the mineral phases might mediate the self-associate of SM30-CTL and localization of the 

proteins at liquid-liquid interfaces, producing vesicle-like structures enclosing mineral phases. 

When the nucleation occurs (N = 1.0) in the presence of SM30A-CTL protein, cloud-like 

and vesicle-like structures are observed (Figure 3.6C, D). In the post-nucleation regime (N = 

1.4), many vesicles are observed in proximity to a micron-scale particle, structurally similar to 

vaterite (Figure 3.6E), suggesting the involvement of the mineral precursor-loaded vesicular 

structures in crystallization reactions. The destabilization and incorporation of vesicle-like 

structures towards mineral particles with higher electron contrast are also evident (Figure 3.6F–

H). These observations are possibly related to the results of the SM30A-CTL-containing 

titration experiments (Figure 3.2D), wherein the initially formed mineral phase is more soluble 

compared to the reference scenario. Herein, cryo-TEM observations suggest the contributions 

of a confinement-based mechanism by which SM30A-CTL stabilizes a transient mineral phase. 

Similar confinement-mediated stabilization of mineral precursors has been shown by using 

liposomes35, picoliter droplets205, and water-in-oil microemulsion206. Also, in the subsequent 

stages of the post-nucleation regime (N = 3.1), the presence of deformed vesicles in the vicinity 

of vaterite-like structures implies that the mineral precursors, transiently stabilized within 
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vesicles, might gradually transform to the crystalline mineral phase (Figure 3.6I). The 

diffraction pattern is indexed to (101), (100) and (202) faces of vaterite (inset, Figure 3.6I).  

 

 

Figure 3.6. Cryo-TEM micrographs representing the temporal development of structural organizations 

during mineral nucleation in the presence of SM30A-CTL at pH 9.0. The time point is signified by a 

normalization factor (N), with values of (A, B) 0.8, (C, D) 1.0, (E–H) 1.4 and (I) 3.1, respectively, where 

N: 1.0 corresponds to the nucleation event. (I) The scale bar of the corresponding SAED is 0.2 Å-1. 

 

SM50-CTL 

For titration experiments performed in the presence of SM50-CTL at pH 8.5, nanostructures 

(approx. size 5–10 nm) are observed in the nascent stage of nucleation (N = 0.4) (Figure 3.7A, 

B). With increasing supersaturation, prior to nucleation (N = 0.9), the particles grow larger, to 

about 20–50 nm in diameter and appear globular in shape (Figure 3.7C). Compared to the 

structures observed in reference experiments at pH 8.5 before nucleation (N = 0.8), wherein the 

structures with diameters of 100–200 nm bear diffuse interphase boundaries (Chapter 2, Figure 

2.10), the nanoparticles formed in the presence of SM50-CTL are distinct, exhibiting smaller 
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size distributions and distinct interphase boundaries. These structural features suggest a 

possible mediation by SM50-CTL with the maturing inorganic species and the involvement of 

organic-inorganic interactions favoring protein self-association. This also implies that the 

inorganic species are localized by SM50-CTL, possibly responsible for the pronounced 

inhibition of mineral nucleation (Figure 3.2E).  

Interestingly, in the post-nucleation regime (N = 1.1 and 1.3), the coalescence of SM50-

CTL-associated nanostructures is not pronounced (Figure 3.7D–F), with structural dimensions 

retained to about 100 nm. However, the particles have denser electron contrast, indicative of 

higher contents of inorganic species associated with the organic phases within the spherical 

particles. The corresponding diffraction pattern reflects amorphous compositions of the SM50-

CTL-mineral nanostructures (inset, Figure 3.7F). This can be correlated to the estimated 

solubility product of the nascent mineral phase in the SM50-CTL-containing titration 

experiments, wherein a more soluble mineral phase is stabilized relative to pc-ACC. 

 

 

Figure 3.7. Cryo-TEM micrographs illustrating the structural development at different stages of mineral 

nucleation for the SM50-CTL-containing titration at pH 8.5. Time points for sampling are indicated by 

a normalization factor (N). (A, B) N: 0.4, (C) N: 0.9, (D, E) N: 1.1, (F) N: 1.3. Arrows highlight 

nanostructures formed in the nascent stage of mineral nucleation. (F) The scale bar of the representative 

SAED is 0.2 Å-1. 
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3.2.3 Analyses of post-nucleation precipitations 

To characterize the polymorphic compositions and morphologies of the mineral products 

nucleated in the presence of CTL proteins, ATR-FTIR and SEM were utilized respectively. 

Following mineral precipitation (i.e. 7 h after nucleation), the post-nucleation sediments were 

directly collected by centrifugation without ethanol quenching.  

 

Influences of CTL proteins on mineral polymorphs 

The characteristic in-plane carbonate bending bands (4) at 744 cm-1 and 712 cm-1, indicative 

of vaterite and calcite, respectively, are found in the IR spectra of post-nucleation sediments 

collected at pH 9.0 in the reference and protein-containing titrations (Figure 3.8). In the 

presence of SM30A-CTL and LSM34-CTL, the IR spectra of mineral products formed at pH 

9.0 show an increase in the peak intensity at 712 cm-1 compared to the reference specimens. 

Representative of vaterite, the band at 744 cm-1 is absent in the SM50-CTL sample. This 

suggests that the CTL proteins favor the precipitation of calcite as the crystalline mineral phase 

under the applied reaction conditions.  

In addition to IR bands representative of the mineral phase, noticeable bands at 1645 cm-1, 

1225 cm-1, and 1152 cm-1 are observed. These peaks are absent in the reference sample and thus 

appear to be protein-associated (Figure 3.8). The peak at 1645 cm-1 might arise from the 

vibrations of structural water; nevertheless, it is usually accompanied by a broad hydration band 

at around 3300 cm-1, which is not pronounced in the IR spectra of protein-controlled 

mineralization reactions. Therefore, the band at 1645 cm-1 can be attributed to the C=O 

stretching vibration in the amide I region, which is typical of either -helix or disordered 

secondary structure207. The peak at around 1225 cm-1 can be assigned to N–H bending and C–

N stretching vibrations in amide III region (1400–1200 cm-1)207,208.The IR band at 1152 cm-1 

corresponds to the O–H absorption deformation of tertiary O–H side chain emerging from the 

amino acid residues of CTL proteins, particularly serine (Table 3.2)207,208. Protein-related peaks 

are more evident in the mineral sediments obtained in the presence of LSM34-CTL and SM50-

CTL samples (Figure 3.8), implying that their tendency towards self-association is greater than 

SM30A-CTL in mineralization environments.  

 

 

 



 89 

 

Figure 3.8. (A) Representative infrared absorbance spectra of sediments collected in the later stage of 

the post-nucleation regime in the absence and presence of CTL proteins at pH 9.0. (B) Enlarged view 

of spectra in the dashed frame. The characteristic band frequencies at 712 cm-1 and 744 cm-1 (ν4) of 

calcite and vaterite are marked in dashed lines, respectively. Protein-associated bands at 1645 cm-1, 1225 

cm-1 and 1152 cm-1 are also indicated. 

 

To further elucidate the protein-associated IR absorption bands shown in Figure 3.8, the 

protein pellets typically insoluble in water were further examined in D2O environments. The 

spectra of the protein pellets exhibit a band at around 1630 cm-1 in the amide I region, which is 

characteristic of -sheet structure207,209 (Figure 3.9). Protein aggregates of certain intrinsically 

disordered regions related to the sea urchin spicule exhibit primarily amyloid-like -structure17, 

characterized by a band at 1609 cm-1. However, the bands at 1630 cm-1 in the D2O-treated CTL 

samples reflect that the structural or conformational changes of the proteins towards -

conformations are distinct. In relation, the mineralization-induced CTL protein self-associates 

show corresponding IR bands at 1645 cm-1, indicative of either α-helix or disordered secondary 

structure (Figure 3.8). This suggests the contributions of distinct interactions with solute species 

as well as mineral precursors and particles towards the conformation stability of the CTL 

proteins. On the other hand, for certain biomineral-associated proteins, mineralization 

conditions induce distinct conformational transitions. For instance, the adsorption of Fetuin-A 

on calcium carbonate nanoparticles leads to changes in protein conformation208. Also, 

mineralization-induced conformational changes of collagen have also been reported210. For the 

investigated CTL proteins, absorption bands at 1557 cm-1 in the amide II region (~1550 cm-1) 

corresponds to N–H in-plane bending and C–N stretching vibrations (Figure 3.9)207. 
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Figure 3.9. Representative infrared spectra of protein associates hydrated in D2O. The amide I bands of 

SM30A-CTL, SM50-CTL and LSM34-CTL are located at 1630 cm-1, 1626 cm-1 and 1620 cm-1, 

respectively. The amide II band of three proteins is indicated at 1557 cm-1. 

 

In reference titrations, the contents of vaterite synthesized at pH 8.5 are lower in 

comparison to the products synthesized at pH 9.0 (Figure 3.8, Figure 3.10). In the CTL protein-

containing titrations performed at pH 8.5, the dominant mineral polymorph constituting the 

post-nucleation products is calcite (Figure 3.10). This is in accordance with the results at pH 

9.0, wherein the proteins also facilitate calcite formation. Given that the sea urchin spicule is 

composed of calcite formed via amorphous precursors22, it is possible that the CTL domains of 

sea urchin spicule proteome play mechanistic roles in regulating phase transformation reactions 

and thereby imparting certain polymorph selectivity towards calcite. In this regard, certain 

protein extracts from calcified tissues tend to deposit the polymorph identical to that in the 

primitive biominerals under in vitro conditions. For instance, the macromolecules isolated from 

the nacreous layer induce aragonite crystal formation15,211,212 while the soluble proteins from 

the prismatic layer promote calcite growth15,211, and also the eggshell matrix proteins favor the 

precipitation of calcite crystals213. Here, the investigation of mineral phases shows that the 

recombinant CTL proteins from sea urchin spicules also tune the polymorph selectivity of 

calcium carbonate towards calcite.  

Note that the protein contents in the titrations performed at pH 8.5 (1M) are less than 

those conducted at pH 9.0 (5 M), hence the biomolecule-related IR bands are not prominent 

(Figure 3.8, Figure 3.10). Only the amide I band located at 1645 cm-1 is obvious in the spectrum 

of LSM34-CTL-derived mineral product (Figure 3.10).  

 



 91 

 

Figure 3.10. (A) Representative infrared spectra of precipitates formed after mineral nucleation without 

and with CTL proteins at pH 8.5. (B) Enlarged view of spectra in the dashed frame. Peaks at 712 cm-1 

and 744 cm-1 (ν4) of calcite and vaterite are indicated in dashed lines, respectively. The protein-

associated band at 1645 cm-1 is also highlighted. 

 

Effects of CTL proteins on crystal morphology 

Sediments collected in the later stages of post-nucleation were investigated by SEM to elucidate 

the influences of CTL proteins on the microscopic morphology and structure of mineral crystals. 

At pH 8.5 and pH 9.0, the reference experiments produce a mixture of plate-like vaterite crystals 

and typical rhombohedral calcite crystals (Figure 3.11). However, when SM30A-CTL is 

introduced into the system, spherical vaterite structures and modifications of truncated 

rhombohedral calcite microcrystals emerged (Figure 3.12). Following descriptions of similar 

calcite morphologies synthesized in the presence of a polymeric additive, poly(4-styrene 

sulfonate-co-maleic acid) (PSS-MA)214, crystal structures with three adjacent {104} faces as 

caps appear to be pseudo-dodecahedral calcite crystal, possessing six smooth {104} faces and 

six rough {110} faces (Figure 3.12A, B). In a similar manner, the SM30A-CTL might bind to 

{110} faces and hinder step-growth, causing the expression of coarsened {110} and {01l} 

crystal faces (Figure 3.12B)215,216. Interestingly, the exhibition of {01l} faces is akin to those 

induced by the organic matrix macromolecules extracted from the sea urchin test217. The 

pseudo-dodecahedral crystals might further undergo structural development with protrusions in 

each direction perpendicular to the {104} surfaces, which is analogous to the rhombohedral 

primitive (P)-surface morphology214 (Figure 3.12C).  
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At pH 8.5, it appears that the adjacent tri-planar faceted ends of pseudo-dodecahedral 

crystal split (Figure 3.12D) and further evolve, with the P-surface shaped crystals gradually 

becoming dominant (Figure 3.12D–F). The P-surface shaped crystals (Figure 3.12F) are 

morphologically reminiscent of the sea urchin spicule. Etch pits are also observed on the crystal 

faces, which might be due to the expulsion of SM30A-CTL self-associates from amorphous 

mineral precursors during phase transformation218 (Figure 3.12C, E, F).  

 

 

Figure 3.11. Representative SEM images of mineral particles nucleated in reference titrations 

performed at (A, B) pH 9.0 and (C, D) pH 8.5.   

 

 

Figure 3.12. Representative SEM images of post-nucleation sediments in the presence of SM30A-CTL 

at (A–C) pH 9.0 and (D–E) pH 8.5. Etch pits on the crystal faces are indicated by yellow arrows.   
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In the presence of SM50-CTL at pH 9.0, the morphologies of calcitic superstructures are 

irregular (Figure 3.13A). Aside from P-surface shaped structures identified for crystals grown 

in the presence of SM30A-CTL (Figure 3.13B), the calcite microcrystals display increased 

truncation of rhombohedral edges (Figure 3.13C–E). The resulting crystals exhibit a size 

distribution of approximately 6–8 m (Figure 3.13D, E). At pH 8.5, in addition to P-surface 

shaped microstructures with extended {104} faces (Figure 3.13F), the pseudo-dodecahedral 

crystals with the rhombohedral caps have more pronounced etching on {110} faces (Figure 

3.13G, H). Moreover, apart from the pits on the {104} faces, the protein-associated soft 

substances enclose the crystals, which is likely to affect the growth of forming mineral particles 

(Figure 3.13I). 

 

 

Figure 3.13. Representative micrographs of crystalline structures formed in SM50-CTL containing 

titrations at (A–E) pH 9.0 and (F–I) pH 8.5. Porosities (yellow arrows) due to the occluded protein and 

protein aggregates (red arrow) are indicated. 

 

Crystalline products synthesized in the presence of LSM34-CTL at pH 9.0 and at pH 8.5 

exhibit pseudo-dodecahedral microstructures (Figure 3.14A, B, F). However, microscale 

spherical vaterite crystals are only formed at pH 9.0 (Figure 3.14A), consistent with results of 

the IR spectra. The calcite crystals display slightly truncated rhombohedral edges and also 

partial rhombohedral caps (Figure 3.14C). These crystals exhibit more porosities on the crystal 

faces compared to the calcitic mineral products observed in the presence of SM30A-CTL and 
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SM50-CTL (Figure 3.14D, F). Similar nanotextured porosities on the calcitic crystals mediated 

by AP7219 and rSpSM5083 have been reported, indicating that more porous textures mean more 

proteins entrapped or localized on the crystal surfaces. Furthermore, protein aggregates, closely 

associated with the crystalline CaCO3 phase, are depicted in Figure 3.14G–I. 

 

 

Figure 3.14. Illustrative SEM images of crystals formed in the presence of LSM34-CTL at (A–E) pH 

9.0 and (F–I) pH 8.5. Voids and hollows (yellow arrows) on the mineral faces caused by the occluded 

protein and also protein associates (red arrows) surrounding and bridging crystal particles are indicated. 

 

In all, mineral nucleation performed in the presence of the recombinant CTL proteins 

produce unique crystal morphologies, distinct from the corresponding reference experiments 

(Figure 3.11–3.14). Pseudo-dodecahedral morphologies are observed for calcite crystals 

derived in the presence of the three individual CTL proteins, while the P-shaped crystals are 

less prevalent for LSM34-CTL-controlled crystallization reactions. Previous studies have 

shown the emergence of pseudo-dodecahedral crystals with various additives, such as ions220–

222, polymers214,223, peptides216,224, and macromolecules extracted from nacre225 as well as sea 

urchin skeletons13,226,227. Applying similar mechanistic explanations, the recombinant CTL sea 

urchin proteins appear to bind to {110} faces and inhibit the step-growth, resulting in the 

formation of pseudo-dodecahedral crystals. Crystalline structures analogous to the P-surface 

morphology appear to further develop from the pseudo-dodecahedral calcite crystals in the 

presence of SM30A-CTL and SM50-CTL. Similar morphological transitions have also been 
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reported for calcite/PSS-MA systems228. Considering the biological crystalline material, the 

Schwarz's P-surface structure has been previously reported in the tissue scaffolds of sea urchins, 

stereom229. Functional contributions of this bi-continuous and intricate structure are implicated 

in optical function, nutrient intake and mechanical strength229,230. In view of our results, the 

recombinant CTL proteins possibly have a considerable impact on manipulating the 

morphologies and crystalline organizations of sea urchin skeletons and even their biogenic 

functions at the macroscale. Moreover, considering the etch pits broadly distributed in the 

calcite microstructures in the presence of the CTL proteins, Jain et al. have recently shown that 

protein hydrogels formed by recombinant sea urchin proteins deposit on the nucleating crystals 

and interfere with the further growth of mineral, resulting in the protein-induced voids or 

porosities upon or within the crystal82,83. Similar observations of voids and etch pits on the 

calcite crystals, therefore, are indicative of the likewise interactions between CTL protein 

(hydrogel-like) self-associates and minerals. 

In summary, the non-equilibrium morphologies of as-synthesized crystals reveal that the 

CTL proteins not only control mineral nucleation serving as crystallization additives, but also 

exhibit crystal occlusion and facet-selective adsorption, effectively regulating emergent 

crystalline forms. In this manner, our findings elucidate the distinct interactions and 

multifunctional effects of specific protein moieties (CTL domains) of the sea urchin spicule 

proteome, impacting mineral precursors and products.  

 

3.2.4 Investigation of protein self-association during mineralization via AUC 

Turbidity measurements as well as SEM and cryo-TEM micrographs identify essential 

contributions of bio-inorganic interactions between the CTL proteins and ionic species/mineral 

phases that drive protein self-association, spanning regimes prior to nucleation until the 

emergence of crystalline products. To gain better insights into protein assembly during 

mineralization, sedimentation species from the nascent stages of mineral nucleation were 

examined by utilizing the sedimentation velocity experiments in AUC. Based on reference 

titrations, samples from titration experiments, corresponding to added Ca2+concentrations of 0 

M, 200 M, and 750 M, were analyzed. These ionic conditions represent reference 

experiments in the absence of Ca2+ ions (i.e. negative control) as well as the undersaturated 

regime and supersaturated regime relative to the solubility product of the amorphous mineral 

phase, respectively.  
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Self-assembly of CTL proteins: SEDFIT Analysis 

The sedimentation coefficient and molar mass distributions were determined from the 

sedimentation profiles via SEDFIT. 

 

SM30A-CTL 

At pH 9.0, in the absence of Ca2+ ions, the sedimentation coefficient profile of SM30A-CTL 

(molar mass 18.4 kDa, estimated on the basis of amino acid sequence) presents peaks at 2.7 ± 

0.2 S and 5.0 ± 0.7 S, corresponding to 21.7 ± 2.0 kDa and 54.0 ± 10.5 kDa, respectively (Figure 

3.15A, Appendix Figure S3.2A). At pH 8.5, SM30A-CTL has similar distributions of 

sedimentation coefficient and molar mass, corresponding to 2.9 ± 0.3 S (25.0 ± 2.0 kDa) and 

5.7 ± 0.8 S (64.8 ± 8.8 kDa), respectively (Figure 3.15B, Appendix Figure S3.2B). This 

indicates that SM30A-CTL oligomerizes to a certain extent, forming trimeric or tetrameric 

species in the applied carbonate solutions. The profiles were fit to Gaussian peaks, generating 

a relative abundance of 73% and 27% for monomeric and oligomeric species, respectively, at 

pH 9.0. At pH 8.5, the relative abundance of oligomers is higher, corresponding to about 41% 

(Table 3.5). This suggests that SM30A-CTL is more prone to oligomerization at lower pH. Note 

that the monomeric form of SM30A-CTL is in accordance with the results of SDS-PAGE 

(Figure 3.1).  

With the addition of Ca2+ ions up to 750 M, the detected species shift to slightly higher 

values of sedimentation coefficient. This might indicate the possible binding of Ca2+ ions, ion 

clusters and mineral species with the protein molecules. However, there are insignificant 

changes in the distributions of sedimentation coefficient and molar mass of SM30A-CTL in 

carbonate buffer, revealing that neither Ca2+ ions nor mineral clusters trigger further self-

association to larger protein species at pH 8.5 and pH 9.0 at the applied concentrations of Ca2+ 

ions (Figure 3.15, Appendix Figure S3.2). In view of the vesicular structures observed by cryo-

TEM (Figure 3.6), it is likely that these structures sediment quickly and evade detected at the 

high centrifugation speeds (40000 rpm, 128128 g) applied during the AUC experiments 

(Appendix Table S3.2).  
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Figure 3.15. Sedimentation coefficient profile of SM30A-CTL species in samples from titration 

experiments conducted at (A) pH 9.0 and (B) pH 8.5 with different Ca2+ ion contents.  

 

Table 3.5. Sedimentation coefficient (s), molar mass (M), size (dp) and the relative percentage 

abundance of species (Abundance) for SM30A-CTL-containing titrations performed at pH 9.0 and pH 

8.5 as a function of Ca2+ ion contents. Error values were determined from standard deviations of 

Gaussian fits of the peak profiles.  

pH c(Ca2+)/ µM s/ S M/ kDa dp/ nm Abundance/ % 

9.0 0 2.7 ± 0.2 

5.0 ± 0.7 

21.7 ± 2.0 

54.0 ± 10.5 

3.4 ± 0.8 

4.6 ± 1.7 

73 

27 

200 3.0 ± 0.2 

5.5 ± 0.5 

25.7 ± 1.7 

64.0 ± 7.8 

3.6 ± 0.8 

4.8 ± 1.4 

81 

19 

750 3.0 ± 0.4 

5.2 ± 0.7 

25.5 ± 2.6 

57.7 ± 9.5 

3.6 ± 0.9 

4.7 ± 1.7 

72 

28 

8.5 0 2.9 ± 0.3 

5.7 ± 0.8 

25.0 ± 2.0 

64.8 ± 8.8 

3.5 ± 1.0 

4.9 ± 1.8 

59 

41 

200 3.2 ± 0.2 

6.2 ± 0.7 

27.7 ± 2.3 

76.0 ± 11.5 

3.7 ± 0.8 

5.1 ± 1.7 

62 

38 

750 3.2 ± 0.4 

6.3 ± 1.4 

28.0 ± 2.5 

73.0 ± 11.5 

3.7 ± 1.3 

5.2 ± 2.4 

46 

54 

 

SM50-CTL 

Regarding the self-association of SM50-CTL species at pH 9.0, the sedimentation coefficients 

at 2.5 ± 0.2 S, 4.5 ± 0.5 S, 7.8 ± 1.4 S and 11.0 ± 3.0 S are detected in carbonate buffer, 

representative of protein species corresponding to 17.5 ± 1.4 kDa (monomer), 45.0 ± 7.5 kDa, 

96.5 ± 24.0 kDa and 163 ± 60 kDa, respectively (Figure 3.16A, Appendix Figure S3.3A). At 

pH 8.5, the main species shown in the distribution of sedimentation coefficients is similar to 
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that at pH 9.0 (Figure 3.16B). However, the relative abundance of the monomeric protein 

species in carbonate buffer at pH 8.5 is much lower than that at pH 9.0, corresponding to 3% 

and 25%, respectively (Table 3.6). Thus, in the absence of Ca2+ ions, SM50-CTL species favor 

oligomeric forms at conditions of lower pH values (Table 3.6). In the presence of Ca2+ ions, at 

pH 9.0, the sedimentation coefficient distribution and also the relative contents of monomeric 

and oligomeric states of SM50-CTL do not deviate significantly, suggesting no apparent 

changes in the interactions between mineral species and SM50-CTL (Figure 3.16A, Table 3.6). 

At pH 8.5, nevertheless, at 200 µM of dosed Ca2+ ion concentration, apart from the SM50-CTL 

oligomers, larger assemblies at approximate sedimentation coefficients >25 S are detected 

(inset, Figure 3.16B). At higher contents of Ca2+ ions (750 µM), the protein association is even 

more pronounced, wherein the assemblies display sedimentation coefficients in the range of 

500–1000 S, corresponding to molar mass values of 50–200 MDa (Figure 3.16C, Appendix 

Figure S3.3C).  

A possible explanation for the formation of large oligomeric species of SM50-CTL is that 

Ca2+ ions, serving as a kosmotropic salt231, promote protein self-assembly. Supporting evidence 

comes from titration experiments (Chapter 2), wherein the percentages of bound Ca2+ ions to 

(bi)carbonate ions are approximately 30% and 38% at pH 8.5 and at pH 9.0, respectively, which 

indicates higher amounts of free Ca2+ ions at lower pH. However, the content of free Ca2+ ions 

in the system is not the sole determining factor for protein self-association. For instance, the 

protein species detected in the presence of 750 µM Ca2+ ions at pH 9.0 (i.e. 465 µM of free 

Ca2+ ions), the sedimentation coefficient and molar mass distributions are similar to those 

derived in the absence of Ca2+ ions. However, in the case of 200 µM Ca2+ ions at pH 8.5 (i.e. 

140 µM of free Ca2+ ions), significantly larger species corresponding to about 25 S are observed. 

Considering an alternate explanation, the pH values of buffer solutions close to the pI 

value of a protein are known to induce instability and aggregation. For SM50-CTL (pI: 6.02), 

oligomers are dominant species in carbonate buffer at pH 8.5 relative to pH 9.0 (Table 3.6). 

Additionally, in the presence of Ca2+ ions (750 µM), the aggregation propensity of SM50-CTL 

is more evident at pH 8.5. This explanation is consistent with the self-assembly of SM30A-

CTL, wherein at applied Ca2+ concentration of 750 µM, the relative contents of oligomers at 

pH 8.5 are higher than those at pH 9.0 (Table 3.5). However, compared to SM30A-CTL, SM50-

CTL exhibits higher tendency for self-assembly, forming larger oligomeric species during 

CaCO3 mineralization. This inference is consistent with cryo-TEM observations wherein 

SM50-CTL protein exhibits gradual mineralization-related progression in size distributions 

(Figure 3.7) and also with in situ turbidity measurements (Figure 3.5), wherein with a higher 
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concentration of SM50-CTL (5 µM) at pH 8.5, an increase in turbidity is present before the 

nucleation event.  

It is also important to consider the role of mineral precursors such as ion clusters and liquid 

condensed phases in driving protein self-association. Although the optical detection of protein 

species is based on absorbance at 280 nm, cryo-TEM and SEM observations reveal the co-

association of amorphous and crystalline mineral phases with the large organic assemblies. 

Hence, the oligomeric SM50-CTL species detected in the presence of Ca2+ ions at pH 8.5 are 

also likely composed of mineral precursors and protein associates.  

 

 

Figure 3.16. Sedimentation coefficient distribution of SM50-CTL in carbonate buffer at (A) pH 9.0 and 

(B, C) pH 8.5 with different Ca2+ ion contents.  
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Table 3.6. Sedimentation coefficient (s), molar mass (M), size (dp) and relative percentage abundance 

of species (Abundance) for SM50-CTL-containing titrations conducted at pH 9.0 and pH 8.5 as a 

function of Ca2+ ion contents. Errors represent ± 1--standard deviation from Gaussian fits of the peak 

profiles.  

pH c(Ca2+)/ µM s/ S M/ kDa dp/ nm Abundance/ % 

9.0 0 2.5 ± 0.2 

4.5 ± 0.5 

7.8 ± 1.4 

11.0 ± 3.0 

17.5 ± 1.4 

45.0 ± 7.5 

96.5 ± 24.0 

163.0 ± 60.0 

3.1 ± 0.8 

4.2 ± 1.3 

5.5 ± 2.3 

6.5 ± 3.4 

25 

29 

21 

25 

200 2.6 ± 0.3 

4.8 ± 0.5 

8.0 ± 1.4 

11.3 ± 2.8 

18.0 ± 2.4 

46.5 ± 8.0 

99.0 ± 21.5 

168.0 ± 60.0 

3.2 ± 1.1 

4.3 ± 1.4 

5.6 ± 2.3 

6.6 ± 3.3 

30 

27 

20 

23 

750 2.5 ± 0.3 

4.9 ± 0.6 

8.2 ± 1.4 

12.5 ± 2.5 

18.0 ± 2.9 

47.5 ± 8.5 

105.0 ± 31.5 

187.0 ± 50.0 

3.1 ± 1.1 

4.4 ± 1.5 

5.6 ± 2.3 

7.0 ± 3.1 

31 

31 

19 

19 

8.5 0 2.2 ± 0.4 

4.0 ± 0.4 

6.7 ± 0.8 

9.4 ± 2.0 

13.6 ± 3.3 

38.6 ± 5.0 

77.8 ± 12.5 

120.0 ± 40.0 

2.9 ± 1.2 

3.9 ± 1.2 

5.1 ± 1.8 

6.0 ± 2.8 

3 

59 

21 

17 

200 2.4 ± 0.3 

4.4 ± 0.5 

6.7 ± 0.7 

9.5 ± 2.5 

27.3 ± 1.9 

32.7 ± 2.5  

37.5 ± 1.5 

43.7 ± 2.0 

53.2 ± 1.8 

17.5 ± 1.4 

38.9 ± 4.5 

80.7 ± 19.0 

153.1 ± 31.7 

…… 

3.1 ± 1.0 

4.1 ± 1.4 

5.1 ± 1.6 

6.1 ± 3.1 

…… 

 

* 

750 * * * * 

* Asymmetric distributions produce imprecise s and M values.  
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LSM34-CTL 

Sedimentation coefficient and molar mass distributions show that LSM34-CTL forms large 

aggregates in carbonate buffer at pH 9.0 and pH 8.5 even in the absence of Ca2+ ions. The 

protein monomer with a molar mass of 20.7 kDa is not detected (Figure 3.17), which is 

consistent with the observation for dialysis experiments in which LSM34-CTL is soluble in 

carbonate buffer only at higher pH values (pH 9.75–10.5). Dialysis directly against carbonate 

buffer at pH 8.5 produced discernible protein aggregation. At pH 9.0, the distributions of 

sedimentation coefficients display a major broad peak suggestive of several oligomeric species, 

which shifts to higher values with increasing Ca2+ ion contents. Hence, the self-association of 

LSM34-CTL appears to be induced by Ca2+ ions and CaCO3 ion clusters (Figure 3.17A, B). At 

pH 8.5, with the addition of Ca2+ ions, broader distributions of oligomers are evident, and the 

distributions of sedimentation coefficients are enhanced by a factor of three relative to those of 

the samples isolated at pH 9.0 (Figure 3.17C, D). At high Ca2+ ion concentrations (750 µM), 

the scale of the sedimentation coefficient and molar mass is extraordinarily large, corresponding 

to approximately 30000 S and 24000 MDa, respectively (Figure 3.17D, Appendix Figure 

S3.4D). Compared to SM30A-CTL and SM50-CTL, LSM34-CTL is highly prone to 

aggregation in the applied ionic and pH conditions.  

A possible reason is that the pI of LSM34-CTL (pI: 6.78) is closest to the pH of the applied 

carbonate buffer (Table 3.2), causing the formation of large protein associates even without the 

addition of Ca2+ ions. Moreover, there might be an apparent relation between the pH values of 

applied carbonate buffers and the size of the oligomeric species detected (Figure 3.17). The 

presence of Ca2+ ions, free ions, ion clusters and mineral precursors also enhance the association 

of LSM34-CTL. This is consistent with the pronounced protein-related bands detected in the 

IR spectra for the nucleation products (Figure 3.8, Figure 3.10). In addition, at conditions of 

lower pH values, the mineral-induced protein aggregation is augmented, which accords with in 

situ turbidity measurements (Figure 3.4H).   
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Figure 3.17. Sedimentation coefficient profile of LSM34-CTL in the carbonate buffer at (A, B) pH 9.0 

and (C, D) pH 8.5 for samples collected from titration experiments. 

 

Structural variation of CTL proteins: 2DSA Analysis 

To determine the structure of CTL protein species via frictional ratio (𝑓/𝑓0), the sedimentation 

velocity profiles in AUC were evaluated by 2DSA Monte Carlo method using Ultrascan III151.  

 

SM30A-CTL 

For SM30A-CTL in carbonate buffer (pH 9.0), the 2DSA analysis shows a peak at 18 kDa, 

corresponding to SM30A-CTL monomer, with a 𝑓/𝑓0 value of 1.0, indicative of a globular 

structure with radius of 1.7 nm (Figure 3.18A). Relatively larger oligomers, approximately 54 

kDa, with a 𝑓/𝑓0 value of 1.9, suggest a rod-like shape with Ra = 0.29 nm and Rb = 7.2 nm 

assuming an oblate ellipsoid model (Figure 3.18A). With the addition of Ca2+ ions, the frictional 

ratio of monomer and oligomers do not change significantly. However, the monomer with 

spherical structure (𝑓/𝑓0: 1.0) is the dominant species in the presence of 750 µM Ca2+ ions 

(Figure 3.18B).  

At pH 8.5, the 2DSA profile displays multiple SM30A-CTL species with distinct molar 

mass and structures (Figure 3.18C). The peak at 20 kDa represents the monomer with a  𝑓/𝑓0 

value of 1.1, suggestive of a structure with Ra = 0.87 nm and Rb = 2.6 nm. Certain oligomers 

with respective molar mass of about 52 kDa and 92 kDa present rod-like structure with a 𝑓/𝑓0 
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value of 1.9, while oligomers with molar mass of 66 kDa and 182 kDa exhibit spherical 

structure with 𝑓/𝑓0  value of 1.0. With the addition of Ca2+ ions, the globular structure of 

SM30A-CTL becomes prevalent, which is consistent with the trend at pH 9.0 (Figure 3.18D). 

 Under the applied variations in ionic and pH conditions, the 2DSA analyses suggests that 

the distributions of SM30A-CTL structures do not vary significantly during CaCO3 

mineralization. However, in the presence of Ca2+ ions at pH 8.5, most of SM30A-CTL species 

appear to favor globular states. Note that the partial concentration of the protein oligomers is 

higher at pH 8.5 relative to that at pH 9.0, reflecting that SM30A-CTL tends to form oligomeric 

species at relatively low pH conditions.  

 

 

Figure 3.18. Pseudo-3D plots for Monte Carlo 2DSA analyses for SM30A-CTL-containing titrations 

performed at (A, B) pH 9.0 and (C, D) pH 8.5 in the absence of Ca2+ ions (left panel) and in the presence 

of 750 µM Ca2+ ions (right panel). The corresponding 2DSA plots of frictional ratio against 

sedimentation coefficient distribution are shown in Appendix Figure S3.5 and Figure S3.6. 
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SM50-CTL 

With respect to SM50-CTL at pH 9.0, the monomer is determined by the peak at 17 kDa with 

a 𝑓/𝑓0 value of 1.0, suggestive of globular states with radii of about 1.7 nm (Figure 3.19A). 

The comparatively larger oligomers with molar masses of 38 kDa, 101 kDa and 231 kDa also 

present a spherical configuration (Figure 3.19A). In the absence of Ca2+ ions, some monomers 

or oligomers with higher 𝑓/𝑓0 values are also observed, while in the presence of Ca2+ ions, 

SM50-CTL presents monomer and oligomers with lower 𝑓/𝑓0  values between 1.0 and 1.5 

(Figure 3.19A, B). This phenomenon is even more pronounced for SM50-CTL in carbonate 

buffer at pH 8.5 (Figure 3.19C, D). In the absence of Ca2+ ions, a dimer (33 kDa) and a large 

species (1 MDa) with a 𝑓/𝑓0 value of 1.0 as well as an oligomer (50 kDa) with a 𝑓/𝑓0 value 

of 1.4, corresponding to an aspect ratio of 8.8, are detected (Figure 3.19C). However, at the 

higher Ca2+ ion contents, SM50-CTL forms larger species and the 𝑓/𝑓0 value of most SM50-

CTL species shift to 1.0 (Figure 3.19D). This demonstrates that SM50-CTL is prone to self-

assembly as larger species with globular structure during CaCO3 mineralization at pH 8.5. Due 

to significant aggregation of LSM34-CTL in carbonate buffer at pH 9.0 and pH 8.5 in the 

absence and presence of Ca2+ ions, the sedimentation profiles cannot be evaluated to generate 

2DSA profiles.   

The 2DSA analyses show that SM30A-CTL and SM50-CTL sediment as multiple species 

with distinct structural states. In comparison to the frictional ratios of SM50-CTL species, 

SM30A-CTL depicts broader distributions of 𝑓/𝑓0  values at pH 9.0 and pH 8.5. During 

mineral nucleation, however, the SM30A-CTL species prefer globular structure at lower pH. 

The same trend applies for SM50-CTL, wherein the protein species favor a globular structure 

during CaCO3 mineralization. The enhanced self-association propensities of SM30A-CTL and 

SM50-CTL driven by ions, ion clusters or mineral phases are in line with the SEDFIT analyses 

(Table 3.5, Table 3.6). These structural developments appear consistent with the cryo-TEM 

observation in the early stages of titration, wherein associated with the inorganic phase, 

SM30A-CTL complexes present spherical and elliptical structures while SM50-CTL species 

display uniform globular structures (Figure 3.6, Figure 3.7).  
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Figure 3.19. 2DSA plots representing SM50-CTL species in titration samples at (A, B) pH 9.0 and (C, 

D) pH 8.5 containing either 0 µM Ca2+ (left panel) or 750 µM Ca2+ (right panel). Appendix Figure S3.7 

and Figure S3.8 represent the corresponding 2DSA analyses of frictional ratio against sedimentation 

coefficient distribution. 
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3.2.5 Self-association of CTL proteins determined by SAXS 

To further investigate the self-association behavior of CTL proteins during CaCO3 

mineralization, different concentrations of CaCl2 were applied to the CTL proteins (1 mg/mL) 

in carbonate buffer at pH 9.0, and characterized by SAXS. The scattering profiles of SM30A-

CTL solutions indicate that monomeric SM30A-CTL can be described by an oblate ellipsoid 

shape (Appendix Figure S3.9) with polar semi-axis Ra:1.4 0.1 nm and Rb: 5.9  0.1 nm (radius 

of gyration, Rg: 3.8 0.1 nm) in carbonate buffer (Figure 3.20A). With the addition of Ca2+ 

ions, the scattering profiles have insignificant changes and the radius of gyration (Rg) is 

maintained at approximately 3.8 nm (Figure 3.20A, Appendix Table S3.3). The Kratky plot of 

SM30A-CTL in carbonate buffer presents bell-shaped curves, suggestive of defined 

conformations (Figure 3.20B). The ellipsoid structure of SM30A-CTL is consistent with the 

findings in 2DSA analyses and appears related to the structures of protein-mineral associates 

observed in cryo-TEM. 

In the absence of Ca2+ ions, SM50-CTL in carbonate buffer exhibits an ellipsoid shape 

with Ra:1.8 0.1 nm and Rb: 8.1  0.1 nm (Rg: 5.2 0.1 nm) (Figure 3.20C, Appendix Table 

S3.4). At higher Ca2+ ion contents (750 µM), the oblate ellipsoid starts to have strong attractive 

interactions, which might be induced by Ca2+ ions or mineral precursors (Figure 3.20C). In the 

presence of 1 mM Ca2+ ions, SM50-CTL undergoes self-association and forms flexible 

associates (> 50 nm). This is consistent with the cryo-TEM observation, wherein nanoparticles 

of SM50-CTL-mineral evolve from 5–10 nm to 50 nm during mineral nucleation (Figure 3.7). 

The Kratky plot remains a bell-shaped curve, even though the associations of CTL proteins are 

induced by Ca2+ ions or ion clusters, indicative of a globular state of the assemblies (Figure 

3.20D).  

The steeper slope of LSM34-CTL in the low q range (0.06 < q < 0.17 nm-1) shows that 

LSM34-CTL forms rod-like assemblies in carbonate buffer at pH 9.0 (Figure 3.20E). This is in 

line with the findings from the AUC investigation, in which mega-Dalton-scale associates are 

identified for LSM34-CTL in carbonate buffer at pH 9.0 (Figure 3.17A, Appendix Figure 

S3.4A). With increased Ca2+ ion contents, the slope of the scattering profile in the low q range 

(0.06 < q < 0.17 nm-1) slightly increments, corresponding to -1.2 and -1.4, respectively, 

suggesting that the shape of LSM34-CTL associates change from relatively rigid rod-like 

clusters to more flexible chain-like clusters. The middle q range (q-4) indicates that the 

constituent subunits of these clusters are compact (Figure 20E, Appendix Table S3.5). The 

conformation of LSM34-CTL associates displays folded states (Figure 3.20F). Size 

distributions of the protein monomers of SM30A-CTL and SM50-CTL in carbonate buffer at 
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pH 9.0 determined in SAXS measurements are in accordance with those evaluated from AUC 

experiments (Table 3.5, 3.6 and Appendix Table S3.3, S3.4).  

 

 

Figure 3.20. SAXS intensity profile and Kratky plot illustrating variations with different Ca2+ ion 

contents for (A, B) SM30A-CTL, (C, D) SM50-CTL and (E, F) LSM34-CTL in carbonate buffer at pH 

9.0. 
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3.2.6 Secondary structure transitions of CTL proteins during mineralization 

To investigate transitions of the secondary structure of CTL proteins during CaCO3 

mineralization, CD spectroscopy was applied. Different amounts of CaCl2 were directly added 

into solutions of CTL proteins in carbonate buffer (pH 9.0). The resulting CD spectra were 

evaluated utilizing Selcon3188 and Contin-LL algorithms189. Based on values estimated from 

the two algorithms, the average values and the corresponding errors of secondary structure 

compositions are presented as bar plots (Figure 3.21). The three CTL proteins have similar 

secondary structures with relatively high contents of -helix and random coil. The bands at 

1645 cm-1 in IR-spectra of mineral products also indicate the structure of -helix or random 

coil of CTL proteins (Figure 3.8). This suggests that the conformations of CTL proteins are 

retained after self-association during mineralization. For different contents of Ca2+ ions, the 

variations in the secondary structures SM50-CTL and LSM34-CTL are insignificant. For the 

secondary structure of SM30A-CTL, as Ca2+ ion contents increase, the content of -helix 

slightly decreases and the deviation for the content of -strand is large. The insignificant 

changes of secondary structures are consistent with the Kratky plots, wherein the proteins retain 

folded states during mineralization (Figure 3.20). 

 

 

Figure 3.21. Bar plots representing the secondary structure compositions of (A) SM30A-CTL (B) 

SM50-CTL and (C) LSM34-CTL in carbonate buffer at pH 9.0 with distinct amount of Ca2+ ions. Error 

bars denote one standard deviation.  
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3.3 Role of Ca2+ Ions in CTL Protein Association 

During CaCO3 mineralization, the recombinant CTL proteins exhibit distinct impacts on the 

nucleation and crystallization of CaCO3. In turn, the CTL proteins undergo self-association 

tuned by ions, ion clusters and mineral precursors during CaCO3 nucleation, as shown by in 

situ turbidity measurements as well as cryo-TEM and AUC experiments of time-dependent 

titration samples (Section 3.2). To further elucidate whether Ca2+ ions can independently 

influence protein self-association, AUC, titration and SAXS methodologies were utilized. 

 

3.3.1 AUC studies: Ca2+ ion-mediated self-assembly under distinct pH conditions 

To investigate the pH-dependency of protein assembly in the presence of Ca2+ ions, the CTL 

proteins were dialyzed against Tris buffer (10 mM) at pH 9.0 and pH 8.0. The derived protein 

solutions were directly mixed with distinct CaCl2 concentrations and further analyzed by AUC.  

 

SEDFIT Analysis 

SM30A-CTL 

At pH 9.0, in the absence of Ca2+ ions, the distribution of SM30A-CTL (molar mass 18.4 kDa) 

exhibits peaks at 2.3 ± 0.1 S and 5.1 ± 0.3 S, corresponding to 20.2 ± 0.8 kDa and 63.6 ± 3.3 

kDa, respectively (Figure 3.22A, Appendix Figure S3.10A). At pH 8.0, similar sedimentation 

coefficient and molar mass distributions are displayed, corresponding to 2.4 ± 0.1 S (22.5 ± 1.5 

kDa) and 4.9 ± 0.4 S (57.6 ± 3.5 kDa), respectively (Figure 3.22B, Appendix Figure S3.10B). 

Sedimentation coefficient and molar mass distributions of the monomeric SM30A-CTL in Tris 

buffer are analogous to that in carbonate buffer. However, the relative abundance of oligomers 

is higher in the carbonate buffer (Table 3.5). Also, in carbonate buffer at pH 8.5, the relative 

content of oligomers (41%) is higher relative to that at pH 9.0 (27%) (Table 3.5). However, in 

Tris buffer, the relative changes in the oligomeric contents are not obvious when the pH value 

decreases from pH 9.0 to pH 8.0 (corresponding to oligomeric abundance of 5% and 9%, 

respectively) (Table 3.7). This suggests that in Tris buffer, SM30A-CTL favors the monomeric 

state. Additionally, the ionic compositions of carbonate buffers at pH 9.0 and pH 8.5 are distinct, 

in which bicarbonate ions are dominant at pH 8.5. It is possible that the oligomerization of 

SM30A-CTL is favored in bicarbonate-rich solutions.  

At pH 9.0 and pH 8.0, in the presence of Ca2+ ion contents of 750 µM and 1.5 mM, the 

sedimentation coefficient and molar mass distributions of two species (monomer and oligomers) 

slightly shift to higher values. (Figure 3.22). This might indicate the possible Ca2+ ion 

complexation with these protein species. Also, with higher Ca2+ ion contents, the monomer 
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species tend to associate toward oligomers, evident from increases in the relative abundance of 

oligomers (Table 3.7). This suggests that Ca2+ ions promote the oligomerization of protein units 

to a certain extent, even under non-mineralizing conditions. At pH 8.0, the ion-induced protein 

self-association is even more prominent. In the presence of 1.5 mM Ca2+ ion contents, the 

oligomeric species are dominant (Figure 3.22B), wherein a larger oligomer is present, 

corresponding to 146.2 ± 49.8 kDa (Table 3.7). This demonstrates that at conditions of low pH 

values, Ca2+ ions induce the oligomerization of the SM30A-CTL in carbonate-free solutions, a 

trend similar to that in carbonate containing (i.e. mineralizing) solutions. 

 

 

Figure 3.22. Sedimentation coefficient profile of SM30A-CTL in Tris buffer (10 mM) at (A) pH 9.0 

and (B) pH 8.0 with different Ca2+ ion contents.  
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Table 3.7. Sedimentation coefficient (s), molar mass (M), size (dp) and relative percentage abundance 

of protein species (Abundance) for SM30A-CTL in Tris buffer at pH 9.0 and pH 8.0 with distinct Ca2+ 

ion contents. Error bars signify ± 1--standard deviation of Gaussian fits of the peak profiles. 

pH c(Ca2+)/ µM s/ S M/ kDa dp/ nm Abundance/ % 

9.0 

0 
2.3 ± 0.1 

5.1 ± 0.3 

20.2 ± 0.8 

63.6 ± 3.3 

3.3 ± 1.0 

4.9 ± 1.7 

95 

5 

200 
2.3 ± 0.2 

4.8 ± 0.5 

21.1 ± 2.3 

52.5 ± 4.3 

3.3 ± 1.4 

4.8 ± 2.1 

92 

8 

750 
2.6 ± 0.1 

5.1 ± 0.4 

25.2 ± 1.7 

65.4 ± 7.8 

3.5 ± 1.2 

4.9 ± 2.0 

87 

13 

1500 
2.7 ± 0.3 

5.1 ± 1.6 

26.5 ± 4.2 

68.9 ± 26.0 

3.6 ± 1.2 

4.9 ± 2.8 

79 

21 

8.0 

0 
2.4 ± 0.1 

4.9 ± 0.4 

22.5 ± 1.5 

57.6 ± 3.5 

3.4 ± 0.8 

4.8 ± 1.3 

91 

9 

200 
2.4 ± 0.2 

4.9 ± 0.4 

22.6 ± 1.8 

56.7 ± 4.2 

3.4 ± 0.9 

4.8 ± 1.4 

91 

9 

750 
2.9 ± 0.4 

5.1 ± 1.8 

28.9 ± 5.2 

65.1 ± 27.7 

3.7 ± 1.3 

4.9 ± 2.9 

58 

42 

1500 

2.8 ± 0.3 

5.1 ± 1.5 

7.9 ± 2.6 

27.8 ± 3.5 

71.9 ± 28.0 

146.2 ± 49.8 

3.6 ± 1.3 

4.9 ± 2.7 

6.1 ± 3.5 

39 

50 

10 
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SM50-CTL 

For SM50-CTL solubilized in Tris buffer at pH 9.0, protein species with sedimentation 

coefficients of 1.8 ± 0.1 S (13.1 ± 1.4 kDa) and 3.7 ± 0.1 S (38.2 ± 3.6 kDa) correspond to 

monomeric and dimeric or trimeric forms of SM50-CTL, respectively (Figure 3.23A, Appendix 

Figure S3.11A). At pH 8.0, there are insignificant variations in sedimentation coefficient and 

molar mass distributions compared to those estimated at pH 9.0 (Figure 3.23C). Relative to 

carbonate buffer, wherein SM50-CTL displays various oligomeric species (Table 3.6), in Tris 

buffer, the dominant species is the monomer (Table 3.8). This suggests that the ionic buffer 

constituents significantly influence the self-association of SM50-CTL. At pH 9.0 and pH 8.0, 

at Ca2+ ion concentrations below 400 µM, the sedimentation coefficient distributions and the 

relative contents of monomeric and oligomeric species of SM50-CTL do not change 

significantly (Figure 3.23A, C, Table 3.8). However, in the presence of 750 µM Ca2+ ions, at 

both pH values, SM50-CTL exhibits severe self-association (Figure 3.23B, D). This is 

consistent with previous reports for the enhanced aggregation propensities of SM50 (in HEPES 

buffer at pH 8.0) in the presence of Ca2+ ions83.  

Based on SEDFIT analysis, for SM50-CTL in Tris buffer, the changes in protein 

aggregation propensity due to the applied pH variations are not evident. This is distinct from 

the results of sedimentation velocity experiments for SM50-CTL in carbonate buffer, in which 

SM50-CTL shows enhanced self-association tendency at lower pH (Figure 3.16). Hence, pH 

value and the concentration of Ca2+ ions are not the only factors affecting SM50-CTL self-

assembly. Also, the buffer constituents and mineralization regime have essential contributions. 

Furthermore, comparing the results for Tris buffer at pH 8.0 with 400 µM of Ca2+ ions (Figure 

3.23C) and for carbonate buffer at pH 8.5 with 200 µM of Ca2+ ions (Figure 3.16B), SM50-

CTL exhibits greater aggregation for the latter condition. This implies that mineral clusters or 

particles of CaCO3 are likely to regulate the self-association of SM50-CTL. 
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Figure 3.23. Sedimentation coefficient distribution of SM50-CTL in Tris buffer at (A, B) pH 9.0 and 

(C, D) pH 8.0 with different Ca2+ ion contents.  

 

Table 3.8. Sedimentation coefficient (s), molar mass (M), size (dp) and relative percentage abundance 

of species (Abundance) for SM50-CTL in Tris buffer at pH 9.0 and pH 8.0 as a function of Ca2+ contents. 

Errors indicate ± 1--standard deviation from Gaussian fits of the peak profiles. 

pH c(Ca2+)/ µM s/ S M/ kDa dp/ nm Abundance/ % 

9.0 

0 
1.8 ± 0.1 

3.7 ± 0.1 

13.1 ± 1.4 

38.2 ± 3.6 

2.8 ± 0.6 

4.0 ± 0.8 

61 

39 

200 
1.8 ± 0.1 

3.8 ± 0.2 

13.2 ± 1.9 

40.1 ± 6.0 

2.8 ± 0.6 

4.1 ± 0.9 

61 

39 

400 
1.9 ± 0.2 

4.0 ± 0.4 

13.7 ± 3.3 

42.4 ± 11.7 

2.9 ± 0.6 

4.2 ± 0.9 

61 

39 

8.0 

0 
1.9 ± 0.1 

4.0 ± 0.3 

13.6 ± 0.8 

43.4 ± 4.0 

2.9 ± 0.6 

4.2 ± 1.0 

61 

39 

200 
1.8 ± 0.1 

4.1 ± 0.3 

13.4 ± 1.3 

43.2 ± 4.8 

2.8 ± 0.8 

4.2 ± 1.2 

61 

39 

400 
1.9 ± 0.1 

4.0 ± 0.4 

13.9 ± 1.4 

42.5 ± 5.9 

2.9 ± 0.8 

4.2 ± 1.3 

74 

26 
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LSM34-CTL 

For LSM34-CTL, the formation of large protein associates occurs in Tris buffer at pH 9.0 and 

pH 8.0 (Figure 3.24, Appendix Figure S3.12). This is analogous to the respective distributions 

for LSM34-CTL in carbonate buffers at pH 9.0 and pH 8.5 (Figure 3.17), suggesting that pH is 

an important factor for protein association. At pH 9.0, with the addition of Ca2+ ions, the 

sedimentation coefficient distributions shift to the higher values, indicative of protein 

aggregation triggered by Ca2+ ions. At pH 8.0, in the presence of Ca2+ ions, the aggregation is 

too severe to provide clear sedimentation profiles. It is likely that the large protein aggregates 

sediment too fast or that significant proportions of the protein undergo precipitation, and hence 

the sedimentation velocity profile cannot be reliably evaluated. Comparisons of these three CTL 

proteins suggest that LSM34-CTL is more susceptible to pH induced self-association, relative 

to SM30A-CTL and SM50-CTL.  

 

 

Figure 3.24. Distribution of sedimentation coefficient of LSM34-CTL species in Tris buffer (A, B) pH 

9.0 and (C) pH 8.0 with the addition of distinct Ca2+ ion contents. 
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2DSA Analysis 

SM30A-CTL 

For SM30A-CTL in Tris buffer at pH 9.0, the monomer and oligomers are identified at 

approximately 14 kDa and 48 kDa, respectively, with a 𝑓/𝑓0  value of 1.0, indicative of 

globular states (Figure 3.25A). Few oligomers exhibit peaks at approximately 42 kDa with a 

𝑓/𝑓0 value of 2.0, representing a rod-like shape. In the presence of 1.5 mM Ca2+ ions, the 

abundant species are oligomers distributed between 𝑓/𝑓0 values of 1.0 and 2.5, suggestive of 

multiple structural states (Figure 3.25B).  

For SM30A-CTL in Tris buffer at pH 8.0, there are no evident differences relative to pH 

9.0 conditions, which is in line with the analysis of SEDFIT (Figure 3.25C). At Ca2+ ion 

contents of 1.5 mM, the protein oligomers are present with a wider 𝑓/𝑓0, which is analogous 

to that at pH 9.0; however, most oligomers favor globular structures (Figure 3.25D). The 2DSA 

evaluation reveals that in Tris buffer at pH 9.0 and pH 8.0, Ca2+ ions have minor effects on 

SM30A-CTL self-association. Nevertheless, for similar ionic conditions applied at lower pH, 

SM30A-CTL is prone to form larger oligomers with globular structures, which is consistent 

with the observation in carbonate buffer (Figure 3.18).  
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Figure 3.25. 2DSA plots representing SM30A-CTL species in Tris buffer at (A, B) pH 9.0 and (C, D) 

pH 8.0 in the absence (left panel) and presence of 1.5 mM Ca2+ ion (right panel). The corresponding 

2DSA profiles of frictional ratio against sedimentation coefficient distribution are shown in Appendix 

Figure S3.13 and Figure S3.14.      

 

SM50-CTL 

In consideration of SM50-CTL in Tris buffer at pH 9.0, monomeric and oligomeric species are 

identified at 10 kDa and 35 kDa with 𝑓/𝑓0  values of 1.0, demonstrating spherical 

configurations (Figure 3.26A). With 750 M Ca2+ ion contents, 2DSA analysis identify giga-

dalton sized assemblies with 𝑓/𝑓0 values between 1.0 and 1.3, indicative of globular and rod-

like structure (Figure 3.26B). This suggests the role of Ca2+ ions in triggering the self-

association of SM50-CTL.  

In the Tris buffer (pH 8.0), apart from the monomer, the larger oligomers with broader 

𝑓/𝑓0 values are present (Figure 3.26C). At Ca2+ ion contents of 750 M, the association of 

SM50-CTL is too severe for 2DSA analysis. For SM50-CTL in Tris buffer, the 2DSA analyses 

reveal that the Ca2+ ion contents and pH conditions influence the overall structural states of the 
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protein species. These results also agree with the self-association behavior of SM50-CTL in 

carbonate buffer, wherein enhanced self-association is observed at lower pH values under 

mineralization conditions (Figure 3.19).  

 

 

Figure 3.26. 2DSA plots representing SM50-CTL species in Tris buffer at pH 9.0 at concentrations of 

(A) 0 M and (B) 750 M Ca2+ as well as in (C) in Tris buffer at pH 8.0 without Ca2+ ions. Appendix 

Figure S3.15 and Figure S3.16 show the corresponding profiles of frictional ratio against sedimentation 

coefficient distribution.  

 

LSM34-CTL 

For LSM34-CTL in Tris buffer at pH 9.0, without Ca2+ ions, mega-dalton sized assemblies with 

𝑓/𝑓0 values ranging from 1.0 to 2.5 are present, whereas in the presence of Ca2+ ions (400 M), 

relatively larger protein species are observed with lower 𝑓/𝑓0 values, corresponding to 𝑓/𝑓0 

values between 1.0 and 1.3 (Figure 3.27A, B). At lower pH conditions, in Tris buffer (pH 8.0), 

LSM34-CTL forms larger associates relative to those observed at pH 9.0; however, the globular 

states of the protein species are retained (Figure 3.27C). In the presence of Ca2+ ions, the 2DSA 
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evaluation was not successful, possibly due to the inadequate sedimentation data arising from 

severe protein aggregation.  

In summary, from comparisons of the sedimenting species for the three CTL proteins, 

SM30A-CTL exhibits a broader distribution of frictional ratio, suggesting a diversity of 

structural states for the oligomers. Moreover, the effects of Ca2+ ions and pH values on 

modulating the oligomerization and structural transitions of SM30A-CTL are less pronounced. 

In contrast, the self-associations of SM50-CTL and LSM34-CTL are susceptible to pH change 

and the presence of Ca2+ ions. Furthermore, the protein oligomers and large associates adopt 

globular forms. The globular structure might represent proteinaceous hydrogels reported for 

full length rSpSM50 in HEPES buffer at pH 8.0 in the presence of Ca2+ ions83.  

 

 

Figure 3.27. 2DSA plots indicating LSM34-CTL species in Tris buffer at (A) pH 9.0 without Ca2+ ions, 

(B) pH 9.0 with 400 M Ca2+ ions and (C) pH 8.0 without Ca2+ ions. The corresponding 2DSA profiles 

of frictional ratio against sedimentation coefficient distribution can be found in Appendix Figure S3.17 

and Figure S3.18.  
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3.3.2 Titration: Ca2+ ion-binding capacity of CTL proteins 

The AUC investigation elucidates the role of Ca2+ ions in modulating the self-assembly of CTL 

proteins. To further study the binding capacity of CTL proteins for Ca2+ ions, titration 

experiments were performed in the absence of carbonate species. Investigating the interactions 

between Ca2+ ions and proteins, a CaCl2 solution (10 mM) was slowly dosed into a Tris buffer 

(10 mM) containing proteins (0.2 mg/mL) at pH 9.0 and pH 8.0, and the Ca2+ ion specific 

potentials were recorded simultaneously. In the presence of the CTL proteins, the developments 

of free Ca2+ ions are similar to the curves of reference experiments, wherein a CaCl2 solution 

was dosed into buffer solutions in the absence of proteins (Figure 3.28). This indicates that the 

Ca2+ ion complexation with the CTL proteins is insignificant at the applied protein 

concentrations and pH conditions.  

As shown in Figure 3.29, the theoretical curves, which are assessed based on calculated 

Ca2+ ion complexation effects on SM30A-CTL, do not show significant differences compared 

to the reference experiment if the amounts of complexed Ca2+ ions are low. On the other hand, 

the sedimentation coefficient and molar mass distributions of SM30A-CTL species (monomer 

and oligomers) display slight shifts to higher values, indicating possible Ca2+ ion-binding to 

these species. (Figure 3.22, Table 3.7). Therefore, Ca2+ ions might bind to CTL proteins, 

possibly to a limited extent and too low to resolve with titration experiments at the investigated 

conditions, yet sufficient to mediate the self-associations of CTL proteins. Interestingly, during 

the addition of Ca2+ ions, solutions of SM50-CTL and LSM34-CTL become turbid, while the 

SM30A-CTL-containing solution remains clear. This is consistent with the AUC investigation, 

wherein Ca2+ ion-triggered self-associations of SM50-CTL and LSM34-CTL are more evident 

than SM30A-CTL. Light microscopy images of large aggregates formed by SM50-CTL and 

LSM34-CTL in the presence of 2 mM Ca2+ ion contents are shown in Appendix Figure S3.19. 

The large assemblies are akin to the rSpSM50 hydrogels in HEPES buffer at pH 8.0 in the 

presence of Ca2+ ions83.  
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Figure 3.28. Development of the amount of free Ca2+ ion for continuous dosing of CaCl2 solutions (10 

mM) into Tris buffer (10 mM, 10 mL) in the absence (black line) and presence of CTL proteins (0.2 

mg/mL) at (A) pH 9.0 and (B) pH 8.0.  

 

 

Figure 3.29. Theoretical curves showing the amount of free Ca2+ ions during a titration experiment for 

different equivalents of Ca2+ ion bound by a SM30A-CTL protein. The reference curve is experimental 

data, wherein continuous addition of CaCl2 solutions into Tris buffer in the absence (black line) of CTL 

proteins at pH 9.0. Calcium binding by the protein results in an offset of the titration curves dependent 

of the total amount of bound calcium in the system. This offset was calculated for different equivalents 

of bound calcium per protein molecule. The part at the beginning of the theoretical titration curves is 

dependent on the binding constant of calcium adsorption by the protein which is not known and thus 

these parts are indicated by dotted lines.  
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3.3.3 Characterization for Ca2+ ion-induced protein association via SAXS 

To further investigate the self-association behavior of CTL proteins in the presence of Ca2+ ions, 

the scattering profiles of CTL proteins (1 mg/mL) in water at pH 9.0 mixed with distinct CaCl2 

contents were acquired using SAXS. In the absence of Ca2+ ions, similar to SM30A-CTL in 

carbonate buffer (pH 9.0), the monomeric SM30A-CTL in water displays an oblate ellipsoid 

structure with polar semi-axis Ra:1.7 0.1 nm and Rb: 6.1  0.1 nm (Rg: 3.9 0.1 nm) (Figure 

3.30A, Appendix Table S3.6). The consistent size distributions of SM30A-CTL in carbonate 

buffer and in water indicate that the structure of SM30A-CTL does not pronouncedly change 

due to the carbonate species. As the concentration of Ca2+ increases, Rg of SM30A-CTL 

gradually rises from 3.9 nm to 5.6 nm, suggesting that SM30A-CTL assembles and forms larger 

oligomers (Figure 3.30A, Appendix Table S3.6). The ellipsoid shape of SM30A-CTL is in 

accordance with higher 𝑓/𝑓0 in 2DSA evaluation (Figure 3.25). Additionally, it seems the 

value of Ra of ellipsoid structure is approximately twofold in the presence of higher Ca2+ ion 

contents relative to that without Ca2+ addition (Appendix Table S3.6), which might suggest that 

SM30A-CTL assemble along Ra direction. This corresponds to the larger associates of SM30A-

CTL with lower 𝑓/𝑓0 distribution values in the presence of Ca2+ ions (Figure 3.25).  

In the case of SM50-CTL in water, in the absence of Ca2+ ions, the protein species 

assemble as partially flexible associates (Rg: ~75 nm) composed of subunits with Rg of ~14 nm, 

evidenced by the power law slope of around -2 (Figure 3.30C). However, in carbonate buffer, 

SM50-CTL does not show pronounced aggregation. This suggests that the solution 

compositions influence the structural states of SM50-CTL species. With an increase of Ca2+ ion 

concentrations, the large associates gradually become denser. In the presence of 1 mM Ca2+, 

SM50-CTL assemblies exhibit a compact structure with the overall size around 70 nm (Figure 

3.30C, Appendix Figure S3.20).  

Similar to LSM34-CTL in carbonate buffer, in water, LSM34-CTL form rigid rod-like 

associates (Rg > 15 nm) composed of compact globular subunits (Rg < 7 nm) (Figure 3.30E). 

As the Ca2+ ion content increases, the rigid rod-like structures of assemblies become more 

flexible and the Rg also increases (Rg > 19 nm) (Appendix Table S3.7). The middle q range of 

SM50-CTL and LSM34-CTL exhibits the power law slope of around -4, indicative of the 

compact and globular constituent subunits (Figure 3.30C, E), which agree with the results of 

2DSA, wherein the assemblies present spherical structures (Figure 3.26, Figure 3.27). 

Moreover, the Ca2+ ion-induced self-association does not affect the folded states of three CTL 

proteins (Figure 3.30B, D, F) 
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Figure 3.30. Scattering pattern (left panel) and Kratky plot (right panel) of CTL proteins in water at pH 

9.0 in the presence of distinct Ca2+ ion contents. 
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Relative to SM30A-CTL, the aggregation propensities of SM50-CTL and LSM34-CTL 

are prominent. This might be related to their structural instability, indicated by the calculated 

instability index (computed from ExPASy). An instability index is determined based on the 

statistical analysis for 12 unstable and 32 stable proteins as well as their distinct dipeptide 

constituents232. If the index value is higher than 40, the protein is possibly unstable. The 

instability indices of SM30A-CTL, SM50-CTL and LSM34-CTL are 30.3, 74.5, and 50.2, 

respectively, indicating that SM30A-CTL is more stable relative to SM50-CTL and LSM34-

CTL.  

Note that the proteins were concentrated (3 mg/mL for SM30A-CTL, 3 mg/mL for 

LSM34-CTL and 5 mg/mL for SM50-CTL) for SAXS measurements. Considering the high 

protein contents required for SAXS, for certain proteins, structural instabilities might develop 

under conditions of molecular crowding233,234, inducing protein unfolding and aggregation at 

high concentrations. Such interactions can produce a competition between native and non-

native self-associations, wherein various types of macromolecular associates, such as unfolded 

as well as folded protein monomers, oligomers of native proteins and aggregates of non-native 

proteins, might be present. The emergence of these monomeric states and distinct associated 

state depends on the applied solution compositions and ionic strength conditions235,236. In the 

present study, distinct SM50-CTL associates were identified in water and carbonate 

environments (Figure 3.20C, Figure 3.30C). When Ca2+ ions are introduced in these solutions, 

the bio-inorganic and inter-molecular interactions might represent the self-associations of the 

native protein and aggregations of the non-native protein. Additionally, even in the absence of 

Ca2+ ions, large assemblies of SM50-CTL and LSM34-CTL in water were determined, which 

might emerge during refolding or storage. In all, it appears that the structural stability of these 

proteins in water is low, and the addition of Ca2+ ions induces structural transitions and 

pronounced aggregation of CTL proteins relative to carbonate-containing solutions.  
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3.4 Influences of CTL Proteins in Seawater-Mimetic Environments  

3.4.1 Potentiometric titration 

Spines of sea urchin are composed of co-oriented Mg-bearing (4–5 atom% Mg) calcite 

nanocrystals organized with a matrix of amorphous mineral and biomacromolecules. The 

combined localization of Mg2+ ions and biomolecules also might contribute to the prevalence 

of thermodynamically unstable Mg-calcite phases in several biogenic minerals45. Previous 

titration-based mineralization studies have showed that Mg2+ ions participate in the early stages 

of CaCO3 nucleation146, resulting in delayed mineral nucleation181. Moreover, in the presence 

of artificial polymers and Mg2+ ions, pronounced synergistic effects of the organic and 

inorganic additives were identified181. To gain better insights into how these processes evolve 

when bio-macromolecular components are involved, CTL protein-containing titrations were 

performed in a seawater-mimetic scenario (Mg/Ca: 5), wherein a mixture of CaCl2 (10 mM) 

and MgCl2 (50 mM) is continuously dosed into (bi)carbonate buffers containing CTL proteins, 

maintained at a constant pH value. 

 

Mg2+ ion-mediated mineralization 

In the presence of Mg2+ ions, at pH 9.0 and pH 8.5, the slopes in the pre-nucleation stage are 

slightly steeper relative to that in additive-free scenarios, reflecting the formation of less stable 

mixed Ca/Mg carbonate PNCs146 (Figure 3.31A, C). The participation of Mg2+ ions in PNCs 

might affect the dynamics of solute clusters97,110, thereby further influencing the stability of 

nascent mineral phases. Mg2+ ions display an inhibitory effect on mineral nucleation, 

corresponding to F values of 1.6 and 2.3 for pH 9.0 and pH 8.5, respectively (Figure 3.31A, C), 

suggesting that the efficiency of Mg2+ ions toward retardation of nucleation is pronounced at a 

lower pH value. The fractions of CO3
2- ions in the buffer at pH 9.0 and pH 8.5 are 4.5% and 

1.5%, respectively. As discussed in Chapter 2, at pH 8.5, the scarcity of CO3
2- ions in carbonate 

buffer renders the weaker calcium bicarbonate interaction important during the overall ion 

association. In this case, the bicarbonate ions appear to interfere with mixed Ca/Mg carbonate 

PNCs, retarding the dehydration and aggregation of subsequently formed liquid 

intermediates99,115. Thus, a prominently delayed nucleation event is observed at a lower pH 

value for Mg2+ ion-containing reactions.  

With added Mg2+ ions, at pH 9.0, an increased solubility product of the initially 

precipitated phase is observed, corresponding to 5.8 × 10-8 M2, suggestive of a more soluble 

phase relative to pc-ACC92,125 (Figure 3.31B). At pH 8.5, the initial ion activity product of 

nascent mineral phase is on the order of 5.0 × 10-8 M2 and keeps declining with time, i.e. no 
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defined solubility threshold is established (Figure 3.31D). The hydrated Mg2+ ions237 might 

influence the densification or dehydration process of liquid-condensed phases to solid 

amorphous mineral precursors, which is indicated by the gradual decrease in ion product values 

of nascent mineral phases. The decreasing ion product is also possible due to the gradual 

expulsion of water and Mg2+ ions from the initially formed mineral phase, changing its 

composition, stability, and hence, solubility. On the other hand, it might be a kinetic effect, e.g. 

arising from the inhibition of the inclusion of ionic species into a mineral phase of a constant 

low solubility.  

 

 

Figure 3.31. Development of the amount of free Ca2+ ions (left panel) and ion product (right panel) for 

titrations performed at (A, B) pH 9.0 and (C, D) pH 8.5. Black dashed lines indicate the amount of added 

Ca2+ ions into (bi)carbonate buffer. The average values were evaluated from three independent 

measurements and corresponding errors signify ± 1--standard deviation. 
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Combined regulation of Mg2+ ions and CTL proteins at pH 9.0 

For seawater inspired Ca2+ and Mg2+ ion contents, the CTL proteins exert control over CaCO3 

precipitation in a distinct manner relative to the Mg2+ ion-free scenarios (Figure 3.32). In 

SM30A-CTL- and LSM34-CTL-containing titrations at pH 9.0, the slopes in the pre-nucleation 

stages are identical with that of Mg2+ ion-containing titration whereas the initial ion association 

is influenced by the combined presence of SM50-CTL and Mg2+ ions, which is evidenced by 

the steeper slope prior to nucleation. This implies that SM50-CTL and Mg2+ ions have 

synergistic effects on the thermodynamic stability of mixed Ca/Mg carbonate PNCs (Figure 

3.32C).  

The time interval for mineral nucleation is indicated by a normalized scaling factor (FMg), 

i.e. the ratio of the average nucleation time in protein-containing titrations to that in 

corresponding Mg2+ ion-containing reference titrations. Interestingly, in Mg2+ ion-rich 

environments at pH 9.0, distinct inhibitory behavior of CTL proteins is displayed, 

corresponding to FMg values of 1.9, 2.9 and 1.6 for SM30A-CTL, SM50-CTL and LSM34-CTL, 

respectively (Figure 3.32C, Table 3.9). Here, SM50-CTL induces an increased inhibition of 

mineral nucleation relative to the corresponding Mg2+ ion-free case.  

In the post-nucleation stage, the solubility products of initially formed mineral phases are 

distinctly enhanced in comparison to that in the Mg2+ ion-containing titration (Figure 3.32D). 

For the nascent mineral phases in SM30A-CTL-, SM50-CTL- and LSM34-CTL-containing 

titrations, the initial ion products are on the order of 1.1×10-7 M2 and 8.2×10-8 M2 and 6.9 × 10-

8 M2, respectively, and steadily decrease with time. This suggests that the transient phases (more 

soluble phases) stabilized by CTL proteins and Mg2+ ions, continuously change their 

compositions and transform into less soluble mineral phases. The solubility product of the 

transient mineral phase in the presence of SM30A-CTL is relatively enhanced, indicative of a 

similar vesicular confinement effect as observed for the corresponding Mg2+ ion-free condition 

(Figure 3.6).  
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Figure 3.32. Profile of the amount of free Ca2+ ion (left panel) and ion product (right panel) development 

in the absence (top panel) and presence (bottom panel) of Mg2+ ions at pH 9.0. Black dashed lines 

represent the amount of added Ca2+. The average values and corresponding errors (± 1--standard 

deviation) were assessed from two independent measurements.  

 

Table 3.9. Normalized scaling factors (F, FMg) of time interval for mineral nucleation and solubility of 

the initially precipitated mineral phase for titrations performed at pH 9.0 in Mg2+ ion-free and Mg2+ ion-

rich conditions. 

  Reference SM30A-CTL SM50-CTL LSM34-CTL 

w/o Mg2+ 
F 1.0 1.7 1.5 1.7 

solubility* 3.0 × 10-8 6.2 × 10-8 4.1× 10-8 6.6 × 10-8 

Mg2+/Ca2+: 5 
FMg 1.0 1.9 2.9 1.6 

solubility* 5.8 × 10-8 1.1×10-7 6.9 × 10-8 8.2 × 10-8 

* The ion products in the post-nucleation stage in some cases including Mg2+ ion- and protein-containing reactions 

keep declining with time. Values of solubility here represent the initial ion products of nascently formed mineral 

phases. 
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Combined regulation of Mg2+ ions and CTL proteins at pH 8.5 

At pH 8.5, in Mg2+ ion-rich environments, the CTL proteins do not significantly shift the 

equilibria of mixed Ca/Mg carbonate PNCs in relation with reference experiments. Compared 

to Mg2+ ion-free titrations at pH 8.5 (Figure 3.33A), in the presence of Mg2+ ions, LSM34-CTL 

and SM50-CTL exhibit similar retardant effects, corresponding to FMg values of 1.6 and 2.9, 

respectively (Figure 3.33C, Table 3.10). On the other hand, for SM30A-CTL, the efficiency 

toward the impediment of nucleation is significantly enhanced, wherein the time interval for 

nucleation is postponed by a factor of 3.0 (Figure 3.33C, Table 3.10). This implies that Mg2+ 

ions can amplify the influences of SM30A-CTL in stabilizing the dehydration of liquid 

intermediates at lower pH values.  

The ion products of initially formed mineral phases in the CTL protein-containing 

titrations appear to drop to a similar level and steadily decrease to a level lower than the 

solubility of pc-ACC92,125 (Figure 3.33D). In comparison with CTL protein-containing titrations 

in Mg2+ ion-free scenarios (Figure 3.33B), under Mg2+ ion-rich conditions, the development of 

the ion products after mineral nucleation is more pronounced (Figure 3.33D). One conceivable 

explanation is that the Mg2+ ions and CTL proteins co-localize with the initially nucleated 

phases, which gradually exclude the “impurity” ions and proteins during mineral 

nucleation218,238. However, it might also be due to certain kinetic effects arising from inhibition 

of aggregation-based particle nucleation and growth. 

For LSM34-CTL, the effects on the supersaturation conditions required for mineral 

nucleation and the solubility of initially precipitated phases are minor at the applied pH and 

ionic conditions. This might be related to distinct protein self-association behavior observed by 

AUC and SAXS investigations, wherein LSM34-CTL exhibits pronounced self-association 

even in the absence of Ca2+ ions. In this regard, a strong aggregation of proteins as 

supersaturation evolves, might limit the accessibility of ‘mineralization active’ organic 

interfaces to inorganic constituents, suppressing distinct biomolecular interactions with ionic 

species and mineral precursors. Hence, the applied variations in pH values and solvent 

constituents have less prominent consequences for LSM34-CTL-controlled mineralization. In 

contrast, for SM30A-CTL- and SM50-CTL-containing titration experiments, a prominent trend 

in relation to distinct pH values and ionic compositions is observed. As shown by AUC and 

SAXS measurements, the ensemble of structural and self-association states of SM30A-CTL 

and SM50-CTL solute species exhibits considerable diversity, responsive to the applied pH and 

ionic conditions. This suggests that the contributions of SM30A-CTL and SM50-CTL in 

modulating the CaCO3 precipitation are related to the distinct contributions of ionic species and 
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mineral precursors towards protein self-association. This also underpins the importance of an 

interplay between the mineral precursors/phases and biomolecules, wherein mineral precursors 

tune the self-association or structural variation of biomolecules; in turn, the biomolecules 

modulate the formation and structure of mineral phases during mineralization. 

 

 

Figure 3.33. Profile of the amount of free Ca2+ ions (left panel) and ion product (right panel) 

developments in the presence of CTL proteins in (A, B) Mg2+ ion-free and (C, D) Mg2+ ion-rich 

environments at pH 8.5. The amount of added Ca2+ ions is indicated by the black dashed line. 

 

Table 3.10. Normalized scaling factors (F, FMg) of time interval for nucleation and solubility of initially 

precipitated mineral phases for titrations conducted at pH 8.5 in the absence and presence of Mg2+ ions. 

  reference SM30A-CTL SM50-CTL LSM34-CTL 

w/o Mg2+ 
F 1.0 1.6 2.9 1.3 

solubility 3.0 × 10-8 2.6 × 10-8 4.5 × 10-8 2.2 × 10-8 

Mg2+/Ca2+: 5 
FMg 1.0 3.0 2.8 1.6 

solubility* / / / / 

* In Mg2+ ion-rich conditions, the ion products in the post-nucleation stage keep decreasing with time, i.e. no 

defined solubility threshold is established. 
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3.4.2 Characterization of post-nucleation sediments 

Following similar procedures as applied for the above described mineralization experiments, 

the post-nucleation sediments in Mg2+ ion-rich environments were collected approximately 7 h 

after the nucleation of solid minerals by centrifugation and washed with ethanol and acetone 

(without performing solvent quenching).  

 

Polymorph investigation 

Mineral polymorph constituting the nucleation products was characterized by using ATR-FTIR. 

For the spectra of mineral products synthesized at pH 9.0 and pH 8.5 without proteins, the 

representative in-plane carbonate bending bands (4) at 712 cm-1 and 700 cm-1 indicate 

aragonite phase (Figure 3.34). In this regard, the polymorph selection of CaCO3 regulated by 

Mg2+ ion species depends on the ratio of solute Mg2+ and Ca2+ ions. When the Mg/Ca ratio is 

high, Mg2+ ions incorporate into calcite lattice and poison the growth sites of calcite, thereby 

inhibiting the nucleation and growth of calcite and increasing its solubility, whereas aragonite 

nucleation is relatively unaffected239–242. Since the kinetic barrier for calcite nucleation is 

enhanced and surpasses that of aragonite nucleation in the modern seawater environment 

(Mg/Ca: 5), kinetically favored aragonite is preferentially formed rather than the 

thermodynamic stable phase, i.e. calcite242,243.  

In the present study, the nucleated amorphous intermediates (ACC or Mg-bearing ACC) 

indicated by the ion products of titrations studies, transform to aragonite in the presence of high 

Mg2+ ion contents (i.e. Mg/Ca: 5). With the addition of CTL proteins, the polymorph of mineral 

products also presents the aragonite phase (Figure 3.34). This suggests that the Mg2+ ion-

mediated polymorph selection towards aragonite is dominant, even in the presence of CTL 

proteins which independently promote calcite formation (Figure 3.8, Figure 3.10). 

Biomolecule-associated IR bands are also observed at 1645 cm-1, 1225 cm-1 and 1152 cm-1, 

corresponding to C=O stretching vibration in the amide I region, N–H bending as well as C–N 

stretching vibrations in amide III region, and O–H absorption deformation of tertiary O–H side 

chain, respectively207,208. These bands are more noticeable for the mineral products synthesized 

in the presence of LSM34-CTL and SM50-CTL, which verifies the enhanced aggregation of 

LSM34-CTL and SM50-CTL in mineralization environments.  
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Figure 3.34. Representative FTIR spectra of post-nucleation products for reference and CTL protein- 

containing reactions under Mg2+ ion-rich conditions at (A) pH 9.0 and (B) pH 8.5. Characteristic bands 

at 712 cm-1 and 700 cm-1 (ν4) of aragonite as well as the biomolecule-associated peaks at 1645 cm-1, 

1225 cm-1 and 1152 cm-1 are indicated by arrows and dashed lines, respectively. 

 

Structural characterization 

Morphologies and micro-structures of the titration-derived mineral products were further 

examined via SEM. In the absence of CTL proteins, the mineral sediments collected at pH 9.0 

and pH 8.5 display spherulitic morphologies, composed of acicular crystals packing densely 

and radiating out from a common center, reminiscent of the structure of coral skeletons244,245. 

The acicular crystals have lengths of about 1–3 m elongating in a radiating construction 

(Figure 3.35). 

 

Figure 3.35. SEM micrographs of post-nucleation sediments in the Mg2+ ion-containing reference 

experiments at (A, B) pH 9.0 and (C, D) pH 8.5. 
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Interestingly, in the presence of SM30A-CTL at pH 9.0, bundle-like and dumbbell-like 

morphologies are formed (Figure 3.36A–C). Similar structures have been observed for other 

mineral-protein composites such as apatite-gelatine systems246,247. On the assumption that 

SM30A-CTL is embedded in the as-formed minerals, the bundle-like and dumbbell-like 

morphologies derived from SM30A-CTL might follow a similar morphogenesis mechanism as 

in apatite-gelatine systems246,247. Herein, the morphogenesis usually starts with the 

mineralization of triple-helical fiber protein bundles and the formation of aggregates with more 

or less parallel alignment of nanoboards. This process leads to the formation of a hexagonal 

prismatic seed with perfect parallel alignment of the nanoboards. It was also implied that the 

nanocomposite seed bears already the intrinsic code for the further shape development on the 

μm-scale. Once a critical size of the bundles of nanoboards is reached, an intrinsic electric 

dipole field develops. This electric field can further direct the growth process, leading to an 

several growing dumbbell states through branching processes to a closed sphere246,247. On the 

other hand, similar micro-structures have been reported for aragonite mesocrystals as well248. 

A suggested mechanism for the assembly of rod-like units to bundle-like morphologies is 

anisotropic dipole-dipole interaction, which might arise from the lack of centrosymmetric 

arrangements of Ca2+ or CO3
2- ions on the polar {110}, {010}, and {001} faces 248. In a similar 

manner, SM30A-CTL might interact with the polar faces of aragonite and possibly reduce the 

symmetry of centrosymmetric arrangement, thereby inducing the anisotropic dipole 

interaction248 and promoting the formation of bundle-like as well as dumbbell-like 

morphologies. The bundle-like and dumbbell-like micro-structures are built by rod-like units 

along the [001] axis, suggesting a stronger dipolar interaction along the c axis248. Our 

observation here for the role of SM30A-CTL in controlling the assembly direction of nano-

units is consistent with the speculation that SM30 is responsible for directing the growth along 

c-axis, wherein SM30 transcript is present in spines but is absent only from sea urchin tests, the 

plane of which is normal to the “c” direction70.  

For mineral structures formed in the presence of SM50-CTL, a less compact spherulite-

like organization composed of rod-shaped aragonite crystal radiating outwards is observed 

(Figure 3.36D, E). Also, some rod-like micro-structures enclosed by protein aggregates gather 

in an irregular arrangement (Figure 3.36F). It is possible that the presence of SM50-CTL 

assemblies hinders the assembly of rod-like units into spherulitic morphologies as observed in 

Mg2+ ion-containing titrations (arrow, Figure 3.36F). For the mineral sediments from the 

LSM34-CTL-containing mineralization reactions, similar spherulitic structures are evident but 

clearly encompassed by LSM34-CTL associates (Figure 3.36G). The growth of aragonite rods 
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appears to be limited, with possible roles of the LSM34-CTL aggregates in restricting growing 

crystals access to mineral precursors (Figure 3.36H, I). 

 

 

Figure 3.36. SEM micrographs of mineral products in Mg2+ ion-rich titrations at pH 9.0 in the presence 

of (A–C) SM30A-CTL, (D–F) SM50-CTL and (G–I) LSM34-CTL. Protein aggregates associated with 

the crystals are indicated by red arrows. 

 

At pH 8.5, the mineral products of SM30A-CTL-containing titrations exhibit spiky 

spherulites or flower-like morphologies as well as sheaf-like structures (Figure 3.37A). Similar 

to the bundle-like structures for minerals synthesized at pH 9.0, the sheaf-like structures are 

composed of rod-like aragonite units, but the width of sheaf-like structures is narrower, around 

300–500 nm (Figure 3.37B, C). At pH 8.5, SM50-CTL produces a spherulitic mineral 

morphology composed of acicular crystals (Figure 3.37D, E) and a less compact spherulitic 

structure with rod-shaped aragonite crystals (Figure 3.37D, F). In the LSM34-CTL-determined 

mineral products at pH 8.5, similar structures are displayed and accompanied by large protein 

aggregates. (Figure 3.37G–I). 

In Mg2+ ion-rich environments, among the investigated CTL proteins, SM30A-CTL 

displays the most significant effect on modulating aragonite morphology in a pH-dependent 

manner. However, in Mg2+ ion-free scenarios, the three CTL proteins exhibit similar 

pronounced effects on the regulation of calcite structures. A possible explanation is that the 

ionic composition of mineralization environments tunes the self-association of CTL proteins, 
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thereby modulating their individual capacities toward controlling the morphology of minerals. 

In addition, the transient stabilization of mineral precursors (as evident from the development 

of ion products) might promote the organic-inorganic interactions that underlay crystal 

formation and growth. 

 

 

Figure 3.37. SEM micrographs of mineral structures for titration products derived at pH 8.5 in the 

presence of (A–C) SM30A-CTL, (D–F) SM50-CTL and (G–I) LSM34-CTL under Mg2+ ion-rich 

conditions. Red arrows indicate protein associates.  
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3.5 Synergistic Effects of CTL Proteins on CaCO3 Mineralization  

Apart from the individual functionality of the C-type lectin domains of sea urchin spine 

proteome, the synergistic effects of proteins, i.e. addressing how proteins function together, in 

biomineralization is also important. For instance, the proteome of sea urchin embryonic spicule 

matrix is composed of more than 200 members, suggesting that synergetic interactions among 

proteins is an important aspect of biomineralization61. Recent studies have demonstrated that 

recombinant protein pairs from nacre material197,249 and sea urchin spicule250 produce hybrid 

protein hydrogels via non-covalent binding and also display synergistic influences towards the 

distinct stages of CaCO3 formation182. During sea urchin spiculogenesis, several proteins 

participate in regulating the development of the sea urchin skeletal spicule in a cooperative 

manner61. Among the spicule matrix proteins, SM50 and SM30 proteins are abundant, 

motivating us to understand the synergistic effects of SM30A-CTL and SM50-CTL on the early 

stages of CaCO3 mineralization. For this purpose, during titration experiments, the proteins 

were applied in mixtures (1:1 ratio) in different Mg2+ ion conditions.  

 

3.5.1 Titration-based mineralization 

Synergistic effects of CTL proteins: Mg2+ ion-free environment 

For titration experiments containing the mixtures of SM30A-CTL and SM50-CTL in Mg2+ ion-

free conditions, prior to mineral nucleation, no notable changes in slope are observed (Figure 

3.38A, C). This reflects that the protein mixtures have no prominent effects on the equilibria of 

PNCs at the applied concentrations. Regarding the inhibitory effect on mineral nucleation, at 

pH 9.0, the mixtures of SM30A-CTL and SM50-CTL (5 M) do not induce a more pronounced 

retardant effect compared to individual counterparts, even at a higher protein concentration (10 

M) (Figure 3.38A). In contrast, at pH 8.5, at higher protein concentration (2 M), the protein 

mixture shows a greater inhibitory effect with F = 2.4, and at lower concentration (1 M) with 

a F value of 1.7 (Figure 3.38C, Table 3.11). Interestingly, the impediment efficiency of protein 

mixtures toward mineral nucleation is non-equivalent to those of individually applied SM30A-

CTL and SM50-CTL (Tabl3 3.11). The observed phenomenon might imply that interactions 

between SM30A-CTL and SM50-CTL form an integrated additive, establishing distinct trends 

of mineral nucleation relative to those of the individual protein components. This explanation 

can be extended to the observed variations in solubility thresholds of nascent mineral phases in 

the presence of protein mixtures and the individual entities (Figure 3.38B, D). For instance, at 

pH 9.0, more soluble mineral phases are stabilized by individual SM30A-CTL and SM50-CTL 

compared to pc-ACC. However, when the protein mixtures are introduced (5 M and 10 M), 
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the solubility products of initially formed phases are closer to that of reference, i.e. pc-ACC 

(Figure 3.38B). At pH 8.5, the solubility products of the nascent mineral phases in the presence 

of protein mixtures (1 M and 2 M) are intermediate to those of individual SM30A-CTL and 

SM50-CTL containing titrations (Figure 3.38D). However, another scenario is also possible, 

wherein only the more soluble mineral phase stabilized by an individual SM50-CTL is 

represented by the titration data. 

 

 

Figure 3.38. Development of the amount of free Ca2+ ions (left panel) and ion product (right panel) for 

titrations conducted at (A, B) pH 9.0 and (C, D) pH 8.5 with individual and combined CTL proteins.  

 

Table 3.11. Normalized scaling factors (F), representing the ratio of time for nucleation to that of the 

corresponding reference experiment, of titrations performed in the presence of SM30A-CTL, SM50-

CTL and protein mixtures at pH 8.5. 

Protein F 

SM30A-CTL (1M) 1.6 

SM50-CTL (1M) 2.9 

SM30A-CTL & SM50-CTL (1M) 1.7 

SM30A-CTL & SM50-CTL (2M) 2.4 
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Synergistic effects of CTL proteins: Mg2+ ion-rich environment 

Similar titration experiments were performed in Mg2+ ion-rich environments. At pH 9.0, SM50-

CTL displays an efficient inhibitory effect towards mineral nucleation, while SM30A-CTL 

promotes the formation of a more soluble phase. On application of protein mixtures, the 

nucleation profiles appear to adopt the distinctive features of individual protein constituents, 

where it exhibits an efficient retardant effect and stabilizes a more soluble phase (Figure 3.39A, 

B). At pH 8.5, SM30A-CTL and SM50-CTL individually exhibit similar behavior in regulating 

mineral nucleation. Thus, the synergistic effects of the protein mixture are not evident (Figure 

3.39C, D).  

Altogether, the potentiometric titration studies demonstrate that SM30A-CTL and SM50-

CTL, individually and in combination, do not shift the equilibria of the PNCs and mixed Ca/Mg 

PNCs. However, the combinative CTL proteins significantly inhibit mineral nucleation, 

possibly delaying the dehydration or solidification of liquid intermediates, and modulate the 

stability of solid mineral phases. A recent report has revealed that rSpSM30B/C-G and 

rSpSM50 form hybrid protein hydrogels, suggesting that mutual protein interactions via the 

anionic O-link glycan of rSpSM30B/C-G and cationic CTL domain of rSpSM50250. The 

mixtures of rSpSM30B/C-G and rSpSM50 displayed minor synergistic effects on the inhibition 

of the nucleation of mineral phases and also promoted thermodynamically more stable phases 

relative to pc-ACC182. The present studies imply that SM30A-CTL without glycosylation might 

also interact with SM50-CTL, possibly to a limited extent, thereby cooperatively regulating the 

early stages of CaCO3 mineralization. Furthermore, the combined application of SM30A-CTL 

and SM50-CTL displays distinct effects on the stability of nascent mineral phases in the post-

nucleation stage relative to the protein mixtures of rSpSM30B/C-G and rSpSM50, which might 

be due to experimental variations in protein sequence/conformation or applied protein 

concentration182.  
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Figure 3.39. Development of free Ca2+ ion contents (left panel) and ion product (right panel) for 

titrations in Mg2+ ion-rich environment at (A, B) pH 9.0 and (C, D) pH 8.5 in the absence and presence 

of CTL proteins. 

 

3.5.2 Characterization of post-nucleation mineral products 

The mineral sediments derived from the post nucleation stages of titrations in the presence of 

mixtures of SM30A-CTL and SM50-CTL were collected and characterized using FTIR and 

SEM. In Mg2+ ion-free scenarios, for titrations performed at pH 9.0 and pH 8.5, the IR spectra 

of mineral samples display a decrease of a characteristic band at 744 cm-1, suggestive of vaterite, 

relative to those of corresponding reference precipitates (Figure 3.40A). This is in accordance 

with the result for individual CTL proteins and suggest that CTL proteins promote the formation 

of the calcitic polymorph (Figure 3.8, Figure 3.10). Under Mg2+ ion-rich conditions, the mineral 

sediments in protein mixture-containing titrations at pH 9.0 and pH 8.5 present aragonite 

polymorph, represented by characteristic bands at 712 cm-1 and 700 cm-1 (Figure 3.40B). In this 

regard, Mg2+ ions dominate the selection of mineral polymorphs, in a manner suppressing the 

collective effects of protein mixtures on polymorph selection.  
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Figure 3.40. Representative IR spectra of mineral products synthesized in the presence of mixtures of 

SM30A-CTL and SM50-CTL in (A) Mg2+ ion-free and (B) Mg2+ ion-rich conditions at pH 9.0 and pH 

8.5. Peaks at 712 cm-1 and 744 cm-1 (ν4) of calcite and vaterite are highlighted in dashed lines, 

respectively. Arrow indicates the characteristic bands at 712 cm-1 and 700 cm-1 (ν4) of aragonite. Protein-

associated peaks at 1645 cm-1, 1225 cm-1 and 1152 cm-1 are also indicated. 
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In Mg2+ ion-free mineralization reactions, various micro-structures of truncated calcite 

crystals are present, similar to mineral morphologies formed with individual SM30A-CTL and 

SM50-CTL (Figure 3.41). The mineral products appear to undergo morphological 

developments from pseudo-dodecahedral calcite crystal, P-surface superstructures to more 

complex morphologies (Figure 3.41D–G). The etchings on the mineral faces (Figure 3.41E, G–

I) might be due to the exclusion of protein mixtures, i.e. the proteins might be expelled from 

the amorphous mineral precursors during mineral phase transformation218,238. Since the 

individual SM30A-CTL and SM50-CTL proteins have similar influences on mineral 

morphology and structure, their collective effects on the structure of mineral crystals are not 

discernible.   

 

 

Figure 3.41. Representative SEM micrographs of mineral sediments in the titrations containing the 

mixtures of SM30A-CTL and SM50-CTL at (A–B) pH 9.0 and (C–I) pH 8.5 in the absence of Mg2+ 

ions. Etching pits are indicated by yellow arrows. 
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In Mg2+ ion-rich environments at pH 9.0, with the application of protein mixtures, bundle-

shaped aragonite crystals are observed, identical to those formed in SM30A-CTL-containing 

titrations (Figure 3.42A–C). Intriguingly, the observed cross-like and flower-like morphologies, 

consistent of aragonite bundles in a radiating arrangement, are not evident in the mineral 

precipitates of individual SM30A-CTL- and SM50-CTL-containing titrations (Figure 3.42D–

F). At pH 8.5, the morphologies of aragonite crystals are also distinct from those in the presence 

of individual SM30A-CTL and SM50-CTL (Figure 3.42G–I). The variations in mineral 

structures and organizations suggest the synergistic effects of SM30A-CTL and SM50-CTL on 

mineral morphology and structural organization.  

 

 

Figure 3.42. SEM images of mineral precipitates formed in the presence of combinative SM30A-CTL 

and SM50-CTL at (A–F) pH 9.0 and (G–I) pH 8.5 under Mg2+ ion-rich conditions.  
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3.5.3 Gas diffusion-based mineralization 

Another mineralization approach, gas diffusion, was utilized to investigate the synergistic 

effects of SM30A-CTL and SM50-CTL in the presence of Mg2+ ions (Mg/Ca: 5). In a desiccator, 

droplets (20 L) of mixtures of CaCl2 and CTL proteins placed on silicon wafers were exposed 

to decomposing (NH4)2CO3 which gradually releases CO2 and NH3, thereby CaCO3 

mineralization is achieved. For collecting samples, the droplets on the silicon wafers were 

aspirated by using filter paper and the surfaces were washed by ethanol. Note that gas diffusion 

methodology is limited to providing qualitative information on the effects of additives on the 

polymorph and morphology of CaCO3 forms147.  

Under Mg2+ ion-rich conditions, in the absence and presence of CTL proteins, the 

characteristic bands at 857 cm-1 (2) and 692 cm−1 (4) indicate the amorphous nature of the 

synthetic carbonate minerals (Appendix Figure S3.21). Here, the polymorph of mineral 

products is different from that of mineral sediments in titration-based mineralization, wherein 

the dominant polymorph is aragonite phase. This discrepancy can be attributed to the variations 

of pH and ionic compositions. During diffusion-based mineralization, pH values are not 

controlled, changing approximately from an initial pH 6–7 to pH 9–10202 while in the titration-

based experiment, the pH is kept constant at pH 8.5 or pH 9.0. Another difference for these two 

mineralization approaches is that CTL proteins encounter distinct solution states in the 

beginning of mineralization. For gas diffusion experiments, in a mixture of CaCl2 and MgCl2 

solution, the binding sites of additives are probably saturated with metal ions. On the other hand, 

in titration-based reactions, the proteins are solubilized in carbonate buffer, which might favor 

distinct pH-related speciation states. Such differences among these two experimental 

approaches can contribute to the emergence of polymorph selectivity.  

For gas diffusion experiments, EDS data suggest the occlusion of Mg2+ ions in the 

amorphous minerals, with a Mg/Ca ratio of 0.7 (Appendix Figure S3.22). In the absence of CTL 

proteins, agglomerated Mg-ACC particles with smooth surfaces are observed (Figure 3.43). 

However, when SM30A-CTL is introduced, the mineral particles display a spherical structure 

with rough surface topography, suggestive of prominent effects of SM30A-CTL on Mg-ACC 

morphology (Figure 3.44A). In the presence of SM50-CTL, protein aggregates are observed 

alongside the mineral particles. The mineral morphologies are analogous to those in the 

reference experiment (Figure 3.44B). Intriguingly, when the protein mixtures of SM50-CTL 

and SM30A-CTL are present, the surfaces of agglomerated Mg-ACC particles appear non-

uniform and present intermediate roughness. Also, fewer protein aggregates are exhibited 

(Figure 3.44C). The structural variations of these amorphous minerals reveal that SM30A-CTL 
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and SM50-CTL mediate the morphology of Mg-ACC in a collective manner. Altogether, 

quantitative potentiometric titrations and SEM analyses show that SM30A-CTL and SM50-

CTL present synergistic influences in modulating the nucleation and precipitation of CaCO3 

phases.   

 

 

Figure 3.43. Representative micrographs of as-synthesized amorphous minerals from gas diffusion 

assay in the presence of Mg2+ ions (Mg/Ca: 5). 

 

 

Figure 3.44. Representative SEM micrographs of mineral products from gas diffusion approach in the 

presence of (A) SM30A-CTL, (B) SM50-CTL and (C) protein mixtures of SM30A-CTL and SM50-

CTL under Mg2+-rich conditions. Protein aggregates are indicated by red arrows. 
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4 Conclusions 

This chapter elucidates the interactions and bidirectional relations between specific protein 

moieties (CTL domains) of the sea urchin spicule proteome and distinct inorganic entities in 

the course of mineral nucleation and crystallization.  

Firstly, the investigated three CTL proteins from sea urchin spicules regulate the early 

stages of CaCO3 mineralization via inhibiting nucleation and mediating the transient 

stabilization of initially formed mineral phases, influenced by the applied pH and ionic 

conditions. Inspired by seawater chemistry, the application of Mg2+ ions at lower pH values 

enhances the inhibitory effects of CTL proteins towards mineral nucleation, which is likely due 

to the distinct hydration properties of Mg2+ ions as well as the prevalence of bicarbonate ions 

at lower pH values. These near physiological conditions appear conducive for impeding the 

coalescence of solute clusters and the densification or dehydration of liquid condensed 

precursors towards solid particles. This hints that in physiological scenarios, with ionic species 

(Mg2+ and HCO3
- ions), minute quantity of biomolecules can significantly influence mineral 

nucleation. Supported by in situ turbidity, cryo-TEM and AUC investigations, the organic phase 

also contributes towards regulating mineralization. Higher self-association propensities of the 

proteins in the course of mineralization, especially at lower pH values, also modulate the onset 

of mineral nucleation. For instance, vesicle-like structures mediated by SM30A-CTL as well as 

spherical organizations of SM50-CTL evolve during mineral nucleation and exhibit gradual 

mineralization-related progression in size and structural distributions. This suggests the distinct 

nature of bio-inorganic interactions between the CTL proteins and ionic species/mineral phases. 

rSpSM30B/C and rSpSM50 have been found to construct as micro-scale “smart” hydrogels in 

respond to the variation of pH and ionic species80. The nano-structures comprised of CTL 

proteins and mineral precursors observed via cryo-TEM possibly represent the precursors of 

these hydrogels.  

Secondly, the polymorph and morphology of mineral sediments are modulated in the 

presence of CTL proteins. In Mg2+ ion-free scenarios, the formation of calcite phase of as-

synthesized mineral products is promoted by CTL proteins. The CTL protein-mediated calcitic 

crystals display non-equilibrium morphologies. Pseudo-dodecahedral structures and P-surface 

shaped crystals, as well as the etch pits and biomolecular associates accumulated on the 

crystalline surfaces, suggest the multiple mechanistic roles of CTL moieties in governing 

emergent crystalline forms, such as facet-selective adsorption and occlusion within mineral 

crystals. On the other hand, in Mg2+ ion-rich environments, the Mg2+ ion-controlled polymorph 

selection towards aragonite phase is dominant, even in the presence of CTL proteins. 



 145 

Interestingly, SM30A-CTL appears to regulate the assembly of aragonite subunits along the c 

crystallographic axis, which is consistent with the putative roles of SM30 in directing the 

growth of sea urchin spine70. Moreover, titration-based and diffusion-based mineralization 

experiments demonstrate the synergistic influences of SM30A-CTL and SM50-CTL in 

modulating the early stages of CaCO3 mineralization and mineral products.  

In turn, the ionic species and mineral precursors including ion-clusters, liquid condensed 

phases (mediating vesicle formation) and distinct mineral phases drive the variations of 

structural and self-association states of biomolecules. AUC and SAXS analyses indicate that 

the CTL proteins are prone to self-assembly, responsive to distinct pH values and solvent 

constituents. Under mineralization conditions, the investigated CTL proteins exhibit distinct 

self-association tendencies. For instance, SM30-CTL forms oligomers and displays spherical 

and ellipsoid structures in the presence of Ca2+ ions and CaCO3 ion clusters. The Ca2+ ion- or 

mineral cluster-mediated self-association of SM50-CTL is more evident, in which SM50-CTL 

assemblies exhibit spherical morphologies. LSM34-CTL is more susceptible to pH-induced 

self-association, wherein LSM34-CTL forms large assemblies in the presence and the absence 

of ionic or mineral species, possibly due to the pH values (pH 8.0–9.0) of applied solutions 

relatively close to its pI value (pI: 6.7). Interestingly, different degrees of self-association of 

CTL proteins in carbonate environments and in Tris buffer under distinct Ca2+ ion contents 

suggest that the self-association of CTL proteins is not solely induced by Ca2+ ions but also is 

likely influenced by mineral phases such as ion-clusters and liquid condensed phases. 

Distinct self-association behavior of CTL proteins might be related to their functional 

impacts on mineralization. For instance, the high aggregation propensities of SM50-CTL and 

LSM34-CTL are likely related to their biological functions, in which they primarily accumulate 

on the surface of spicules84, as well as their instabilities compared to SM30A-CTL. In addition, 

under the applied pH and ionic conditions, SM30A-CTL and SM50-CTL solute species display 

the considerable variations in self-association behavior, as well as elicit distinct nucleation and 

crystallization responses concerning CaCO3 mineralization, in relation to LSM34-CTL. 

Furthermore, the results of SAXS experiments and CD spectroscopy suggest that the 

conformation and secondary structures of the protein species in distinct ionic solutions do not 

change considerably in relation to added Ca2+ ions.  

Altogether, our findings suggest that biomineralization encompasses bidirectional 

organic-inorganic processes, wherein (i) the biomolecules modulate nucleation and 

crystallization behavior of inorganic minerals, and (ii) the inorganics tune the structural 
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dynamics and self-association towards supramolecular organizations of biomolecules in a 

functional manner.  
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Chapter 4  

 

On Mechanisms of Mesocrystal Formation: Magnesium Ions and 

Water Environments Regulate the Crystallization of Amorphous 

Minerals1  

 

 

 

 

 

 

 

 

                                                 

1 This chapter was published in CrystEngComm 2018, 20 (31), 4395–4405. For the sake of readability, figures 

and materials taken from this publication are not marked additionally. Republished with permission of Royal 

Society of Chemistry from Huang et al. (2018)121, copyright (1999); permission conveyed through Copyright 

Clearance Center, Inc.. 

 



 148 

1 Introduction 

CaCO3 is a principal inorganic constituent of biogenic minerals as well as geological crusts and 

rocks. Due to its abundance, non-toxicity and inexpensiveness, CaCO3 is extensively applied 

for diverse applications, such as the manufacture of paints, pharmaceuticals, adhesives, papers, 

plastic and cements, water treatment as well as horticulture251. In view of its commercial 

significance, the precipitation and crystallization pathways of CaCO3 are intensely explored for 

optimizing its engineering properties based on size, surface area, morphology, structure and 

crystallinity128,252–255. In manufacturing sectors, the crystalline forms of CaCO3 are mainly 

utilized as raw materials for development of final composite products. On the other hand, in 

biological pathways amorphous precursors are often recruited for fabricating robust skeletal 

elements7,24,30,134,159,256. 

Amorphous precursors are susceptible to minute water contents and undergo 

crystallization cascades towards mineral phases with lower Gibbs energies257. For regulating 

the stability and transformation of amorphous intermediates, the strategic application of ionic 

and organic entities is a key feature of fascinating, evolutionarily optimized crystallization 

pathways. Studies have revealed that certain organic and inorganic additives interact with ions 

and ion-clusters, thereby regulating the stability of emergent amorphous 

intermediates36,99,114,122,258,259. Of these, Mg2+ ions have been found to play a potent role in 

modulating the nucleation and crystallization of minerals, considering its prevalence in 

biological and geological environments such as seawater36,260. During biomineralization, the 

uptake of primary ionic precursors from seawater involves the fluid phase endocytosis and 

intracellular vacuolar networks53,57. Under biochemical regulation, the development of the 

initially undersaturated fluids including the nucleation, transport and deposition of mineral 

precursors occur within confined volumes such as membrane-delimited compartments7,24,261. In 

this regard, the direct sequestration of Mg2+ ions, an abundant constituent in seawater, appears 

an efficient approach to regulate biomineral formation and growth. In particular, the rigid and 

long-lasting water molecules in the hydration shell of Mg2+ ions can reinforce their interaction 

with ions and ion-clusters262, also considering that Mg2+ ion along with the associated water 

molecules is often referred as a “super-molecule”237. Mineralization pathways involve 

(de)hydration dynamics in multistep sequence of processes from soluble ions, ion-cluster, 

liquid condensed phases, amorphous precursors to final crystalline minerals. In this regard, 

Mg2+ ions encompassing unique hydration characteristics emerge as a “super-additive” which 

impacts the entire cascade of mineral nucleation and crystallization, hence elucidating its 

incorporation in several biominerals45. Indeed, in vitro studies demonstrate that this “super-
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additive” interacts with ion-clusters, forming binary Ca/Mg pre-nucleation clusters and 

effectively retarding CaCO3 nucleation146,181. Incorporated Mg2+ ions enhance the stability of 

amorphous calcium carbonate (ACC)36, which is due to the water molecules rigidly associated 

with Mg2+ ions resulting in higher activation energy for dehydration of amorphous phases263,264. 

In addition, the occlusion of Mg2+ ions within mineral precursors can tune mineral interactions 

with organic surfaces and produce distinct crystal organizations259. In bulk aqueous solutions, 

the transformation of Mg-constituted amorphous precursors (MgACC) yields either aragonite 

or calcite, depending on the ionic compositions of the solution265. A kinetic barrier for calcite 

nucleation is caused by the enhanced Mg2+ ion levels in solutions, resulting in promoting the 

formation of aragonite at the expense of relatively soluble Mg-calcite minerals239,240. However, 

the metastable Mg-calcite phase with high contents of occluded Mg ions serves as a major 

inorganic constituent in biominerals, which can be attributed to the synergistic contributions of 

biomolecular additives and MgACC45,131.  

Structural analyses of several biominerals identify transitional inorganic phases in the form 

of amorphous precursors27,30,36,134,266. The elemental distributions and nanostructures of certain 

biominerals suggest that the phase transformations of amorphous mixed metal carbonates 

toward crystalline forms represent a crucial step in determining the crystallographic order and 

spatial organizations of constituents. This is exemplified by the nanostructure of calcitic sea 

urchin spines and hierarchical architectures of aragonitic nacre45. Although biominerals inspire 

the architectures of synthetic counterparts, the mechanics of biogenic phase transformations 

generating precise crystalline forms, polymorphs and structures remains poorly understood. For 

instance, the biogenic phase transformation via solid-state transformation or dissolution re-

precipitation pathway is still an unresolved enigma131,136–138. Therefore, in-depth investigations 

on the phase transformation of amorphous precursors toward crystalline forms at near 

physiological conditions might provide crucial mechanistic revelations. Molecular hydration 

mediates the ACC proto-structure and stability7,24,27,36,37. In addition, in biological scenarios, 

the non-ideal chemical environments represented by crowded solutions, gel-like media and 

vesicular confinement, influence hydration dynamics and ionic interactions, and thereby alter 

the pathways of nucleation and crystallization, relative to those in bulk solutions267. Motivated 

by these aspects, the present study elucidates the kinetics of phase transformation and structural 

development of biologically relevant amorphous mixed metal carbonates in precisely controlled 

hydration environments. The mechanistic roles of the occluded Mg2+ ions within amorphous 

precursors and hydration dynamics in determining the structures and crystallographic 

arrangements of emergent crystalline forms are addressed.  
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2 Materials and Methods 

2.1 ACC Synthesis  

Reagent grade CaCl2 (anhydrous, Merck), MgCl2·6H2O (Acros Organics), (NH4)2CO3, (Acros 

Organics), absolute ethanol (VWR) and acetone (VWR) were utilized. Individual stock 

solutions were prepared by dissolving CaCl2 (100 mg) and relative amounts of MgCl2·6H2O in 

ethanol (50 mL), generating a relative Mg: Ca molar ratio as 1:10, 1:5, 1:2 and 2:1, respectively. 

For the synthesis of amorphous magnesium carbonate, an ethanolic solution of MgCl2·6H2O 

(183 mg) was used. Beakers with solutions of precursor ions were covered by aluminium foil 

and tightly sealed by using Parafilm®. For a single reaction, four beakers containing the ionic 

mixtures and also (NH4)2CO3 (2 g) in a glass vial were placed in a desiccator. To initialize the 

synthesis, 24 perforations (pore size: 0.8 mm) were made in the beaker covers and the desiccator 

was closed with the lid rim lubricated with silicone grease. Exposed to vapors of decomposing 

(NH4)2CO3, the solutions gradually precipitated carbonate minerals due to the high partial 

pressure of carbon dioxide in the desiccator. After 2 days, the samples were collected by 

centrifugation at 9000 rpm for 10 min. The resulting pellets were re-suspended in ethanol (97% 

v/v, ethanol/water) by vigorous shaking and then centrifuged. This procedure was repeated 5 

times and ensured removal of ionic impurities soluble in the minute water content (Appendix 

Figure S4.1). The resultant minerals were stored under acetone, and were vacuum dried at 40°C 

for 10 min prior to subsequent experiments. 

 

2.2 Crystallization Studies 

Dried ACC samples (2 mg) were incubated in closed desiccators presenting distinct conditions 

of relative humidity (RH). The humidity was maintained by co-incubating petri dishes 

containing aqueous solutions of glycerol (20 mL) and constantly monitored in situ by using a 

digital temperature and humidity sensor. Atmospheres with 51 ± 1%, 85 ± 2%, and 93 ± 2% 

RH conditions were generated by applying glycerol: water mixtures of 3:1, 1:3 and 0:1 (v/v), 

respectively. The time-dependent mineral samples were immediately characterized by using IR 

spectroscopy. The phase transformations of the amorphous samples were also investigated by 

controlled heating in a Nabertherm P320 furnace. The samples were heated at a rate of 10 K/min 

until either 300°C or 500°C, incubated at the constant temperature for 10 min and then cooled 

to room temperature.  

For elucidating the fractional ratio of ACC and vaterite in transformed products, 

calibration experiments were conducted. Vacuum dried ACC samples were incubated at 85% 
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RH to achieve a complete transformation toward vaterite. The ACC and vaterite samples were 

mixed in fixed proportions (Appendix Table S4.1) and their IR spectra were immediately 

acquired. The relative areas of ν2 peaks for ACC (861 cm-1) and vaterite (874 cm-1) were plotted 

against the ACC content in the samples (Appendix Figure S4.2). For kinetic modelling, the 

mass fractions of ACC and vaterite at distinct time points were converted to volume fractions 

by applying the density values of ACC and vaterite as 1.49 and 2.54 g/cm3, respectively268. 

 

2.3 Material Characterization 

FTIR spectra were acquired by using a PerkinElmer Spectrum 100 instrument equipped with 

an ATR accessory and recorded with a spectral resolution of 4 cm-1. For background corrections 

and characterization of humidity-exposed samples, the spectra represent the accumulation of 4 

scans. High-resolution spectra represent 64 accumulated scans. Simultaneous TGA and DSC 

measurements were mentioned in detail in Chapter 2. TEM and selected area electron 

diffractions (SAED) were performed by using a Zeiss Libra120 instrument. Surface topologies 

of mineral structures were analyzed using a Zeiss CrossBeam 1540XB SEM. ED patterns were 

recorded with a small condenser aperture inserted in the parallel electron beam in order to obtain 

a diffraction pattern from the illuminated region of about 1250 nm. Elemental compositions 

were estimated using a Hitachi TM3000 SEM equipped with an energy dispersive detector 

(Bruker AXS). The Mg2+ and Ca2+ ion contents of the respective nucleated minerals are 

determined using EDS. 
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3 Results and Discussion  

3.1 Composition and Structure of Amorphous Carbonates 

3.1.1 Homogenous composition of Mg-constituted ACC  

The as-synthesized mineral specimens are designated as MgXACC, where X represents the 

Mg/Ca ratio in respective ethanolic mother solutions. EDS and TGA results demonstrate that 

higher Mg/Ca ratio in corresponding ethanolic precursor solutions leads to enhanced occlusion 

of Mg2+ ions in the amorphous carbonate minerals (Table 4.1). The characteristic bands at 860 

cm-1 (2) and 692 cm-1 (4) in FTIR spectra indicate the amorphous nature of the synthetic 

carbonate minerals (Figure 4.1, Table 4.2). With increasing Mg2+ ion contents in the amorphous 

minerals, shifts in 1, 2 and 4 infrared bands are shown (Figure 4.1), suggesting that the 

occluded Mg2+ ions influence the bond distances and distort the symmetry of carbonate ions 

constituting the amorphous minerals. Also, the shift of the 1 band reveals that the relative 

compositions of divalent cations in amorphous minerals impact the modes of C-O stretching. 

Thus, the changes of distinct band frequencies might represent distorted short-range order of 

the amorphous mineral in relation to the contents of occluded Mg2+ ions.  

The relations between occluded Mg2+ ion contents and molecular structure of minerals 

also reflect the roles of fine-tuned ionic compositions of amorphous precursors in modulating 

physiochemical properties and subsequent phase transitions36,132,264. The Mg2+ ion-mediated 

variations in band frequencies might be attributed to the phase separation or inhomogeneous 

distribution of amorphous magnesium carbonate (AMC) and ACC components, shown in 

heterogeneously mixed metal carbonates (MgxCa1-xCO3) with x ≥ 0.47264. However, in the 

present study, the IR absorption frequencies display gradual transitions in proportion to the 

occluded Mg2+ ion contents. In addition, the IR band frequencies of the MgXACC phases are 

distinct from those of a neat AMC produced via gas diffusion and also those of Upsalite, an 

AMC synthesized by an alternative approach269 (Table 4.2). These observations suggest that 

the as-synthesized MgXACCs present distinct homogenous compositions under normal 

temperature and pressure. 
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Table 4.1. TGA-DSC derived chemical compositions and stabilities of amorphous minerals containing 

distinct Mg2+ ion contents. 

Sample 
Mg/Ca ratio 

(EDS) 
Stoichiometrya Hydration (%) 

Thermal 

Stability 

(°C) 

Enthalpy of ACC 

crystallization 

(ΔHcryst kJ/mol) 

   Structuralb 
Non-

structuralb 
  

ACC 0 Mg0Ca1(CO3)·(H2O)0.5 67.4 32.6 330 -39.77 

Mg0.1ACC 0.07 ± 0.01 Mg0.01Ca0.99(CO3)·(H2O)0.5 63.2 36.8 362 -35.85 

Mg0.2ACC 0.16 ± 0.02 Mg0.02Ca0.98(CO3)·(H2O)0.5 20.8 79.2 379 -16.48 

Mg0.5ACC 0.44 ± 0.11 Mg0.08Ca0.92(CO3)·(H2O)0.5 18.1 81.9 395 -10.76 

Mg2.0ACC 1.38 ± 0.24 Mg0.53Ca0.47(CO3)·(H2O)0.9 35.9 64.1 NA NA 

a Estimated in consideration of structural hydration, b Non-structural and structural water fractions correspond to 

mass losses in the range of 0–100°C and 100–200°C, respectively. 

 

Table 4.2. Infrared band assignments of as-synthesized MgXACC samples with distinct Mg2+ ion 

contents. 

Sample 1 2 3 4 

ACC 1074 860 1388, 1461 692 

Mg0.1ACC 1075 860 1395, 1466 693 

Mg0.2ACC 1078 860 1396, 1472 691 

Mg0.5ACC 1076 859 1389, 1455 688 

Mg2.0ACC 1085 854 1393,  - a  683 

AMC 1094 852 1406,  - a 682 

Upsalite50 1100 850 1440,  - a - 

a Absence of 3 shoulder in MgxCa1-xCO3 phases with x > 0.08 (Table 4.1) 
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Figure 4.1. Representative infrared spectra of amorphous carbonate minerals containing distinct Mg2+ 

ion contents. The ν1 (1074 cm-1) and 2 (860 cm-1) band frequencies are indicated with dotted lines. The 

full spectra (4000–650 cm-1) are shown in Appendix Figure S4.3.  

 

3.1.2 Stoichiometry and thermal transitions of amorphous mixed metal carbonates 

The chemical compositions and stoichiometry of the amorphous minerals suggest the contents 

of occluded Mg2+ ions within the amorphous minerals in relation to the Mg/Ca ratio in precursor 

solutions as well as the hydration contents associated with the amorphous mineral phases (Table 

4.1). For instance, the hydration constituents of ACC, Mg0.1ACC, Mg0.2ACC, Mg0.5ACC 

and Mg2.0ACC correspond to mass losses of about 13, 15, 39, 52 and 44%, respectively (Figure 

4.2A). The enhanced water fractions within amorphous minerals in relation to the occlusion of 

Mg2+ ions are mostly attributed to loosely associated, i.e. non-structural water molecules (Table 

4.1). In view of the structural water, only Mg2.0ACC, which is constituted by equivalent Ca2+ 

and Mg2+ ion contents (x = 0.53 for MgxCa1-xCO3, Table 4.1), presents enhanced structural 

hydration to about 0.9 water molecules for each MgxCa1-xCO3 unit while most of metal 

carbonates primarily comprises 0.5 water molecules for each MgxCa1-xCO3 unit. The Mg2+ ion-

mediated hydration contents appear profoundly impact the macroscopic state of these 

amorphous mineral products as a solid or gel. Prior to vacuum drying, ACC presents a white, 

compact appearance, whereas the Mg-constituted ACC with higher water contents are 

translucent and gel-like in appearance (Figure 4.3). The occlusion of Mg2+ ions within 

amorphous minerals influences not only the water content but also the cohesiveness of the 
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mineral precursors. Supporting evidence comes from the formation of continuous crystalline 

thin films derived from mineralizing solutions with significantly high Mg2+ ion contents132. 

Hence, Mg2+ ions might contribute as an effective amalgamator for coalescing inorganic phases 

and organic matrices in nature, in a manner that complements the influence of anionic polymers 

in imparting fluidic properties to mineral precursors99,114,122.  

 

 

Figure 4.2. (A) TGA-derived temperature-dependent mass losses and (B) simultaneously acquired DSC 

profiles for amorphous metal carbonate minerals. 

 

 

Figure 4.3. Photographs of (1) ACC, (2) Mg0.5ACC and (3) Mg2.0ACC depicting gel-like 

consistencies relative to corresponding Mg2+ ion contents. 
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DSC elucidates the thermal transitions of the amorphous mixed metal carbonates (Figure 

4.2B). In DSC profiles, two representative groups of endothermic peaks at approximately 

100°C and 650°C are displayed, corresponding to the dehydration processes and the 

decomposition of crystalline CaCO3 to CaO and CO2, respectively. Unique calorimetric profiles 

in relation to the Mg2+ ion contents of the (anhydrous) amorphous minerals are shown in the 

range of 300°C to 400°C, representing the crystallization regimes. Firstly, the exothermic peaks 

at 330°C, representing ACC crystallization, shift to higher temperatures with increasing Mg2+ 

ion fractions, such as 362°C and 379°C for Mg0.1ACC and Mg0.2ACC, respectively (Table 

4.1, Figure 4.2B). Consistent with previous studies264, these observations reveal the essential 

contribution of Mg2+ ions in enhancing the stability of ACC. Since the DSC profiles represent 

the crystallization of anhydrous amorphous phases, the kinetic stability of hydrated MgXACC 

phases is expectedly greater. Based on the exothermic peaks, the estimated crystallization 

enthalpies (ΔHcryst) can be assessed. The value of ΔHcryst for anhydrous Mg-containing ACC is 

lower than anhydrous additive-free ACC. Supposing that the exothermic peaks represent the 

crystallization of anhydrous and homogenous MgXACC phases, lower values of ΔHcryst for 

amorphous phases with enhanced Mg2+ contents indicate that MgXACC phases are less prone 

to crystallization and the association of Mg2+ ions with emergent crystalline products reduces 

the corresponding lattice energies on account of structural disorder (Table 4.1).  

Following ACC crystallization, an endothermic event is shown in Mg0.5ACC and 

Mg2.0ACC samples, representing the decarbonation of a residual MgCO3 fraction270. This is 

supported by corresponding mass losses in the respective TGA profiles (Figure 4.2A). This 

interesting feature suggests that thermally-induced transitions subsequent to the loss of 

structural water can lead to the phase separation of MgXACC into inhomogeneous Mg2+ and 

Ca2+ ion-rich carbonate mineral phases. These observations can also elucidate the deviation 

between the homogenous compositions for amorphous MgxCa1-xCO3 with x ≤ 0.81 investigated 

at ambient temperature using solid-state NMR173 and the heterogeneity determined for 

amorphous MgxCa1-xCO3 with x ≥ 0.47 using thermal analyses264. Besides, thermally-triggered 

phase transformations of the amorphous minerals produce calcite polymorph independent of 

the occluded Mg2+ ion contents (Appendix Figure S4.4)264, which is different from the phase 

transformation from calcite to aragonite for MgACC in bulk solutions239,240. The polymorph 

disparity of transformed products implies an essential effect of hydration environments on 

ripening phenomena along Ostwald’s step rule toward polymorph selection, as well as their 

roles in ACC proto-structuration126.  
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3.1.3 Morphology of MgXACC 

Morphological characterizations of the MgXACC samples depict substantial changes in the 

topographies of amorphous mineral films in relation to Mg2+ ion contents within the amorphous 

minerals, which can be attributed to different particle size distributions and an increased 

cohesiveness with the occlusion of Mg2+ ions (Figure 4.4). Morphologies in the form of 

nanoscopic particles are shown in ACC, Mg0.1ACC and Mg0.2ACC phases (Figure 4.5A–C), 

while enhanced Mg2+ ion contents cause structural transitions from fluffy microparticles to 

droplet-like morphologies with diffuse interfaces (Figure 4.5D–F). The morphological 

variations suggest that not only the molecular nature of amorphous forms but also the associated 

nanostructures and physical states are modulated by the occlusion of Mg2+ ions in MgXACC 

phases. In this regard, the electron irradiation can also trigger the coalescence and dehydration 

of ACC minerals, thereby induce the formation of crystalline phases271. For Mg0.1ACC and 

Mg0.5ACC, a prolonged exposure during TEM imaging leads to substantial structural changes; 

nevertheless, the weak ED indicates the retention of amorphous compositions, which is possible 

due to the contribution of occluded Mg2+ ions in enhancing the phase stability (Appendix Figure 

S4.5). 
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Figure 4.4. Representative SEM micrographs of as-synthesized amorphous minerals: (A) ACC, (B) 

Mg0.1ACC, (C) Mg0.2ACC, (D) Mg0.5ACC, (E) Mg2.0ACC and (F) MgCO3. 
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Figure 4.5. Representative TEM micrographs of (A) ACC, (B) Mg0.1ACC, (C) Mg0.2ACC, (D, E) 

Mg0.5ACC and (F) Mg2.0ACC.  
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3.1.4 Hygroscopic action of Mg-enriched ACC 

Elucidating the physisorption of atmospheric water by the amorphous minerals257 in relation to 

the occluded Mg2+ ion contents, as-synthesized amorphous samples were thermally treated to 

300°C for 10 min for the removal of structural hydration fractions and further cooled to ambient 

temperature under normal atmospheric conditions. The representative 1 peaks in the range of 

1076–1080 cm-1 and ν2 peaks in the range of 857–860 cm-1 suggest the retention of amorphous 

nature. Distinct contents of physisorbed atmospheric water257 are determined by the intensity 

variations of water band frequencies in the regime of 3000 to 3700 cm-1, wherein the capacity 

for the capture of atmospheric humidity by amorphous minerals enhances in proportion to the 

occluded Mg2+ ion contents (Figure 4.6). The absence of Mg-O asymmetric stretching mode 

excludes the possibility that the water band frequencies primarily arise from amorphous 

magnesium hydroxides272. Hence, the hygroscopic feature of occluded Mg2+ ions within the 

mineral structure can modulate the local hydration fractions and thereby affect the stability of 

amorphous minerals. In this regard, the applied aging environments as well as the time periods 

between the synthesis and characterization of amorphous minerals are important factors to be 

considered during analytical investigations.  

 

Figure 4.6. Representative IR spectra of MgXACC phases after thermal treatment at 300°C, indicative 

of the conservation of amorphous compositions. Distinct intensities of the band frequency of water (inset) 

depends on the occluded Mg2+ ion contents within amorphous minerals. 
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3.2 Humidity-Induced Phase Transformation  

Since MgXACC phases with higher occluded Mg2+ ion contents (x ≥ 0.02 in MgxCa1-xCO3) are 

resistant towards humidity-induced crystallization for several weeks at room temperature, 

crystallization studies were conducted using ACC and Mg0.1ACC. The humidity-mediated 

phase transformations of ACC and Mg0.1ACC generate vaterite polymorph. To track the phase 

transformation in view of amorphous and crystalline volume fractions in the investigated 

specimens, appropriate calibration experiments were performed (Appendix Figure S4.2). 

Addressing the mechanisms of phase transformation, the kinetic data represented by ACC 

precursor volume fractions transformed to vaterite over time were evaluated using two 

approaches, Kolmogorov-Johnson-Mehl-Avrami (KJMA) model and Gompertz model.  

 

3.2.1 Kolmogorov-Johnson-Mehl-Avrami (KJMA) model 

The kinetic data of ACC and Mg0.1ACC were modelled using a modified semi-empirical 

KJMA equation273,274;  

ln(-ln(1-X)) = n ln(t) + n ln(k) 

where the empirical Avrami exponent (n) value elucidates the mechanisms of phase 

transformation and the dimensions of the crystal growth; the kinetic rate constant (k) is related 

to the kinetic barrier (Figure 4.7). For the applied humidity conditions, the n values for the 

crystallization of ACC and Mg0.1ACC are in the range of 3.6 and 9.6, suggesting diffusion-

mediated heterogeneous nucleation processes that favor distorted lamellae or spherulites275,276 

from theoretical considerations (Table 4.3). In addition, the uncommonly high values of n also 

indicate variations in the rate of transformation during the course of the reaction277. The k values, 

representing rate-limiting processes related to the mechanisms of phase transformation, display 

apparent co-relations with the contents of atmospheric water and the occluded Mg2+ ion 

contents in amorphous phases (Figure 4.7). However, the low coefficient of determination 

values suggests that the complex interface-coupled dissolution-reprecipitation reactions cannot 

be adequately described by the simplified KJMA model, wherein assumptions such as randomly 

and homogeneously distributed nucleation sites as well as isotropic crystal growth are applied 

(Figure 4.7). 
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Figure 4.7. Representative linear Avrami plots for the development of average transformed volume 

fractions for ACC (black) and Mg0.1ACC (red) samples at (A) 50% RH and (B) 85% RH. 

 

Table 4.3. n and k values of humidity-induced phase transformation obtained from Avrami plots at 50% 

and 85% RH.  

 50% RH 85% RH 

 ACC Mg0.1ACC ACC Mg0.1ACC 

n 6.5 4.4 3.6 9.6 

k 5.7 9.6 × 10-4 0.6 3.5 × 10-25 

 

3.2.2 Gompertz model 

In view of the incompatibility of the Avrami model with the experimental observations of ACC 

and Mg0.1ACC phase transformation, the kinetic data were fitted with the Gompertz 

function278, which frequently applied to cellular and organismic growth; 

X = X0 exp (-exp (-kG (t - t0)))  

where X is the transformed volume fraction at time t, kG is a rate coefficient and t0 represents 

the induction time, i.e. the time period before an observable transformation process. Under the 

applied conditions, the values of the maximum (i.e. final) transformed volume fraction (X0) are 

close to unity. The Gompertz model provides better kinetic account of the amorphous-to-

crystalline transitions, supported by the high coefficient of determination values (Figure 4.8, 

Table 4.4). The induction periods required for discernible phase transformation (t0) signify 

transitional states involving the molecular reorganization as well as hydration variations of 

amorphous phases. For instance, the induction periods are significantly enhanced at low RH for 

investigated samples (Table 4.4), indicative of the essential role of physisorbed hydration 

contents towards the crystallization process257,279 (Figure 4.6). In addition, at 85% RH, the 
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Mg0.1ACC displays the t0 value approximately 7-fold higher relative to that of additive-free 

ACC, suggesting that the physisorption of water molecules is not the sole rate determining 

factor. A likely explanation is provided by the significant contents of “dopant ions” constituting 

the MgXACC phases. The kinetic stability of ACC is influenced by the variations of physical 

properties (e.g. hydration) and short-range order due to the occlusion of Mg2+ ions (Figure 4.1, 

Figure 4.3). For instance, Mg2+ ions increase the cohesiveness and thereby reduce the porosity 

of amorphous minerals (Figure 4.4, Figure 4.5), which can produce reductions in the surface 

area of mineral forms, i.e. the size of ACC domain. This speculation is supported by TiO2 

system, wherein the rates of thermal transformation from anatase to rutile are considerably 

lower for larger precursor particles280. Additional contributions of Mg2+ ions toward impeding 

phase transformation can be attributed to its molecular role in disrupting the short-range order 

of amorphous minerals (Figure 4.1). Thus, the induction periods for crystallization of 

amorphous minerals are determined by critical contents of hydration as well as nature and 

contents of occluded additives.  

Subsequent to the initial induction period, the crystallization regime signifies the growth 

of vaterite at the expense of amorphous precursors. The rates of crystallization, indicated by the 

rate coefficient (kG), are pronouncedly enhanced with an increase of applied humidity (Figure 

4.8, Table 4.4). For instance, at 85% RH, the kG value of additive-free ACC is approximately 

3000 times higher compared to that at 50% RH. Assuming that the diffusion of ionic 

constituents regulates the mineral transformation from the disordered to the ordered phase in 

an aqueous phase, the contents of atmospheric water physisorbed during the induction period 

as well as the relative surface area and interfacial features of the crystalline and amorphous 

constitutes emerge as key factors for determining the rates of transformation. In view of the 

crystallization of Mg0.1ACC, apart from the effect of atmospheric water on the kG value, the 

occluded Mg2+ ions also have a pronounced influence in retarding crystallization. For instance, 

at low RH, the kG value of Mg0.1ACC is about one third of that of additive-free ACC (Table 

4.4). In addition, at higher RH, crystallization of Mg0.1ACC proceeds at a very slow rate, 

corresponding to a kG value of only approximately 1% compared to additive-free ACC (Table 

4.4). These extended crystallization periods due to the occlusion of miniscule Mg2+ ion contents 

in minerals might serve as a beneficial strategy, enabling fluidic or gel-like inorganic precursors 

to have a sufficient timeframe to interact with and infiltrate organic scaffolds during 

biomineralization process259,281.  
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Figure 4.8. Development of crystallized fractions (X) as a function of incubation time at (A) 50% RH 

and (B) 85% RH for ACC (black) and Mg0.1ACC (red). Dotted curves represent sigmoidal fits based 

on the Gompertz function. 

 

Table 4.4. Parameters of Gompertz fits from the kinetic data of investigated amorphous minerals. X0 

represents the value of the maximum (i.e. final) transformed volume fraction, kG denotes a rate 

coefficient, t0 represents the induction time and R2 indicates coefficient of determination. 

 50% RH  85% RH 

 ACC Mg0.1ACC ACC Mg0.1ACC 

X0 1.0 (± 0.04) 1.0 (± 0.01) 1.0 (± 0.01) 0.9 (± 0.03) 

kG (h-1) 0.03 (± 0.01) 0.01 (± 0.001) 92 (± 41) 0.79 (± 0.08) 

t0 (h) 88 (± 18) 295 (± 23) 0.56 (± 0.01) 3.9 (± 0.35) 

R2 0.98 0.97 0.97 0.97 
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3.3 Structural Studies 

3.3.1 Morphological characterization of transformed products via SEM  

Morphological variations of crystalline minerals derived from ACC and Mg-enriched ACC in 

distinct RH conditions were examined via SEM. In relation to the applied atmospheric humidity, 

the crystalline products exhibit distinct features in surface topographies (Figure 4.9). With low 

contents of atmospheric water (50% RH), the crystalline forms of ACC present nanostructured 

surfaces composed of about 100 nm particles, while in water-rich environments, the particles 

display microgranular structures indicative of either initial ACC coalescence or concomitant 

enhanced ACC dissolution and vaterite growth under higher atmospheric hydration (Figure 4.9). 

Similar observations apply to the crystalline products transformed from Mg0.1ACC; however, 

additional distinctive structural features are displayed such as the presence of plate-like 

organizations at low RH and the emergence of particle agglomerates at higher RH (Figure 4.9).  

Apart from the humidity environment, the Mg2+ ion contents occluded in the precursor 

phase also influence the microstructural evolution of crystalline mineral. With high contents of 

occluded Mg2+ ions and significant hydration fractions, Mg0.2ACC display distinctive 

spherulitic micro-patterns in relation to atmospheric hydration (Figure 4.10), which might be 

due to the cohesiveness associated with the mineral precursors. For instance, at 85% RH, the 

crystallization of Mg0.2ACC yields crystalline centers with needle-like structures radiating 

outwards (Figure 4.10A, B) while under higher atmospheric hydration, the transformed 

particles exhibit distinct fractal features (Figure 4.10C, D). Interestingly, similar morphologies 

are identified in the skeletal elements of certain scleractinian corals, wherein Mg2+ ions might 

contribute to the development of spherulites282,283. Collectively, these observations suggest that 

the water environments and occluded Mg2+ ion contents synergistically modulate the 

microstructures of CaCO3 crystals. 
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Figure 4.9. Representative SEM micrographs of transformed products produced from ACC and 

Mg0.1ACC phases at distinct RH contents. 
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Figure 4.10. Representative SEM micrographs of crystalline products derived from Mg0.2ACC at (A, 

B) 85% and (C, D) 93% RH. 

 

3.3.2 Nanoscopic structural features of crystalline minerals  

The nanostructures and crystallographic order of the transformed products were characterized 

by using TEM. Under conditions of lower RH (50%), the mineral products produced from 

additive-free ACC exhibit amorphous structures in fused forms as well as resultant crystalline 

structures with high co-orientation (Figure 4.11A–C). In water-rich environments (85% and 

93% RH), the crystalline forms derived from ACC display granular and compact architectures 

with ED patterns suggestive of limited crystallographic alignment (Figure 4.11D–I). The 

emergence of crystal organizations lacking of volume continuity might arise from multiple 

nucleation sites and high rates of dissolution re-precipitation reactions, limiting the spatial 

propagation of a crystallization front284. The emergence of distinct crystallographic order in 

relation to the applied humidity environments is possibly related to the kinetics of phase 

transformation.  

For kinetic studies, the crystallization rates are suppressed at lower RH, restraining the 

number of crystal nuclei (Table 4.4) and thereby enabling an unhindered propagation of 

crystallization through a large continuous amorphous volume (Figure 4.11C). In addition, the 

gradual physisorption of water in the form of thin water layers (estimated as about 1.2 nm 

thick257) might contribute to the networking of amorphous particles via water or mineral bridges, 

which can facilitate an effective distribution of the reaction boundary. In contrast, in the 
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scenario of high RH, multiple crystal nuclei divide the amorphous volume into smaller and 

disoriented crystalline domains, thereby reducing crystallographic coherence over larger length 

scales. This is supported by granular morphologies of the crystallites with limited 

crystallographic alignment (Figure 4.11D–I).  

 

 

Figure 4.11. Representative TEM micrographs of mineral products derived from additive-free ACC 

after incubation at (A–C) 50%, (D–F) 85% and (G–I) 93% RH. Insets represent corresponding SAED 

patterns (Scale bars: (A–C, E, H, I) 0.2 Å-1 and (F) 0.5 Å-1). 
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For mineral products derived from Mg-enriched ACC, the morphology and 

crystallography of distinctive nanostructures appear associated with the Mg2+ ion-mediated 

enhanced hydration and cohesiveness features. Under lower contents of humidity conditions, 

lamellar nanostructured morphologies with ED patterns indicative of single crystalline vaterite 

(Figure 4.12A–D) are formed. At 85% RH, the crystalline forms exhibit crystallographically 

co-oriented lens-like structures typical of vaterite mesocrystals285 (Figure 4.12F) while at 93% 

RH, compact spherulites constituted by nanoparticles (Figure 4.12G, H) are observed. Relative 

to the mineral products transformed from ACC, an interesting feature for the crystalline 

products derived from MgACC is the emergence of mesocrystallinity, which can be attributed 

to the reduced crystallization rates as well as the cohesiveness of the precursor phase mediated 

by the occlusion of Mg2+ ions, serving as a viscoelastic medium for co-alignment of particles. 

The persistence of amorphous precursors in the crystallization regime implies their roles in 

providing viscoelastic environments for the crystallized nanocrystals (Figure 4.12A, E, Figure 

4.8).  

In addition, the nanoparticles transformed from Mg-containing amorphous precursors 

display distinct size distributions. For instance, at 93% RH, the crystalline structures derived 

from Mg0.1ACC are composed of nanoparticles (10–30 nm) with distinct interfaces (Figure 

4.12H), whereas fused nanoparticles are observed in crystalline products produced from 

additive-free ACC (Figure 4.11I, Figure 4.9). The inhibitory coalesce of co-oriented 

nanoparticle arrays (Figure 4.12H) might be due to the surface accumulation of a non-CaCO3 

phase, implicated by the emergence of MgCO3 in thermally-induced crystallization. These 

observations suggest that the emergent crystal nanostructures and organizations ranging from 

monoliths to mesocrystals are co-regulated by the ionic constituents and hydration 

environments of initial mineral precursors. At the microscopic scale, the crystalline products 

display compact organizations (Figure 4.12G, I–L), suggesting the hygroscopic feature of 

occluded Mg2+ ions in promoting the coalescence of particles. In view of the distinctive 

structures and organizations of mineral products derived from MgXACC phases relative to 

those from additive-free ACC, the occluded Mg2+ ions exhibit potent contributions in the 

kinetic and structural modulation of phase transformation reactions.  
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Figure 4.12. Representative TEM images of structures formed during Mg0.1ACC 

transformation at (A–D) 50%, (E, F) 85%, (G, H) 93% RH and also for (I–L) Mg0.2ACC 

samples aged at 93% RH. Scale bars of respective SAEDs represent (A, B, D, H, L) 2 Å-1, (F) 

0.5 Å-1 and (K) 5 Å-1. 

 

3.3.3 Interface-coupled dissolution-re-precipitation reactions 

In view of these kinetic and structural studies, the distinct micro- and nano-crystalline 

architectures and organizations crystallized under trace water conditions can be rationalized by 

the mechanisms of interface-coupled dissolution-re-precipitation reactions139 (Figure 4.13). 

Considering the molecular nature of crystallization, the transformation of MgXACC phases 

into anhydrous vaterite crystals release distinct water contents (about 0.5 to 1 water molecule 

for each MgxCa1-xCO3 unit, Table 4.1), which can promote the dissolution or transformation of 

neighboring ACC minerals and thereby enhance the growth rate of the emergent phase, i.e. 

vaterite. This process is analogous to a so-called “autocatalysis”, in which the product of phase 

transformation fosters its own production rate284. This is evidenced by the kinetic investigation 

regarding unusually high n values from KJMA model as well as the consistency of the kinetic 

data from Gompertz model. Similar “autocatalytic” transformation mechanisms have been 

suggested in non-equilibrium states and self-organization phenomena in diverse minerals284.  

In mineral replacement reactions from parent phases to the product minerals, synchronized 

dissolution and reprecipitation rates can achieve the textural preservation of parent forms, i.e. 
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a pseudomorphic transformation284. For instance, at 50% RH, the faithful “inheritance” of the 

forms of the amorphous phase into vaterite indicate that the rate of ACC dissolution is similar 

to the rate of vaterite precipitation284,286. The gradual physisorption of water and release of 

crystallization water enable an effective transfer of the reaction front through the amorphous 

volume (Figure 4.13), resulting in crystalline products with highly oriented crystallographic 

order. Relatively faster dissolution rates can impede the propagation of a continuous 

crystallization front through the parent phase (Figure 4.13), leading to multiple crystal nuclei 

and limited crystallographic alignment. In this regard, the variations in rates of dissolution and 

reprecipitation reactions are relevant to the humidity-mediated microstructural evolution of 

crystalline products transformed from additive-free and Mg-containing ACC phases. For 

instance, in water-rich environments, the rate of vaterite formation might exceed that of ACC 

dissolution, leading to “empty spaces”284 (discontinuous crystallization fronts), represented by 

relatively disparate pseudomorphism (Figure 4.11G–I). The granular architectures of product 

minerals caused by high RH differ considerably from the morphologies of precursors (Figure 

4.9, Figure 4.4), which reflect non-synchronized dissolution and re-precipitation rates. Relative 

to the formation of the aragonite phase in bulk carbonate-rich solutions (Mg/Ca: 5, Chapter 3), 

thermally-triggered transformation yields calcite and hydration-driven crystallization produces 

vaterite. Originating from amorphous precursors, these distinct crystalline polymorphs suggest 

crucial roles of hydration environments in polymorph selection. 

In addition to the applied water environments, mineral-associated Mg2+ ions play multiple 

roles in modulating the transformation reaction, leading to distinct crystal structures and 

organizations (Figure 4.13). Firstly, Mg2+ ion-mediated inhibition of crystallization enables 

fluidic or gel-like amorphous and crystalline fractions to have prolonged timeframes to attach, 

co-associate or coalesce. In this regard, during biomineralization, persistent fluidic mineral 

precursors can effectively interact with organic interfaces. Secondly, Mg2+ ion-regulated 

cohesiveness of precursor phases represents a viscoelastic media for the co-alignment of 

nanocrystals via oriented attachment processes159. A related aspect is the heterogeneity 

originating from the nanoscopic phase separation of precursors phases toward crystalline 

CaCO3 and AMC264. For instance, the crystalline superstructures produced from Mg0.1ACC at 

93% RH are composed of nanoparticles with distinct interfaces (Figure 4.12H). Additionally, 

the branched spherulitic growth in mineral products derived from Mg-containing ACC indicates 

diffusion-limited growth (Figure 4.10). These observations suggest that MgXACC 

crystallization leads to the enrichment of a thin AMC phase on the surface of particles, which 

impedes the attachment or coalescence of individual nanoparticles (Figure 4.13). Lastly, the 
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emergence of compact crystalline microstructures composed of nanoparticle building units are 

promoted by the remarkable cohesiveness of MgXACC phases, which might have implications 

towards the mechanical robustness of the bulk mineral. Collectively, the morphologies and 

crystallographic co-orientations of mineral superstructures131 are in synergetic dependence of 

the applied humidity and incorporated Mg2+ ion contents. 

 

 

Figure 4.13. Schematic representation depicting the crystallographic and morphological consequences 

of an amorphous (yellow) to crystalline (red) transformation in the scenarios of low and high relative 

humidity (RH) for ACC and MgXACC precursors. Particles with yellow-red transitions represent 

crystallization events. Blue and yellow contours indicate physisorbed water and residual amorphous 

phases, respectively. Distributions of small arrows reflect either amorphous (disordered) compositions 

or crystallographic domains with distinct organizations. 
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4 Conclusions 

This chapter elucidates that hydration dynamics and ionic compositions of precursor phases 

collectively regulate the transformation of amorphous minerals in a spatiotemporal manner. 

The phase transformation of amorphous precursors toward vaterite phases appears to proceed 

via interface-coupled dissolution-re-precipitation mechanisms139. The related kinetics can lead 

to distinct architectures, wherein the crystalline products display structural preservation (i.e. 

pseudomorphic transformation) or divergence from the forms of amorphous counterparts and 

exhibit distinct crystallographic architectures including monolithic, polycrystalline or 

mesocrystalline organizations, in relation to the applied atmospheric hydration and the 

incorporated Mg2+ ions contents. To the best of our knowledge, this is a novel mechanism for 

mesocrystal formation, controlled by the kinetics of dissolution and re-precipitation at the 

mesoscale, which appears important in biomineralization.  

The present study also reveals the significant contributions of Mg2+ ions in modulating the 

physiochemical properties and phase transitions of amorphous precursors, reflecting a potent 

role of fine-tuned ionic compositions of material precursors in biomineralization. Firstly, the 

incorporation of Mg2+ ions in amorphous minerals influences the physical state of MgXACC 

phases as a compact solid or a gel-like state, which is related to the Mg2+ ion-mediated enhanced 

hydration and cohesiveness. In addition, employing a “unite and protect” strategy, the 

accompanying reduction in the interfacial area of MgXACC phases augments the kinetic and 

thermal stability of amorphous minerals. Secondly, slower crystallization rates and enhanced 

cohesiveness support the formation of mesocrystalline organizations. Lastly, Mg-bearing ACCs 

display initial homogenous compositions and subsequently undergo phase separation into 

heterogeneous Mg2+ and Ca2+ ion-enriched mineral phases via hydration-induced 

transformation or thermal-triggered crystallization.  

These observations provide insights into an efficient evolutionarily optimized approach, 

i.e. the recruitment of ionic dopants by nature to regulate the form and growth of crystals during 

biomineralization. For instance, the fluidic properties of MgXACC phases are beneficial for the 

infiltration of hierarchically organic matrices and supplement the functions of 

(bio)macromolecules. In the sea urchin spine, the integration of MgXACC precursors and 

biomolecules is a precise spatio-temporal process2. In addition, synthesized from MgXACC, 

the transformed products are composed of nanocrystals with high-order crystallographic 

orientation. This can be related to the mesocrystalline architectures of sea urchin spines, which 

display nanostructural organizations with the enrichment of amorphous minerals in the inter-

crystalline zones2. These architectures also enhance the mechanical features, wherein a fracture 
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is likely follow a convoluted route thought the array of constituted nanoparticles and present a 

conchoidal feature2. Lastly, the biogenic prevalence of Mg-bearing carbonate phases might be 

linked to the stabilization of amorphous phases and emergence of mesocrystalline 

architectures45. These strategic advantages of incorporated Mg2+ ions elucidate their occlusion 

in several biominerals, such as the Mg contents in sea urchin skeletal elements varying from 5 

to 45 mol%45. 

Relative to ion-by-ion crystallization mechanisms, the recruitment of amorphous 

intermediates enables a sophisticated spatiotemporal regulation of mineral growth and form, 

encompassing crystallization kinetics and the emergent micro- and nano-architectures. This 

reflects the benefits of biogenic “disordered by design” precursors in modulating biomineral 

formation. Apart from elucidating biomineralization mechanisms, the kinetic and structural 

studies for amorphous intermediates also provides inspiration for novel material design and 

potential application. Altogether, this chapter highlights (i) the recruitment of environmentally 

abundant Mg2+ ion species and amorphous precursors for biomineral growth, and (ii) a novel 

mechanism for mesocrystal formation based on interface-coupled dissolution-re-precipitation 

of mesoscale amorphous precursors.  
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Conclusions and Outlook 
 

The present thesis elucidates the influences of ionic and biomolecular additives in modulating 

CaCO3 mineralization. In Chapter 2, a pH-related ion speciation influencing PNC pathways is 

addressed. Through the quantitative analysis of ion association during mineral nucleation 

conducted at near-neutral pH levels, the involvement of HCO3
- ions in CaCO3 nucleation at pH 

values below 8.5 is revealed. Chapter 2 identifies the roles of HCO3
- ions in mineral nucleation 

through (i) competition for ion association during formation of ion pairs and ion clusters in the 

reaction regimes prior to particle nucleation and (ii) incorporation as a significant structural 

component of nucleated amorphous mineral particles. These novel contributions of HCO3
- ions 

as soluble species active in mineral nucleation and as a structural constituent in calcium 

carbonate crystallization are of fundamental importance and provide a basis for facilitating a 

better molecular understanding of physiological and geological mineralization. Future studies 

coupled with other techniques such as THz spectroscopy and quantum mechanical calculations 

can further address the roles of HCO3
- ions in CaCO3 nucleation and crystallization.  

Based on quantitative titration studies encompassing previous fundamental studies on the 

PNC pathway92 and the methodology established in Chapter 2, we provide the foundation that 

can reveal the multiple roles of ions and biomolecules in CaCO3 mineral formation in the near-

neutral pH regime. Therefore, in Chapter 3, the quantitative titration methodology is 

implemented as the primary technique for elucidating the interactions of specific CTL moieties 

from the sea urchin skeletal proteomes and distinct inorganic entities in course of CaCO3 

nucleation and crystallization. The quantitative titration studies show that three CTL proteins 

from the spine proteome (SM50-CTL, SM30A-CTL, LSM34-CTL) impede the onset of 

mineral nucleation and also display distinct influences toward the transient stability of initially 

formed mineral phases in relation to applied pH and ionic conditions. In particular, in the near 

physiological conditions such as the presence of Mg2+ ions or at lower pH levels, these CTL 

proteins exert enhanced inhibition towards mineral nucleation. Previous studies showed that 

the synergistic effects of Mg2+ ions and poly(aspartic acid) produce a considerably increased 

efficiency towards impeding CaCO3 nucleation181. Our investigation reflects similar 

consequences in physiological scenarios, with the assistance of ionic species (Mg2+ and HCO3
- 

ions), minute amounts of macromolecules are sufficient to produce significant effects on 

mineral nucleation. The present research focuses on the effects of CTL proteins on CaCO3 

mineralization at pH 9.0 and pH 8.5 in the absence and presence of Mg2+ ions. Future studies 

on the CaCO3 nucleation under the combined regulation of Mg2+ ions and CTL proteins at pH 

below 8.5 may help further elucidate the mechanistic contributions of ionic species.  
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Regarding the self-association of CTL proteins, Pendola et al. have indicated the 

aggregation-prone behavior of rSpSM30B/C-G and rSpSM50 and described these proteins as 

“smart” hydrogels due to their distinct molecular response towards divalent and monovalent 

species80. In the present study, we further reveal that the self-association of CTL proteins is not 

solely induced by Ca2+ ions, but also is likely influenced by mineral phases such as ion clusters 

and LCPs. Therefore, herein we elucidate that the mineral entities, including ion clusters, LCPs 

(driving vesicle construction) and particulate phases, can mediate the structural and self-

association states of biological components, possibly selecting sub-ensembles active towards 

biomineralization. For the protein-protein synergy, Jain et al. have revealed that rSpSM30B/C-

G and rSpSM50 can generate hybrid protein hydrogels and suggested the involvement of 

mutual protein interactions via the anionic O-link glycan of rSpSM30B/C-G and cationic CTL 

domain of rSpSM50250. Our findings imply that even without glycosylation, the SM30A-CTL 

might interact with SM50-CTL, possibly to a limited extent, nonetheless drawing significant 

influences on the early stages of CaCO3 mineralization. Future investigation on the protein 

synergy via NMR can possibly provide better perspectives toward the active sequence motif 

responsible for organic-inorganic and organic-organic interactions.  

Additionally, our investigation also elucidates the multiple mechanistic roles of CTL 

moieties in governing emergent crystalline forms, such as polymorph selection, facet-selective 

adsorption and occlusion within mineral crystals. Further characterization via in situ electron 

microscopy on the emergent crystalline forms can better reveal the mechanisms of how these 

CTL proteins direct the formation of intricate superstructures. In all, Chapter 3 address the 

bidirectional organic-inorganic processes in (bio)mineralization, wherein (i) the CTL motif 

regulate nucleation and crystallization of inorganics including the determination of mineral 

nucleation, transient stability of mineral precursors and emergent crystal form and structure, 

and (ii) the mineral entities mediate the self-association of biomacromolecules towards distinct 

supramolecular organizations.  

The hierarchical organizations of crystalline biominerals are formed by molding 

amorphous minerals under biological regulation. However, how organisms precisely exert 

control over the biomineral structure at multiple length scales with a pre-determined selective 

emergence of crystal polymorphs remains elusive. In Chapter 4, by investigating the 

transformation and structural progression of amorphous metal mixed carbonate (CaxMg1-xCO3) 

in relation to hydration environments and ionic substitutions, we reveal the kinetics of 

biologically-related phase transformations and the potential contributions of Mg2+ ions in 

emergent mineral nanostructure, which are key features of biomineralization. Complementing 
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the literature-known “divide and protect” mechanisms for stabilizing amorphous 

precursors287,288, here we suggest that Mg-mediated “unit and protect” strategy is conducive for 

the stabilization of amorphous mineral phases and the formation of intricate crystal 

organizations such as mesocrystals. In all, Chapter 4 (i) underlines the significant contributions 

of recruiting Mg2+ ions as a structural constituent in biominerals and (ii) delineates a novel 

mechanism for mesocrystal formation based on interface-coupled dissolution-re-precipitation 

of mesoscale amorphous precursors. With mechanistic implications in the formation of 

complex crystalline architectures, future studies on the nanoscopic phase separation of 

MgXACC phases and also the dynamics of interstitial fluids as reaction components might help 

elucidating the emergence of biomineral superstructures.  

In summary, in Chapter 2 and Chapter 3, our studies highlight the participation of ionic 

and biomolecular additives in the multistep process of CaCO3 mineralization by impacting the 

dynamics of PNCs, inhibiting the onset of nucleation and altering the solubility product of 

initially formed phases. Under near physiological pH conditions, HCO3
- species are identified 

as an important regulator of ion association phenomena concerning mineral nucleation and a 

structural constituent of transient mineral phases. Based on a complex interplay between ionic 

species (e.g. Mg2+ and HCO3
- ions) and protein species, these interactions produce mineral 

products with distinct compositions, morphologies and architectures. Chapter 4 focuses on the 

later stages of mineralization from amorphous precursors to crystalline phases, which addresses 

the mechanistic contributions of dopant ions (Mg2+ ions) and hydration environment in 

biomineralization. Altogether, this thesis elucidates the interactions of distinct ionic and 

macromolecular additives with solute, liquid-like and particulate mineral entities in the course 

of (bio)mineralization. The present research can help advance our understanding in how 

organisms precisely regulate the features of biogenic crystals such as intricate morphologies, 

superstructures organized at distinct length scales and specific polymorph emergence.  
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Appendix 

 

Table S3.1. Primary sequences of investigated recombinant CTL proteins. The 6xHis-tag is underlined. 

Small nonpolar, hydrophobic, polar, negatively charged and positively charged amino acid residues are 

marked in orange, green, magenta, red and blue, respectively.  

Proteins Sequence 

SM30A-CTL MAHHHHHHGSCAKFWVHEGNSCYLFDSGAFLRQVTASG

PLIVNNENGLFQAAANMYCGQMHPGANLVTVNSLTENN

FLYEWAVRMMVEPVPVWIGLHVGPTGLWQWYSGEPVTY

TNWEGMRVPQAEPGLGAMIFDAEIANQVFNNQVEIAPQ

WVPEEAINDRHS 

SM50-CTL MAHHHHHHGSTGQDCPAYYVRSQSGQSCYRYFNMRVPY

RMASEFCEMVTPCGNGPAKMGALASVSSPQENMEIYQL

VAGFSQDNQMENEVWLGWNSQSPFFWEDGTPAYPNGFA

AFSSSPASPPRPGMPPTRSWP 

LSM34-CTL MAHHHHHHGSCPAYYVRSSSGASCYRYFNIRVLHRMAS

EFCEMVTPCGNGPSRMGALASISSPIENHEVYRMVASF

SQDNQMENEAWLGWNTQSPRFWEDGTPAYPNGFAGFHQ

SGSYTSWPSWRPGMPTSGWPVNPANPWTPPPGRAPVMK

GQHVTPQQPGQRPNLGPEWDLVEATAMRAFVCE 
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Figure S3.1. Respective sequence coverages of recombinant CTL proteins characterized using mass 

spectrometry. 

 

Table S3.2. Operating rotor speeds (rpm) of measurements in AUC for CTL proteins in carbonate buffer 

and Tris buffer in the absence and presence of distinct Ca2+ ion contents.  

  
Carbonate buffer Tris buffer 

pH 9.0 pH 8.5 pH 9.0 pH 8.0 

Protein c(Ca2+)/ µM 
Speed/ 

rpm 

Speed/ 

rpm 

Speed/ 

rpm 

Speed/ 

rpm 

SM30A 

0 40000 35000 50000 50000 

200 40000 35000 50000 50000 

750 40000 35000 40000 40000 

1500 - - 40000 40000 

SM50 

0 36000 50000 50000 50000 

200 36000 50000 50000 50000 

400 - - 50000 50000 

750 36000 8000 3000 3000 

LSM34 

0 18000 10000 5000 5000 

200 18000 10000 5000 5000 

400 - - 3000 - 

750 3000 1500 - - 
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Figure S3.2. Molar mass distribution of SM30A-CTL in carbonate buffer with distinct Ca2+ ion contents 

at (A) pH 9.0 and (B) pH 8.5. 

 

 

 

Figure S3.3. Molar mass distribution of SM50-CTL in carbonate buffer with different Ca2+ ion 

concentrations at (A) pH 9.0 and (B, C) pH 8.5. 
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Figure S3.4. Molar mass distribution of LSM34-CTL in carbonate buffer in the presence of distinct 

Ca2+ ion contents at (A, B) pH 9.0 and (C, D) pH 8.5. 



 182 

 

Figure S3.5. 2DSA analyses of frictional ratio against sedimentation coefficient (left panel) and molar 

mass (right panel) distributions of SM30A-CTL in carbonate buffer at pH 9.0 with distinct Ca2+ ion 

contents. 
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Figure S3.6. Frictional ratio against sedimentation coefficient (left panel) and molar mass (right panel) 

distributions for SM30A-CTL in carbonate buffer at pH 8.5 at different Ca2+ ion concentrations.  
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Figure S3.7. 2DSA analyses of frictional ratio against sedimentation coefficient (left panel) and molar 

mass (right panel) distributions of SM50-CTL in carbonate buffer at pH 9.0 in the presence of distinct 

Ca2+ ion contents. 
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Figure S3.8. 2DSA analyses of frictional ratio against sedimentation coefficient (left panel) and molar 

mass (right panel) distributions of SM50-CTL in carbonate buffer at pH 8.5 with various Ca2+ ion 

contents. 
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Table S3.3. Parameters of SM30A-CTL protein in carbonate buffer at pH 9.0 in the presence of distinct 

concentrations of Ca2+ ions acquired from the SAXS scattering profiles. 

Solvent c(Ca2+)/ µM Rg / nm * 
Model**/ nm 

(Oblate ellipsoid) 

Carbonate buffer 

pH 9.0 

0 4.3 ± 0.1 
Ra:1.4 ± 0.1 

Rb:5.9 ± 0.1 
Rg: 3.8 

200 4.4 ± 0.1 
Ra:1.5 ± 0.1 

Rb:5.8 ± 0.1 
Rg: 3.7 

750 4.2 ± 0.1 
Ra:1.4 ± 0.1 

Rb:5.9 ± 0.1 
Rg: 3.8 

1000 4.3 ± 0.1 
Ra:1.5 ± 0.1 

Rb:5.9 ± 0.1 
Rg: 3.8 

* Rg calculated from Guinier method. 

** Rg calculated from Oblate ellipsoid model by Rg = Sqrt[(Ra
2 + 2 Rb

2)/5]. 

 

 

 

Figure S3.9. Illustration of oblate model and formula of radius of gyration (Rg) obtained from semi-

axes of oblate ellipsoid structure. 
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Table S3.4. Parameters of SM50-CTL protein in carbonate buffer with different Ca2+ ion contents 

obtained from the SAXS data. 

Solvent c(Ca2+)/ µM Rg / nm * 
Model**/ nm 

(Oblate ellipsoid) 

Carbonate buffer 

pH 9.0 

0 5.7 ± 0.2 
Ra: 1.8 ± 0.1 

Rb: 8.1 ± 0.1 
Rg: 5.2 

200 5.3 ± 0.1 
Ra: 1.9 ± 0.1 

Rb: 8.0 ± 0.1 
Rg: 5.1 

750 5.9 ± 0.2 
Ra: 2.1 ± 0.1 

Rb: 8.3 ± 0.1 
Rg: 5.3 

1000 / / / 

* Rg calculated from Guinier method. 

** Rg calculated from Oblate ellipsoid model by Rg = Sqrt[(Ra
2 + 2 Rb

2)/5]. 

 

Table S3.5. Parameters of LSM34-CTL in carbonate buffer with different Ca2+ ion contents acquired 

from the scattering patterns.  

Solvent c(Ca2+)/ µM 
Power law n 

0.06 < q < 0.17 nm-1 

Carbonate buffer 

pH 9.0 

0 -1.21 

200 -1.21 

750 -1.46 

1000 -1.41 

 

 

 

Figure S3.10. Molar mass distribution of SM30A-CTL in Tris buffer with distinct Ca2+ ion contents at 

(A) pH 9.0 and (B) pH 8.0. 
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Figure S3.11. Molar mass distribution of SM50-CTL in Tris buffer in the presence of Ca2+ ions at (A, 

B) pH 9.0 and (C, D) pH 8.0. 
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Figure S3.12. Molar mass distribution of LSM34-CTL in Tris buffer with the addition of different Ca2+ 

ion concentrations at (A, B) pH 9.0 and (C) pH 8.0. 
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Figure S3.13. 2DSA analyses of SM30A-CTL for sedimentation coefficient (left panel) and molar mass 

distributions (right panel) in Tris buffer at pH 9.0 in the presence of different Ca2+ ion contents. 
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Figure S3.14. 2DSA analyses of SM30A-CTL for sedimentation coefficient (left panel) and molar mass 

distributions (right panel) in Tris buffer at pH 8.0 with distinct Ca2+ ion contents. 
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Figure S3.15. 2DSA analyses of SM50-CTL for sedimentation coefficient (left panel) and molar mass 

distributions (right panel) in Tris buffer at pH 9.0 in the presence of various Ca2+ ion contents. 
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Figure S3.16. 2DSA analyses of SM50-CTL for sedimentation coefficient (left panel) and molar mass 

distributions (right panel) in Tris buffer at pH 8.0 at different Ca2+ ion concentrations. 
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Figure S3.17. 2DSA analyses of LSM34-CTL for frictional ratio against sedimentation coefficient (left 

panel) and molar mass distributions (right panel) in Tris buffer at pH 9.0 in the presence of distinct Ca2+ 

ion contents. 
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Figure S3.18. 2DSA analyses of LSM34-CTL for frictional ratio against sedimentation coefficient (left 

panel) and molar mass distributions (right panel) in Tris buffer at pH 8.0. 

 

 

 

Figure S3.19. Light microscopy micrographs of SM50-CTL and LSM34-CTL in Tris buffer at pH 9.0 

in the presence of Ca2+ ions (2 mM). 
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Table S3.6. Radius of gyration (Rg) and semi-axes (Ra, Rb) of oblate ellipsoid of SM30A-CTL protein 

in water at pH 9.0 with different Ca2+ ion contents acquired from the SAXS scattering patterns. 

Solvent c(Ca2+)/ µM Rg / nm * 
Model**/ nm 

(Oblate ellipsoid) 

Water 

pH 9.0 

0 4.2 ± 0.1 
Ra:1.7 ± 0.1 

Rb:6.1 ± 0.1 
Rg: 3.9 

200 4.3 ± 0.1 
Ra:2.0 ± 0.1 

Rb:6.0 ± 0.1 
Rg: 3.9 

750 5.1 ± 0.2 
Ra:2.5 ± 0.1 

Rb:7.4 ± 0.1 
Rg: 4.8 

1000 5.7 ± 0.3 
Ra:2.9 ± 0.1 

Rb:8.6 ± 0.1 
Rg: 5.6 

* Rg calculated from Guinier method. 

** Rg calculated from Oblate ellipsoid model by Rg = Sqrt[(Ra
2 + 2 Rb

2)/5]. 

 

 

 

Figure S3.20. Structural models of SM50-CTL in the absence and presence of Ca2+ ions (1 mM) 

assessed from SAXS scattering profiles. 

 

Table S3.7. Power law n between q values of 0.06 and 0.17 nm-1 for LSM34-CTL scattering profiles in 

water at pH 9.0 with distinct Ca2+ ion contents. 

Solvent c(Ca2+)/ µM 
Power law n 

0.06 < q < 0.17 nm-1 

Water 

pH 9.0 

0 -1.04 

200 -1.04 

750 -1.23 

1000 -1.36 
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Figure S3.21. FT-IR spectra of mineral products from diffusion-based mineralization in the absence 

and presence of CTL proteins. 
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Figure S3.22. EDS patterns of Mg-ACC formed in diffusion-based mineralization in the absence and 

presence of CTL proteins, wherein the Mg/Ca ratio of amorphous mineral products is approximately 0.7 

for all samples. 
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Figure S4.1. Representative IR spectra of synthetic ACC samples before and after washing with ethanol. 

Arrows indicate band frequencies for impurities associated with the ACC phase.  

 

Table S4.1. Mixtures of fixed proportions of ACC and vaterite for evaluation of ACC and vaterite 

fractions in transformed mineral products derived from amorphous minerals. 

No. ACC (mg) Vaterite (mg) Final ACC content (% w/w) 

1 4.5 0.0 100 

2 3.6 1.2 75 

3 3.0 2.3 57 

4 1.0 3.7 21 

5 0.0 5.1 0 

 

  



 200 

 

 

 

Figure S4.2. Plot representing relative area of ν2 peaks for ACC (861 cm-1) and vaterite (874 cm-1) 

against the ACC content in the samples. The data points fit well to an exponential decay function 

described as: 

ACC (% wt.) = 18.24 × ln ((Av - 6.8909) /0.334) 

where Av represents the relative area (%) of the ν2 (861 cm-1) peak of ACC. The equation is used for 

estimating the ACC contents of transformed mineral samples.  

 

 

 

Figure S4.3. Representative IR spectra of amorphous carbonate minerals with distinct occluded Mg2+ 

ion contents.  
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Figure S4.4. Representative IR spectra of MgXACC phases after thermal treatment at 500°C, indicating 

the formation of calcite independent of the Mg2+ ion contents occluded in amorphous precursors.  

 

 

 

Figure S4.5. Representative TEM images of morphological changes in (A–D) Mg0.5ACC and (E–G) 

Mg0.1ACC samples by prolonged exposure to the electron beam. 
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Abbreviation 

 
ACC Amorphous calcium carbonate 

ACP Amorphous calcium phosphate  

Asp Aspartic acid 

AUC Analytical ultracentrifugation 

ATR Attenuated total reflection 

CNT Classical nucleation theory 

Cryo-TEM Cryogenic transmission electron microscopy 

CTL protein C-type lectin-like protein 

CD spectroscopy Circular dichroism spectroscopy 

DSC Differential scanning calorimetry  

EDS Energy dispersive spectroscopy 

FTIR Fourier transform infrared spectroscopy 

𝒇/𝒇𝟎 Frictional ratio 

Glu Glutamic acid 

IMAC Immobilized metal affinity chromatography 

LCP Liquid condensed phase 

OC-17 Ovocleidin-17 

PAA Poly(aspartic) acid 

pc-ACC Proto-calcite ACC 

pI Isoelectric point 

PILP Polymer-induced liquid-precursor 

PMCs Primary mesenchyme cells 

PNC Pre-nucleation cluster 

pv-ACC Proto-vaterite ACC 

SAED Selected area electron diffraction 

SAXS Small angle X-ray scattering 

Solid-state NMR (ssNMR) Solid-state nuclear magnetic resonance 

SEM Scanning electron microscope 

SM protein Spicule matrix protein 

TEM Transmission electron microscope 

TGA Thermogravimetric analysis 

2DSA 2-Dimensional spectrum analysis 
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