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ABSTRACT 

Biominerals are biogenic hierarchical nanocomposite materials consisting of mineral phases, 

such as calcite, aragonite or vaterite, and intimately intergrown with the organic 

macromolecules, including proteins, polysaccharides and lipids. There is a large diversity 

among biominerals, each with its structural motifs, inorganic crystal formation — shape, and 

micro- or macroscopic properties. For instance, shells of mollusc are formed with different 

ratios of inorganic-organic materials and different structural motifs resulting in a large variety 

of calcareous biocomposites with material properties outperforming those of their synthetic 

counterparts. Amongst all different shell microstructures, nacre is the most studied to date, 

while comparable knowledge is lacking for non-nacre shell structures such as homogeneous 

and crossed-lamellar structures. In this work both, nacre and non-nacre structures are 

investigated and compared for commonalities and differences. The aims are to characterise 

inorganic-associated macromolecules in shells of different bivalve species with different 

microstructures and to study the interface and the interactions between mineral and 

biomolecules. To achieve these aims, shells of 12 species from 7 molluscan families are studied. 

The calcareous shells are grouped into nacroprismatic (Hyriopsis cumingii, Cucumerunio 

novaehollandiae, Alathyria jacksoni, Pinctada maxima, Pinctada fucata martensii, Diplodon 

chilensis patagonicus), homogeneous (Arctica islandica) and crossed-lamellar (Tridacna gigas, 

Tridacna derasa, Fulvia tenuicostata, Callista disrupta, Callista kingii) based on their shell 

microstructures. Except for Pinctada shells that consist both calcitic and aragonitic layers, all 

shells are entirely aragonitic. 

A common phenomenon exists between the compositions of organics present in the nacreous 

layer of the studied nacroprismatic shells. Thermogravimetric analysis exhibits a total amount 

of organics in the range of 3.14 - 4.13 wt%. The amino acid composition reveals a high amount 

of glycine and alanine (ca 54% in total) and consists of moderate polar amino acids – aspartate 

and glutamate (~ 16% in total). Solid-State Nuclear Magnetic Resonance (NMR) spectroscopy 

using Cross-Polarization Magic-Angle Spinning (CP-MAS) was employed and revealed silk-

based fibres as the primary organic framework in nacre. As shown by electron microscopy, 

extensive hydrogen-bonded β-sheet nanocrystals are well-organised along and within a semi-

amorphous protein (in analogy to the spider dragline silk and Bombyx mori (cocoon) silk). 

While it may certainly be beneficial to explore available sugar moieties in the organic 

macromolecules, these appear to be present in concentrations not necessarily significantly 

higher than, for instance, phosphates post-translationally intercalated into the silk fibroins as 

discovered in this thesis. Moreover, the sugar moiety is probably N-glycosylated and is 

significantly different from that found in non-nacre microstructures.  
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The composition of shells with homogeneous and crossed lamellar structures are 

significantly distinct from that of nacre. Though the calcareous microstructures of non-nacre 

shells are divergent, the amounts of organics are comparable (1.6 wt% by TGA compared to 3-

4 wt% for nacreous shells). Glycine, aspartate and proline (~40% in total) are the prominent 

residues. Different to nacreous and homogeneous shells, the decalcification method failed to 

extract and concentrate the insoluble organic moiety in crossed lamellar shells. The 

macromolecular content of homogeneous shells is not suggestive of a silk-like composition as 

in nacreous shells, instead, consists mainly of collagen gel. A remarkable structural feature of 

the biopolymer is a three-dimensional polygonal meshwork of type IV collagen gel aggregates, 

which, in turn, probably constitutes an O-glycosylated sugar moiety.  

The ultrastructure of crossed lamellar shells was characterised with high-resolution electron 

microscopy. The imaging displays the fine structure of nanogranular particles that are 

composites of inorganic and organic matrices, arranged either in nanometer-sized laths or a 

polycrystalline fibre-like fabric. In the freshwater and marine bivalve shells studied in this 

project, the major biological scaffolding in nacre consist of silk-based fibres, while 

homogeneous (and probably crossed lamellar) shows proteinaceous content that is different 

from a silk-like biopolymer, instead, consists primarily of collagen gel. These findings are new 

and contrast with the long-standing view that chitin is the most important ingredient of the 

organic matrix in mollusc shells. Here, glucosamine (the monomer which upon acetylation is 

the basis of chitin) was found to represent only a very minor part of the organic moiety. 

Furthermore, the distinctly different biopolymers in nacre versus non-nacre shells found in this 

work suggests that the composition of the insoluble organic matrix differs depending on species, 

similarly to that of the soluble organic matrix, which is well-known in the literature. 

As the chemical palette available to form a silk-based fibre and collagen gel include many 

building blocks, namely the 20 naturally occurring amino acids, this work presumes that it is 

worth reconsidering the relative importance of the available biopolymers that assist in providing 

templating for inorganic minerals. While the insoluble organic moiety in nacre (Hyriopsis 

cumingii, Cucumerunio novaehollandiae, Alathyria jacksoni, Pinctada maxima) consists 

primarily of silk-based fibres, and thus serve as structural proteins, that of homogeneous (and 

probably crossed lamellar) shells constitute mainly of collagen IV gel. Moreover, the presence 

and the structures of sugar moieties glucosamine and mannose for nacre; glucosamine, 

galactosamine and galactose for non-nacre shells support the importance of saccharides in 

composite biominerals, however, make an interesting contrast to the abundance of insoluble 

saccharides proposed in the literature. 
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1.0        INTRODUCTION 

1.1 AN OVERVIEW OF THE THESIS 

Herein structural mechanism and composition of a three-dimensional organic matrix from 

calcareous biominerals are examined. The three-dimensional assembly of shell biopolymers 

contains variable ratios of polyamino acids (proteins) and polysaccharides depending on the 

nanocomposite biomineral and microstructure. These components are actively involved in shell 

formation and proteins have been shown to control virtually all levels of mineralisation, 

including mineral polymorphs (calcite, aragonite or vaterite), sizes and shapes of the grains, 

and the overall microstructure of the biominerals [1-3].    

For over one century [4], researchers across a number of fields, including materials science, 

biology, chemistry and biochemistry have made remarkable progress in characterising the 

organic matter of mollusc shells. Amongst all different shell materials and microstructures, 

nacre (mother-of-pearl) is the most studied to date due to its exceptional toughness [5, 6] and 

its biocompatibility [7], whereas comparable knowledge is lacking for non-nacreous 

(homogeneous and crossed lamellar) structures. Superficially, the identification and the 

characterisation of shell macromolecules were based on histochemical and biochemical 

analyses. The integration of these methods alongside with the multi-methods imaging such as 

cryogenic-scanning electron microscopy have condensed today that the major constituent of 

shell macromolecules is the polysaccharide β-chitin, a relatively hydrophobic silk protein, and 

a complicated assemblage of acidic macromolecules [1-3, 8]. To characterise in detail the 

composition of the shell biopolymers in the shells of bivalve from different taxonomic families 

and with different microstructures, the shells of 12 species from 7 molluscan families have been 

studied (Table 1.1). The shell samples are grouped into nacroprismatic, crossed lamellar and 

homogeneous shell microstructures [9].  
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The aims of this thesis are: 

i) To determine whether different bivalve shells with different microstructures contain a 

similar population of matrix proteins, or not; 

ii) To compare and to contrast the characteristics of the organic matrix between different 

microstructures and; 

iii)  To study the interface and the interactions between mineral and biomolecules. 

Table 1.1 

Taxonomic allocations and shell microstructures of the 12 species studied. CL: crossed lamellar 

layer, CCP: crossed composite prismatic, C: complex layer, N: nacreous layer and P: prismatic 

layer 

Taxonomy Shell microstructure 

Tridacnidae 

   Tridacna derasa  

Röding 

   Tridacna gigas  

Linnaeus 

CL 

 

Cardiidae 

   Fulvia tenuicostata 

Lamarck 

CL 

Veneridae 

   Callista disrupta 

Sowerby 

   Callista kingii  

Gray in King 

CCP, CL, C 

 

Arcticidae 

   Arctica islandica  

Linnaeus 

Homogeneous 

Unionidae  

   Hyriopsis cumingii  

Lea 

N, P 

Hyriidae  

   Diplodon chilensis patagonicus  

d’Orbigny 

   Cucumerunio novaehollandiae  

Gray 

   Alathyria jacksoni  

Iredale 

N, P 

Pteriidae  

   Pinctada fucata martensii  

Dunker 

   Pinctada maxima  

Jameson 

N, P 
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1.2 Structure of the thesis 

The thesis is organised as thesis by publication consisting of six chapters excluding the 

introduction and general conclusions (Chapter 8). 

Chapter 2 – characterises shell-associated macromolecules in homogeneous Arctica 

islandica shell. The comparison was made with the nacro-prismatic shells. This section aimed 

to explore overall commonalities and differences in the organic content in bivalve shells from 

the perspective of their shell microstructure. To achieve this goal, I designed new staining and 

fixing methods, as well as the decalcification methods. This chapter represents the article: 

Organic macromolecules in shells of Arctica islandica: comparison with nacroprismatic 

bivalve shells (2017) and published at Marine Biology. doi.org/10.1007/s00227-017-3238-2. 

Chapter 3 – Silk-based Fibres vs Collagenous Gel: Major Organic Components of 

Bivalve Shells Revealed by Solid-State NMR explores the three-dimensional assembly of 

shell biopolymers. Nacreous layer of nacroprismatic shells and non-nacre (homogeneous and 

crossed-lamellar) shells were characterised with solid-state nuclear magnetic resonance as well 

as other spectroscopic techniques. This chapter revealed that, contrary to current belief, silk-

based material featured β-sheet nanocrystals and not chitin is the major organic component in 

the nacreous shells microstructure. In homogeneous (and probably in crossed lamellar), 

however, the mesh networks formed by type IV collagen heparin sulfates and keratanasulfates 

is the primary organic scaffold rather than the more typical fibrillar form. 

Chapter 4 – Architecture of crossed-lamellar bivalve shells: The Southern Giant Clam 

(Tridacna derasa, Röding, 1798) considered the crystallographic orientation of crossed 

lamellar shells and shell-associated macromolecules. The decalcification method that was failed 

to extract and concentrate the insoluble organic moiety in crossed lamellar shells in chapter 3 

was modified. This section revealed how inorganic matrix of Tridacna species is intimately 

intergrown with biopolymers, namely polysaccharides, glycosylated and unglycosylated 
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proteins and lipids. This chapter of the thesis is published at Royal Society Open Science. 

http://dx.doi.org/10.1098/rsos.170622. 

Chapter 5 – Inorganic-organic relationships in the crossed lamellar shells elucidated 

organic matter that occluded in the calcareous biominerals of crossed-lamellar shells structure. 

The models used are the bivalves Tridacna and Fulvia tenuicostata shells. Newly developed 

staining techniques alongside with the adapted decalcification methods depict for the first-time 

the presence of amino polysaccharide, as well as many prominent protein bands, glycoproteins 

and/or glycosaminoglycans of unknown size from crossed lamellar bivalve shells. This aspect 

of the thesis revealed that chitin-protein-complex and lipid-lipoproteins may be essential for 

shells with different microstructures.  

Chapter 6 – Bioorganic-inorganic fibre network in the crossed lamellar bivalve shells: 

Architecture of shells of Callista spp. showed that Callista bivalve shells have complex 

microstructures consisting of fibrous aragonitic calcium carbonate. These are in turn 

interlayered at a constant angle and reminiscent of plywood. In-depth study of the inorganic 

matrix and the organic composition thus enabling to exhibit and characterise inorganic-

associated biopolymers, including polysaccharides, proteins and glycoproteins. This aspect of 

the thesis revealed that organics are indeed, embedded and/or occluded within and along the 

inorganic fibrous to form a polycrystalline fibre-like fabric.  

Over the years, it is well-known that planktic foraminifera is preserved in marine sediments 

as calcite, the stable polymorph of calcium carbonate. Chapter 7 – Planktic foraminifera 

form their shells via metastable carbonate phases showed that shells of living planktic 

foraminifers Orbulina universa and Neogloboquadrina dutertrei originally form from the 

unstable calcium carbonate polymorph vaterite, implying a non-classical crystallisation 

pathway involving metastable phases that transform ultimately to calcite. This chapter of the 

thesis was published at Nature Communications. doi: 10.1038/s41467-017-00955-0. 
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1.3 Matrix Mineralisation in Calcareous Biominerals 

1.3.1 Biomineralisation – An Overview  

The term biomineralisation refers to the processes by which living organisms synthesise 

minerals. The formation of biominerals consists two basic classes: organic matter and inorganic 

matrix [2, 3, 10]. The biologically-formed minerals combined a significant level of intricacy 

and possess intriguing characteristics as required naturally complex nanostructures [2, 11].  

Biomineralised structures are fashioned in a much wider number of diverse species, and in 

a wider variety of shapes and forms [1, 3, 11]. A few typical examples comprise diatoms and 

sponge spicules (silica), magnetotatic bacteria (iron oxide), teeth and bone (calcium phosphate) 

and shells of mollusc (calcium carbonate) [3, 11]. In general biogenic materials of every animal 

has an individual organisation, one can say that calcified storage structure has a layered 

structure and that the layers may alternate between the bioorganic matrix and inorganic 

minerals. These are fundamental for the excellent mechanical strength and toughness of the 

natural carbonates materials [5, 11, 12].  

According to the previous authors [2], carbonated nanocomposite materials dominate in 

biomineralisation. They even occur in plants and fungi [13]. The calcium carbonate or calcium 

phosphate biominerals, respectively intimately intergrown with biopolymers (the organic 

matrix) such as polyamino acids (proteins) and polysaccharides, have such a high lattice energy 

and low solubility. Calcareous biocomposites are thermodynamically stable in biological and 

natural environments, and hence depict a number of polymorphs (see Table 1.2). The calcium 

carbonate biominerals of invertebrates, such as molluscs and sea urchin spines, have 

tremendously been studied due to their high degree of crystallographic control that is achieved 

in these biogenically formed minerals [2, 3, 13, 14]. Understanding the primary components 

that stabilised the polymorphism in invertebrate organisms can provide essential insights into 

main aims of synthesising inorganic (calcium) carbonate materials in the laboratory.  

 



CHAPTER 1  6 
 

 
 

Table 1.2 Calcium carbonate composite materials and their function, modified after Mann 2001 

Mineral Formula Organism Location Function 

Amorphous CaCO3.nH2O Crustaceans Crab cuticle Mechanical strength 

  Plants Leaves Calcium store 

  Bivalve Shell Exoskeletona 

  Crustaceans Pillbug Exoskeleton/Reproductionb 

Vaterite CaCO3  Gastropods Shell Exoskeleton 

  Ascidians Spicules Protection 

  Foraminifera Shell Exoskeletonc 

Aragonite CaCO3 Molluscs Shell Exoskeleton 

  Gastropods Love dart Reproduction 

  Cephalopods Shell Buoyancy device 

  Scleractinian 

corals 

Cell wall Exoskeleton 

  Fish Head Gravity receptor 

Mg-calcite (Mg, Ca)CO3 Octocorals Spicules Mechanical strength 

  Echinoderms Shell/spines Protection 

Calcite CaCO3 Molluscs Shell Exoskeleton 

  Foraminifera Shell Exoskeleton 

  Coccolithophores Cell wall 

scales 

Exoskeleton 

  Crustaceans Crab cuticle Mechanical strength 

  Birds Eggshells Protection 

  Trilobites Eye lens Optical imaging 

  Mammals Inner ear Gravity receptor 

NB: a = Wolf et al. [15]; b = Tao et al. [16]; c = Jacob et al. [17]. 

1.3.2 Biomineralisation Mechanisms: classical and nonclassical nucleation theories 

Calcium carbonate exists in six different polymorphs: an amorphous phase (amorphous 

calcium carbonate, ACC), anhydrous phases (vaterite, aragonite and calcite), and hydrated 

crystalline forms (calcium carbonate monohydrate (monohydrocalcite) and calcium carbonate 

hexahydrate (ikaite)) [18]. These inorganic minerals have the same principal composition, but 

their atomic structures, Ca2+ ions (and CO3
2-, respectively), are stacked in different 

configurations thus possess different crystallographic orientations in the crystal lattices [19, 

20]. Among these polymorphs, hydrated crystalline forms are sporadic [18].  

From literature, it has been argued that biominiralising organisms fabricate calcareous 

biominerals by using two major pathways: the classical nucleation pathway and non-classical 

nucleation pathway [21, 22]. The former is based on the primary building blocks like atoms, 

ions or molecules, and thus involve the monomer-by-monomer addition to forming an isolated 
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cluster (Figure 1.1) [21-23]. This cluster may increase in size or shrink depending on the relative 

magnitude of surface and bulk energies available. As the favourable interfacial energy is 

dominant for small particle size, the cluster will reach critical nucleus, and thus proceeds to 

grow into larger single crystals via building blocks (e.g. ions) adsorption [22, 24].  

In some studies, it was declared hypothetically that this process could be controlled/modified 

by adding additives, such as polyamino acids, polymeric biomolecules, ions [21, 24-26]. The 

additives will lower the energy barrier for nucleation to commence, and thus generate the aptly 

structured cluster that would then grow into a specific polymorph through basic monomers 

addition. In biomimetic mineralisation, however, these claims did not provide the answer to the 

question of how invertebrate organisms can shape crystalline units into the often-observed non-

equilibrium morphologies [11, 26]. 

In contrast to classical monomer-by-monomer precipitation and aggregation of the particle 

motion, non-classical crystallisation pathway is facilitated by the aggregation of more complex 

particles, ranging from multi-ion complexes to nano-discrete particles [21, 24]. The assembly 

of structured nanocrystalline materials has been shown to exist via both oriented and non-

oriented attachment (also known as ‘‘aggregation’’) as well as the amorphous addition [27-29]. 

Though recent evidence suggests coexistence of two pathways in a single system—including 

classical and non-classical mechanisms [30], invertebrate organisms, such as mollusc shells, 

primarily utilise non-classical crystallisation pathway to fabricate their calcareous biominerals 

[15, 22, 31, 32].  

The organisms first produce an amorphous calcium carbonate (ACC) [21, 22, 33]. The self-

assembly ionic Ca2+ (and CO3
2-, respectively) clusters, and subsequently crystallises via 

metastable carbonate phases to form the resulting shell mineral. On the other hand, 

biologically-formed amorphous phase before it transforms into a given crystalline calcium 

carbonate, either aragonite and/or calcite, plays a significant role in the initiation of the 

biomineralisation process [34-36]; it can be used as temporary storage for shell mineral [37]. 
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While nature is disordered, many biologically precipitated inorganic carbonates are known to 

form through complex mineralisation pathways involving metastable intermediate phases that 

transform stepwise into the final calcareous biomineral [17].  

 
Figure 1.1: Cartoon of the proposed model for the pathways to crystallization by particle 

attachment (CPA). In contrast to classical nucleation theory (monomer-by-monomer crystal 

growth; grey curve), the formation of non-classical nucleation involves addition of higher-order 

species that first assemble into amorphous clusters. The amorphous clusters particle can be 

stabilised indefinitely by additives (such as polyamino acids, ions etc.), or can transform to fully 

formed nanocrystals. From [21]. 

  

The selection of early stage for calcareous biominerals either ACC [15, 21] or metastable 

vaterite [17] has been proved beyond doubt. One could think it should in principle be 

possible/easier to give a ‘blueprint’ of shell mineral in the laboratory. Layer-by-layer growth of 

calcareous biominerals is challenging. Moreover, in vitro ACC is unstable in the laboratory, it 

transforms to crystalline phase via dissolution and re-precipitation [38, 39], whereas most in 

vivo studies of skeletal structures demonstrate a solid-state phenomenon comprising 
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dehydration and structural rearrangement [34, 35]. In some of the biologically controlled 

materials, however, ACC occurs either as a final biomineralised structure or as a solid precursor 

phases of crystals [40-42] and intimately intergrown with the three-dimensional 

macromolecules [43, 44]. As recently reviewed [45], the organic matrix and/or minor metal 

elements in the shell could probably stabilise the amorphous phase or metastable vaterite phase 

[17].  

Organic macromolecules, including proteins, polysaccharides, lipoproteins and low-

molecular weights molecules such as citrate are a minor albeit vital component in biological 

materials: they regulate the prenucleation of inorganic mineral and select/control the 

polymorphs of calcium carbonate. It is believed organic components determine the structural 

patterns of calcareous biocomposites [2, 3, 43]. In nature mineralisation mechanism is under 

strict control, and include a great measure of organic-inorganic nanocomposites [2]. While our 

knowledge is increasing daily concerning the inorganic matrix of biominerals, the molecular 

mechanism of three-dimensional biopolymers is still vague.  

1.4 Mollusc Shells – Overview 

Shell-bearing molluscs first appeared about 543Mya in the earliest Cambrian time and 

contain circa 118,000 extant species [46, 47]. Calcareous shells differ significantly in size, 

ranging from a few millimetres to many centimetres forming biominerals composite patterns 

that are widespread globally [9].  As reviewed by Barthelat et al., the earlier calcareous shells 

were small, circa 0.2-0.5 cm, with shell assemblies very comparable to the modern shapes 

[48]. 

The molluscs might be considered the ultimate examples of "morphing," both in regard to 

details of their architectural pattern and details of the shell, itself.  Nonetheless, the basic 

architectural pattern is one of front-to-back bilateral symmetry, with distinct nerve ganglia, 

gills, a blood circulatory system, as well as digestive, reproductive, and excretory organs [49].  
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The organ that responsible for the formation of shell is the mantle, a membranous tissue that 

covers the soft-body from the dorsal area [50, 51] and it consists of two epithelia (inner and 

outer) separated by tissues such as connective tissue. Typical to the mollusc shells, the mantle 

is divided into four main areas: mantle edge, mantle isthmus, mantle centre and mantle pallium 

[45]; among these four, mantle edge is the most active calcification and the length growth of 

the shells occur at the ventral margin to induce the growing animal. Although, there may be 

some discrepancies from group to group, nevertheless, the main principles that govern the 

physiology of shell-bearing molluscs’ formation are somewhat common. Moreover, by 

conducting an in vitro regeneration research for the formation of shell [52-54], it was 

demonstrated that shell-associated macromolecules were secreted from the epithelial cells of 

mantle of Akoya pearl oyster (Pinctada fucata, Gould, 1850). While the formation of calcareous 

biominerals is still unclear, the observations showed that the mantle tissue has a key role in 

synthesizing shell mineral [45]. 

1.5 Matrix mineralisation 

In the biologically controlled processes, the living organisms exert a significant degree of 

metabolic control on the formation of well-tailored minerals, for instance, shell-bearing 

molluscs [2]. Matrix mineralisation was described as a series of extracellular events occurring 

within compartments [9, 54]. Typically, shell formation/mineralisation involves the two-step 

sequence - nucleation and then crystal growth. The organics play a crucial role in the formation 

of shell mineral, whereas how and to what extent the shell macromolecules participate in one 

or both of these steps is not well understood [1]. 

Nonetheless, biomineralising organisms have used the two-step sequence to synthesise 

intricate calcareous structures for a significant amount of biominerals from Bivalvia, 

Gastropoda, and beyond. The bio-constructional framework (hard exoskeletal) relies on the 

expansion of an external bio-calcified rigid architectural pattern, the shell. The shells of mollusc 

(gastropods and bivalves) provide a reliable means of protection to their soft body against 
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predators, and used for precluding desiccation [9]. Mollusc shells are one of the most studied 

composite biomaterials and probably the fascinating species in the world of the living. They 

consist of non-calcified outer layer – periostracum, highly oriented calcium carbonate crystals 

that interspersed with thin sheets of organic macromolecules (the organic matrix). While total 

organic content that intercalated within the calcareous biominerals can be measured by thermal 

gravimetric analysis (TGA) and typically finds a total organic content that never exceeds 5%wt, 

these organics are organised in two different shell layers: The innermost layer is aragonitic and 

an outer layer, usually prismatic (Figure 1.2), depicts either aragonite or calcite, whereas 

metastable polymorph – vaterite is usually associated with shell repair [9, 55]. 

Regarding microstructure, molluscs used seven main types to fabricate their shells and these 

include nacre (columnar and sheet), prismatic, crossed lamellar (simple and complex), 

homogeneous and foliated (Figure 1.3) [56]. Among these microstructures, crossed lamellar is 

the most common followed by nacre and prismatic microstructures, respectively and perhaps, 

followed by homogeneous [9, 57].  

1.5.1 Prismatic microstructure  

The prismatic layers in calcareous biominerals show considerable diversity in structure, for 

example, individual prisms may be either single crystals or polycrystalline [58]. Carter [9] 

showed that the prism morphology is not uniform in all calcareous shells; they are found with 

different length/width ratios; regular or irregular cross-sections or may consist of fibrous, and 

or composite structure. 

The prismatic layer from bivalve shells such as Pinctada fucata, has regular, which is called 

simple prismatic microstructure. The shell layers are mutually parallel with adjacent units that 

do not actively interdigitate along mutual boundaries [9]. However, other shells consist 

irregularly or regularly shaped first order prisms which are in turn comprise parallel or fan-like 
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(or feathery) shaped aggregates of fibrils or second order prisms or radial laths in vertical 

sections [9, 59, 60].  

 

 

Figure 1.2: (a) Cartoon of biologically-formed shell materials. The image shows the 

interlayering of the inorganic matrix with bioorganic macromolecules. The bioorganic matrix 

appears as thin layers and provides substrate to lead the onset of newly formed layers; (b) 

demonstrates SEM image of interlocking aragonite tablets that constitute the nacreous layer; 

(c) depicts SEM image of prismatic calcitic outer layer of calcareous shell. [Adapted from [61]].   

1.5.2 Nacreous microstructure  

Nacreous structure, exclusive to molluscan families, found in gastropods, bivalves and in 

the septal chamber of cephalopod Nautilus composed of continuous lamellae built of polygonal 

tablets [9]. The diameter of a tablet is in the range 5-15 µm, the thickness of the tablets in the 

gastropod is about 0.5 µm, and it is around 0.3 µm for bivalve nacre shells. The lamellae are 
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separated by sheets of interlamellar organic matrices, and each tablet is surrounded by 

intertabular organic matrices [6, 62, 63].  

Depending on the mode of polygonal tablets, there are two types of nacreous structures 

(Figure 1.3) when comparing the calcareous shells. In gastropods and to some extent in 

cephalopods, nacreous layer is stacked in columns [64, 65]. This microtexture is covered with 

a surface membrane thus protects the growing biogenic structural (nacre) surface from damage 

and desiccation when the soft-body of the animal withdraws into itself, shell. In bivalvia shells, 

however, the individual tablet-like crystals have a staggered ‘bricks and mortars wall’ 

appearance [66]. This latter one is known as sheet nacreous structure. 

1.5.3 Homogeneous microstructure 

Homogeneous microstructure refers to calcareous shell structures which do not present a 

superficial organisation of crystallites when observed with optical and scanning electron 

microscopies [9]. According to Boggild (1930), who described homogeneous structure from 

thin-sections imaging, this layer lack discernible substructure but has an arrangement of the 

crystallographic axes. Moreover, Kobayashi defined it as the aggregation of granule particles 

with more or less equidimensional [67], haphazardly shaped crystallites lacking clear-cut first-

order architectural hierarchy except for possible accretion banding [68, 69]. While nature has 

found a way to insert organic macromolecules within shell mineral, the composition of the 

organic scaffold in homogeneous shell structure has not been characterised.  

1.5.4 Crossed lamellar microstructure  

The primary characteristic of crossed lamellar microarchitecture consists two sets of 

elongated crystals, each of which is tilted at some angle to the surface of the calcareous 

biomineral. Twinning of the aragonite crystals is ever-present in this microstructure [70, 71], 

and some structural models have described the architectural pattern (e.g. Figure 1.3b). 

Accordingly, fourth-order lamellae are stacked together in a particular direction and form thin 
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lamellar prisms called third-order lamellae. It was reported in ‘the literature’ [9, 57, 72-74] that 

third-order lamellae aligned in parallel and create second-order lamellae (broad tablet), which, 

in turn, arranged alternately changing the direction of the c-axis and hence piled up to form a 

series of undulating aragonite thick blocks, which may be hundreds of micrometres long – first 

order lamellae.  

 

Figure 1.3: Schematic diagrams for shell microstructures: (a) the most common 

microstructures. Note: Ar = Aragonite and Ca = Calcite; (b) the hierarchical order of the crossed 

lamellar microstructure showing (A) first order, (B) second order, (C) third order and (D) fourth 

order lamellae. Figure adapted from Eichhorn et al. [56].  

 

Crossed lamellar shell is highly mineralised, circa 99 wt% with a low amount of organic 

macromolecules, circa 1 wt%, and possess unusual mechanical performance [75, 76]. The effort 
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to characterise the organic macromolecules from nacre has an extensive history, whereas 

comparable effort is lacking for the most widespread microstructure – crossed lamellar. Herein, 

shell macromolecules are characterised from crossed lamellar bivalve shells, including proteins, 

polysaccharides and lipids. 

1.6 Shell macromolecules (the organic matrix) in calcareous biominerals 

The characterisation of ‘modern’ shell model started in 1969 with the work of Bevelander 

and Nakahara [77]. These authors studied some nacreous shells via electron microscope and 

proposed a ‘compartment model’. Preformed interlamellar sheets existed for inorganic tablets 

to mineralise, however, Bevelander and Nakahara did not characterise the composition of the 

organic matrix. Due to the exceptionally architectural pattern in nacre, researchers from several 

fields including materials science, biochemistry and chemistry, and beyond have devoted to 

studying the composition of organic matrix and the inorganic minerals of the innermost layer 

of shell-bearing mollusc – nacreous.  

The organic matrix within the nacreous layer (interlamellar, intertabular and intracrystalline) 

includes three main components: 1) acidic glycoproteins [63], some of which serve as 

nucleating centres for aragonite [78, 79]. 2) alanine- and glycine-rich silk-like fibril proteins 

[63, 80], present in a hydrated gel-like state [8]. 3) Polysaccharide β-chitin, positioned in the 

inter-lamellar matrix, serves as a scaffold [8, 81].  

Regardless of phylum and shell microstructures, the concept of an organic matrix can be 

categorised into two fractions based on the demineralisation methods: i) the soluble organic 

fraction; ii) the insoluble organic fraction. Soluble organic moieties (including acidic 

glycoproteins/polysaccharides and/or proteoglycans) can further be classified into acid, water 

and EDTA; also, insoluble fraction can be grouped into acid insoluble – detergent-soluble 

components and acid-insoluble – detergent-insoluble organic fractions [45].  
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The soluble organic constituents such as nacrein [82], mucoperlin [83], N14 [84], Asp-rich 

hydrophilic [85] and Gly-rich peptides [86] are perhaps intracrystalline biomolecules regulating 

morphology and crystal growth. Tens to hundreds of different proteins [87-89] as well as silk-

like fibroin gel [90, 91] are incorporated in bivalve shells. Not all of these components 

participate in shell mineralisation and fully characterising the organic moiety in shells is 

challenging. Nevertheless, numerous shell-associated matrix proteins have been characterized 

up to now, and show that the ‘shellome’ (i.e. the shell protein content active in matrix 

mineralisation; [89, 92] is apparently species-specific with very few similarities between 

different calcareous biominerals [84, 90, 93]. Moreover, the composition of the organic matrix 

changes between biominerals from related species with the same microstructure, this was 

evidenced within the matrix proteins of Pinctada margaritifera using SDS-PAGE and mass 

spectroscopy analysis [94]. 

Investigations of demineralised mollusc shells have shown that intercrystalline organic 

matrix is usually composed of highly oriented insoluble polysaccharide – β-chitin [8, 95]. β-

chitin, a crystalline biopolymer (1 → 4)-linked 2-acetamide-2-deoxy β-D-glucan [96], 

sandwiched between layers of silk fibroin-like proteins is known to be coated by 

macromolecules rich with acidic sidechains (Figure 1.4) [85, 89, 97].   

In mollusc, chitin was first identified in the shells of Nautilus species by using the chitinases 

histochemical treatment [98] and subsequently by many other authors (e.g. [63, 80, 99]. Weiner 

et al. used bioanalytical techniques to reveal three-dimensional biomatrix in shells and 

concluded that chitin is present in some molluscs and absent in others. Whereas other authors 

hypothetically declared that no significant differences in the abundance of polysaccharide β-

chitin between nacreous layers of nacroprismatic shells [8]. Recently, Osuna et al. showed 

minor chitin component that forms a complex with the protein coat in the nacreous layer of 

bivalve Pteria hirundo shells [100], and thus contradict long-standing opinion concerning chitin 

as a major organic scaffold in nacre. While the hypotheses regarding the distribution of chitin 
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in nacre differ, very little is known to date about the organic scaffold in non-nacre, such as 

crossed lamellar and homogeneous shells.  

1.6.1 Hydrophobic proteins - Silk fibroin gel 

As described above, the effort to characterise shell-associated macromolecules has an 

extensive history. Much of that effort has focussed macromolecules rich with acidic sidechains 

(e.g. [85, 89, 97]) and chitin (e.g. [101-103]), whereas less attention has been devoted to the 

(typically) hydrophobic proteins - silk-like gel. The composition of organics in nacre constitutes 

the high amount of glycine, alanine and serine (ca 60%) characteristic of silk fibroin-like 

proteins [88, 91]. Although, the percentage of these residues are not always high, varied from 

shell to shell and within the same species [104]. Nonetheless, silk fibroin-like protein was 

proposed to be a space-filling agent, and thus provide and maintain the appropriate 

microenvironment for shell mineral [8, 95, 105]. In vitro study demonstrated that fibroin-like 

gel is a mild inhibitor of mineralisation, it could inhibit the precipitation of a critical nucleus 

from growing [8]. Gel-like organic matrix can also act as a site directing agent by either 

suppressing calcium carbonate crystallisation or modulate the growth of inorganic grains until 

stepwise transformation of inorganic mineral is in contact with the nucleating site or with the 

already formed shell mineral [2, 8]. In vivo studies revealed that silk-like hydrogel proteins do 

not occur alone, it attached with the chitin-containing carbohydrates. That such constructs are 

reasonable is supported by the observation of chitin fibres as a minor protein-associated 

component in the silk ducts of both the spider Nephila genus and the Bombyx mori silkworm 

cocoons [100]. 

The ability of arthropods to produce structural silk fibroin fibres is ancient [106, 107]. Two 

types of silk fibroins: Bombyx mori silkworm cocoons and dragline spider silk have been 

studied extensively (e.g. [108-110]). As is typical to silk fibres, they consist crystalline domains 

[108] and adopt an antiparallel β-pleated sheet conformation [109]. These domains have a 
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highly ordered and hydrophobic surface upon which hydrophilic sidechains adsorbed from 

solution, and thus enabled the strength and resiliency of silk fibres [111]. Up to date, no 

evidence of crystalline domains in the silk-like fibroin of mollusc shells. This work has 

demonstrated that the organic matrix in nacre is strikingly comparable to the spider dragline 

silk and Bombyx mori silk cocoon. 

 

Figure 1.4: Cartoon of the organic matrix in the nacreous layer of Atrina according to Levi-

Kalisman et al. [95]. Polysaccharide β-chitin is interspersed in a highly hydrated silk fibroin 

gel. The gel includes soluble acidic glycoproteins rich in aspartic acid, and thus bound to the β-

chitin surface by means of hydrophobic or electrostatic interactions. 

1.6.2 Soluble acidic polysaccharides in calcareous biominerals  

Amino, neutral and acidic sugars constitute a part of the polysaccharide fraction [112, 113] 

and bound covalently to the protein core (Figure 1.5) [113]. Polysaccharides could be 

negatively charged containing sulfates, (poly)carboxylates or phosphates as functional groups, 

and bind to Ca2+ ions. Polysaccharide components lowering the interfacial energy between the 

solution and the macromolecular substrate, and therefore guide crystal nucleation and growth 

[114, 115]. 
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Figure 1.5: Cartoon of a proteoglycan showing chain of glycosaminoglycan (GAGs) that 

covalently linked to a protein core (PC). The GAG chain is attached to amino acid (serine) of 

the protein core via a linkage region comprised of a D-glucuronic acid (GA), one xylosyl group 

(X) and two D-galactose residues. From Arias et al. [113]. 

  

Post-translational modifications of proteins including, glycosylation, phosphorylation or 

sulfatation have been detected in shell-bearing molluscs by specific staining, such as Alcian 

Blue or by using bioanalytical techniques such as Fourier Transform Infrared (FTIR) (e.g. [112, 

116, 117]). Based on histochemical protocols, Crenshaw and Ristedt [118] provided first 

evidence concerning the structure and composition of crystal nucleation sites. These authors 

decalcified nacreous layer of Nautilus pompilius shells, and therefore stained the interlamellar 

matrix to reveal the locations of sulfates, carboxylates and calcium binding sites. Crenshaw and 

Ristedt showed the acidic polysaccharides alongside with calcium binding properties in a 

specific regions within the sheets of shell macromolecules (the interlamellar matrix).  
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Following the work of Crenshaw and Ristedt [118], Nudelman et al. [119] further 

demonstrated that the acidic glycoproteins that present in Nautilus pompilius shells are 

chemically functionalised with sulfates and carboxylates. Similar findings are reported for  

gastropod Haliotis rufescens shells [120]. Bezares et al. showed in H. rufescens a carboxylates 

rich region at the centre of an interlamellar layer; surrounding the centre of an interlamellar 

layer there is a ring-shaped region rich in acidic sulfates [120]. The cephalopod Nautilus 

pompilius shell and gastropod Haliotis rufescens shell showed similarities in the structural 

mechanisms of an interlamellar matrix [119, 120]. Whereas in one of the well-studied bivalve 

shells – Atrina rigida, the location of sulfates and carboxylates could not be identified within 

the interlamellar matrix [119]. These findings assumed differences in the overall composition 

and structural mechanisms of an interlamellar matrix in shell-bearing molluscs. 

1.6.3 Organic matrix of the shell of foraminifera 

The occurrence and structure of the organic matrix, especially acidic polysaccharides, are 

essential for several calcium carbonate-based biominerals, such as foraminifera. Foraminifera 

is found in most marine environments, including the deep sea (benthic) and the upper water 

column (planktonic) [121]. These boring organisms that sometimes attached to the mollusc 

shells secrete special cementing membranes for firm attachment [122]. Cementing membranes 

include shell macromolecules and a certain amount of inorganic matrix [123]. These 

membranes comprised almost entirely of over-sulfated glycosaminoglycans [124, 125]. Unlike 

in the mollusc shells, the role of glycosaminoglycans (GAGs) is well-defined in the formation 

of foraminifera. GAGs form organic linings in foraminifera [126] and also play important role 

in biological morphogenetic processes [126, 127]. GAGs determined viscoelastic performances 

and used as attachment devices in a variability of epiphytic foraminifera [126]; and also serve 

as organic templates or stages for mineral deposition [128]. While the total organic 

macromolecules in foraminifera are minor [125] compared with the shells of mollusc [2] albeit 
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important in the calcareous formation, these components can be detected either by specific 

histochemical studies, such as Alcain Blue, periodic acid Schiff [122] or FTIR analysis [125, 

129]. 
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Abstract  A detailed characterisation of the organic composition of Arctica islandica 

(Linnaeus, 1767) shells with homogenous microstructure is compared with nacroprismatic 

shells of Pinctada fucata martensii (Dunker, 1872), Hyriopsis cumingii (Lea, 1852) and 

Diplodon chilensis patagonicus (d’Orbigny, 1835). Thermogravimetric analysis shows lowest 

total organic contents of 1.65 wt% for Arctica islandica shells, while all nacroprismatic shells 

are higher (3.14 - 4.13 wt%). Macromolecules extracted from the nacroprismatic shells are 

dominated by hydrophobic amino acids (~54%) in the acid extracts, while EDTA-extracts are 

moderately rich in aspartate and glutamate (16% in total) and in glycine-alanine (42%). In 

comparison, Arctica islandica shells have higher concentrations of proline, glycine and 

aspartate (ca 40%). Infrared spectroscopy shows some acidic protein bands in Arctica islandica, 

which cannot be found in the nacroprismatic shells. Alcian Blue and/or modified silver staining 

methods reveal many prominent bands. Protein bands at around 10, 14, 17, 21, 26, 31, 40 and 

55 kDa are detected in Arctica islandica shells for the first time, thus may constitute a new set 

of proteins in mollusc shells. SDS-PAGE exhibits apparent molecular weights from 5 to 63 kDa 

in nacroprismatic shells. Distinct protein bands at around 17 and 26 kDa in Arctica islandica 

shells may correspond to a post-translational modification of proteins; these prominent bands, 

however, are absent in the nacroprismatic samples. Contrarily, SDS-PAGE of both, 

homogeneous and nacroprismatic shell microstructures show nonacidic-matrix-proteins. 

Keywords Arctica islandica; Pinctada martensii; nonacidic-matrix-protein; 

glycosaminoglycans; proline; carbohydrate-protein-linkage 
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2.1 Introduction 

2.1.1 Mollusc shell biomineralisation 

Mollusc shells are natural biocomposites of calcium carbonate phases, such as calcite or 

aragonite, intimately intergrown with organic macromolecules [1]. The organic moiety in 

bivalve shells contains a mixture of lipids, glycoproteins, proteins and polysaccharides-chitin 

[2-4], with variable ratios of proteins and polysaccharides depending on the species. The 

organic macromolecules are actively involved in shell formation and have been shown to 

control virtually all levels of mineralization, including which mineral polymorph is formed (e.g. 

calcite, aragonite, vaterite), sizes and shapes of the grains, and the overall microstructure of the 

skeletal hard parts [5].  

Due to this crucial role in shell formation, the organic matrix in bivalve shells has received 

increased attention, resulting a number of proteins potentially involved in the control of bio-

carbonate formation having been described to date [6, 7]. These proteins contain carboxylates, 

sulfates, or phosphates as functional groups, which may bind to Ca2+ ions, thus lowering the 

interfacial energy between the solution and the macromolecular substrate and, in this way, being 

able to guide crystal nucleation and growth [8, 9]. 

Much of our knowledge about the composition and function of the organic matrix in mollusc 

shells is restricted to bivalves with nacroprismatic shells, whereas very little is known about the 

organic components in calcareous biominerals with different shell microstructures, such as 

crossed-lamellar or homogeneous structures [10-12]. Arctica islandica (Linnaeus, 1767) 

(Bivalvia: Veneroida), an extremely long-lived bivalve (>400 years) [13] has a distinct and 

complex shell structure, referred to as ‘homogeneous’ [14]. The biogenic material has gained 

considerable importance for climate reconstruction in the northern hemisphere [15]. Despite its 

importance, very little is known to date about the organic moieties in the calcareous biominerals 

of this species. In this study, we present the first detailed characterization of the shell organic 
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matrix of Arctica islandica and compare it to different bivalve shells with nacre-prism 

microstructure from marine and freshwater environments.  

2.1.2 Shell microstructures   

The homogeneous microstructure is widely distributed in the mollusc phylum. However, 

mollusc shell families consisting entirely of homogeneous layers are relatively rare in 

comparison to families with other shell microstructures such as the nacroprismatic structure 

[16]. Arctica islandica shells are completely aragonitic and have a two-layered structure that 

consists of granular and irregularly arranged micrometer-sized aragonite prisms but lacks any 

readily visible architecture [17]. According to Taylor [16], some of the mollusc shell families 

with almost entirely homogeneous layers descended from a nacroprismatic evolutionary 

ancestor.  

The nacroprismatic structure is similarly widespread in the mollusc class [11] and consists 

of an outer layer of prism-shaped aragonite or calcite grains in individual organic envelopes 

and an inner layer of aragonite tablets arranged in a ‘brickwall’-like way and individually 

separated by peripheral thin layers of organic matrix [18]. In marine bivalve shells as Pinctada 

fucata martensii, the outer prismatic layer is typically calcitic, whereas freshwater shells with 

this microstructure (Hyriopsis cumingii, Diplodon chilensis patagonicus) are entirely 

aragonitic. 

A major question in understanding the parameters governing the formation of different types 

of shell microstructure is whether shells with different microstructures contain a similar 

population of matrix proteins, or not. A first step is to characterize and compare the bulk 

composition of soluble organic molecules in shells with different microstructures, which is what 

we are attempting here.  
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2.1.3 Organic macromolecules in bivalve shells 

Generally, organic macromolecules in bivalve shells amount to less than 5 wt%  and can be 

extracted by decalcification using water- [4, 19, 20], EDTA- [4, 21, 22] or acid-based methods 

[20, 23, 24]. A large part of these macromolecules are composed of hydrophobic components 

such as chitin or silk-fibroin. These insoluble molecules are often intimately associated with 

acidic proteins, forming an extensive three-dimensional architecture [3]. In contrast, the soluble 

moiety is relatively low in content (< 2 wt%), and is composed of acidic proteins, glycoproteins, 

polysaccharides and polypeptides. Both, insoluble and soluble organic moieties are involved in 

carbonate crystal formation and particularly the silk-like protein component of the shell 

macromolecules is thought to have an important function in the biomineralization processes 

[5].   

Depending on the extraction method, the organic shell component shows somewhat differing 

composition: water-based extracts after decalcification tend to have higher percentages of silk-

like gel (glycine and alanine), whereas EDTA extracts generally show higher of acidic amino 

acid concentrations [4]. Pereira‐Mouriès et al. (2002) suggested that the water-based methods 

mobilizes apolar proteins that are covalently attached to sugars, whereas these components are 

insoluble when using EDTA [4, 25]. Furthermore decalcification using water-based methods is 

less aggressive compared to extraction methods using acid or EDTA, which can be partially 

destructive for the organic molecules [19]. In this study, we present complementary results 

using both methods and aim at improving recovery. 

2.2 Materials and methods 

2.2.1 Materials 

Arctica islandica (Arcticidae; Linnaeus, 1767), Hyriopsis cumingii (Unionidae; Lea, 1852), 

Diplodon chilensis patagonicus (Hyriidae; d’Orbigny, 1835) and Pinctada fucata martensii 
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(Pteriidae; Dunker, 1872) shells were used in this study. Samples are grouped by structure into 

nacre-prism structure (H. cumingii, D. chilensis patagonicus and P. fucata martensii) and 

homogeneous structure (A. islandica). All samples are entirely aragonitic except for P. fucata, 

which has a calcitic prism layer. H. cumingii and D. chilensis patagonicus are freshwater 

species, while P. fucata and A. islandica are marine bivalves.  

2.2.2 Sample preparation and characterization  

All shells are covered by an organic periostracum [26], which was mechanically removed 

with a DREMEL drill (Wisconsin, USA). Only ca. 2 mm of the outer shell containing the 

periostracum was removed. Mechanical removal of the periostracum also partially removed the 

prismatic layer, while complete removal of the prismatic layer is unlikely. The outer prismatic 

layer in the shells of all nacroprismatic bivalves studied here is of variable thickness, but is 

generally between 3 and 4 mm thick, while the nacreous layer is much thicker and generally 

makes up over 90% of the mineralized shell. Though small differences in compositions of the 

prismatic and nacreous layers in bivalves have been reported in the literature [27]; all our 

analyses are dominated by the composition of the nacreous shell layer. For homogeneous A. 

islandica shells and unlike for nacroprismatic shell, no significantly texturally different shell 

layers are known [28].  

After mechanical cleaning, the fragments were immersed in 30% H2O2 (Merck KGaA, 

64271 Darmstadt; Germany) for 1 h at room temperature combined with ultrasonic treatment 

to remove any organic contaminants, washed extensively with Milli-Q water and rinsed with 

acetone to facilitate drying. After drying in air, the samples were powdered in a cleaned rock 

mill before Thermogravimetric Analysis (TGA) was conducted using a TGA 2050 

Thermogravimetric Analyzer (TA Instruments, USA). About 30mg of powdered sample was 

measured in a temperature interval from room temperature (21oC) up to 1000oC at 10oC/min 

steps under nitrogen atmosphere. 
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2.2.3 Extraction of organic macromolecules 

Powdered samples were decalcified for about 2 days either with a 10% 

ethylenediaminetetracetic acid disodium salt dihydrate (EDTA; Sigma-Aldrich) adjusted with 

KOH to pH ~8.0 or in 1 mM of HCl (pH > 5). After the addition of HCl solution to the shell 

material, pH of the shell solution was raised with Milli-Q water to the ~ 7. The extracts were 

centrifuged at 10,500 rpm (4oC) for 20 min to separate the soluble and insoluble fractions. This  

 

Figure 2.1. Differential thermal analysis (a) and Thermogravimetric analysis (b) show thermal 

stability and total organic matrix of homogeneous (AI: Arctica islandica) and nacroprismatic 

(HC: Hyriopsis cumingii, DC: Diplodon chilensis patagonicus and PF: Pinctada fucata 

martensii) shell structures. The bar chart insert in (b) represents the calculated total organic 

matrix for the range 150–500oC.  

 

procedure resulted in four different samples for A. islandica and H. cumingii shells, namely 

soluble fractions in EDTA (‘EDTA-Soluble Moiety’: ESM) and in dilute HCl (‘Acid-Soluble 

Organic Moiety’: ASM) as well as insoluble fractions (‘EDTA-Insoluble Moiety’ EIM and 

‘Acid-Insoluble Organic Moiety’ AIM, Table 2.1). D. chilensis patagonicus and P. fucata 

martensii samples were decalcified only in 1mM HCl (pH > 5) not in EDTA, resulting in ASM 

and AIM fractions from these shells (Table 2.2).  

In order to remove EDTA and HCl prior to lyophilisation, all insoluble fractions were 

washed thoroughly with Milli-Q water. Since EDTA can be removed by leaching from the 
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matrices when soaked or flooded with water [29], the soluble fractions (EDTA and HCl based) 

were mixed with equal volumes of water and stored at 4oC for about one month prior to 

concentration and lyophilization. Fractionation followed the method described by Rahman et 

al. [30] using Sep-Pak C18-2g (Waters Corporation Milford, MA, USA). 

Additional organic matrix extracts were obtained without prior decalcification to study 

potential variations in ratios of charged to hydrophobic organic molecules and variations for 

Ca2+ binding polypeptides. For this purpose, coarsely fragmented samples (~500 mg each) were 

partly decalcified in 20% HCl for ca. 10 min at room temperature. The extracts were centrifuged 

and the soluble extracts were dried using SpeedVac dryer. 

2.2.4 Fourier Transform Infrared Spectroscopy and Amino Acid Analysis 

Fourier Transform Infrared (FTIR) spectra were measured from lyophilized samples of the 

soluble fractions (ESM, ASM) with a Thermo Nicolet iS10 ATR-FTIR spectrometer (Nicolet, 

MA, USA) equipped with a smart performer accessory in air. Spectra were acquired between 

4000 and 500 cm-1 with 64 accumulations and a resolution of 4 cm-1. Backgrounds were 

recorded at the start of the analytical session and approximately after every half hour. 

For the analysis of amino acids, samples were acid hydrolysed with 6 M HCl for 24 h at 

110oC under nitrogen. Subsequently, hydrolysed samples were dissolved in Milli-Q water and 

an aliquot was derivatized with AQC reagent [31] using AccQTag Ultra derivatisation kit 

(Waters Corporation, Milford, MA, USA). The separation and quantitation of the 16 acid 

hydrolysate amino acids was performed using a ACQUITY ultraperformance liquid 

chromatography (UPLC) system and BEH RP C18 1.7µm column (Waters Corporation, 

Milford, MA). A detailed protocol is described in Truong et al. [32]. The amino acid 

compositions expressed as mole percent represent the average of duplicate results (Table 2.1 

and 2.2). Due to the deamidation of glutamine to glutamic acid and asparagine to aspartic acid 

under acidic conditions the amounts reported for Glx and Asx are the sum of those respective 
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components. Cysteine and tryptophan are partially destroyed by the acidic conditions and were 

not quantified. 

2.2.5 Polyacrylamide gel electrophoresis of proteins 

The separation of matrix components was performed under denaturing conditions by mono-

dimensional SDS-PAGE using Laemmli sample buffer. Soluble organic matrix fractions were 

used for electrophoresis analysis at 200V. Proteins were separated on a pre-cast NuPAGE 4–

12% Bis-Tris gel in MES running buffer according to protocols supplied by the manufacturer 

(Invitrogen; Carlsbad, CA, USA). After electrophoresis, the gels were stained with Coomassie 

Brilliant Blue G-250 and/or silver nitrate, Alcian Blue and/or modified silver nitrate. The 

Coomassie Brilliant Blue G-250 staining was followed by fixation in ammonium sulphate 

solution overnight. After recording the bands on the gel, it was destained in 10% glacial acetic 

acid overnight and stained with silver nitrate. For this step, a modified method was developed 

based on [33]. The modification entailed omission of the prefixed step, soaking of the gel in 

Milli-Q water for 3 h and use of 10 μg dithiothreitol for 20 mins. The molecular weights were 

estimated using the pre-stained (Invitrogen) Novex Sharp standard MW-SDS marker kit for 

electrophoresis.   

Gels were also studied for potential glycosylation in the ASM and ESM fractions. 

Saccharides were studied using Alcian Blue 8GX [34] at pH 1 for the very specific acidic 

sulfated sugars, and subsequently stained with modified silver nitrate. The gel was washed with 

50% ethanol twice to ensure clear backgrounds. The modification to the staining comprised 

fixation of the gel in 10 vol% methanol and glacial acetic acid, respectively and sensitisation in 

10 vol% glutaraldehyde for 30 mins, prior to staining. After staining, the gel was soaked in 10 

μg/mL dithiothreitol for 20 mins and the impregnation step was performed by treatment with a 

solution containing 6 mM silver nitrate and formaldehyde for 30 mins. Subsequently, the gel 

was developed in a solution containing 3 wt% sodium carbonate and formaldehyde. Staining 
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was terminated by adding citric acid (44 wt% in milli-Q water) and rinsing in Milli-Q water 

before scanning. 

 

Figure 2.2a. FTIR spectra of Acid-Soluble Organic Moiety (ASM) of A. islandica, P. fucata, 

D. chilensis and H. cumingii. The grey bar indicates the wavenumber region between 1800 and 

1400 cm-1, which contains bands for amide I, II and the secondary structure of proteins. The 

shaded area is depicted in more detail in Figure 2.2b. 

2.3 Results 

2.3.1 Total organic content 

Thermogravimetric Analysis coupled with Differential Thermal Analysis (TGA/DTA) were 

used to investigate thermal stability and total organic contents of the shells. Peaks in the range 

190-464oC (Figure 2.1a) are due to combustion of the complex mixture of proteins, 

glycoproteins and polysaccharides occluded in the shells and to transformation of aragonite to 
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calcite. At 747-765oC breakdown of calcium carbonate to calcium oxide and CO2 is recorded. 

The weight loss of 41-42% (Figure 2.1b) at this temperature corresponds to the theoretical value 

of CO2 released (44%) from the calcium carbonate. As determined from these analyses, A. 

islandica shells have the lowest organic content of 1.65 wt % (Insert; Figure 2.1b), while H. 

cumingii contains 3.14 wt%, similar to the D. chilensis shell 3.35 wt%. P. fucata yielded the 

highest content in this sample suite of 4.13 wt%. Thus, the nacroprismatic samples generally 

contain higher organic contents than A. islandica with homogeneous shell structure.  

2.3.2 Bulk composition of the organic matrix 

2.3.2.1 Acid soluble organic matrix (ASM) 

FTIR spectra of the lyophilized ASM extracts from all shell samples are presented in Figure 

2.2a. The organic moiety shows bands mainly in wavenumber areas characteristic for amide A 

(wavenumber area 3500-3000 cm-1), amide B (2990-2800 cm-1), amide I (1700-1600 cm-1), 

amide II (1590-1300 cm-1) and amide III (1290-1190 cm-1).   

Fig. 2b details the wavenumber region between 1400 and 1800 cm-1, which contains bands 

for amide I, II and for the secondary structure of proteins. In this region, differences for the 

ASM between A. islandica and other samples are visible. Peaks at 1716 cm-1 (identified as 

aspartic acid, [23], 1578 cm-1 for aspartate, 1559 cm-1 for glutamic acid, 1508 cm-1  for tyrosine, 

1736 cm-1 for carbonyl of ester and the symmetric carboxylate absorption peak at 1419.4 cm-1 

are present in the shells of A. islandica (Figure 2.2b), while they are generally absent for the 

organic matrix in the nacroprismatic shells. D. chilensis presents an exception with shoulder 

bands at 1714.5 cm-1 for glutamic acid (Figure 2.2b) and 1418 cm-1 for symmetric carboxylate, 

respectively. Here again, the amide II peak near 1542 cm-1 is more distinct for A. islandica 

compared with the other samples. However, amide I peak at 1653 cm-1 for A. islandica is also 

prominent at 1652.5 cm-1 (α-helix conformation) for D. chilensis and 1646 cm-1 (random coil 

structure) for H. cumingii and P. fucata (Figure 2.2a). The band at 1638 cm-1, present in all 
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samples (however as a shoulder in D. chilensis), could be assigned to the secondary protein (β-

sheet) structure, which may originate from N-acetyl groups located on the polysaccharide. 

Similarly, lysine and C-H of aliphatic group peaks are present near 1522 cm-1 and 1456 cm-1 in 

all samples. Amide A and B regions are also present in all samples, but are not characteristic 

for secondary structures (Figure 2.2a). 

 

Figure 2.2b. Detailed FTIR spectra for the shaded area from Figure 2.2a showing the different 

bands in the range 1800-1400 cm-1. 

 

It is possible that the strong amide A, I and II peaks from proteins are also due to the presence 

of sugars as shown by the spectra of chondroitin sulfate A [23]. Contrarily, the absorption bands 

at 1000-1150 cm-1, which are usually considered as characteristic for sugars, are absent from 

protein spectra. Strong peaks are present at 1050-1063 cm-1 (Figure 2.2a) and are assigned to 
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the sugar region. Peaks in this region are more prominent in the A. islandica spectrum compared 

with other samples and imply higher sugar contents in this shell compared with the nacre-prism 

samples. This is supported by the amino acid composition, which shows high concentrations of 

proline (15%; Supplementary Figure 2.1). In contrast, the peak at 1050-1063 cm-1 in ASM 

extracts may point to the presence of glucosaminoglycans [4].  

 

Figure 2.3a. FTIR spectra of Acid-Soluble Organic Moiety (ASM) and EDTA-Soluble Moiety 

(ESM) of AI (Arctica islandica) and HC (Hyriopsis cumingii) showing bands in the range 2000-

500 cm-1. The grey bar indicates the wavenumber region between 1800 and 1400 cm-1, which 

contains bands for amide I, II and the secondary structure of proteins. The shaded area is 

depicted in more detail in Figure 3b. 
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2.3.2.2 Functional groups in the soluble organics and comparison of EDTA and acid 

extracts  

Detailed infrared spectra were collected in the range 2000-500 cm-1 to identify the functional 

groups in both ESM and ASM extracts (Figure 2.3a). In ESM, prominent asymmetric (1583 

cm-1) and symmetric (1409-1408 cm-1) carboxylate bands, amide III band at 1330 cm-1, sulfate 

peaks, probably O-sulfate groups, near 1282.5, 1252, 927 and 854 cm-1 could be assigned 

(Figure 2.3a). Similarly, a sulfated peak appeared at 1252 cm-1 for H. cumingii (ASM) and a 

broad shoulder in this area in A. islandica ( ASM, see Figure 2.3a) could be identified. Amide 

I carbonyl group with bands at 1646 cm-1 (H. cumingii) and 1653 cm-1 (A. islandica) in ASM 

can also be assigned as a weak band in ESM (Figure 2.3a). Specific interpretations of amide I 

bands are difficult due to an overlap of the α-helical with random coil structures, which both 

have bands in this region (Figure 2.2b and 2.3b). Depending on their source and particularly on 

the method of preparation [4, 35], the occurrence of the absorption band in the high-frequency 

wing of the amide II band can be partly merged with carbonyl stretching group [36]. The peak 

used for characterisation of amide II appears at 1542-1542.8 cm-1 in ASM and is also visible as 

a shoulder in ESM for both samples (see Figure 2.3b). 

The region between 800 and 1200 cm-1 was characterized by well-resolved peaks in ESM as 

compared with ASM extracts and could be assigned to polysaccharide groups (Figure 2.3a). 

The peaks at 1112 cm-1 (A. islandica) and 1109 cm-1 (H. cumingii), present in ESM are usually 

attributed to the asymmetric in-phase ring stretching mode of C-O-C [37]. Furthermore, the 

peaks of prominent intensity in the range of 1063-1031 cm-1 (Figure 2.3a) for ESM and ASM 

correspond to the C-O stretching bond in N-acetylglucosamine [38, 39]. The small peaks near 

963 cm-1, 986 cm-1 (ESM)  and a broad peak at 952 cm-1 (ASM)  may be influenced by N-

acetylglucosamine [39]. Amine and/or alkene groups at 881 cm-1 (ESM) and 842-844 cm-1 

(ASM) could also be identified [39]. All spectra in the fingerprint region (754-500 cm-1) 
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including a broad peak at 798 cm-1 (Figure 2.3a) for both ESM and ASM are attributed to 

polysaccharide moieties, probably N-acetylglucosamine [38].  

The A. islandica spectra show some acidic protein bands, which cannot be found in 

nacroprismatic shells. Prominent peaks in the sugar region for the samples studied may 

correspond to the glucosaminoglycans. 

 

Figure 2.3b. Detailed FTIR spectra for the shaded area from Fig. 3a showing the range 1800-

1400 cm-1 for ESM of H. cumingii and A. islandica. 

 

2.3.3 Amino acid composition 

Amino acid compositions are shown in Tables 2.1 and 2.2. Glycine, aspartate and proline 

residues make up ca 40% of the total amino acids in A. islandica followed by glutamate (ca 
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8.5%) (Bulk, AIM, EIM and ESM; Table 2.1). The charge to hydrophobic ratio in ASM is lower 

(C/HP = 0.59) than in ESM (C/HP = 0.85). In ASM, glycine and proline (31% of the total amino 

acids) are the main components followed by aspartate, alanine, threonine and glutamate 

(Supplementary Figure 2.1). These four residues constitute 34% of the total amino acid 

compositions in ASM (Table 2.1). Comparing the results with published data for Mercenaria 

stimpsoni shells with homogeneous microstructure [27], the composition is similar to A. 

islandica with about 37% of the total amino acid composition consisting of aspartate, alanine, 

threonine and glutamate (Supplementary Figure 2.1c). The proportions of proline and glycine 

are higher in A. islandica than in Mercenaria stimpsoni shells; possibly these differences can 

be attributed to sampling preparation techniques and/or the different biological taxonomy of 

these calcareous biominerals. Nonetheless, other microstructures such as crossed lamellar 

reveal relatively higher proportion (40% in total; [27]).   

Table 2.1 Amino acid composition (mole %) in undecalcified (bulk), soluble and insoluble 

organic matrices 

Arctica islandica Hyriopsis cumingii 

Amino Acid Bulk AIM ASM EIM ESM Bulk AIM ASM EIM ESM 

Hisa 1.0 LOR 0.4 LOR 0.6 0.8 0.7 0.4 0.7 0.7 

Serb 5.3 5.4 5.8 5.1 5.6 8.0 8.5 6.9 8.4 7.2 

Arga 6.9 5.4 4.7 5.5 5.1 3.8 3.6 2.6 3.5 3.3 

Gly 14.9 15.8 16.0 20.3 13.9 28.7 28.3 33.5 27.7 27.5 

Asxa 11.7 12.0 9.3 10.9 12.9 8.3 8.7 6.9 8.5 10.0 

Glxa 8.2 9.2 7.3 8.2 8.5 3.7 4.1 3.6 4.2 6.3 

Thrb 6.4 6.3 8.0 5.8 6.3 2.0 2.2 2.6 2.1 3.2 

Alac 6.7 6.6 9.7 6.4 7.8 20.9 20.7 19.0 20.8 14.0 

Proc 13.0 12.6 15.0 12.1 13.1 2.9 2.9 3.3 2.9 3.5 

Lysa 6.1 4.7 3.4 4.6 4.8 2.6 2.5 1.3 2.4 3.1 

Tyrb 3.8 6.0 3.1 6.9 4.7 3.1 3.0 1.3 3.4 2.1 

Metc 2.1 LOR 2.9 LOR 2.5 0.9 0.8 1.8 1.0 1.9 

Valc 5.7 5.1 5.3 4.5 5.5 3.7 3.2 4.0 3.2 4.6 

Ilec 2.8 4.3 3.1 3.8 2.6 2.2 2.1 2.6 2.6 2.9 

Leuc 2.8 4.3 4.0 3.7 3.5 4.7 5.0 6.9 5.2 6.0 

Phec 2.7 2.3 2.2 2.2 2.6 3.7 3.6 3.5 3.5 3.6 

C/HPd 0.94 0.89 0.59 0.89 0.85 0.49 0.51 0.36 0.49 0.64 
a Total charged; b Total uncharged; c hydrophobic residues of amino acid; d Ratio of charged 

to hydrophobic residues; LOR: Limit of reporting. Bulk: undecalcified sample; AIM: Acid-

Insoluble Organic Moiety; ASM: Acid-Soluble Organic Moiety; EIM: EDTA-Insoluble 

Moiety; ESM: EDTA-Soluble Moiety 
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The nacroprismatic shells are generally characterized by high amounts of glycine and 

alanine, followed by polar amino acids (aspartate and glutamate) and serine (Table 2.1, 2.2). 

The composition of the marine nacroprismatic sample (P. fucata) is close to that of the 

freshwater samples, except that the proportion of glycine is higher (33% compared to ~28%), 

while the proportion of hydrophobic amino acids (i.e. alanine) is lower (16% compared to 

~21%). Comparing the results with published data for other shells from the same taxonomical 

orders studied here, Unionoida [20] and Pterioida [4], about 50% of the total amino acid 

composition is in glycine-alanine form (Supplementary Figure 2.1). 

Table 2.2 Amino acid composition (mole %) in undecalcified (bulk), soluble and insoluble 

organic matrices 

                   Diplodon chilensis  

                    patagonicus 

Pinctada fucata  

martensii 

Amino acid Bulk AIM ASM Bulk AIM ASM 

Hisa 0.5 0.7 0.4 0.6 0.7 0.3 

Serb 9.3 8.0 6.9 6.4 6.7 6.0 

Arga 3.9 2.9 2.3 3.8 3.3 2.0 

Gly 27.1 35.6 34.8 32.9 33.1 36.3 

Asxa 8.9 7.2 5.6 9.5 9.5 5.5 

Glxa 3.8 3.4 3.9 3.1 3.2 3.5 

Thrb 1.6 1.3 2.1 1.5 1.8 1.8 

Alac 24.8 18.8 19.9 16.3 14.1 17.5 

Proc 2.0 2.3 3.1 3.1 3.7 4.0 

Lysa 2.7 2.2 1.2 2.3 2.0 1.4 

Tyrb 1.5 4.7 1.9 4.1 5.0 2.7 

Metc 1.0 0.9 2.1 1.5 1.0 1.0 

Valc 2.8 2.3 2.7 3.9 4.4 4.5 

Ilec 2.0 1.7 2.7 2.7 3.3 2.9 

Leuc 4.6 4.2 6.3 5.9 5.8 8.1 

Phec 3.5 3.8 4.1 2.4 2.4 2.4 
C/HPd 0.49 0.48 0.33 0.54 0.54 0.31 

 

Global amino acid compositions show some individual differences in the nacroprismatic 

shells (Supplementary Figure 2.2). The freshwater shell samples (H. cumingii and D. chilensis) 

have a C/HP ratio of 0.49, while the marine sample (P. fucata) yields a slightly higher ratio of 

0.54. ASM extracts of the nacre-prism shells contain a large proportion of hydrophobic amino 

acids (C/HP = ~0.33) and are glycine-alanine rich (54%±1). These characteristics are 
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significantly different to the results for A. islandica, which is rich in aspartate and glutamate 

(21%), has a higher C/HP of ca. 0.90 and a high proline content (ca 13%; Table 2.1).  

2.3.4 Protein size determination 

Various organic fractions of nacre-prism and homogeneous shell structures were analysed 

by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and staining with CBB G-250 and/or 

silver nitrate (Supplementary Figures 2.3, 2.4), and Alcian blue and/or modified silver nitrate 

(Figures 2.4, 2.5). Staining with CBB G-250 did not reveal any protein bands in the samples 

and incubation of the polyacrylamide gel with traditional silver nitrate demonstrated only a few 

protein bands for the ASM and ESM extracts. The unsatisfactory response to routine staining 

methods (including combined silver nitrate and CBB G-250) led us to adapt and develop new 

fixing and staining methods (as described in Materials and Methods) to enhance the visibility 

of protein bands on the polyacrylamide gel.  

For the A. islandica shell (ESM), modified silver nitrate staining visualized prominent 

protein bands at around 40, 26, 17, 14 and 10 kDa, and weaker bands above 160 and at around 

55 kDa (Figure 2.4a, Lane 1). The sugar moiety was confirmed by a specific glycoprotein 

staining in the A. islandica organic matrix (Figure 2.4b, Lane 1). The very broad bands at around 

26 kDa and 17 kDa visible in all staining methods may correspond to post-translational 

modifications (glycosylation, phosphorylation or sulfatation) of proteins in A. islandica, 

however, no protein band was observed in shells of M. stimpsoni and M. lusoria [27], which 

also have homogeneous microstructure. 

For the ESM extract of H. cumingii, the fractionation by SDS-PAGE using modified silver 

nitrate staining (Figure 2.4a; Lane 2) showed protein bands with molecular masses ranging from 

5 to 50 kDa along with a smear from 15 to 30 kDa, probably related to the effect of 

glycosaminoglycans. Weaker bands with molecular weights of 36, 38 and 40 kDa could also 
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be visualized. ESM extracts of A. islandica and H. cumingii (Figure 2.4; Supplementary Figure 

2.4) both showed similar bands at around 5 to 10 kDa and at 40 kDa.   

Alcian Blue and or modified silver nitrate staining of ASM extracts (Figure 2.5) revealed 

many bands in the range 5-110 kDa for all shells. A. islandica shows apparent bands at 21, 31, 

40 and 55 kDa, respectively (Figure 2.5a, Lane 1). P. fucata revealed a prominent band at 40 

kDa (Figure 2.5bs, Lane 1), as well as H. cumingii (Figure 2.5bs, Lane 3). Other bands for H. 

cumingii appear around 21, 31, 45, 58, 63 and 110 kDa, respectively, when silver nitrate 

enhanced Alcian Blue is used (Figure 2.5b+, Lane 3). Similarly, D. chilensis revealed 

prominent bands at around 10 and 14 kDa (Figure 2.5bs, Lane 2). The band at 40 kDa, however, 

has not been observed in nacroprismatic samples before [4, 20]. 

The SDS-PAGE of soluble organic matrix extracts (ASM, ESM) in the studied shells 

revealed many discrete bands of proteins, some of them are reported here for the first time (e.g. 

proteins in A. islandica and D. chilensis shells). Two new glycoprotein bands at around 20 and 

63 kDa (Figure 2.4b; Lane 2) are found in ESM extracts of H. cumingii using combined Alcian 

Blue/silver nitrate staining and are attributed to a novel acidic sulfated glycoproteins for H. 

cumingii. Freshwater (H. cumingii and D chilensis) and marine shells (A. islandica) exhibit 

similar bands in the range 5-10 kDa. The band at 40 kDa is prominent in H. cumingii, A. 

islandica and P. fucata, respectively.  
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Figure 2.4. (a) SDS-PAGE of ESM soluble matrix (100 µg each) stained with silver nitrate + 

50 µL formaldehyde. Lane 1: A. islandica; Lane 2: H. cumingii; Lane M: Standard molecular 

weight (5 µL). The arrows in Lanes 1 and 2 indicate relative molecular weights at 10, 14, 17, 

26, 40, 55 and above 160; and 36, 38 and 40 kDa. (b) SDS-PAGE of ESM, silver nitrate (silver 

nitrate + 50 µL formaldehyde) enhanced Alcian Blue. Lane 1: A. islandica (100 µg); Lane 2: 

H. cumingii (100 µg); Lane M: Standard molecular weight (5 µL). Bands around 17 and 26 kDa 

for A. islandica may be associated with the phosphorylated and/or sulfated structure of the 

carbohydrate-protein-linkage extracted 
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Figure 2.5. SDS-PAGE of ASM homogeneous (a) and nacroprismatic shells (b and b+) soluble 

matrix. (a) and (b) (20 µL respectively) stained with silver nitrate + 50 µL formaldehyde, while 

(b+) stained with Alcian Blue enhanced with silver nitrate + 50 µL formaldehyde. Lane M: 

Standard molecular weight (5 µL); Lane 1A: ASM of A. islandica; Lane 1b and 1b+: P. fucata, 

2b and 2b+: D. chilensis and, 3b and 3b+: H. cumingii. A distinct band at 40 kDa for A. 

islandica, P. fucata and H. cumingii (see Fig. 4 and Fig. 4S Suppl.) agrees well with a similar 

band at 40 kDa found in nacre (Yan et al. 2007). The arrows in (a) indicate the relative 

molecular weights at around 21, 31, 40 and 55 kDa, while the arrows in (b+) designate the 

relative molecular weights at around 21, 31, 40, 45, 58, 63 and 110 kDa. 

2.3.5 Comparison of EDTA and acid decalcification methods 

Two complementary dissolution methods were used to optimize recovery, particularly of the 

soluble organic fraction (e.g. [19]. Our modification of the traditional EDTA decalcification 

method (see method section) was efficient in removing most residual EDTA from the extracted 

soluble organic matrix, which is otherwise a common problem. For instance, comparing the 
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EDTA fractions with literature data, results for acid-extraction [20] match well with the amino 

acid composition of H. cumingii shells except for a difference in alanine, for which a higher 

concentration is reported in the literature (See Supplementary Figure 2.1b).  

The EDTA extracts in our study yielded higher amounts of polar amino acid and higher 

C/HP ratios (Table 2.1) compared to the acid extract. Also, protein bands are more prominent 

in the soluble moiety extracted with EDTA, while the acid extracts generally have higher 

molecular weights (Figure 2.5). This most likely indicates that some constituents, as for 

example silk-like constituent, which is rich in glycine and/or alanine [4, 25], remain in the 

insoluble moiety when the shell is dissolved with EDTA (Table 2.1 and 2.2; Supplementary 

Figure 2.1). 

2.4 Discussion 

The soluble protein portion in A. islandica shells (ASM and ESM extracts) depict eight major 

apparent molecular masses: of 10, 14, 17, 21, 26, 31, 40 and 55 kDa (Figure 2.4 Lane 1; Figure 

2.5a Lane 1). CBB-G250 fails to stain these proteins bands well and the protein bands ranging 

from 5 to 10 kDa show strong negative bands (Supplementary Figure 2.4). As CBB-G250 

predominantly stains the acidic shell proteins, this suggests that a large portion of the organic 

macromolecules in A. islandica shells is non-acidic [40]. CBB-G250 and Alcian Blue enhanced 

with silver nitrate stained three major bands at around 14, 26 and 17 kDa, respectively. We 

propose that these bands (26 and 17 kDa) are associated with sulfated polysaccharides. A band 

stained at around 55 kDa (ASM, Figure 2.5a; Lane 1) may be a proteoglycan band, which are 

glycosaminoglycans associated to a core protein. 

We firstly observed two discrete glycoprotein bands at 20 kDa and 63 kDa amongst the 

soluble organic macromolecules in nacroprismatic H. cumingii shells (EDTA extract; Figure 

2.4b, Lane 2). Similar bands are reported for other molluscs: a 20 kDa protein band was 

observed in the bivalve Pinctada maxima [4, 41] and a 63 kDa acidic glycoprotein was found 
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in the cephalopod Nautilus macromphalus [42]. CBB-G250 and silver nitrate combined stained 

protein bands between 30 and 50 kDa in this extract (Supplementary Figure 2.4, Lane 2). 

Similar bands at 48kDa and 50kDa were observed in freshwater cultured pearls [43] and nacre 

[20] of H. cumingii, respectively. These findings are in accordance with the observation of a 

calcium-binding glycoprotein of an apparent molecular mass of 50 kDa in the bivalves Unio 

pictorum [24] and in Anodonta cygnea [44] that belong to the same taxonomic order as H. 

cumingii (Unionida). 

The soluble organic fraction after acid extraction (ASM) of two nacroprismatic shells (D. 

chilensis patagonicus and of H. cumingii) shells show bands at around 14 kDa and 58 kDa. The 

matrix proteins N14 (pearline) [45] and MSI60 [46] have similar sizes, but detailed proteomics 

would be necessary to further clarify the identity of the bands observed here. Both protein bands 

have also been found in the nacreous layer of Pinctada shells [21], but we did not observe these 

bands in the P. fucata shells studied here (Figure 2.5b; Lane 1). Instead, a prominent peak at 40 

kDa stains in gels from P. fucata is also identified in A. islandica and H. cumingii shells. This 

band is inferred to be a conventional “insoluble matrix protein” [47]. 

Comparison of the organic macromolecules in A. islandica shells with nacroprismatic 

samples exhibit several important differences: The overall organic content is lower in A. 

islandica shells compared with the nacroprismatic samples (Figure 2.1), it contains a higher 

C/HP ratio (Table 2.1 and 2.2), and hence more polar components (aspartate and glutamate) 

compared with the nacroprismatic shells. The composition of A. islandica shells is comparable 

to those of M. stimpsoni except that the total proportion of the polar amino acids as a group, 

namely aspartate, glutamate, threonine, serine and arginine, is relatively higher (42.8% in M. 

stimpsoni compared of 38.4% in A. islandica, see Supplementary Figure 2.1c). We further 

compared the composition of those five residues above with the shells of crossed lamellar 

microstructure [27]. The composition of crossed-lamellar bivalve shells is relatively close 
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(36.0% vs 38.1%) compared to homogeneous A. islandica shell. However, unlike our study that 

reveals many prominent protein bands in A. islandica, shells of M. stimpsoni with homogeneous 

and other bivalve shells with crossed lamellar microstructure showed no protein band [12, 27]. 

The nacroprismatic shells contain higher amounts of organic scaffolding macromolecules, 

including β-chitin lamellar sheets and silk-like fibroin gel [3] than A. islandica. This is 

supported by acidic bands of A. islandica in the FTIR spectra at 1736 cm-1, 1716 cm-1 as well 

as by amide II bands (Figure 2.2b), none of which are present in the nacroprismatic samples. 

Moreover, glycine and alanine are the main fractions in the nacroprismatic samples (Tables 2.1, 

2.2), while A. islandica depicts lower amounts of these molecules (Table 2.1), even when 

considering all proline, glycine and aspartate in their glycine-alanine-rich forms. Furthermore, 

A. islandica demonstrates distinct polysaccharide bands in the FTIR spectra (Figure 2.2a). 

These could be a result of higher contents of proline (15%; Table 2.1) in A. islandica, which by 

far exceed those in the nacroprismatic organic matrices (ca 3%; [20, 40]). 

The composition of the Ca-binding biomolecules in the soluble fractions of the 

nacroprismatic samples obtained by both decalcification methods are similar; they comprise 

glycine, threonine, serine, glutamate and aspartate (ca 54%; Supplementary Figure 2.2) with a 

large proportion of glycine, alanine and serine (ca 60%; Table 2.1 and 2.2) characteristic of silk 

fibroin-like proteins [48]. These findings agree well with the composition of organic matrices 

in the nacre of other molluscs [4, 19, 20, 48] and is similar to the composition of insoluble 

spider silk [49]. Proteins with this amino acid composition are able to form a β-sheet structure, 

which has been proposed to be a key scaffolding constituent in the shell [50].  

Previous studies on bivalve nacre established a major role for acidic amino acids, namely 

aspartic and glutamic acid in biomineralization [5, 40] based on their Ca-binding function. 

However, compared to nacroprismatic shells, the amounts of aspartate and glutamate in A. 

islandica shells are lower (≤ 16% vs >25%), suggesting that this role is not limited to acidic 
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proteins, but extends to other compounds of the organic matrix. Glycosylated proteins with the 

potential to bind Ca2+ ions containing lower amounts of acidic properties (Asx + Glx < 22%) 

but high amounts of hydrophobic proteins (≤ 50%) were identified from Unio pictorium shells 

[24] and cultured pearls of H. cumingii [43, 51]. Previous works [47, 51, 52] suggested that 

aragonite crystal nucleation takes place at a preferential site on the surface of nonacidic matrix 

proteins and other non-proteinaceous macromolecules. This site is identified as rich in sulphur, 

probably in the form of sulfate groups [24].  

Samata [27] analysed the Ca-binding glycoproteins in molluscan shells with different 

microstructures and found the compositions similar between homogeneous and crossed 

lamellar structures. In our study both homogeneous- and nacroprismatic- shells are nonacidic, 

though glycine-alanine forms are prominent in nacroprismatic shells. We suggest that the 

composition of the Ca-binding glycoproteins may vary predominantly according to shell 

structure and/or species. It is obvious that no hydrophobic and/or acidic proteins appear to be 

specific to certain molluscan shell microstructures [27]. 

2.5 Conclusions 

We report the first analysis of shell-associated biopolymers for Arctica islandica shells and 

distinguish the homogeneous Arctica islandica shells from nacroprismatic shells. New staining 

methods for electrophoretic fractionations remove some major problems and improve the 

analysis of shell macromolecules. We show that impregnation of gels with silver nitrate solution 

containing formaldehyde (50 µl in 100 mL) before development can facilitate the visualisation 

of proteins on the gel. Using these newly adapted fixations and staining protocols we show that 

the choice of decalcification method significantly influences the sizes as well as the number of 

protein bands observed on the gels. 

Many protein bands (e.g. around 20 and 63 kDa) are revealed in H. cumingii here for the 

first time. We show that shells with homogeneous and nacroprismatic microstructures have 
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some protein band(s) in common: A. islandica, P. fucata and H. cumingii show a prominent 

protein band at 40 kDa. P. fucata demonstrates just one band at 40 kDa, which is a nonacidic-

matrix-protein [47]. Moreover, the shell macromolecules of all studied samples are overall non-

acidic, containing low amounts of aspartate and glutamate (21% for homogeneous and 16% for 

nacroprismatic shells).  
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Supplementary Material for Chapter 2 

Organic macromolecules in shells of Arctica islandica: comparison with nacroprismatic 

bivalve shells 

 

Supplementary Figure 2.1a. Amino acid compositions of ASM in A. islandica, H. cumingi, 

D. chilensis and P. fucata shells. HC WSM* represents H. cumingii water soluble organic 

matrix from ref. [20]. Blue, red and black colours represent non-polar (hydrophobic), polar 

(charged) and polar (uncharged) except glycine. 
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Supplementary Figure 2.1b. Amino acid compositions of the EDTA soluble organic matrices 

(ESM) in shells of A. islandica and H. cumingii. HC ASM* represents H. cumingii acid soluble 

organic matrix from ref. [20]. 

 

Supplementary Figure 2.1c. Amino acid compositions of the EDTA soluble organic matrices 

(ESM) in shells of A. islandica comparing with shells of homogeneous-type. MS represents 

Mercenaria stimpsoni soluble organic matrix from ref. [27]. In A. islandica, glycine and proline 

are more prominent compared with M. stimpsoni soluble organic matrix. The aspartate (Asx) is 

strikingly analogous despite to the differences in biological taxonomy and preparation 

techniques. See text for the detail. 
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Supplementary Figure 2.2. Comparative analysis of the total amino acid of soluble organic 

matrix (a), bulk (undecalcified) organic matrix (b) and percentage of Ca2+ binding polypeptides 

from the soluble matrix (a+) and the bulk (undecalcified) matrix (b+). Acid soluble matrix 

(ASM) and EDTA-soluble matrix (ESM) of AI (Arctica islandica), HC (Hyriopsis cumingii), 

DC (Diplodon chilensis patagonicus) and PF (Pinctada fucata martensii). 
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Supplementary Figure 2.3. SDS-PAGE comparison of EDTA and acid soluble matrices from 

shells stained with silver nitrate. (a) A. islandica soluble matrix, Lane 1: ESM (8 µL aliquots of 

the sample). Note: 20 µL aliquots of the sample was used and the same bands were observed; 

Lane 2: ASM (20 µL aliquots of the sample), no protein bands were revealed. (b) nacroprismatic 

shells, each lane was loaded with 20 µL except Lane M (molecular weight) with 10 µL. Lane 

1: ASM P. fucata; Lane 2: ASM D. chilensis; Lane 3: ASM H. cumingii; Lane 4: ESM H. 

cumingii; Lane M: Standard Molecular weight. The arrows on lane 1 and 3 indicate weak bands 

at around 160 and 110 kDa respectively. 
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Supplementary Figure 2.4. SDS-PAGE comparison of ESM and ASM, silver nitrate enhanced 

Coomassie Blue R-250 staining. Each lane was loaded with 20 µL except MW with 10 µL.  

Lane 1: Standard molecular weight; Lane 2: ESM H. cumingii; Lane 3: ESM A. islandica; Lane 

4: ASM H. cumingii; Lane 5: ASM D. chilensis patagonicus; Lane 6: ASM P. fucata martensii. 

Note: No protein bands were revealed for ASM A. islandica (not shown). The rectangular box 

on Lane 4 denotes the band at 40 kDa. This is the only staining technique that revealed protein 

band at around 14 kDa for ESM A. islandica.
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ABSTRACT Shells of bivalve are nanocomposites consisting of inorganic-organic 

components, and thus exhibit stiffness higher than that of their pure inorganic counterparts. 

Identifying a three-dimensional shell biopolymer is therefore a crucial step in improving our 

understanding towards the formation of biominerals. Here, the biopolymers from nacreous layer 

of shells Pinctada maxima, Alathyria jacksoni, Hyriopsis cumingii and Cucumerunio 

novaehollandiae, and homogeneous Arctica islandica shells have been studied by solid-state 

NMR. In the organic matrix of nacre, taken as a group, the chemical shifts found for the alanine 

and glycine carbon atoms classify their local environment as extended -pleated sheets, one of 

the hallmarks of the important structural protein, which is called silk fibroin fibres. However, 

in homogeneous Arctica islandica shells, 13C CP MAS spectrum exhibits gelatin—a degraded 

form of collagen. Scanning electron microscope imaging of the organic extract of the Arctica 

islandica demonstrates the mesh networks formed by type IV collagen which is quite unlike 

the silk-like fibrous structure found in the nacre. While we show that the organic scaffolds in 

nacre and homogeneous are species-specific, this work presumes the 20 naturally occurring 

amino acids are the essential ‘toolkit’ for the formation of a three-dimensional assembly of 

organic matrix in calcareous biominerals. 

 

 

KEYWORDS: Polyamino acids, -pleated sheets, Chitin, Crossed lamellar, 

Biomineralisation. 
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3.1. INTRODUCTION 

Biominerals are inorganic-organic nanocomposites with material properties that outperform 

those of their inorganic mineral counterparts. The calcareous, aragonitic or calcitic shells of 

bivalves, for example, show stiffness that is 3000 times higher than that of their pure inorganic 

counterparts [5]. The organic matter occluded in the shell-bearing calcium carbonate while 

comprising less than 5 wt% of the total [160] plays an important role in the nucleation and 

growth of the mineral phase[2, 3] as well as in optimization of the material properties at all 

spatial scales [161, 162]. Included in most bivalve shells is a significant fraction of insoluble 

biomacromolecules which serve as scaffolding [57]. 

Biopolymers occurring in nature are built from monomers based on either nucleic acids, 

sugars or peptides [163, 164]. Biocarbonates such as mollusk shells show no evidence for the 

former. In animal species the sugar monomers are chemically modified, most commonly by 

amination [165-168] and the resulting polymers are referred to as chitin or chitosan depending 

largely on the degree of subsequent acetylation. Of course, macromolecules based on peptides 

(including fibrous, tubular, helical, layered, cellular, and intermediate structures) are present 

throughout the animal taxa [163], as either functional or structural proteins. 

In nacre, the aragonitic inner layer of the shells of many bivalve species, the organic 

scaffolding is proposed to consist of highly ordered planar arrays of β-chitin fibers [57, 89] 

coated by active soluble acidic macromolecules and embedded in a silk protein hydrogel [85, 

89, 94]. That such constructs are reasonable is supported by the observation of β-chitin fibers 

as a minor protein-associated component in the silk ducts of both the spider Nephila genus and 

the silkworm Bombyx mori [168]. 

While the effort to characterize shell-associated biopolymers has an extensive history much 

of that effort has focussed macromolecules rich with acidic sidechains[79, 83, 91] and 

chitin[95-97] and less attention has been devoted to the (typically) hydrophobic proteins, and 

their interaction with the major components of the shells. Total organic content can be measured 
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by thermal gravimetric analysis (TGA) and typically finds a total organic content of < 5%wt, 

but the separation and identification of individual components of the organic matrix is a 

considerable analytical challenge. Solid-State Nuclear Magnetic Resonance Spectroscopy 

(SSNMR) is appropriate to address such details[39, 98], as it can probe molecular structures 

both within intact shells[169, 170] or, after selective extraction, separated from the inorganic 

matter [169, 171, 172].  

In order to characterize the composition of the shell-associated biopolymers in greater detail, 

we have studied the shells of 7 species from 6 molluscan families by SSNMR in combination 

with other techniques. The shell samples are classified as nacroprismatic (Hyriopsis cumingii, 

Cucumerunio novaehollandiae, Alathyria jacksoni, Pinctada maxima), homogeneous (Arctica 

islandica) and crossed-lamellar (Tridacna gigas, Callista kingii), based on their shell 

microstructures [9]. Results are complemented with Fourier Transform Infrared spectroscopy 

(FTIR), scanning electron microscope (SEM) imaging and saccharide analysis to yield a 

detailed characterisation of the hydrophobic organic shell matrix, which shows that, contrary 

to current belief, silk fibroin and not chitin is the major organic component in the shells of these 

diverse bivalve species. 

3.2. MATERIAL AND METHODS 

3.2.1. Materials. Recently alive shells of freshwater (Hyriopsis cumingii (Unionidae; Lea, 

1852), Cucumerunio novaehollandiae (Hyriidae; Gray, 1834), Alathyria jacksoni (Hyriidae; 

Iredale, 1934)) and marine bivalves (Pinctada maxima (Pteriidae; Jameson, 1901), Arctica 

islandica (Arcticidae; Linnaeus, 1767), Tridacna gigas (Tridacnidae; Linnaeus, 1758) and 

Callista kingii (Veneridae; Gray in King, 1827)) were used in this study. Except for P. maxima 

shells, all shells are entirely aragonitic. The shells of the first four species are nacroprismatic, 

consisting of an outer layer with prism-shaped CaCO3 grains and an inner shell layer of mother-

of-pearl or nacre [9, 59, 89]. Arctica islandica shells have a homogeneous microstructure of 

mostly granular aragonite with only few distinctive features [9]. Tridacna gigas and Callista 
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kingii shells have crossed lamellar microstructures consisting of lath-shaped and fibrous 

aragonite grains, respectively, interlayered at a constant angle and reminiscent of plywood [9, 

51, 69]. Except for T. gigas, all shells have a periostracum, which is an organic layer of ≥4 mm 

in thickness that covers the outside of the shell. Tridacna shells consist of a ca. 10 mm thick 

massive outer layer and a slightly translucent inner layer with visible growth increments [128]. 

3.2.2. Sample Preparation.  

The organic periostracum covering the outside of some of the shells was removed with a 

scalpel and the outer prismatic shell layer of H. cumingii, P. maxima, C. novaehollandiae and 

A. jacksoni, and the periostracum covering the outside layer of homogeneous shell A. islandica 

were removed with a DREMEL tool (Wisconsin, USA, Figure 3.1) before analysis. For the 

Tridacna shell, the outer shell layer, which showed considerable overgrowth and evidence for 

boring, was removed with a diamond rock saw before analysing the remaining inner shell layer. 

After mechanical cleaning, the shells were soaked in H2O2 (Merck KGaA, 64271 Darmstadt; 

Germany) for 1 h. All samples treated in this way were split into two batches, one of which was 

powdered using mortar and pestle (‘the intact samples’), while the other batch was coarsely 

crushed and demineralized. Varied procedures have been described to achieve various degrees 

of demineralization and extraction of the organic matter [173]. Herein, shell pieces (after 

mechanical removal of the periostracum) was demineralized slowly in strong mineral acid (6N 

HCl, at 21±1oC) while monitoring the pH and adjusting it gradually to a ca. pH 4 by adding 

Milli-Q water. After 24 hrs once the reaction was complete, the procedure was repeated between 

three to five times until decalcification was complete. Under this treatment some subset of the 

biomacromolecules aggregate/accumulate in a water-insoluble gel-like fraction that is 

collected, leaving in the aqueous fraction the acid or water-soluble organic matter, primarily 

low molecular weight and possible acid hydrolysis products, and some remaining shell 

fragments and some soluble proteinaceous material. The acid-insoluble organic fraction was 
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soaked in water overnight at 4˚C to remove any traces of water-soluble components and then 

lyophilized. For the T. gigas and C. kingii shells, essentially no insoluble gel was isolated after 

decalcification, and thus no extracts were available for further study. For all other shells these 

extracts would appear to contain the majority of the organic insoluble found in the intact shells. 

These we refer to below as water-insoluble acid extracts.  

As a check on our ability to measure low levels of chitin in the bivalve shells and to measure 

chitin durability through the acid extraction procedure, commercially available chitin extracted 

from shrimps (Sigma-Aldrich) was mixed with finely ground geological aragonite (from the 

mineral collection of the Department of Earth and Planetary Sciences, Macquarie University) 

to produce ‘model shell’ mixtures containing 1, 5 and 10 wt% chitin, respectively. These 

mixtures were homogenised by dry centrifugation (at 14,500 rpm (20 min), followed by mixing 

with a laboratory mixer at 4oC (3 h). 

Solid-State NMR. MAS NMR spectra were acquired for all samples using 1H-X Cross-

Polarization (CP; X = 13C, 31P) and Direct Excitation (DE). 

Cross-Polarization (CP) transfers polarization from hydrogen atoms to nearby nuclei, e.g. 

13C or 31P in this work, therefore enhancing their peak intensities when reside in hydrogen-rich 

environments, so yielding high S/N spectra. When combined with Magic-Angle Spinning (CP-

MAS), both resolution and sensitivity are improved which significantly increase SSNMR 

applicability to nuclei with low natural abundances such as 13C [169-171]. 

As the rates of polarization transfer may vary with differing chemical environments the peak 

intensities in such spectra do not simply reflect the relative abundance of the different chemical 

species. Of course, the matrix carbonate species which are distant from any organics and water 

containing H atoms will be absent from CP spectra. Under carefully chosen experimental 

conditions the DE technique may yield quantitative spectra (where the experimental repetition 
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delays are sufficiently long so that all species of 13C are fully relaxed), however at the cost of 

lowered sensitivity (S/N) or, equivalently, a heavier investment of spectrometer time. 

1H, 13C, 31P NMR measurements were carried out on an AVANCE III (Bruker) spectrometer 

using a 4 mm triple-resonance MAS NMR probe with 4 mm zirconia rotors. Samples were spun 

at 5000  2 Hz. Cross polarization (CP) magic angle spinning (MAS) echo experiments (CP 

being indirect excitation) were carried out with 5.0 μs /2 and 10.0 μs  pulse widths, an echo 

interval  (200 μs) identical to the rotor period TR, a 1H decoupling level of 100 kHz. Hartmann-

Hahn rf levels were matched at 50 kHz, with contact times (ct) of 0.7- 2.0 ms for 13C and 2 ms 

for 31P; 13C and 31P CP MAS measurements employed relaxation delays of 3 and 4 s, 

respectively. Up to 16k transients were acquired, corresponding to approximately one day of 

spectrometer time in the case of low signal-to-noise samples.  

Direct 13C excitation echo experiments (DE) were carried out with a 5.0 μs /2, a 10.0 μs  

pulse widths, an echo interval  equal to the rotor period TR (200 μs), a 1H decoupling level of 

100 kHz, and a relaxation delay of 2400 s (2400 s to fully relaxed) for 13C. Direct excitation 

13C spectra acquired with recycling delay of 2400 s yield fully relaxed spectra [171]. 

Saccharide analysis. To quantify neutral and aminated sugars, aliquots of the lyophilized 

samples of the acid-extracted water insoluble organic fraction were acid-hydrolyzed in 2 M 

trifluoroacetic acid (TFA) at 100°C for 4 h and 8 M HCl at 100°C for 6 h, respectively. In TFA 

neutral sugars are more readily hydrolyzed, while aminated sugars require stronger and longer 

hydrolytic condition [166, 174].  Samples were reduced to dryness under vacuum and the 

residue was re-dissolved by adding to 100 µM 2-deoxy-D-glucose in aqueous solution, the 

dissolved glucose serving as an internal standard. The sugar contents of the hydrolysates were 

determined on a high-performance anion-exchange chromatograph system with pulsed 

amperometric detection (HPAEC-PAD) fitted with a BioLC amino trap guard column (3 x 50 

mm) connected to a CarboPac PA10 column (4 x 250 mm) (Dionex Corp., Sunnyvale, CA, 



CHAPTER 3  65 
 

 
 

USA) held at 25°C. The cartridge was activated with sodium hydroxide solution passed at a 

flow-rate of 0.5mL/min. The analytes detected were quantified via an internal calibration which 

provides for the quantification of glucosamine, galactosamine, xylose, mannose, galactose, 

glucose and fucose under these conditions.  

Fourier Transform Infrared Spectrometry (FTIR). FTIR analyses were recorded using a 

Thermo Nicolet iS10 ATR-FTIR spectrometer (Nicolet, MA, USA) equipped with a smart 

performer accessory between 4000 to 500 cm-1 in air with 64 accumulations and a resolution of 

4 cm-1. Background spectra were measured at the start of the analysis. 

SEM imaging. Lyophilised samples were mounted on SEM sample holders and gold-coated 

using an EMITECH K550 sputter coater (Emitech Ltd, Ashford, UK). Scanning electron 

micrographs were taken with a JEOL JSM-7100F Field Emission Scanning Electron 

Microscope (FE-SEM) using an accelerating voltage of 10kV and a current of 75 µA. 

3.3. RESULTS AND DISCUSSION 

3.3.1. The inorganic matrix of the shells 

In all seven shells crystalline aragonite is the dominant component, as demonstrated by the 

characteristic 13C NMR peak found at 171.0 ppm (ν = 0.3-0.5 ppm) in the fully relaxed 13C 

DE quantitative [171] spectra of the ‘intact samples’ (Figure 3.1, Supplemental Data Figure 

S3.1). As the organic matter is present at only low abundance in these shells (ca. 1.65-4.2 wt%; 

[175]), its characteristic peaks are unobserved in the DE spectra, and its presence must be 

addressed by both other NMR excitation schemes as well as other spectroscopic techniques.   
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Figure 3.1: Representative 75.4 MHz 13C DE MAS spectrum of the powdered shell (‘intact 

sample’) of H. cumingii showing the aragonitic carbonate peak as the only detectable 

component. Using a repetition delay of 2400 s makes the relative peak intensities in the DE 

spectra quantitative (fully relaxed conditions such that only a small underestimate of the 

carbonates is possible due to their long 13C(T1)).
[176] The narrowness of the lines reflects the 

uniformity of the local order throughout the lattice, as reflected in the narrow range of electronic 

environments giving rise to the observed carbonate chemical shifts. 

 

3.3.2. The organic content of the shells: proteinaceous biomacromolecules 

While the organic matter is a minor fraction of the total mass of the intact shells it can 

nonetheless be observed by SSNMR, even in the intact shell,  (Figure 3.2a) by taking advantage 

of the 1H atoms which are an intrinsic part of the bioorganics – small and high molecular 

weights alike. The cross-polarization magic angle spinning NMR technique, CP MAS, selects 

only those 13C sites in close proximity to 1H atoms for detection, and at significantly enhanced 

sensitivity [177]. As the only 1H atoms in the intact shells are associated either with the organic 

matter, or are present as trapped water molecules largely associated with the organic matter, CP 

MAS spectra preferentially observes the 13C sites in the organic matter and in interfacial 

carbonates nearby. While CP spectra are not precisely quantitative, the relative amounts of 

different organic materials within the aragonitic matrices may be estimated with some care, 

assuming the CP dynamics are similar throughout the sample [176]. 
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The 13C CP MAS spectra of all seven intact samples (Figure 3.2, left) are poorly resolved, 

which is hardly surprising given the inherent heterogeneity of the organic components 

(structural and compositional) of the shell.  The advantage of the spectra of intact shells is that 

they represent all the 13C-containing species found in the shell. Though individual peaks cannot 

be readily assigned and there are compositional differences from shell to shell, we can still 

suggest that the peak patterns are consistent with a mainly proteinaceous organic composition 

(left), in that there the vast majority of the resonances are found in either the carbonyl region 

(165-180 ppm) and the aliphatic region (15-75 ppm); there are weak absorbances in the phenyl 

ring region (120-150 ppm) which are consistent with a low abundance of Tyr (as the multiple 

chemical shifts associated with the partially substituted ring are all observed).  Notably absent 

are the shifts associated with sugar rings, which most often appear as a set of lines in the 

chemical shift range from 60-110 ppm—many of which are poorly separated from the vast 

majority of the other spectral lines, but at least the anomeric carbons (90-100 ppm) should be 

well separated from the bulk; a reference spectrum of chitin is observed at the bottom right of 

Figure 3.2.  There is (are) no obvious such peak(s) observed in any of the intact shells, which 

suggests that the concentration of chitin in these samples is quite low. 

  The nacreous shells contain the largest fraction of organic matter with similar distribution 

of amino acids,(SI Figure S3.2) while neither the crossed lamellar (T. gigas and C. kingii) or 

homogeneous (A. islandica) shells contain sufficient organic material to assign any 13C shifts 

(other than the interfacial carbonates). The 13C CPMAS intensities in these samples are 1/3 

those of the nacreous shells, in agreement with the higher amounts of organic matter found in 

the latter [175]. 

3.3.3. Water-insoluble acid extracts: Proteins trapped in the shells 

Finer characterization of the chemical details of the organic matter in the intact shells is 

hindered by the vast excess of inorganic (calcium) carbonate that comprises over 96 wt% of the 
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samples. Removal of the inorganic matrix enables us to concentrate the organic matter, leading 

to an increase in spectroscopic sensitivity and, as the extraction selects only a subset of the total 

organic component, to perhaps better characterize its structure and composition. These water-

insoluble acid extracts (see Methods) were observed by CP MAS NMR after lyophilization. In 

each of the five shell extracts, the CP-MAS spectra (Figure 3.2b) show the anticipated 

improvement in sensitivity, and with the further advantage of improved resolution, which we 

associate with removal of a fraction of the very heterogeneous organic matter in the soluble 

fraction. The remainder yields NMR spectra similar to the untreated shells (Figure 3.2a), but 

due to the vast improvement in spectral quality it is more easily assigned to specific amino acids 

and secondary structures.  The extracts have also been subjected to FTIR and, in some cases, 

amino acid analysis (see Supplemental Data, Figure S3.2). 

Extracts from the nacreous shells appear quite similar both to one another and to silks found 

widely distributed in nature [178, 179]. In H. cumingii (Supplementary, Figure S3.2) we find 

that nearly half the amino acid residues in the acid-insoluble fraction are either Ala or Gly; the 

SSNMR spectrum reveals strong peaks at the chemical shifts appropriate to these amino acids 

with the additional information that these residues are found in β-pleated sheets (large peaks of 

Ala-Cβ at 15-20 ppm, Ala-Cα at 49 ppm and Gly at 42 ppm). Similar identification might be 

provided by x-ray diffraction of silk fibers [180] where one should observe the characteristic d-

spacings of 4.7 and 5.3Å. 
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Figure 3.2: 75.4 MHz 13C CP MAS spectra: a) intact samples (powdered shell), b) nacreous 

and homogeneous shells extracts (water insoluble acid extracts) and pure chitin as a reference. 

(a) The intact nacreous shells of P. maxima, A. jacksoni, H. cumingii and C. novaehollandiae 

show > 3-fold higher organic content than the other shells. The red line marks the chemical 

shift of aragonite carbonates. (b) The acid extracts exhibit a mostly proteinaceous content with 

the characteristic fingerprints of Ala and Gly rich silk-like fibrils in the nacreous, and collagen-

like content in A. islandica. No significant peaks are detected that could be assigned to chitin 

or other polysaccharides, except for possibly in the A. islandica samples. The blue lines in (b) 

mark significant peaks in the NMR spectrum of chitin; the red lines are characteristic 

absorptions of Gly and Ala when found in β–pleated sheets. The spectra in (a) are normalized 

per sample weights and number of scans.  

 

Based on amino acid abundances and the secondary structure information we associate the 

acid-insoluble fraction of the nacreous shells with a silk-like protein. In four out of five of the 
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samples we have analysed peaks that could be assigned to Tyr (which has a unique chemical 

shift signature including aromatic peaks at 119, 129 and 154 ppm) and which in silks typically 

appears in the more flexible spacers found between crystalline -sheet units [181]. The aromatic 

Tyr peaks, which are well-removed from most other interfering chemical shifts, represent 

typically 4% (3.8% for H. cumingii) [175] or less of the amino acid residues in the acid-

insoluble fraction, and therefore even less than 4% of the total organic matter. Nonetheless it is 

easily seen in three of the nacreous samples (A. jacksoni, P. maxima, H. cumingii) and at 

intensities. We contrast the ease of observation of Tyr in these samples with the significantly 

weaker signature of possible chitinous absorptions in these same samples.  While all samples 

seem to exhibit a strong peak near 105 ppm which falls in the range of the anomeric 13C shifts, 

this peak is an experimental artefact resulting from the mechanical rotation of the sample; this 

peak is a spinning sideband representing intensity borrowed from the carbonyl peaks near 175 

ppm.  So as to monitor possible chitin in the acid-insoluble fraction we instead prefer to look 

to the peaks near 73-76 and 83 ppm—which are unobserved in these samples.   

In contrast, the shell of A. islandica shows little organic content in the intact shell and little 

or no hint of resolved peaks (Figure 3.2a). Once demineralized and separated from the soluble 

components, the macromolecular content is much better resolved, and neither does the amino 

acid composition nor the NMR spectrum suggest a significant concentration of silk (Figure 

3.2b).  Amino acid analyses of the isolatable macromolecules in the A. islandica shell reveal 

relatively high concentrations of proline, glycine and aspartate (ca 40%; SI Figure S3.2; [175]), 

a composition which is more reminiscent of collagen than of silk;[182] similarly, the SSNMR 

spectrum shows characteristic peaks as are seen in gelatin—a degraded form of collagen where 

partial hydrolysis and/or degradation of the secondary structure leads to increased heterogeneity 

of local environments, which is reflected in the NMR spectrum as increased linewidths in the 

spectrum [183]. Whether this heterogeneity is inherent, or a result of the processing details, is 

unclear.  
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Unlike in the nacreous extracts, in the acid-insoluble organic isolate from A. islandica shells 

we do observe weak peaks at 74 ppm and 83 ppm (Figure 3.2b) that might be assignable to 

chitin (while the remaining anticipated chitin chemical shifts are in spectral regions where the 

amino acids in the proteinaceous matter also appear)—although hydroxylproline, which is 

uniquely abundant in collagen, has a carbon line in the low seventies.  Thus although we can 

not rule out a small fraction of chitin in this sample—again, the amplitudes of the sugar peaks 

(if such they are) are weaker than those of the Tyr in the proteinaceous fraction of the same 

sample.  As the Tyr is, again found at less than 4% of the total amino acid content of the sample 

we can put a similarly low upper bound (< 1%) on the chitin content of the acid-insoluble isolate 

from A. islandica shells. Above we have suggested that the combination of amino acid 

abundances and the secondary structure described by chemical shifts of specific sites in amino 

acids can help define the classes of proteins found in the acid-insoluble fraction.  Infrared 

spectroscopy and in particular the vibrational frequencies of the amide I (C=O stretching) and 

amide II (N-H in-phase bending and C-N stretching) modes are also diagnostic for secondary 

structure in proteins [184]. The FTIR spectra of the lyophilised water-insoluble acid extracts of 

the nacreous shells (P. maxima, A. jacksoni, H. cumingii and C. novaeholladiae) confirm high 

levels of β-sheet conformation. The amide I and amide II peaks at 1625 cm-1 and 1518 - 1522 

cm-1 are consistent throughout the entire group (Figure 3.3, SI Figure S3.3) and are comparable 

to those found in silk, such as of N. clavipes native dragline silk [185].  These data are consistent 

with the 13C CP MAS NMR spectra and further support our association of the dominant 

macromolecule in the acid-insoluble fraction with silk (Table S3.1) [186].  
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Figure 3.3: FTIR spectra of the shell extracts (acid extracted, water insoluble) and chitin 

reference. Shell extracts show characteristic absorptions of β–pleated sheets at 1625 cm-1 

(amide I) and 1518, 1522 (amide II) for nacreous (black lines), and at 1638 cm-1 (amide I) and 

1516 cm-1 (amide II) for homogeneous (A. islandica) shells. Chitin has α-helix structure shown 

by the amide I (1652 and 1620 cm-1) and amide II (1556 cm-1) bands. See Supplementary 

Information (Table S1) for peak assignment. The broader amide II peaks for shell extracts may 

indicate ‘less crystalline’ domains. NB: C. novaeh. Stands for C. novaehollandiae.  

 

In A. islandica, we again find that amide I and II absorption peaks are instead shifted to 1638 

cm-1 and 1516 cm-1 compared to those in the nacreous extracts (at 1625 and 1520 cm-1, 

respectively) (Figure 3.3) which suggest a more significant helical component—as in, for 

example, collagen—than is found in the nacreous extracts. Typical amide I and II peaks in FTIR 

spectra of collagens appear at slightly higher ranges than observed here, namely at 1650-1660 

cm−1 and at 1550-1560 cm-1 [187]. However the heterogeneity of organic matrix in the A. 

islandica shells or a result of the processing details—which would account for the broad lines 

observed by SSNMR—would account for the shift of the amide I peak to frequencies lowered 
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by as much as 30 cm-1. The peak at around 1638 cm-1 is compatible with a left-handed collagen 

helix (probably type IV collagen) in the denatured state with bound water [187-189] (Figure 

3.3; SI Figure S3.3) [190]. While the IR and NMR spectra clearly suggest that the biopolymers 

found in the shells of A. islandica differ from the nacreous shells, in neither class of shells is 

chitin detected, by either IR or NMR spectroscopy.  

3.3.4. Morphology of the insoluble organic extracts  

In the Field Emission Scanning Electron Microscopy (FE-SEM) the lyophilised water-

insoluble acid extracts of the nacreous shells of P. maxima, A. jacksoni, H. cumingii and C. 

novaehollandiae reveal fiber-like patterns typical of silk-based fibers (Figure 3.4a-d) [102, 

191]. These fibers have a fibrillar structure, but their morphology relatively varies from shell 

to shell: The fiber structures of P. maxima (Figure 3.4a) exhibit cross-sections of fine twisting 

filaments with  smooth surface, while they contain levels of twisted hierarchy (see SI Figure 

S4) in A. jacksoni (Figure 3.4b). H. cumingii depicts filament-like structures (Figure 3.4c), 

and C. novaehollandiae shows fibrous layer of organic matrix (Figure 3.4d). The ability of 

arthropods to produce structural silk protein fibers is ancient [100, 101]. Due to the 

extraordinary mechanical performances, including extensibility, stiffness and high tensile 

strength [192, 193], silk fibroin fibers of dragline spider silk and Bombyx mori cocoon silk 

have been studied extensively [102-104]. Though only the latter contain sericin, all silk fibroin 

fibers are considered to be part of a family of common motif consisting of two phases: β-sheets 

crystalline and non-crystalline areas with amorphous domains characterised by the presence of 

amino acids with side chains [102, 103, 194].  

In contrast, the organic extract of the A. islandica shell (Figure 3.4e) exhibits a net-like 

fibrous matrix, which is quite unlike the silk-like fibrous structure found in the nacreous shells 

(Figure 3.4a-d), but instead has a structural composition typical to chain interlocked network-

forming collagen – type IV structure [195, 196]—neither of which resembles what is observed 

for similarly treated chitin (Figure 3.4f). 
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Figure 3.4: FE-SEM images of the acid insoluble lyophilized organic matrix in nacreous shells 

(a-d) depicting silk-like fibrils: a semi-amorphous regions (fibers) and angular nanocrystals 

(arrows) probably β-sheet crystalline. The nanocrytals are arranged within the fibers and along 

the cracks in (b) Alathyria jacksoni, (c) Hyriopsis cumingii and (d) Cucumerunio 

novaehollandiae. (a) Pinctada maxima fibers showing nanocrystals (arrows) not embedded 

within the fibers. (e) homogeneous Arctica islandica shell exhibits a net-like fibrous matrix. (f) 

Chitin reference treated identical to the shell samples shows a distinctly different morphology. 

 

3.3.5. Abundance of Sugars in the shells (or, how much chitin is there in shells?) 

13C solid state NMR has previously been used to detect chitin in biominerals such as the 

brachiopod shells Lingula anatina and Discinisca tenuis[197] as well as in the gastroliths of the 
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fresh water crayfish Cherax quadricarinatus [176] and in the siliceous diatoms Thalassiosira 

pseudonana [198] The literature on shells returns repeatedly to suggest the importance of chitin 

and/or chitosan in shells, and therefore we assumed that these species might be 

straightforwardly observed as the 13C spectrum is well-known and consists of a family of 

characteristic peaks in the spectral region between 55 and 105 ppm corresponding to the 

different carbon environments in the sugar rings, many of which are well-removed from the 

chemical shifts where most organic biomolecules are found (as well as other, less diagnostic 

peaks, such as at 15 ppm where the –CH3 group on the chitin sidechain appears) (bottom right) 

[199]. Were there chitin at detectable levels, each of the characteristic peaks should be observed 

(bottom right). In none of the intact shells in this study have we observed either chitin, or any 

other polysaccharide, by 13C NMR. The solid state NMR sensitivity is sufficient to identify, 

conservatively, as low as 0.5 wt% of chitin in the intact shell and 3 wt% in the acid-insoluble 

extracts (Supplementary Figure S3.5, S3.6, spectra of chitin-spiked physical mixtures). 

While the demineralization process involves harsh chemical treatment which might be 

suspected of degrading polysaccharides, the supporting information reports on our efforts to 

‘‘demineralize’’ a physical mixture of chitin and aragonite–and found that chitin largely 

survives this study’s extraction procedure (See Supporting Information). Neither is there FTIR 

evidence (in the amide region) for detectable levels of chitin (Figure 3.3). As the total organic 

content is 4% or less, 3 wt% detection level of chitin in the extracts would correspond to 

observation of chitin in the shell if it is present at about 0.05 wt% in the worst case scenario 

that only 50% of the chitin is isolated in the acid-insoluble extract.   

Lyophilised extracts after acid hydrolysis were analysed for both neutral and aminated 

sugars in the nacreous (P. maxima, A. jacksoni and C. novaehollandiae) and homogeneous (A. 

islandica) shells. As a saccharidic fraction of the total insoluble organic content, we found 

sugars comprised ≤ 0.59 wt% for acid-insoluble extracts from the nacreous shells yet ≤ 3.50 
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wt% for the acid extract from A. islandica (Table 3.1). In all our nacreous samples, glucosamine 

(the monomer which upon acetylation is the basis of chitin) constitutes the large majority of 

sugar moieties. Mannose is found at lower, but still significant, concentration. As chitin is 

normally a polymer of glucosamine, its abundance provides an upper bound to the fraction of 

chitin. As the maximum glucosamine content in the extracts of the nacreous shells is less than 

0.43% the chitin content of the extract, and therefore of the total organic matrix in nacreous 

shells must be below 0.5 wt%.   

The A. islandica shell is, again, significantly different from the nacreous shells presented 

above. Its amino acid abundances and NMR spectrum are quite distinct from the nacreous 

shells; its SEM suggests an entirely different morphological network in the organic extract, and 

the fraction of sugars in that is quite a bit higher. While the reported sugar content is dominated 

by glucosamine, this would not appear to be an indication of chitin in the sample. Nearly all the 

remainder of the reported sugar content is comprised of the otherwise unusual sugar-derivative, 

galactosamine. Based on the same data used to identify the biopolymer in the nacreous extracts 

as silk, we have identified the scaffolding material in A. islandica to be suggestive of collagen-

like matter. Normally collagen is found to be glycosylated with a glucosylgalactose 

disaccharide at as much as a few percent of the amino acids; in the mesh networks formed by 

type IV heparin sulfates and keratanasulfates are standard accompaniments (see Figure 4e 

above) rather that the more typical fibrillar form [200, 201]. These sulfonated sugars are not 

quantified in ours assays; nonetheless, the unusual galactose abundance and higher sugar 

content in A. islandica shells appears associated with the standard biochemistry of collagen—

and not a marker for chitin. 

Thus while the saccharide analysis shows clear differences in abundance and composition 

between the nacreous shells and homogeneous shell, in none of these shell samples is the sugar 

abundance high, neither is there convincing evidence for chitin. While there may well be 
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additional sugars in the acid-soluble or water-soluble extracts, these too would seem unlikely 

to contain polysaccharides. We therefore conclude that in these shell samples the abundance of 

chitin is beneath our detectable limits, which we conservatively estimate at less than 0.5% of 

the mass of the organic matter. 

Table 3.1 

Monosaccharide composition of water insoluble acid extracts of the shells. 

Monosaccharide  A. islandica C. novaehollandiae A. jacksoni P. maxima 

ng/mg % ng/mg % ng/mg % ng/mg % 

Galactosamine 11692 34.0 246 5.7 585 9.9 49 1.4 

Glucosamine 21216 61.6 3097 71.9 4339 73.5 2754 77.3 

Fucose TR - 40 0.9 120 2.3 50 1.4 

Galactose 1273 3.7 135 3.1 186 3.2 86 2.4 

Xylose 235 0.7 279 6.5 175 3.0 135 3.8 

Mannose TR - 512 11.9 495 8.4 488 13.7 

Glucose TR - TR - TR - TR - 

Total 34416 100.0 4309 100 5900 100.0 3562 100.0 

Total % 3.44% 0.43% 0.59% 0.36% 

The values are presented in ng/mg of total acid-extracted matrix and percentage of identified 

sugar compounds from within all saccharides. Total % denotes wt% of all saccharides 

(aminated and neutral) within the acid-extracted organics. The H. cumingii acid extract yielded 

too little sample to determine the saccharide.  

 

3.3.6. Phosphorous content - 31P CP MAS NMR 

31P NMR studies have demonstrated that phosphorous can be post-translationally 

incorporated into silk fibers, though there is no consensus on the role of any such 

transformation. However, the strong affinity between phosphate groups and divalent cations, 

such as Ca2+, lead to the expectation of their structural significance [202]. This expectation is 

strengthened by the recent observation that in the absence of Ca2+ the caddisfly silk -sheet 

formation is suppressed [203]. 

Figure  3.5 shows the 31P CP MAS NMR spectra of three intact nacreous shells H. cumingii, 

A. jacksoni and C. novaehollandiae, demonstrating that there is a measurable phosphorous 

content at a consistent chemical shift of 3.7 ppm. We estimate that the H. cumingii yields 2-3 

times the concentration of P/gram as is found in the C. novaehollandiae or A. jacksoni shells. 
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The absence of 31P CP MAS peaks in the spectra of the other four shells rules out similar levels 

of phosphate occurrence. The evidence for the phosphate content in two of the extracts (H. 

cumingii and A. jacksoni) suggests it is a part of the insoluble proteinaceous content. The role 

or identity of phosphorous in these materials is unclear, although, it has previously been 

demonstrated that a small fraction of either Ser or Tyr residues in N. clavipes major ampullate 

gland spider silk is phosphorylated[178] and that the resulting solids NMR spectrum observed 

under similar conditions has an isotropic chemical shift of iso= 0.6 ppm. This position of the 

peak is sensitive to local pH additional to the specific molecular identity. 

 

Figure 3.5: 121.4 MHz 31P CP MAS of H. cumingii and A. jacksoni intact shell and shell 

extracts and C. novaehollandiae intact samples. Significant phosphorous contents exist in these 

shells, however, it is affected by treatment. No phosphorous content was observed in C. 

novaehollandiae acid extract. 
 

The significant changes to the phosphorous chemical shift after acid extraction treatment, 

may be the result of the reduced pH and of different cation coordination environments. 

Nonetheless the implications of phosphorylation in calcification clearly depends strongly on 

the specific system and remains to be more fully explored. 
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3.3.7. Periostracum organic content - 13C CP MAS NMR 

 We close our discussion of the experimental results with a brief review of our studies of the 

periostractum found on the surface of many of our shells.  Mature periostracum, the outermost 

layered architectural pattern common to many bivalve shells, consists of insoluble biopolymers 

[204] and seems to play a critical role both in the growth and maintenance of the calcareous 

exoskeleton. It is formed in a specific section of the bivalve epithelial cells and provides the 

substrate onto which the mineralized part of the shell is deposited; once the shell has grown, it 

prevents decalcification and mechanical damage to that shell [204]. This structure is an example 

of a scleroprotein and has been presumed to be cross-linked with variable amounts of chitin,[93, 

95] and relatively high concentration of aspartic acid [2]. The high proportion of aspartic acid 

suggests that mature periostracum also contains shell proteins [2, 205], some of which are 

characteristically rich in aspartic acid [81, 206, 207]. 

Periostracum samples were mechanically separated from the shell in the nacreous species H. 

cumingii, A. jacksoni and C. novaehollandiae.  Figure 3.6 represents the 13C CP MAS NMR 

spectra of each.  The spectra are remarkably similar to one another, in that each is dominated 

by the proteinaceous motif where Gly (43 ppm) and Tyr (see the intense peaks at 36, 54, 119 

129, and 156 ppm) amino acids are most abundant--as has previously been found for multiple 

species [208]. FTIR spectra of the periostracum also suggest the presence of  β–pleated sheets 

(SI Figure S3.7). 

In none of the three periostracum samples studied is there any definitive suggestion of chitin, 

although in A. jacksoni periostracum, peaks at 71 and 88 ppm may hint at the presence of 

saccharides (yet not chitin). Recurring peaks, which have not been assigned, appear at 136, 30 

and 25 ppm; the latter two appear in valine and isoleucine, but need not necessarily derive from 

amino acids at all. In these studies we have found no chitin in the periostracum at detectable 
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levels, which, given the excellent signal to noise ratios, suggests that the chitin content of the 

periostracum, is  (again) less than 0.5 wt%, and possibly much lower.  

 

Figure 3.6: 75.4 MHz 13C CP MAS periostracum of nacreous shell. All samples exhibit general 

pattern of proteinaceous organic content dominated by Gly and Tyr. Spinning sidebands are 

labelled by *. Repetition delay 3s, ct = 1 ms for all samples. 

 

3.4. Conclusions 

Solid state MAS NMR spectroscopy was applied to seven bivalve shells with three types of 

structures: nacreous, homogeneous and crossed lamellar, as well as to the water-insoluble acid 

extracts of the homogeneous and nacreous shells, and to periostracum samples from three 

nacreous samples. The NMR spectra expose selectively (CP MAS) the bioorganic content in 

the shells, hence reporting 3-fold higher mol% of organics in the nacreous vs. either the 

homogeneous or the crossed lamellar shells, consistent with our TGA analysis [128, 175]. The 

higher abundance of bioorganics in the nacreous shells allows us to determine that the 

bioorganic content is primarily proteinaceous. 
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The NMR signature of the bioorganic content within the nacreous shells studied herein, 

particularly after isolation via demineralization, suggests a significant fraction of 

macromolecular proteinaceous content dominated in abundance by the simplest amino acids, 

Ala and Gly. In the extracts the chemical shifts found for the Ala and Gly carbon atoms identify 

their local environment as extended -pleated sheets, one of the hallmarks of the important 

structural protein, which is called silk. SEM imaging of the recovered gel-like material in these 

samples are strikingly reminiscent of silk fibers. Despite the low bioorganic content in the shell 

of A. islandica, its extract clearly showed proteinaceous content that is not characteristic of silk-

like proteins, different to that identified for the nacreous shells. Its content, as reflected by the 

NMR and the amino acid analysis is richer in Gly, Pro, Asp, apparently compositionally closer 

to collagen-like, yet not distinctively characteristic of collagen sensu stricto. The crossed 

lamellar shells (T. gigas and C. kingii) contain less total organic matter and in a form which is 

not easily characterized with our analytical tools. In none of the intact shells, nor in the extracts 

studied, have we found indisputable evidence for abundant polysaccharides, and those that we 

have demonstrated using a well-established anion-exchange assay, occur at quite low 

abundances (Table 3.1). 

While abundance is not necessarily a surrogate for importance, most models which attempt 

to explain the development of shells would appear to assign chitin a role which the small 

amounts we find seem unlikely to support, and to assign the silk-based fibers which dominate 

the organic matter in nacre shells lesser roles.[89] The silk fibers feature a hierarchical 

architecture where highly organised, extensively hydrogen-bonded β-sheet nanocrystals are 

arranged within a semi-amorphous protein in analogy to the spider dragline silk (Figure 3.7) 

[178, 209-211]. As the chemical palette available to form silk-like materials includes many 

more building blocks (the 20 naturally occurring amino acids) we believe it is worth 

reconsidering the relative importance of the available biopolymers which assist in the 

templating and growth of the carbonate-based inorganic matrix in these shells. While it may 
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certainly be advantageous to exploit available saccharides in the organic matrix, these appear 

to be present in concentrations not necessarily significantly higher than, for example, 

phosphates post-translationally inserted into the silk-like fibers. The apparent mismatch 

between abundance of protein and saccharide moieties found vs. the prevailing model [89] 

seems to us to suggest that a the experimental evidence tying calcification to chitin in these 

systems might be usefully reconsidered. 

 

Figure 3.7 : SEM image (a) and schematic diagrams (b, c and d) showing the fibroin fibre. a) 

shows a representative (Cucumerunio novaehollandiae) insoluble organic matrix exhibiting a 

semi-amorphous regions (fibres) and nanocrystals (propably β-sheet crystalline) along the 

organic cracks. b) Microstructure of three-dimensional organic matrix (the interlamellar sheets) 

includes fibrous matrix with the long semi-amorphous fibres and crystallites. c) shows the detail 

of organic matrix ultrastructure. This consists a core polysaccharide within protein-based fibres. 

Note the protein fibrils segments (green) within protein fibre segment. Polysaccharide is 

presume as a result of saccharidic composition. d) Cartoon of the proposed model for the 

molecular arrangement showing a continuous network of semi-amorphous chains cross-linked 

with the stiff nanocrystals, typical of dragline spider silk.  
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Our single example of a shell with homogeneous structure (A. islandica) clearly shows 

proteinaceous content that is quite compositionally and morphologically quite different from 

the silk-like structural proteins found in nacreous samples.  Its unusual net-like fibrous 

architecture as observed by SEM (Figure 3.4) requires further study.  While compositional 

variability has already been recognized for the soluble, nacre-forming organic constituents in 

shells,[59, 79] the remarkable diversity of biomineralization strategies employed in nature may 

not be amenable to a single unifying description. 

These studies have been unable to identify any significant amounts of chitin in shells; neither 

in the intact samples, the acid-insoluble extracts, or in the periostracum. Assays for sugar 

content suggest that in most of our shells the sugars are present at less than 0.6% by mass of 

the total organic content, which itself is typically no more than a few percent of the total shell 

mass. In particular, neither the shell-associated proteins which appear silk- or collagen-like, nor 

the samples of intact periostracum composed primarily of a Tyr- and Gly- rich protein, is there 

evidence for commingled chitin.  As this scleroprotein has been presumed to be cross-linked 

with variable amounts of chitin [93, 95], and to be implicated in the nucleation and growth of 

the extracellular mineralisation [2], our observations strongly suggest that the structural role of 

polyamino acids via cooperative hydrogen bonding in support of biomineralization has been 

underestimated.    
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Supplementary Material for Chapter 3 

1. Aragonitic composition of the shells: 13C DE MAS NMR 

Figure S3.1: 75.4 MHz 13C DE MAS spectra of seven intact shells (powdered, after mechanical 

removal of the periostracum). The only significant peak is found at 171.0 ppm, which is 

characteristic of aragonite. While the bio-organic materials in the shell compose as much as 4% 

of the total mass of the shell [1], the 13C absorbance peaks associated with the organic matter 

are found over a broad range of chemical shifts—and therefore are not observed at this 

sensitivity level in the quantitative DE spectra. Nacreous shells: P. maxima, A. jacksoni, H. 

cumingii and C. novaehollandiae; homogeneous shell – Arctica islandica; and crossed lamellar 

shells – Callista kingii and Tridacna gigas. 

Characterisation of organics and SEM images 

2. Amino acid composition 

The amino acid compositions of the shells (analysed without decalcification) differ 

significantly (Figure S3.2). In the nacreous shell of  H. cumingii, glycine and alanine dominate 

the composition, with a total amount of 49.6%, followed by aspartate (8.3%) and serine (8.0%). 
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In the homogeneous shell of A. islandica glycine, proline and aspartate occur at high 

concentrations (39.6% of the total amino acids) followed by glutamate, arginine, threonine, 

alanine and lysine. 

 

Figure S3.2: Representative amino acid compositions (powdered shells, periostracum 

mechanically removed). From Agbaje et al. [1]. 

 

 

 

 

 

 

 

 

 

 

 

 

 



SUPPLEMENTARY MATERIAL FOR CHAPTER 3 90 
 

 
 

FTIR spectroscopy 

 

Figure S3.3: FTIR spectra of lyophilized water-insoluble acid extracts from five of the seven 

shells, in the range 4000-500 cm-1. Chitin spectrum (shrimp chitin, Sigma Aldrich) is shown 

for comparison. Shell extracts showed characteristic absorptions of β–pleated sheets at around 
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1625-1638 cm-1, chitin depicts α-helix structure at amide I (1652 and 1620 cm-1). See Table 

S3.1 for peak assignment. 

 

Figure S3.4: SEM images of hierarchical structures of the acid-extracted organic framework 

in a series of bivalve shells. a-c depict key structural features of silk fibre derived from nacreous 

shells of Alathyria jacksoni. The nanocrystals (dashed line with arrow) embedded within the 

disrupted fibre (arrow) and semi-amorphous regions. The silk cords in (b) and (c) consist of 

twisted micro-fibrils. These images depict that identification of chitin based on morphology 

alone might be unreliable.  

  

3. Limits of detection levels of chitin by 13C CP MAS NMR: A study of a chitin-spiked 

aragonite ‘model shell’ 

In order to assess the limit of detectability of chitin by NMR in bivalve shells, we have 

prepared “model shell” samples comprised of physical mixtures of geological aragonite (from 

the mineral collection of the Department of Earth and Planetary Sciences, Macquarie 

University) and chitin at 1, 5, and 10 wt% levels.  The mixtures were homogenised prior to 

further experiments (Experimental section). At these levels the solid state 13C CP MAS NMR 

spectra of chitin-spiked aragonites (Error! Reference source not found.) show the characteristic 

chitin peaks with a good signal to noise ratios (S/N); 1024 and 4096 transients were collected 
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for 10% and 1% chitin-spiked aragonites, in less than 1 and 3 hours, respectively. The S/N 

quality and the data acquisition conditions, as they are far less challenging than those used for 

the intact shells (Figure 3.2).  Thus, we conclude that the sensitivity of CPMAS NMR is more 

than sufficient to detect chitin at levels as low as 0.5 wt% (of the total sample) in the intact 

shells (Error! Reference source not found.) (~160 mg sample weight in the MAS rotor), or as 

low as 3.0 wt% (of the total organic content) within the extracts (<40 mg sample weight in the 

MAS rotor). Absent any evidence for the pattern of chitin peaks in any of the studied samples 

- intact shells and acid-extracted bioorganics alike, we conclude that chitin, if it exists, 

comprises less than 0.5 wt% of the total shell before chemical degradation of the aragonite, 

and/or less than 3 wt% of the total organic left after removal of the inorganic carbonate. 

 
Figure S3.5: 75.4 MHz 13C CP MAS of pure chitin (black), and 10% (blue)  and 1% (red) chitin 

spiked in geological aragonite. The spectra confirm the more than adequate CP MAS NMR 

sensitivity to detect chitin abundances of 0.25 wt%. The spectra were collected with 2048, 1024, 

and 4096 scans/spectrum, respectively, with 1 ms CP contact time and 3s repetition time.   
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Figure S3.6: 75.4 MHz 13C CP MAS spectra of intact shell H. cumingii (bottom), 1% chitin-

spiked aragonite (top). The 1% chitin (spiked in aragonite) spectrum divided by 4 is redrawn in 

blue for a reference to visualize the NMR sensitivity to quantities as low as a fraction of a 

percent. 

 
Figure S3.7: FTIR spectra of three samples of periostracum, in the range 4000-500 cm-1. The 

periostracum exhibits characteristic absorption bands corresponding to β–pleated sheets, at 



SUPPLEMENTARY MATERIAL FOR CHAPTER 3 94 
 

 
 

1639 cm-1 for Alatyria jacksoni and Hyriopsis cumingii shells and at 1636 cm-1 for 

Cucumerunio novaehollandiae shells. 

 

4. Does Chitin survive the extraction procedure? 

In order to assess how our chemical treatment(s) might impact the assessment of chitin in 

shells, chitin-spiked aragonite samples and pure chitin were tested to measure the response of 

chitin to the chosen acid- and acid-base extraction. Acid extraction is one of the traditional 

methods for isolation of the organic matter separate from the calcium carbonate matrix [2]. 

Subsequent base extraction may be applied to hydrolyse and solubilize the proteinaceous 

organic matter [2]. 

Each sample, namely 5% chitin-spiked, pure chitin and the powdered shell (‘intact sample’) 

of H. cumingii (Figure S3.8), was initially immersed in 6 N HCl with the pH sustained at around 

4 and kept at 4˚C or at room temperature (21±1oC), respectively, for 24 h. Mixtures were 

centrifuged to separate the acid-insoluble and the acid-soluble fractions. The latter is assumed 

to contain most of the small organic molecules. The acid-insoluble precipitate, which is 

assumed to contain both proteins and polysaccharides, was washed thoroughly with milli-Q 

water until neutral, thus terminating the acid-extraction procedure. The acid-insoluble fraction 

was then purified by reflux in sodium hydroxide solution [3], kept for 12 h at room temperature 

and subsequently at 100C for another 5 h (12 h in total at 100C). The resulting insoluble 

material, acid-base-insoluble, was washed with milli-Q water until neutral. The insoluble 

products of both procedures were allowed to dry at room temperature in air. After drying, 

samples were weighed and subjected to NMR characterization. 

With ~ 2.0 g total starting weight of the 5 wt% chitin-spiked aragonite, the chitin weight is 

100 mg, setting it as the maximum yield. The remaining weights following the acid and acid-

base treatments are 154 mg and 124 mg, respectively - which suggests that the geological 

aragonite material is not completely dissolved and recovered along with the chitin. Using the 

chitin-spiked aragonite (1% and 10% samples) CP MAS NMR peak intensities as a quantitative 
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reference (chitin peaks intensities calibrated per mg of chitin in a sample), we have determined 

that each weighing in total 64 and 52 mg (40 wt%) appears to be chitin. The 40 wt% of chitin 

indicating a recovery of 60% (or 50%) of the chitin was possible. As in each treatment the initial 

chitin weight is 100 mg, these values directly correspond to 64% and 52% chitin recovery.  

Upon subjecting pure chitin to the acid treatment 87% recovery is demonstrated (80% after 

acid-base treatment). These tests demonstrate that a significant fraction of chitin present in the 

shells should be recovered after acid, two treatments; on the contrary, they confirm that most 

of the initial chitin is recoverable.  

As the conditions described above are harsher than those applied so as to obtain the acid-

extracts of the shells, we feel confident that in our shell extracts, recovery of chitin should be 

no worse than, and almost certainly greater than, that demonstrated in the “model” shells. Thus, 

these tests further validate that the absence of “chitin” identified by the NMR measurements is 

not an artefact of the preparative sequence. Where no chitin peak pattern is observed, either in 

the spectra of the intact shells or of the extracts, confirms their low abundance. The chitin 

concentration, if any at all is present, must be below 3 wt% of the (acid-)insoluble bioorganic 

content. 
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Figure S3.8: Red line: H. cumingii shell, powdered and decalcified in 6 N HCl and 

subsequently deproteinized in 5% NaOH; Blue line: H. cumingii shell, powdered and 

decalcified in 6 N HCl. Black line: Spiked-chitin: geological aragonite spiked with chitin 

(‘Model shell’) untreated. v1: 1082 cm-1; v2: 855 cm-1; v3: 1445 cm-1; v4: 712, 700 cm-1. Amide 

I appeared at 1629 cm-1 (red) and 1636 cm-1 (blue). The relative absorption peak of amide I is 

reduced after acid-base treatment (red) as compared to the acid treatment (blue).  

 

Acid-base extracts 

The nacreous powdered shells were demineralized in 1 M HCl for 7 d and the extraction 

followed the procedure as described above. 

The insoluble fraction derived from the shells after sequential acid- and base- extraction was 

similarly characterized by 13C CP MAS NMR. After 16k transients no significant signal was 

observed suggesting that these shells contained no biopolymer (Figure S3.9 Middle; H. 
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cumingii as representative example) while 13C DE MAS NMR yielded only the characteristic 

aragonite peak (171 ppm), whose intensity is similar to that found in the intact shell samples, 

indicating that the extract consisted primarily of aragonite (Error! Reference source not 

found.S3.9, top). We expect that this reflects the original shell; either aragonite remains 

undissolved after the acid treatment, or may represent recrystallization in base. Our 

observations regarding this treatment are in accordance with the findings reported by Osuna et 

al.[4] and Nudelman et al.[5] 

 

Figure S3.9: Representative 75.4 MHz 13C CP MAS NMR of nacreous shell demonstrating DE 

(top) and CP (middle) of acid-base insoluble fraction, and CP (bottom) of the powdered shell 

(‘intact sample’) of H. cumingii. The spectra indicate that acid-base insoluble fraction consists 

of aragonite and some remainders of organic matter. 8 and 16k scans for DE and CP, 

respectively.  
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Table S3.1  

Peak assignment for the FTIR spectra (cm-1) of chitin, organic macromolecules (lyophilized 

water-insoluble acid extracts) and Periostracum grouped by shell microstructure. A. islandica 

denotes homogeneous (Arctica islandica) shells, nacreous shells are: Pinctada maxima (PM), 

Alathyria jacksoni (AJ), Hyriopsis cumingii (HC) and Cucumerunio novaehollandiae (CN). 

Peak assignment carried out using data from; Focher et al.[6]; Cárdenas, et al.[7]; Boulet-Audet 

et al.[8]; Chirgadze et al.[9]; * = shoulder  

  

Chitin 

(cm-1) 

A. islandica 

(cm-1) 

PM, AJ, 

HC, CN 

(cm-1) 

Periostracum 

AJ, HC, CN 

(cm-1) 

Peak assignment 

3429 - 3354/69 3534* vOH 

3258 3276 3272/4 3275/90 vas
N-H 

3099 3065 3072 3076/7 vs
N-H 

2959 2950 2964/8 2958* vas
C-H  of alkyl 

2935 - 2932/5 2925/35 vs
C-H  of methylene 

2877 2873 2876 2852/65 vs
C-H  of alkyl 

- 1727 - - vas
COO

- 

1652, 1620 1638 1625 1636/39 vC=O (Amide I) 

1556 1516 1518,1522/5 1538, 1511 vC-N (Amide II) 

1416 1447 1445/6 1446/55 δC-H  of  alkyl 

- - 1403/6 1410 vs
COO

- 

1376 1386,1367 1367/70 - δC-H  + δC-C-H of alkyl 

1308 1314* 1333/6 1337 δC-N  + δN-H (Amide III) 

- 1228 1228/35 1228/35 vs
S=O (Sulfate) 

1260 - - - δN-H 

1203 - - - vC-O 

1154 1153 1170 1170/4 vas
C-O-C (ring) 

1112 1125 - 1107/16 vC-O 

1068 1070 1052/6 1083/6 vC-O 

1009 1038 1028/32 1025/29 vC-O 

952 - 965, 921 913 γC-H of methylene 

895 - 897 856 γC-H (C1 axial) (β bond) 

689 - - - γN-H 
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Abstract Tridacna derasa shells show a crossed lamellar microstructure consisting of 

three hierarchical lamellar structural orders. The mineral part is intimately intergrown with 0.9 

wt% organics, namely polysaccharides, glycosylated and un-glycosylated proteins and lipids, 

identified by Fourier Transform Infrared Spectrometry. Transmission Electron Microscopy 

shows nanometer-sized grains with irregular grain boundaries and abundant voids. Twinning is 

observed across all spatial scales and results in a spread of the crystal orientation angles. 

Electron backscatter diffraction analysis shows a strong fiber texture with the [001] axes of 

aragonite aligned radially to the shell surface. The aragonitic [100] and [010] axes are oriented 

randomly around [001]. The random orientation of anisotropic crystallographic directions in 

this plane reduces anisotropy of the Young’s modulus and adds to the optimization of 

mechanical properties of bivalve shells.   

Keywords: Bivalvia, Tridacnidae, TEM, EBSD, aragonite, Young’s modulus  



CHAPTER 4  101 
 

 
 

4.1 Introduction 

Bivalve shells are complex biocomposites consisting of calcium carbonate intimately inter-

grown at the nanoscale with organic macromolecules [57, 214]. This composite nature creates 

enhanced material properties, for example high mechanical strength [69] and fracture toughness 

[5, 70], which optimize shell stability and protective function for the organism [215]. Much 

recent research has focussed on the nacreous shell structure in molluscs, while other shell 

structures in this phylum, such as the most widespread crossed lamellar structure [51], are yet 

to receive comparable attention. Here, we present one of the first in-depth characterisations of 

both the inorganic and the organic parts in Tridacna derasa (Southern Giant Clam) shells. 

Furthermore, we combine here Electron Backscatter Diffraction (EBSD) with TEM analysis to 

identify some of the multiscale strategies for the optimization of mechanical properties across 

all structural hierarchies in the shell.  

4.1.1 Structure and micro-texture of Tridacna derasa shells 

Tridacna derasa shells are entirely aragonitic and consist of a ca. 10 mm thick massive outer 

layer and a slightly translucent inner layer with visible growth increments (Figure 4.1a, c). The 

shell comprises crossed lamellar shell structure, which is the most common structure of mollusc 

shells and has been described in detail by a number of authors (e.g. [9, 51, 65, 216-219]). With 

very few exceptions, shells with this structure are aragonitic rather than calcitic [129]. Crossed 

lamellar shells from different species vary in structural arrangement but bear a basic 

architectural similarity [68]: aragonite grains are arranged in hierarchically organised lamellae 

(Figure 4.1b, d) with alternating orientations at an angle of ca. 70-90˚ depending on the species 

[51, 65]. Three or four hierarchical orders can be identified and growth twinning of the 

aragonite crystals is very common (e.g. [64, 65]).  

The first structural hierarchy in T. derasa shells comprises a series of undulating aragonite 

bands 20 to 50µm thick (first order lamellae, Figure 4.1b) consisting of nanometer-thin stacked 

second-order lamellae. These sheets of stacked lamellae are oriented at an angle of ca. 70˚ to 
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Figure 4.1. (a) Sectioned shell of Tridacna derasa showing the location of the EBSD map 

(circled box). The outer layer, extending ca. a further 10 cm was cut off at the level of the inner 

shell layer. (b) Schematic sketch of the hierarchical lamellar shell structure. An enlargement 

showing third order grain is taken from Figure 6c with grain boundaries outlined by the dashed 

line. (c) Complete valve of the shell with the dashed line indicating where the shell was 

sectioned. (d) SEM image of a fractured surface of the shell shows the first order lamellae 

(dashed line) consisting of second order laths. (e) Organic daily growth lines stained with 

Calcofluor White (arrows) transect the aragonitic lamellae.  

 

 

each other and are perpendicular to the shell surface. Each sheet of second-order lamellae, in 

turn, consists of nanometer-sized parallel aragonite laths, which form the third order of 

hierarchy (Figure 4.1b). 

Tridacna species are known to form daily growth lines [220, 221] with growth increments 

around 15µm in width. Growth lines in molluscs usually have increased organic content 
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compared to the increments between a set of lines and can be visualized using histochemical 

staining methods (Figure 4.1e).  

4.2 Materials and Methods 

The Southern Giant Clam, Tridacna derasa (Röding 1798), (Mollusca: Bivalvia), is the 

second largest species in the family Tridacnidae, reaching shell lengths of up to 520 mm [222]. 

Tridacnidae occur naturally in the tropical and subtropical waters of the Indo-Pacific and host 

photosymbiotic algae in their tissues [223]. Shells of T. derasa, cultured on Ishigaki Island, 

Okinawa, Japan (for environmental details see [221]) were used for structural analyses of the 

inorganic part of the shells, while organic matrix analysis was performed using a recently alive 

shell from One Tree Island, Queensland, Australia.  

4.2.1 Scanning Electron Microscopy (SEM) and Electron Backscattered Diffraction 

(EBSD) 

Broken pieces of shell were imaged with a Leo Gemini 1530 Field-Emission Secondary 

Electron Microscope (FE-SEM) (Carl Zeiss, Germany) at the Max-Planck Institute for 

Chemistry, Germany. Samples were mounted on aluminum stubs using conductive carbon tape. 

All samples were studied uncoated with an accelerating voltage of 5 kV, a sample current of 2 

pA, and a vacuum pressure of 5x10-6 mbar.  

Crystallographic preferred orientations (CPO) in the shell were determined by automated 

indexation of electron backscattered patterns (EBSD) in a scanning electron microscope [224, 

225] using an EDAX TSL Digiview 3 EBSD camera and an OIM DC 5.0 detector. The sample 

was polished using standard methods with diamond pastes of different grain sizes down to 0.25 

µm and a final step of chemical-physical polishing using a neoprene polishing cloth and an 

alkaline solution of colloidal silica for 1 hour. The EBSD measurements were conducted in an 

area of the shell along the axis of maximum growth (Figure 4.1a). Analyses were carried out 

under low vacuum (10 Pa of H2O) using the following parameters on the SEM: 15 kV 

accelerating voltage; 8 nA beam current; 12 mm working distance; step size of 1 μm and 70° 
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sample tilt. At these conditions, the electron beam size is 4 nm and ca. 90% of all diffraction 

patterns could be indexed. 

Post-acquisition treatment included the standardization of the confidence index (CI) of 

different points and CI correlation between neighbouring points. ‘Grain’ dilation was carried 

out in three steps considering the grain tolerance angle of 10° and a minimum grain size of 10 

pixels. Grain sizes as observed by Transmission Electron Microscopy are usually in the 

nanometer range in biominerals (e.g. Figures 4.4 - 4.6), hence the chosen ‘grain’ size cut-off 

for EBSD defines domains of several crystallographically well-aligned nanograins, rather than 

individual aragonite grains. These domains have misorientation angles <10˚ and are here termed 

‘first-order domains’.  

The pseudohexagonal symmetry effect on aragonite caused by a rotation of 60° around [001] 

was also corrected. Data with CI >0.1 are plotted in pole figures (Fig. 2d, 9b), which are 

stereograms with axes defined by an external reference frame using the shell length growth 

direction (GD), the direction of the growth lines (GL) and the axis normal to these features. 

Accumulation of points around a specific direction in the pole figures (pole maxima) shows a 

degree of texture in the polycrystalline material, quantified according to the colour scales in the 

figures. The rotations of the crystallographic dataset and plots of pole figures were carried out 

using the MTEX toolbox for Matlab [226, 227].  

4.2.2 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) foils ca. 10 by 15 µm in length and 0.15–0.20 

µm thickness were cut from the polished section of the sample using the FEI FIB200 focused 

ion beam device (FIB) following procedures given in Wirth [228]. Six foils were cut from the 

inner and outer layers of the shell, either parallel or perpendicular to the growth lines. Samples 

were placed on a carbon coated Cu grid without further carbon coating (ex situ lift out method). 

The FIB milling method involves sputtering the material surrounding the platinum-protected 

target area with gallium ions. This process can heat the target area, and drive amorphisation 
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through Ga implantation in the surface of the material [229]. Sample heating is proportional to 

the beam current, and the extent of amorphisation is proportional to the beam energy; both 

depend on the angle of beam incidence during milling [230]. To avoid heating of the sample, 

we used 30 keV with a beam current of 11pA and an angle of incidence of 1.2˚. At these 

conditions beam heating during FIB milling is less than 10K [231] and sample amorphisation 

is minimal. As the foils are thicker than 100 nm, the major part of the foil is thus not affected 

by ion implantation. If amorphisation were a significant problem in the foils, Debye-Sherrer 

diffraction rings would be present in all collected diffraction patterns, but these features were 

not observed.  

TEM imaging and analysis were undertaken with a FEI Tecnai™ G2 F20 X-Twin 

transmission electron microscope with a field emission gun source, operating at 200 kV 

acceleration voltage. A Gatan Tridiem™ filter allowed energy-filtered imaging, applying a 20 

eV window to the zero-loss peak for all Bright-Field images in this study. Images were taken 

either in STEM mode or in High Angle Annular Dark Field (HAADF) mode with 330 mm 

camera length. At these conditions imaging is possible with z-contrast, diffraction, thickness 

and density contrast. 

Great care was taken to minimize radiation damage to the material during TEM analysis. 

This involved low-dose analysis and a visual monitoring protocol developed for biominerals 

[36, 232]: Foils were analyzed in STEM mode, rapidly scanning using a small spot size and 

assigning the beam between to areas outside the sample to avoid electron irradiation damage. 

At the start of the analytical session for each FIB foil, a rapid overview picture was taken using 

a defocused beam and this was repeated after STEM scanning and HREM analysis and at the 

end of each analytical session to scan for beam damage. All high-resolution TEM (HRTEM) 

analyses were carried out at the end of the analytical session for each foil, using exposure times 

of 0.2 secs and a spot size of 5. Using this protocol, irradiation damage was only observed on a 

few occasions, manifested either as holes from the electron beam or as localized small 
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amorphizised areas where a STEM scan had been carried out. Analyses and images from these 

areas were discarded from the dataset.  

4.2.3 Organic matrix characterisation 

4.2.3.1 Thermogravimetry 

The total amount of organic shell matrix was determined by thermogravimetric analysis 

(TGA) with a TGA 2050 Thermogravimetric Analyzer (TA Instruments, USA) at the 

Department of Chemistry and Biomolecular Sciences, Macquarie University. Approximately 

30 mg of powdered and sieved sample from the inner part of the shell (250 µm mesh size) was 

measured in a temperature interval from 30˚C up to 1000˚C at 10˚C/min steps under a nitrogen 

atmosphere.  

4.2.3.2 Extraction methods 

To characterise the organic matrix, the shell was decalcified in 6N HCl after cutting and 

removing its outermost part, followed by a cleaning step that involved immersing the shell in 

30% H2O2 (Merck KGaA, 64271 Darmstadt; Germany) and rinsing with Milli-Q water. The 

solution was stored at 4oC after decalcification. The supernatant was extracted twice, first with 

dichloromethane (DCM) and then with butanol (BuOH), both fractions were combined and 

reduced to dryness before storage at -35˚C.  

The lipid–lipoprotein fraction was extracted with methanol/dichloromethane (2/1) at room 

temperature for 40 h, ultrasonicated and dried down in a nitrogen atmosphere. 

An aliquot of the total organic matrix extract was taken up in dimethylacetamide containing 

5% lithium chloride [233], centrifuged and filtered. The specific optical activity of the filtrate 

was analysed with a JASCO P-1010 Polarimeter (JASCO, Tsukuba, Japan) at the Department 

of Chemistry and Biomolecular Sciences, Macquarie University. A cell line of Sodium D at 

589 nm was used as the filter at room temperature of 21±1oC. 
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4.2.3.3 Infrared Spectroscopy 

Fourier Transform Infrared (FTIR) spectra of different extracted and dried organic matrix 

fractions were measured with a Thermo Nicolet iS10 FTIR spectrometer (Nicolet, MA, USA) 

equipped with Attenuated Total Reflection along with a smart performer assessor at the 

Department of Chemistry and Biomolecular Sciences, Macquarie University. Spectra were 

acquired between 4000 and 500 cm-1 with a resolution of 8 cm-1 and 64 accumulations. 

Backgrounds were recorded at the beginning of the analytical session and approximately every 

half hour.  

4.3 Results  

4.3.1 Electron Backscattered Diffraction analysis 

Electron Backscattered Diffraction (EBSD) was carried out on a polished area of the inner 

layer of the shell situated between, but not overlapping with, two organic-rich annual growth 

lines (approximate location outlined in Figure 4.1a). Figure 4.2a shows a crystal orientation 

map for this area. The map is coloured according to the orthorhombic inverse pole figure colour 

scheme for aragonite (inset), assuming the reader’s perspective. Areas in red have their 

crystallographic [001] axis pointing towards the reader, green denotes the [100] axis and blue 

the [010] axis. Intermediate colours are crystallographic orientations intermediate between 

these three extremes. Adjacent areas with a misorientation angle >10˚ define a boundary 

outlined in grey in Figure 4.2a. These boundaries, however, do not delineate single grains, but 

rather domains of co-oriented smaller aragonite crystals with grain sizes beyond the spatial 

resolution of the EBSD method. They are termed here ‘first-order domains’ (see Materials and 

Methods).   

Two first order lamellae are outlined with dashed lines in Figure 4.2a, and a similar area in 

the shell is shown in Figure 4.2b, where first order lamellae (dashed lines) consisting of second 

order lamellae are arranged in alternating orientation. Twinning is commonly observed at this 

level of hierarchy in the shell and amounts to ca. 26% of the ‘grain’ (i.e. first order domain) 
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boundaries (Figure 4.2c). This value is derived from analysis of the boundaries between first 

order domains with a misorientation angle of 60˚ in the CPO map (Figure 4.2a), which is close 

to the angle of twinning on {110} in aragonite. It should be noted that the estimated value of 

26% is a lower limit for the total amount of twin boundaries, because its precision is determined 

by the measurements conditions and the spatial resolution of the EBSD analysis. Nevertheless, 

even this rough estimate shows that aragonite twinning is very common in the shell across all 

structural hierarchies. 

 

Figure 4.2. (a) Crystallographic orientation map coloured according to the aragonite inverse 

pole figure colour code (inset). The reference frame (upper right) points out the overall growth 

direction of the shell (GD) and the direction of the growth lines (GL). For a red domain in the 

map, the [001] c-axis is pointing to the reader; if green, it is the a-axis [100], and if blue, it is 

the b-axis is [010]. Dashed lines outline some first order lamellae. First order domains are 

separated by low-angle boundaries within the domains (grey lines) and by high-angle 

boundaries between different co-oriented areas (black lines). The arrow points to the co-

oriented area detailed in Fig. 3. (b) SEM image (fractured shell surface) of a similar area, first 

order lamella outlined with dashed line. (c) Histogram of misorientation angles for neighbour 

(red bars) and non-neighbour (blue bars) grains. Note the predominance of low angle grain 
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boundaries (misorientations <15°) for neighbouring crystals, which is not observed between 

non-neighbour grains. Both distributions of neighbours and non-neighbour grains are distinctly 

different from the expected misorientation angles for random grain boundaries (green bars). (d) 

Pole figures of the [100], [010] and [001] axes of aragonite (lower hemisphere of the 

stereographic projection), showing a strong crystallographic preferred orientation of the [001] 

axes around the growth direction (GD), with the [100] and [010] axes forming a single broad 

girdle parallel to the plane that contains the direction of growth lines (GL, see the inset in (a) 

for the external reference frame). The maximum density of the [001] axes is 12.49 times 

uniform (value in upper left corner, compare to scale).  

 

 

 

 

The CPO of the shell shows a strong alignment of [001] axes parallel to the growth direction 

of the shell (GD) as seen in the pole figures (Figure 4.2d), with a maximum of about 12x the 

uniform distribution. The [100] and [010] axes are distributed at random along continuous and 

broad single girdles normal to GD, with a weak tendency for [100] to be parallel with the growth 

line direction (GL). Hence, the aragonite crystals are strongly co-aligned in the [001] axial 

direction but random in radial direction (i.e. concerning their [100] and [010] axes). These are 

the typical characteristics of a fiber texture.  

Figure 4.2a shows that first-order domains forming several second order lamellae within a 

given first order lamella are co-oriented, forming areas of uniform or similar colour (arrow in 

Figure 4.2a). These larger areas with small internal misorientation angles are generally around 

50µm in size and are separated from each other by high-angle first-order domain boundaries 

(misorientation angle >15˚, black lines).  

Analysis of one such large area (Figure 4.3a, marked with an arrow in Figure 4.2a) shows 

misorientation angles of ca. 15˚ across the entire area of ca. 50µm (Figure 4.3b). Notably, the 

misorientation axes within this first-order domain vary considerably (Figure 4.3c), i.e. they are 

parallel to different crystal directions that can diverge by as much as 90°. This shows that 

individual aragonite particles (or groups of particles) within this large area are misoriented to 

different degrees along individually differing misorientation axes, confirming the particulate 

nature of the area below the spatial resolution of the EBSD method. 
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Figure 4.3. Region of interest marked with a black arrow in Fig. 2a. (a) Crystallographic 

orientation map coloured according to the aragonite inverse pole figure colour code (inset in d) 

and detailed in Fig. 2. (b) Misorientation profile (black line in Fig. 3a) showing change in 

crystal orientation with a misorientation angle of ca. 15˚ across approximately 30 µm. Red 

curve = point to point values, blue curve = point to origin values. Arrow indicates a subdomain 

boundary. (c) Image quality map where different levels of grey indicate the EBSD pattern 

quality – clear, high quality patterns in light grey, lowest quality patterns in dark grey. In colour, 

the ‘grain’ reference orientation deviation axes, showing the deviation of crystallographic 

orientation relative to the black point in the map (colour reference as inset).  
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Figure 4.4. High Angle Annular Dark Field (HAADF) images of TEM foils cut perpendicular 

(a) and parallel (b) to the outer surface of the shell in the outer shell layer (Fig. 1a). Insets show 

the entire TEM foils with black squares marking the locations of the areas enlarged in (a) and 

(b). Note the small aragonite laths cut perpendicular (a, b) and parallel (c, d) to their longest 

axes and the numerous multiscale voids.  

 

4.3.2 Transmission Electron Microscopy 

We analysed six TEM foils cut from the same polished section for which EBSD 

measurements were performed (Figure 4.1a). Prominent characteristics observed in the TEM 

analyses are the typical particulate nature, well-described for natural biominerals (e.g. [36, 234, 

235] associated with multi-scale porosity throughout the shell (Figure 4.4 – 4.6). The outer shell  
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Figure 4.5. High Angle Annular Dark Field (HAADF) images of foils cut by Focussed Ion 

Beam milling parallel (a, c) and perpendicular (b, d) to the outer surface of the shell in the inner 

shell layer (Fig. 1a). The lath-shaped aragonite grains are cut perpendicular (a) and parallel (b) 

to their longest axes. Note the voids along laths boundaries and within the laths (c, d). 

Polycylcic twinning is common (c). The different grey shades of the aragonite crystals are 

differences in diffraction contrast due to different crystal orientations. 

 

layer (Figure 4.4) displays micrometer-sized cavities between the third order laths (Figure 4.4a, 

b), while the inner shell is less porous at the micrometer scale (Figure 4.5a, b). In contrast, the 

inner shell shows submicron porosity within the third order aragonite laths (Figure 4.5c, d), 

which we found less frequently in the foils cut from the outer part of the shell. We observed 

numerous and variably sized, irregular voids (ca. 30-130 nm in size) rimming the third order 

lath boundaries, with smaller voids (ca. 5-15 nm in size) within these aragonite laths (Figure 

4.5c, d, arrows). They appear to be focused along the outer areas of the laths in the inner shell 

layer, resulting in irregular 50-100 nm-wide concentration zones of voids. While the foil cut 

perpendicular to the long axis of the aragonite laths (Figure 4.5c) shows these voids apparently 
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distributed at random, the rims of the laths cut parallel to their longest axes in Figure 4.5d are 

not completely enclosed by a focus zone of voids. It is possible that this apparent preferential 

focus in Figure 4.5d is a sectioning effect from foil preparation. 

 

Figure 4.6. TEM foil cut perpendicular to the growth lines in the shell and across an interface 

(black dashed line) between two first order lamellae containing second order lamellae of 

different orientation (a, foil thinned in the central part, HAADF image, inner shell layer). (b) 

Dark Field image of an aragonite grain outlined with the white dashed box in (a). Note the 

irregular shape and ‘speckled’ diffraction contrast. (c) Bright Field Image showing numerous 

inter- and intragranular voids similar to those shown by STEM imaging in Fig. 5c, d. High 

Resolution TEM images of the tip (d) of a third order lath shows crystal lattice fringes up to the 

edges of the grain (arrow), no amorphous phases (neither inorganic nor organic) are detected 

here. (e) Irregularly shaped aragonite grain (Bright Field Image) with polycyclic twinning 

lamellae, (f) Dark Field Image of the same grain (foil #2592). 
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Crystal shapes in both layers of the shell are highly irregular (Figure 4.6a - f) and aragonites 

commonly display a variable and strongly ‘speckled’ diffraction contrasts in TEM bright and 

dark field imaging, where different areas within an individual grain display sharply different 

diffraction contrasts (e.g. Figure 4.6b, arrow). Polycyclic/polysynthetic twinning is common at 

the nano-scale in both shell layers (Figure 4.5c, 4.6e, 4.6f).  

All areas studied by High Resolution TEM were found to be crystalline, even the rim areas 

of the grains (Figure 4.6d), which contrasts with nacro-prismatic shells, where amorphous areas 

are observed [172, 232], amounting to 10 at% in some shells [15]. Nevertheless, results from 

Solid-State Nuclear Magnetic Resonance Spectroscopy on the same T. derasa shell sample 

indicate an overall amount of 3-7 at% of amorphous calcium carbonate [15], showing that while 

this phase is present in the shell, it was apparently not sampled by any of the TEM foils in this 

study. 

 

Figure 4.7. Differential thermal analysis (DTA) and thermogravimetric analysis (TGA). The 

range 150–500oC was used for calculation of the total organic matrix content. The peak at 776oC 

marks the decomposition of calcium carbonate and release of CO2. 
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4.3.2 Thermogravimetric analysis 

Thermogravimetry was used to quantify water and organic contents in a powdered sample 

of the shell. The total organic matrix amounts to 0.94 wt.% as calculated from the integrated 

mass loss in the temperature range 150-500oC (Figure 4.7). Peaks at around 300˚C are attributed 

to the decomposition of organic macromolecules. Aragonite converts to calcite at ca. 500˚C, as 

verified by FTIR spectrometry, and decomposition to CaO and CO2 is completed at around 

800oC (Figure 4.7).  

4.3.3 FTIR spectroscopic characterization of the organic matrix 

Fourier Transform (FTIR) analysis of the total organic matrix extract of the shell reveals 

prominent structural chitin-protein bands (Table 4.1): bands indicative for amide A (3000–3500 

cm-1), amide B (2800–2990 cm-1), amide I (1600–1700 cm-1), amide II (1300–1590 cm-1) and 

amide III (1190–1290 cm-1) are present. Strong broad bands between 3200 and 3450 cm-1 

(Figurre 4.8a) are characteristic for OH and/or NH stretching modes. The band at 1403 cm-1 

(Figure 4.8a) is assigned to the C=O stretching of structural proteins and amino acids. Other 

major bands at 1113 cm-1, 1067 cm-1 and 1028 cm-1 represent sugars in the chitin structure [149, 

150] (Table 4.1). The band at 1626 cm-1 corresponds to the C=O stretch in amide I and indicates 

β-sheet structure of the chitin [236]. The β-sheet structure was confirmed by measuring the 

optical activity of the soluble organic matrix in solution where the chitin was found to have a 

stable negative optical rotation of -25o after seven days [237].  

A well-defined band at 1461 cm-1 (Figure 4.8a) is attributed to amide II (Table 4.1), while 

bands at 1203 cm-1 and 1255 cm-1 are the carbonyl stretching and amide deformation vibrations 

of amide III (Table 4.1). The OH and/or NH functional groups for amide A and the C-H 

stretching modes for amide B have many prominent bands in the soluble organic matrix, for 

example at 3487 cm-1, 2959 and 2872 cm-1.  

Major bands between 1000 and 1150 cm-1 [85, 110], and 952-980 cm-1 [150] are indicative 

of sugars. The carbonyl bands (C-O-H) between 1113 cm-1 and 1028 cm-1, and C-H vibrational 



CHAPTER 4  116 
 

 
 

bands between 946 to 987 cm-1 (Table 4.1) are most likely C-O stretching vibrations in N-

acetylglucosamine in the sugars [150]. The bands at 845 cm-1 and 902 cm-1 are characteristics 

of the β-configuration in the anomeric centre [238], confirming the presence of polysaccharides. 

The extracted lipids and lipoproteins (Figure 4.8b), show indicative bands at 3394 cm-1 (O-

H), 1682 cm-1 (Amide I) and 1619.5 cm-1 (C=C), while sugar bands are seen between 1150 and 

1000 cm-1 and are strong in the fingerprint region at 666 cm-1 and 593 cm-1. 

4.4 Discussion 

4.4.1 Characteristics of the multiscale shell architecture and orqanic moiety 

Compared to the prism-nacre microstructure of mollusc shells, the crossed-lamellar 

architecture of the T. derasa shell is highly mineralized with only 0.9 wt% total organic content 

compared to >3 wt% in nacre [175]. Its structure is distinctly different and overall more 

complex than the nacro-prismatic structure [65], with three hierarchy orders of aragonite laths 

creating an interlocking fabric reminiscent of plywood (Figure 4.1; [9, 51]). Some authors have 

interpreted polycyclic aragonitic growth twins occurring in the third order structure as a fourth 

hierarchical order (e.g. [68, 239, 240]. 

In T. derasa shells, the first order lamellae run approximately perpendicular to the growth 

layers (GL in Figure 4.2), and radially with respect to the shell surface. They comprise thin 

particulate lamellae with high aspect ratios (second and third order structures: Figure 4.1b), 

showing voids along grain boundaries, and within grains at the nanoscale (Figure 4.5c, d) that 

contain organic macromolecules [241]. In contrast to nacro-prismatic bivalve shells, whose 

architecture consists of well-defined inter-crystalline organic matrix (the so-called interlamellar 

membranes) interlayered with mineral incorporating intra-crystalline organic matrix molecules, 

the crossed-lamellar T. derasa shell does not show a similarly prominent organic inter-

crystalline framework [242].  

Within the first order lamellae, the CPO map (Figure 4.2a) shows areas of second order 

lamellae that are highly co-oriented, meaning that crystal co-orientation of aragonites for these 
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areas is coherent across the organic layers between the aragonite laths as well as the organic 

growth lines shown in Fig. 1e. Similar aragonite tablets highly co-aligned across their organic 

envelopes occur in nacre [243] and are thought to form by a combination of epitaxial 

crystallization via mineral bridges across the organic envelopes [244] as well as due to 

competition for space upon growth [245]. It is conceivable that a similar model could be 

proposed for the formation of the domainal organization in crossed-lamellar structures.  

Voids are a characteristic feature of biominerals and are common in bivalve shells 

irrespective of their microstructure [69, 241, 246, 247]. The voids shown by the TEM analysis 

(Figure 4.4 – 4.6), have larger diameters along the grain rims, are smaller within the aragonites 

(Figure 4.5c) and are more common and larger in the outer shell layer (Figure 4.4) than in the 

innermost layer of the shell (Figure 4.5). Voids in nacre platelets are smaller (2-40 nm) than 

found in this study [241, 246, 247]. They are focused towards the inner part of the nacre platelets 

and form a ca. 50 nm wide void-depleted zone along the outer platelet rim adjacent to the 

interlamellar organic sheets [241]. This contrasts with our observations, where small voids are 

more common along the outer areas of each grain (Figure 4.5c, d). 

While mollusc shell microstructures differ distinctly at the micron and millimeter scale, a 

common structural motif exists at the nano-scale. It is an almost universal characteristic of 

biominerals that they are granular at the nano-scale [15]. The granular features have sizes in the 

range of tens of nanometers, are embedded in an intergranular organic medium (or cortex), and 

are easily observed by phase contrast Atomic Force Microscopy (AFM) (e.g. [216, 234, 248, 

249]), and their presence is supported using Transmission Electron Microscopy (e.g. [36, 232]): 

Irregular grain boundaries (Figure 4.5c, 4.6b, e, f) and small voids (Figure 4.5c, d) outline the 

shapes of the nanogranules in the TEM images. This granular nano-structure in mollusc shells 

is a consequence of their colloid-mediated, nonclassical mode of growth [21, 250].  

The organic shell matrix in T. derasa consists of a mixture of polysaccharides as well as 

glycosylated and un-glycosylated proteins and lipids (Figure 4.8a), which is a rather typical  
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Figure 4.8. (a) FTIR spectra of the total organic matrix in the range of 4000-500 cm-1. (b) FTIR 

spectrum of lipids and lipoproteins extracted from the shell sample. For band assignments see 

Table 1. 
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general organic assemblage in mollusc shells [57, 251]. The polysaccharides play a major role 

providing organic ‘scaffolding’ for the mineralized part (e.g. [57, 89]), but may also have an 

active function of lowering the energy barriers for mineral nucleation [108]. The presence of 

polysaccharides, not only in nacro-prismatic mollusk shells but also in shells with crossed-

lamellar microstructure, reiterates the applicability of the general biomineralization models that 

promote polysaccharides as the major organic template in this process (e.g. [124]). 

4.4.2 Aspects of mechanical properties of the crossed-lamellar microstructure  

The strength and toughness of shells are specifically distinct and superior to non-biogenic 

aragonite [5], with the crossed-lamellar shell microstructure displaying the highest fracture 

toughness [69]. These emergent mechanical properties of shells are a consequence of a 

combination of parameters including (but not limited to) the complex, multi-order hierarchy 

[69], their nano-granular texture [252], the organic-inorganic nano-composite nature of the 

material [253, 254], and high flaw tolerance at the nanoscale [255].  

Crystallographically, the crossed-lamellar structure of the T. derasa shell belongs to a family 

of similar, but not identical structures. In a comprehensive study of forty mollusc species 

including a closely related species, Tridacna gigas, Almagro et al. [65] distinguished five 

crystallographic groups of crossed-lamellar structures. Among these, Tridacna shells display a 

strong fiber texture with highly oriented crystallographic c-axes, and randomly oriented a and 

b axes (Figure 8.2c). In fact, the texture of Tridacna derasa (see Figure 8.2d for scale of textural 

index) ranges amongst the strongest mollusc shell textures (e.g. [65, 256, 257]).  

The aragonite crystallographic c-axes ([001]) in the Tridacna derasa shell are oriented 

perpendicular to the growth lines (GL in Figure 4.2c), thus, are radially oriented with respect 

to the shell surface. Aragonite single crystals are elastically anisotropic [258], with the 

anisotropy of the Young’s modulus reaching values around 50% between the weakest and 

stiffest axis (Figure 4.9a). The stiffest axis is [100] with a Young’s modulus value of ca. 140 
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GPa, whereas the [010] and [001] axes are considerably weaker with values of around 80 GPa 

(Figure 4.9a).  

 

Figure 4.9. Young’s modulus derived from the crystallographic preferred orientation for the 

Tridacna derasa shell. (a) Young’s modulus for a single crystal of aragonite calculated via the 

Voigt-Reuss-Hill averaging scheme based on the aragonite elastic constants by De Villiers 

[259]. (b) Young’s modulus for the EBSD orientation map in Figure 4.2a via Voigt-Reuss-Hill 

averaging scheme for the aggregate elastic constant (using the single crystal elastic constants 

of De Villiers, [259]). Note the development of a plane of isotropy following the distribution 

of aragonite [100] and [010] axes, leading to the optimization of general stiffness in all 
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directions along the growth lines. Numbers in GPa are Young’s modulus maximum and 

minimum values (cf. scale). 

 

The weakest direction in an aragonite single crystal lies at an intermediate position between 

[100] and [001]. By averaging the elastic constant of the T. derasa shell based on its 

crystallographic preferred orientation, it is possible to estimate the general stiffness of the shell 

based on the elastic properties of the aragonite single crystals. The CPO shows that [100] and 

[010] are orientated along a girdle around [001]. Such a CPO leads to the development of a 

plane of quasi-isotropy of the Young’s modulus parallel to the girdle of the stiff axis [100] and 

the weak axis [010] (Figure 4.9b). This minimizes the natural elastic anisotropy of aragonite in 

this plane while optimizing the general stiffness and resistance of the shell in all directions. 

Ouhenia et al. [260] recognized a similar strategy for shells of the gastropod Charonia lampas 

lampas: These shells consist of a stack of three different crossed-lamellar layers, whose 

alternated orientations maximize the stiffness coefficients in all directions of the whole shell.  

This mechanical effect is further enhanced by the crystal orientation angle spread due to 

twinning. The combined use of TEM and EBSD shows that twinning, which is common at the 

nanoscale, remains a prominent structural motif across all hierarchical orders with at least 26% 

twin boundaries (as detected at the millimetre scale across the CPO map by EBSD, Figure 4.2b).  

Most likely, this complex architectural design is aimed at increasing isotropy [215], adding to 

other strategies aimed at optimizimg mechanical properties and providing a significant 

evolutionary advantage by generating higher rigidity and wear resistance that is beneficial to 

the organism’s protection. 

4.5 Conclusion 

Tridacna derasa shells are highly mineralised bio-ceramics consisting of aragonite with 

around 1 wt% organics, namely polysaccharides, glycosylated and un-glycosylated proteins and 

lipids. The shells have a crossed-lamellar microstructure with a strong fiber texture in which 

the aragonite crystallographic c-axes are aligned radially to the shell surface. The spread of 
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crystal orientation angles due to intense twinning at all hierarchical structures, nano-granularity 

and random orientation of the aragonitic crystallographic a and b axes, optimize the Young’s 

modulus of the shell in all directions and all spatial scales, thus increasing isotropy. This is one 

of the first comprehensive studies that identify optimization strategies for mechanical properties 

across all hierarchal structures in the shell.  

 

Table 4.1: Band assignments for the main bands in the FTIR spectra (cm-1) of the shell organic 

matrix components for Tridacna derasa. Band assignments carried out using data from [36, 70, 

71] 

Total Organic Matrix  Band assignment 

3487,3446 vOH 

3355, 3217 vN-H 

2959 vas
C-H  of alkyl 

2935 vs
C-H  of methylene 

2903, 2872 vs
C-H  of alkyl 

1626,1612 vC=O 

1462 δC-H  of  alkyl 

1403 vs
C=O 

1334 δC-N  + δN-H 

1379 δC-H  + δC-CH3 

1255 δN-H 

1203 vC-O 

1298 vC-O 

1028, 1067,1113 vC-O-H 

987 γC-H of alkyl 

962, 946 γC-H of methylene 

902 γC-H 

845 γas
C-O deformation 

739 ρC-H of  methylene 

592 γC-C 
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Abstract  Here we present an in-depth characterisation of two bivalve shells with crossed 

lamellar microstructure, namely Tridacna gigas and Fulvia tenuicostata. High-resolution 

scanning electron microscopy and confocal microscopy imaging reveal a fine structure of 

nanogranular particles that are inorganic-bioorganic nanocomposites for both, T. gigas and F. 

tenuicostata. In Fulvia tenuicostata, inorganic-organic components are arranged in a 

polycrystalline fibre-like fabric. Tridacna gigas consists of up to four hierarchical lamellar 

structural orders; the second order lamellae include elongated nanometer-sized laths (third order 

lamellae). The total amount of organic matter (1.8 and 1.5 wt%) is lower, and the composition 

of the organic matrix is variable between the two species. This work shows for the first-time 

the presence of chitin and its derivatives as well as many prominent protein bands, 

glycoproteins and/or glycosaminoglycans of unknown size (far above 260 kDa) in bivalve 

shells with crossed lamellar microstructure. Chitosan (deacetylated chitin) with apparent 

molecular weights from 18 to 110 kDa for Tridacna gigas and from 12 kDa till above 110 kDa 

for Fulvia tenuicoststa are detected in gel-electrophoresis after Calcofluor staining. Our new 

findings indicate that chitin-protein-complex and lipid-lipoproteins may be essential for shells 

with different microstructures. The amount of polysaccharides in crossed lamellar may be lower 

compared to that found in nacroprismatic shells due to the total amount of organics. 

Identification of chitin-containing carbohydrate from two crossed lamellar shells representing 

two molluscan orders and families show that this biopolymer is not restricted only to families 

with nacroprismatic shells.   

Keywords: Tridacna gigas; Fulvia tenuicostata; laths; fibres; chitin deacetylated; Calcofluor 

White M2R. 
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5.1. Introduction 

Molluscan shells are biocomposites consisting of a mineral phase (aragonite and/or calcite) 

and organic macromolecules intergrown at the nanoscale [1, 2]. Amongst all different shell 

microstructures nacre is the most studied to date due to its exceptional toughness [3, 4] and its 

biocompatibility [5], while comparable knowledge is lacking for shells with non-nacreous 

microstructures. One of these is the crossed lamellar microstructure, which is the most 

widespread microstructure in mollusc shells [1]. 

Compared with nacreous shells, which contain approximately 3 wt% of organics [6], the 

crossed-lamellar shells are more mineralized with only around 1 wt% organic moiety [7, 8]. As 

is typical for the architecture of many biominerals, the crossed lamellar structure is 

hierarchically organized with up to four hierarchical orders [9, 10]. With very few exceptions, 

shells with this structure are aragonitic rather than calcitic [11, 12]. Crossed lamellar shells from 

different species vary in structural arrangement but share the architectural similarity [13] of 

hierarchically organized lamellae consisting of organic-coated aragonitic laths (Fig. 1) or fibers 

(Fig. 2) with alternating orientations at angles of ca. 70–90° [12, 14, 15].  

Macromolecules occluded in the calcareous biominerals play a crucial role in the nucleation 

and growth of the inorganic calcium carbonate phase [2] as well as in optimizing the intrinsic 

properties of the inorganic matrix at all spatial scales [3, 16]. While the composition of shell 

macromolecules varies between different species and shell microstructures, they generally 

include soluble organic fraction, comprising lipids-lipoproteins [17] and proteins rich in acidic 

amino acids [18]. The acidic proteins are covalently linked to proteoglycans-

glycosaminoglycans, sulfated polysaccharides and/or glycoproteins [19]. Neutral and amino 

sugars constitute a part of the carbohydrate fraction [20, 21]. Though the exact molecular 

mechanisms by which the organic biomolecules control the mineralisation are not fully 

understood, they are linked to the ability of negatively charged polyanionic groups to bind Ca2+ 
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ions [22-24], thus locally increasing super-saturation and initiating hetero-epitaxial nucleation 

[25]. Organic fibres comprising a chitin-protein-complex are believed to exert a fundamental 

role in biomineralisation by creating a hydrophobic environment and inhibit non-specific 

nucleation [23, 26]. However, it is yet unclear whether these specific macromolecules are 

present in lamellar bivalve shells [12, 26, 27].  

Only a few studies have described the organic matrix in mollusc shells with crossed lamellar 

microstructure and these have mostly focused on the soluble organic matrix of gastropods [12, 

15, 20, 21, 28]. One of the fundamental questions concerning the composition of organic matrix 

in the shells with crossed lamellar structures is whether shell proteins and polysaccharides β-

chitin (and its derivatives) are restricted to some micro-textures, such as nacre-prism species. 

To address this question, we studied Tridacna gigas and Fulvia tenuicostata shells as examples 

for shells with crossed lamellar microstructure with newly developed extraction methods for 

organic macromolecules. We present a detailed biochemical analysis of the shell 

macromolecules including chitin and its derivatives, shell proteins and saccharidic composition 

of the shells.  

5.2. Materials and methods 

5.2.1. Materials 

Tridacna gigas (Linnaeus, 1758), (Bivalvia, Veneroida), is the largest species in the phylum 

Mollusca and the family Tridacnidae, reaching shell lengths of up to ~130 cm with average 

lifespan in the wild of over 100 years [29]. It occurs throughout Australasia and is an important 

part of coral reef biodiversity [30]. In April 2014, the Australian Fisheries Management 

Authority (AFMA) seized ca. 200 T. gigas from Fishermen illegally operating in Australian 

territorial waters of the Timor Sea near Evans Shoal, about 184 nautical miles north of Darwin, 

Northern Territory. Four of these shells were provided to Macquarie University for use in 

research projects and teaching activities. Sample 257842-B was used here. The timing and 
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location of the shells is unknown. However, it is certain that they were collected within a few 

days of the seizure and most likely, the sourced of the shells were very close to the location 

where they were seized (09°54'23" South and 129°35'23' East).  

The common southern cockle, Fulvia tenuicostata (Lamarck, 1819), (Bivalvia: Cardiida), is 

a member of the cardiidae family and reaches a maximum size of ~6 cm, with average lifespans 

of about 5 years [31]. Fulvia tenuicostata is native to Australia and occurs mostly along the 

southern parts with Sydney as the current most northern distribution [29]. The shell is generally 

common in Sydney Harbour death assemblages, but live animals are very rare [31]. Several 

subfossil F. tenuicostata shells (ca. 2000 years old; [31]) from the Sydney Harbour, Australia 

were used in this study.  

5.2.2. Methods 

5.2.2.1. Sample Preparation and Thermogravimetry Analysis 

The Tridacna shell is entirely aragonitic and consist of two major macrolayers: an inner 

translucent layer with visible growth increments and a massive outer white layer [8]. The outer 

part of the T. gigas shell fragment was removed with a diamond rock saw before analysing the 

remaining inner translucent layer. Unlike Tridacna with massive layers, F. tenuicostata shells 

consist of two thin aragonitic layers and whole shells have been utilised in this study. Fragments 

of F. tenuicostata shells were washed thoroughly in Milli-Q water and immersed in ethanol for 

24 h with two ultrasonic treatments before rinsing and drying at room temperature. Both, 

Tridacna and F. tenuicostata shells were immersed in 30% H2O2 (Merck KGaA, 64271 

Darmstadt; Germany) for 2 h at room temperature combined with ultrasonic treatment, washed 

extensively with Milli-Q water and air-dried. Samples were powdered with a rock crusher 

before Thermogravimetric analysis (TGA/DTA) was performed using a TGA 2050 

Thermogravimetric Analyzer (TA Instruments, USA). About 30 mg of powdered sample was 

measured at a rate of 10oC/min in a temperature interval from room temperature (21˚C) up to 

1000˚C.  
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5.2.2.2. Scanning Electron and Fluorescence Microscopy  

Shell fragments were etched with EDTA (1% wt/vol), gold-coated and imaged with either a 

JEOL JSM-7100F Field Emission- Scanning Electron Microscope (FESEM) or a JEOL JSM-

6480LA Scanning Electron Microscope. For histochemical staining, broken pieces of shell were 

submerged in 10% glacial acetic acid for decalcification at 4oC for 7 d.  After thorough rinsing 

with distilled water, the acid-insoluble samples were stained with Calcofluor White M2R 

(Fluorescent brightener F-3543 Sigma-Aldrich; 0.1%). Images of the stained organic matrix 

were collected with an Olympus Fluoview FV1000 laser confocal microscope (Olympus, 

Japan) built around an IX81 inverted microscope fitted with a 60X oil immersion objective and 

using a laser diode at 405µm and in the UV-spectrum (425-525 µm). 

5.2.2.3. Extraction of Shell Macromolecules and Infrared Spectroscopy 

About 50 g of powdered sample was decalcified in 1mM HCl (and pH was raised to with 

Milli-Q water to the ~ 7) and the extracts centrifuged, separating the insoluble organic residue 

from the soluble organic matrix (SOM) in the supernatant. To characterise the organic moiety 

in the insoluble matrices, the insoluble residue was lyophilized and then decalcified in 1:1 (pH 

~4) of 0.1 N trichloroacetic acid and phosphate buffer (pH 7.4), the resulting extract was termed 

trichloroacetic acid-phosphate buffer soluble moiety (TPM). Both extracts were concentrated 

using Sep-Pak C18-2g (Waters Associates Milford, MA, USA) and lyophilized. Afterwards, 

TPM was desalted twice with cold acetone, centrifuged and air-dried at room temperature. The 

lipid–lipoprotein contents were extracted in methanol/dichloromethane (2/1) at room 

temperature for 22 h, sonicated and dried down in nitrogen atmosphere. 

Fourier Transform Infrared (FTIR) analyses were conducted on lyophilized soluble organic 

moieties and lipid-lipoproteins. Spectra were recorded using a Thermo Nicolet iS10 ATR-FTIR 

spectrometer (Nicolet, MA, USA) equipped with a smart performer accessory between 4000 to 

600 cm-1 in air with 64 accumulations and a resolution of 4 cm-1. Background spectra were 

measured at the start of the analysis.  
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Fig. 5.1: (a) Schematic representation of the crossed lamellar microstructure in a Tridacna 

shells showing hierachical order. An enlargement demonstrating third-order lamellae with grain 

boundaries sketched by dashed lines (Adapted from ref.[8]). (b) Microstructure of the inner 

layer of a  Tridacna shell. Fragment of Tridacna shell showing the differently oriented first 

order lamellae (arrowhead) consisting of second order aragonite lamellae. (c) Close-up image 

of the second order lamellae within one first order lamella. Arrows in the etched sample exhibit 

the location of the thin layers of the organic scaffolding between the second order lamellae. 

Sample was etched with 1% EDTA for 90s. (d) Detail of dashed lines in (e) showing third-order 

laths. Tridacna shell is composed of organic fibrils (arrow) and granules (dashed lines) within 

the surface of daily growth lines (see Fig. 10a for detail). Sample was etched with 1% EDTA 

for 180s. 
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5.2.2.4. Amino acid and monosaccharide analysis 

Aliquots of the lyophilized extracts were acid-hydrolysed with 6 M HCl for 24 h at 110˚C 

under nitrogen following the procedure described in Agbaje et al. [6]. Soluble fractions after 

gas phase hydrolysis were dissolved in Milli-Q water and an aliquot was derivatized with AQC 

regent using AccQTag Ultra derivatisation kit (Waters Corporation, Milford, MA, USA). The 

resulting hydrolysates were separated and quantified using an ACQUITY ultra-performance 

liquid chromatography (UPLC) system and BEH RP C18 1.7m column (Waters Corporation, 

Milford, MA). The amino acid composition was expressed as molar percentage (mole %) of the 

total amino acids and is the average of duplicate results. 

To quantify neutral and amino sugar contents, aliquots were hydrolysed in 2 M 

trifluoroacetic acid at 100˚C (4 h) and 8 M HCl at 100°C (6 h), respectively. Samples were 

reduced to dryness under vacuum and the residue was re-dissolved adding 100 µM 2-deoxy-D-

glucose solution as an internal standard. The sugar contents of the hydrolysate samples (neutral 

and amino sugar contents) were determined on a high-performance anion-exchange 

chromatograph system with pulsed amperometric detection (HPAEC-PAD) fitted with a BioLC 

amino trap guard column (3 x 50 mm) connected to a CarboPac PA10 column (4 x 250 mm) 

(Dionex Corp., Sunnyvale, CA, USA) held at 25°C. The cartridge was activated with a basic 

solvent (NaOH) passed at a flow-rate of 0.5mL/min. These hydrolytic conditions allowed the 

quantification of fucose, galactose, glucose, xylose, mannose, glucosamine and galactosamine. 

The sugar contents expressed as an ng/mg, represent the average of duplicate results. 
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Fig. 5.2: Scanning electron microscopy (SEM) micrographs showing the hierarchical 

organization of Fulvia tenuicostata shells after etching with 1% EDTA for 180s. (a) View of 

the inner aragonitic layer. Note the higher magnification in (b) and (c). (b) White square depicts 

the thin elongated fibres of aragonite oriented in different directions thus create the bundle 

plates in first (outer) and second (middle) layers. Note the higher magnification in (c). The 

dimension of each fibre is ~ 50-60 nm. (d) Cross-section of the growth bands (arrowheads) and 

fibrous structure with fan-shaped fibre bundles in the outer shell layer.   

 

5.2.2.5. Determination of shell proteins and chitin deacetylated activity on SDS-PAGE 

The organic moieties in the shells were separated under denaturing conditions by 

conventional 1D electrophoresis using Laemmli sample buffer [32]. Proteins were separated on 

a pre-cast NuPAGE 4–12% Bis-Tris gel in MES running buffer following protocols supplied 

by the manufacturer (Invitrogen; Carlsbad, CA, USA). After electrophoresis, gels were stained 

with silver nitrate following methods detailed in Agbaje et al. [6]. Potential glycosylation in the 

SOM and TPM extracts were studied using the Wall and Gyi [33] method (modified after 

Agbaje et al. [6]). Gels were also studied for potential Ca2+ binding proteins adapting the 
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protocol for Stains-all from Osuna et al. [21]. After staining, the gel was treated with 50% 

ethanol to ensure clear background and subsequently treated following the modified silver 

nitrate staining method as described in Agbaje et al. [6]. 

The chitin deacetylated (CDA) activity was analysed after sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) using a modified Calcofluor White M2R 

(hereafter Calcofluor) staining [34], followed by silver nitrate staining. The modification to the 

CDA staining involved fixation of the gel in 50 vol% methanol and glacial acetic acid. The gel 

was incubated overnight at 4˚C in the dark with a freshly prepared solution of 0.15% (w/v) 

Calcofluor in 0.5 M Tris-HCl (pH 8.8), and subsequently stained with silver nitrate. The 

duration for each wash and incubation was identical to that for the combined Alcian Blue/silver 

nitrate protocol described. 

5.3. Results and discussion 

5.3.1. Microstructure of crossed lamellar shells 

Tridacna genus are closely related [35, 36]; both, T. gigas (this study) and T. derasa 

comprise three orders of lamellar hierarchy, as schematically depicted in Fig. 5.1a [8]. The first 

order hierarchy comprises undulating bands of a ca 50µm thickness (first order lamellae, Fig. 

5.1b) that consist of stacked second order lamellae (Fig. 5.1c) perpendicular to the shell surface 

and oriented at an angle of ca. 90˚ to each other. The second order lamellae consist of elongated 

nanometer-sized laths (third order lamellae, Fig. 5.1a). Nanometer-scale growth twinning of the 

aragonites is very common (e.g.[14, 37]) and could be regarded as a fourth hierarchical order 

[12].   

F. tenuicostata shells have a crossed lamellar inner layer (Fig. 5.2a-c) and an outer layer 

consisting of fan-like shaped fine fibrous prisms (Fig. 5.2d) [1, 38]. In inner layer it is observed 

that shells depict three sublayers (Fig. 5.2a); the morphologies of this structure are discernible 

in Fig. 5.2b-c, where thin third-order fibres arranged mutually parallel, thereby forming bundles 
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of sheet-like organisation of second-order lamellae (Fig. 5.2a, b), which are in turn produce the 

building blocks of crossed lamellar shell – first-order lamellar (Fig. 5.3). 

 

Fig. 5.3: Schematic representation of  the crossed lamellar microstructure of Fulvia 

tenuicostata shell. Three orders of hierarchy are visible. The third-order lamellae are fibre-like 

and are built of nanogranule particles. A bundle of 3rd-order lamellae forms the second-order 

lamellae and these, in turn, are the building blocks of the first-order lamellae. 

 

5.3.2. Localization and amount of the organic matrix  

Growth lines, enriched in organic components transect the shell microstructure [39] and can 

be visualized using histochemical staining with Calcofluor white M2R (CFW). CFW is a 

fluorescent marker, and binds specifically to structural β-(1-3)- and β-(1-4)-polysaccharides 

(cellulose, chitin and chitosan) but not to proteins [40]. Growth lines in T. gigas (Fig. 5.1e) are 

well stained and visible with CFW (Fig. 5.4a). Also, growth lines are visible in the outer shell 

layer [1] of F. tenuicostata (Fig. 5.4b), while the inner parts of the shell shows organic material 

interlayered with sheets of fibrous aragonite, but no growth lines (Fig. 5.4c).    
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Fig. 5.4: (a) Etched section of T. gigas shell indicating the presence of organic fibre (chitin, 

arrowheads) in the growth bands in the inner shell layer after staining with Calcofluor White 

M2R. (b) Organic growth bands (arrowheads) in the outer shell layer (F. tenuicostata) stained 

with Calcofluor White M2R. The white arrow designates the outside surface of the shell. (c) 

Etched cross-section of the inner shell layer of F. tenuicostata shows the organic framework 

interlayered with the aragonite fibres after Calcofluor White M2R  staining. 

 

Fig. 5.5 shows Differential Thermogravimetric thermal analyses of the samples studied, 

which consisted of differential thermal analysis (DTA; Fig. 5.5a) and thermogravimetric 

analysis (TG; Fig. 5.5b). The DTA exhibits three decompositional steps for both shells. The 

first occurs at 104oC is caused by loss of water, the second exists in the range 220-462oC and 

is due to the combustion of the shell macromolecules followed by transformation of aragonite 

to calcite [8]. The third decomposition step at 761-764oC is attributed to the disintegration of 
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CaCO3 and hence form CaO and CO2 [6, 8]. In total the organic matrix amounts to 1.54 wt% 

in F. tenuicostata and 1.83 wt% in T. gigas. These amounts are in the same range as for other 

mollusc species with crossed lamellar microtexture, such as Glycimeris glycimeris (1.4 wt%; 

[7]), and Murex troscheli (1.7 wt%; [41]) but are overall distinctly lower than for nacre-prism 

shells (~ 4.0 wt%; [6]).  

 

Fig. 5.5: Differential thermogravimetric analysis (a) and Thermogravimetric analysis (b) were 

used to determine the total organic contents of the shells (TG: Tridacna gigas and FT: Fulvia 

tenuicostata). The bar chart inserted in (B) represents the calculated total shell organic content 

for the range 150–500oC. FT and TG demonstrate 1.54 wt% and 1.83 wt% for total organic 

content, respectively. 

 

5.3.3. Fourier Transform Infrared (FTIR) Spectroscopy 

After decalcification, the composition of the lyophilised Soluble Organic Moiety (SOM) and 

the TP-Soluble Organic Moiety (TPM, see methods) are characterised with infrared 

spectroscopy. The main components in the shell macromolecules are proteins, polysaccharides 

(Fig. 5.6a, b) and lipids-lipoproteins (Fig. 5.6c, see methods). The bands at around 3300 cm-1 

and between 2957 and 2847 cm-1 are attributed to amide A (N-H band) and C-H stretching 

groups, respectively. The bands at 1657 and 1651 cm-1 for F. tenuicostata, 1648 and 1651 cm-

1 for T. gigas correspond to amide I C=O stretch (Fig. 5.6a, b).  
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Fig. 5.6: FTIR spectra of the shells (TG: Tridacna gigas and FT: Fulvia tenuicostata) in the 

range 4000-600 cm-1. (a): Soluble Organic Moiety (SOM). (b) : Trichloroacetic acid-Phosphate 

buffer Soluble Moiety (TPM). (c): FTIR spectra (4000-600 cm-1) of lipoproteins extracted from 

Tridacna gigas (FT) and Fulvia tenuicoststa (FT) shell samples. Bands at around 1622 cm-1 

exhibit the C=C of lipids and the bands at 1651 and 1664.5 cm-1 show the presence of proteins. 
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The characteristic features in the amide regions of the organic moieties exhibit some 

significant differences in TPM between the two bivalve species: the amide II band (1557 cm-1) 

and band at 1668.5 cm-1 in TPM of T. gigas are assigned to glutamic acid and glutamine [42]. 

These bands are absent in F. tenuicostata shells (Fig. 5.6b). Carboxylate bands and carbonyl 

esters occur at 1406 and 1733 cm-1 (T. gigas), 1397 and 1727.4 cm-1 (F. tenuicostata) are 

generally absent in SOM (Fig. 5.6a). Bands for C-H vibrations of aliphatic groups (1470-1452 

cm-1) are prominent in all organic moieties except for TPM of T. gigas that shows only a 

shoulder at 1434 cm-1 (Fig. 5.6b). Stretching vibration of the C-O bonds of the sugars 

biomolecules show absorption bands at 1082-1019 cm-1. 

Lipids and lipoproteins (Fig. 5.6c) have bands at around 3300 cm-1 (O-H coupled with N-H 

group), 2957-2847 cm-1 (C-H groups), 1651 for T. gigas and 1664.5 for F. tenuicostata (Amide 

I), and 1622 cm-1 (C=C). The bands between 1082 and 997 cm-1, 1725 and 1733 cm-1, 

respectively (Fig. 5.6c), are usually assigned to sugars and C=O stretch vibration as in Fig. 5.6a 

and b. Lipid is the third constituent of the shell biopolymer after proteins and polysaccharides. 

Characterization of this constituent in biogenic inorganic solid-state materials are very rare and 

the exact composition is far from being understood. This finding suggests that the association 

of lipids and proteins may be of general important for shells with different microstructures [17, 

43].  

5.3.4. Amino acid composition 

Both, SOM and TPM of F. tenuicostata shells contain glycine and aspartate, accounting for 

26% (in SOM) and 29.2% (in TPM) of total amino acids, followed by proline, alanine, valine, 

leucine and glutamate (Table 5.1). These five residues constitute around 40% (42.2% in SOM 

and 40% in TPM) of the total amino acid composition. In comparison, SOM of T. gigas exhibits 

more glycine, proline and leucine (39.1% of total amino acids) than F. tenuicostata shells, 

followed by glutamate and aspartate (15.7% of total amount). The composition of TPM in T. 
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gigas is slightly different to that of SOM and dominated by glycine, glutamate, aspartate, 

proline and leucine, together 56.2% of the total amino composition.  

Table 5.1 

Amino acid composition (mole %)  of the organic extracts of Tridacna gigas and Fulvia 

tenuicostata shells 

Amino Acid Tridacna gigas Fulvia tenuicostata 

 SOM TPM SOM TPM 

Hisa 0.7 0.6 0.3 0.2 

Serb 4.7 5.3 6.2 6.4 

Arga 4.3 4.0 3.4 3.2 

Gly 12.7 12.6 15.1 13.6 

Asx a (Asp + Asn) 7.3 10.6 10.9 15.6 

Glxa   (Glu + Gln) 8.4 10.7 7.5 9.1 

Thrb 3.5 4.5 6.0 6.0 

Alac 6.1 7.1 9.5 8.9 

Proc 13.3 11.4 8.7 7.5 

Lysa 5.1 3.9 2.6 3.1 

Tyrb 2.6 2.3 2.2 2.2 

Metc 2.1 < 0.4 1.2 1.0 

Valc 5.4 5.9 8.2 7.5 

Ilec 6.0 5.9 5.6 5.0 

Leuc 13.1 10.9 8.3 7.0 

Phec 4.7 4.4 4.4 3.8 

C/HP 0.51 0.65 0.54 0.77 

NB:  a charged amino acid; b uncharged, polar amino acid; c hydrophobic amino acid; SOM: 

Soluble Organic Moiety; TPM: Trichloroacetic acid-Phosphate buffer Soluble Moiety 

(Extract from Water-Insoluble Moiety); C/HP: charged to hydrophobic ratio. 

 

The soluble moiety (SOM) in the F. tenuicostata shells contains 24.6% of glycine and 

alanine, and has a charge to hydrophobic ratio (C/HP) of 0.54. T. gigas has a similar C/HP 

ration of 0.51, but contains lower amounts of glycine and alanine (18.8%) than F. tenuicostata. 

In TPM of F. tenuicostata, glycine and alanine amount to 22.5% and a relatively large C/HP 

ratio of 0.77. This is significantly different to the C/HP in T. gigas (0.65), which contains only 

slightly more glycine and alanine (19.7% total amount). Using the total amount of the soluble 

organic moieties (SOM and TPM; Fig. 5.7a), F. tenuicostata shells exhibits higher amount of 

glycine (15.1% for SOM and 13.6% for TPM) and aspartate (10.9% for SOM and 15.6% for 

TPM) than T. gigas. Contrarily, the main amino acids found in T. gigas are glycine (12.7% for 
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SOM and 12.6% for TPM), proline (13.3% for SOM and 11.4% for TPM), leucine (13.1% for 

SOM and 10.9% for TPM) and glutamate (8.4% for SOM and 10.7% for TPM). The higher 

amount to glutamate compared with aspartate in T. gigas agrees well with the FTIR spectra, 

where glutamic acid (1557 cm-1) and glutamine (1668.5 cm-1) bands are observed (Fig. 5.6b).  

5.3.5. Monosaccharide composition 

The soluble organic moieties demonstrate the presence of a set of neutral and amino sugars, 

including glucose, mannose, xylose, fucose, galactose, N-acetyl-D-glucosamine and N-acetyl-

D-galactosamine (Table 5.2). The most abundant sugar moieties are glucose and xylose. The 

two sugars exhibit 59.6% (SOM) and 45.3% (TPM) in F. tenuicostata, and have higher 

concentrations of 70.7% (SOM) and 78.2% (TPM) in T. gigas (Table 5.2). Also, F. tenuicostata 

exhibits higher amounts of galactosamine, glucosamine and mannose than T. gigas. In F. 

tenuicostata shells fucose is present in considerably higher amounts (SOM: 3.7%, TPM: 4.6%) 

than in T. gigas that show only traces (Table 5.2). The total amount of 1.18 wt% sugar content 

in F. tenuicostata shells and 0.52 wt% in T. gigas are significantly lower compared with 3.1% 

found in bivalve species with nacreous microstructure (e.g. Unionoida: [44]). This means that 

the organic matrix extracts of T. gigas and F. tenuicostata shells are only weakly glycosylated. 

In summary, saccharidic composition of the two shells is distinct (Fig. 5.7b): the total soluble 

organic moieties (SOM and TPM) of F. tenuicostata shells contains higher contents of 

glucosamine (13.3% for SOM and 21.0% for TPM), galactosamine (12.3% for SOM and 15.7% 

for TPM), mannose (11.1% for SOM and 13.4% for TPM) and fucose (3.7% for SOM and 4.6% 

for TPM) compared to T. gigas. Instead, T. gigas exhibits higher amounts of xylose (28.2% for 

SOM and 57.3% for TPM) followed by glucose (42.5% for SOM and 20.9% for TPM). 

Generally, sugars such as xylose and mannose are unusual for mollusc shells [21, 45]. However 

recently, Osuna et al., [21] reported higher amounts of mannose (32.3%) in the soluble shell 

macromolecules of the gastropod Strombus gigas, while high amounts of xylose (33.64%) were 

discovered in the soluble shell matrix of gastropod Rapana thomasiana [46]. 
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Table 5.2 

Monosaccharide composition of organic extracts of Tridacna gigas and Fulvia tenuicostata 

shells 

Monosaccharide     Tridacna gigas Fulvia tenuicostata 

 SOM 

ng/mg (%) 

TPM 

ng/mg (%) 

SOM 

ng/mg (%) 

TPM 

ng/mg (%) 

Galactosamine 171 (5.9) 165 (7.2) 663 (12.3) 1002 (15.7) 

Glucosamine 299 (10.3) 139 (6.0) 716 (13.3) 1344 (21.0) 

Fucose TR TR 199 (3.7) 296 (4.6) 

Glucose 1235 (42.5) 481 (20.9) 997 (18.6) 1600 (25.0) 

Xylose 820 (28.2) 1319 (57.3) 2203 (41.0) 1302 (20.3) 

Mannose 381 (13.1) 199 (8.6) 596 (11.1) 856 (13.4) 

Total 2906 (100) 2303 (100) 5374 (100) 6400 (100) 

Total % 0.29 0.23 0.54 0.64 

TR – trace; SOM: Soluble Organic Moiety; TPM: Trichloroacetic acid-Phosphate buffer 

Soluble Moiety (Extract from Water-Insoluble Moiety). 

 

 
Fig. 5.7: Total amino acid compositions and proportions from combining the soluble (SOM) 

plus the Trichloroacetic acid-Phosphate buffer soluble moieties (TPM) (a); Total 

monosaccharide compositions and proportions taken together from the water soluble (SOM) 

plus the Trichloroacetic acid-Phosphate buffer soluble moieties (TPM) (b). NB: The 

compositions involved the percentage of two fractions, i.e.  SOM and TPM. 
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It has been argued that structures containing a β1 → 2-linked xylose bound to a β-mannose 

unit of the carbohydrate core are essential in animal species [46]. Van Kuik et al., [45] for 

example, showed that xylose is a component of an N-linked glycosidic carbohydrate chain in 

the α-hemocyanin of the gastropod Helix pomatia. It has been speculated that these specific 

glycoproteins exhibit a crucial role in shell developmental processes [47] although the exact 

role in the biomineralization process is unclear. 

5.3.6. The protein signature in the shells  

Organic fractions in T. gigas and F. tenuicostata shells were analysed by mono-dimensional 

electrophoresis. This technique has been widely used to visualize inorganic-associated proteins, 

with, however, some technical limitations [12, 27]. In this study, silver nitrate, Stains-all and 

Alcian blue staining show numerous proteins and/or glycosaminoglycans-glycoproteins bands 

(Fig. 5.8), their high number probably being caused by the presence of carbohydrate groups 

linked with the proteins [23, 48, 49].  

For both Soluble Organic Moiety (SOM) extracts (Fig. 5.8, Lanes 1, 2), the most prominent 

and highly reproducible bands for all biochemical assays have an apparent molecular mass of 

20 kDa and 36 kDa. Also, a weak band at around 160 kDa is reproducible for the TP-Soluble 

Organic Moiety (TPM) of F. tenuicostata (Fig. 5.8, Lane 3). We observed no protein bands for 

the TPM of the T. gigas shell (Fig. 8; Lane 4).  

A number of weaker protein bands are visualized by silver nitrate staining for both SOM 

samples (Fig. 5.8a). The calcium-binding proteins are confirmed by a specific Stains-all 

staining method (Fig. 5.8b). Bands at around 140, 110, 80, 60 and 63 kDa could be identified 

in both SOM samples (Fig. 5.8b, Lanes 1, 2). Alcian Blue combined with silver nitrate staining 

(Fig. 5.8c) resulted in an increased sensitivity for glycoproteins and/or glycosaminoglycans. 

The soluble portion of the organic matrix reveals a discrete band with unknown weight (far 

above 260 kDa) after staining with Alcian Blue (Fig. 5.8c, Lane 1), which was reproducible 

with silver nitrate and stains-all staining (Fig. 5.8a, b; Lane 1). The band is attributed to sulfated 
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polysaccharides/glycosaminoglycans (e.g.[28] [9]). Similarly, a number of bands appeared at 

around 20 up to 160 kDa (Fig. 5.8c, Lane 1, 2). Most of these bands are visualized in SOM of 

T. gigas but are less prominent compared to SOM of F. tenuicostata. In addition, bands at 

around 58 kDa and 63 kDa (Fig. 5.8b, c) for both extracts of F. tenuicostata (SOM and TPM) 

are not visible with silver nitrate staining (Fig. 5.8a; Lane 1, 3). These bands can be attributed 

to calcium-binding proteins and/or glycoproteins [44, 50]. The two bands were also identified 

in the soluble organic matrix of the freshwater species Hyriopsis cumingii (Unionoida) with 

nacro-prismatic shell architecture [6]. 

 

Fig. 5.8: SDS-PAGE of Soluble (SOM) and Trichloroacetic acid-Phosphate buffer Soluble 

Moieties (TPM). Lane 1: SOM F. tenuicostata; Lane 2: SOM T. gigas; Lane 3: TPM F. 

tenuicostata; Lane 4: TPM T. gigas; Lane M: Molecular weight (Novex Sharp Pre-stained 

Protein; 5 µL) standards with masses in kDa are indicated. Samples were stained with silver 

nitrate (0.1% with 50 µL 37% formaldehyde). Each well was loaded with 100 µg. Stains-all 

and Alcian Blue: samples were visualized with Stains-all and Alcian Blue, and then enhanced 

with silver nitrate, respectively. For Silver nitrate and Alcian Blue, each well was loaded with 

100 µg whereas for Stains-all, each well was loaded with 50 µg. Arrows on Silver nitrate and 

Stains-all point to the glycosaminoglycans/proteoglycans bands. For Alcian blue, arrows 

indicated protein bands at around 20, 23, 36, 46, 63, 70, 80, 110 and 160 kDa. Dashed arrow 

far above 260 kDa points to glycosaminoglycans and/or proteoglycans band. 

 

Calcofluor white (CFW) binds strongly to carbohydrate residues in the polyacrylamide gel 

[34, 48]. As all extracted organics are disordered species and mixtures, we stained TPM (the 
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soluble extract of the insoluble shell organic matrix) of both shells with CFW to reveal the 

deacetylated form of chitin (chitosan), and subsequently enhanced the staining with silver 

nitrate (Fig. 5.9; Lane 1, 2). Both TPM extracts reveal distinct bands. In T. gigas bands at 110, 

80, 40 kDa and around 36 and 18 kDa could be identified (Fig. 5.9; Lane 1). As CFW interacts 

preferentially with the saccharide residues and reveals prominent bands that are unstained with 

protein stains (Fig. 5.8), we propose the band at around 36 kDa to be an acidic glycoprotein 

linked with a carbohydrate, because it occurs in all SDS-electrophoresis (Fig. 5.8 and 5.9). 

 

Fig. 5.9: SDS-PAGE of Trichloroacetic acid-Phosphate buffer Soluble Moiety (TPM). Lane 1: 

T. gigas; Lane 2: F. tenuicostata. Samples were visualized with Calcofluor white M2R and then 

enhanced with silver nitrate. Each well was loaded with 100 µg.  Arrows depicted the estimated 

molecular weights of chitin derivatives at 110 and 80 kDa. Numbers on the right denote 

molecular weight markers in kDa (kilodaltons). This is first time shell-associated 

macromolecules was stained with Calcofluor White in SDS-electrophoresis.  
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Similarly, prominent bands at above and below 110 and 80, at around 60, 53, 36 and 12 kDa, 

and weaker bands at around 21, 30 and 40 kDa occur for F. tenuicostata shells (Fig. 5.9; Lane 

2). This method was also used for the SOM fraction. No distinct band could be visualized except 

for a band at around 36 kDa (data not shown), supporting the general absence of chitin (and its 

derivatives) in the soluble organic matrix fraction. This result agrees well with the known role 

of amino polysaccharide-chitin as organic scaffolding in the calcareous shell [23]. Moreover, 

the presence of partial hydrolysis of chitin in the insoluble organic matrix provides evidence 

independent from FTIR and optical activity studies [8] for the existence of a chitin component 

in shells with crossed lamellar architecture. 

5.3.7 Granular nanostructure 

High-resolution imaging reveals a fine structure of nanogranular particles that are inorganic-

bioorganic nanocomposites for both, T. gigas and F. tenuicostata shells (Fig. 5.10). In T. gigas 

the organic fibrils and granular matrix (Fig. 5.10a) intergrown at the central part of the growth 

surface (Fig. 5.1d and 5.1e). This observation thus followed a universal structural motif for 

calcium carbonate-based biominerals [51]. Also, the three-dimensional structure and high 

magnification of F. tenuicostata shells show the detail of the hierarchy order lamellae (Fig. 

5.10b). Fig. 5.10c depicts clearly that, within each fibre, there is existence of lineation of 

nanogranules in growth increments, which later leads to the familiar large, crossed lamellar 

plates (Fig. 5.2 and 5.3). While the most basic level of hierarchy occurs at the nanoscale and 

involves stacked inorganic constituents in biomineralised structures, it was suggested that the 

nanostructure should play crucial roles in the overall mechanical properties of composite 

materials [51, 52]. As is typical to nacro-prismatic bivalve shells [51-53], the granule particles 

of F. tenuicostata shells also increase from a ca 50 nm at the shell surface to granules as large 

as 110 nm or more at the interface to form ‘continuum fibre’. The factors that determine the 

dimension of the nanogranules are unknown, as the interface is not well-defined. In some 

regions, we observed the gradual emergence of intergranular pores (Fig. 5.10d).  
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Fig. 5.10: Higher magnification Field Emission Scanning Electron Microscopy (FE-SEM) 

images of Tridacna gigas (a) and Fulvia tenuicostata (b-d) shells after etching. (a) Detail of 

organic fibrils (arrowheads) and granular particles at the surface of shell growth lines (see Fig. 

1d and e). (b) Three dimensional structure of the fibres separated by thin layers of organics (see 

Fig. 5c for the detail of organic layer). (c) Detail of the fibres, revealing the granular 

arrangement and each fibre is a composite structure (d) A highly magnified image of the 

granular arrangement, showing that the nanogranules are indeed composites. Note the inner 

part of the granules revealing the juxtaposition of the several granules that are perpendicular to 

the fibre length (white dashed lines); also the intergranular pores (Stars). 

   

In calcareous biominerals including nacreous tablets, calcitic prisms of molluscs and other 

biogenic inorganic solid-state materials [51], the aggregation of granulated calcium carbonate 

are intimately linked with a fibrous, or needle-like, geometry [52]. The structural motif is 

feasible due to a template action of the glycopolymers (e.g. [22, 26, 54]). Herein, in situ 

localisations of the organic framework via Calcofluor staining and high-resolution imaging 

depicts a densely packed organic matrix within the granular fibres at the micron scale in the F. 

tenuicostata shells (Fig. 5.4b, c), which appears less dense in the T. gigas (Fig. 5.4a). This 

difference is following the monosaccharide analysis demonstrating a higher proportion of 
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amino sugars in F. tenuicostata shells. While the differences in the composition of organic 

matrix (scaffold) persist, both crossed lamellar shells, taken as a group, depict chitin-protein-

complex, which, in turn, intercalated within inorganic units. 

5.3.8 Chitin-protein complex in calcareous biominerals 

The amide I band, which is identified as the main matrix protein, is very prominent in this 

work. This is contrary to the previous findings [12]. Organic fibres including insoluble β-chitin, 

a constituent of many calcareous shells such as nacre [55, 56], is covalently associated with 

other macromolecules (for instance proteins) in nature and intergrown with the inorganic matrix 

to provide structural strength and toughness for the adult molluscs [3].  Our study on the crossed 

lamellar bivalve shells shows that the chitin-protein-complex exists in T. gigas and F. 

tenuicostata and thus stabilising aragonitic crystals of the calcareous biominerals (Fig. 5.4; Fig. 

5.8 – 5.10).  

The location of the organic template in crossed lamellar shells, in contrast to nacre shells 

structure, is poorly characterised. Infrared spectroscopy has been used to describe the 

bioorganic template in crossed lamellar layers and attributed the template mainly to 

glycoproteins [12]. The evidence for this conclusion was based on soluble shell 

macromolecules analysis with hydrolysis [12, 27]. That approach, however, was clearly 

insufficient to distinguish whether the biopolymer in lamellar shells contains insoluble 

polysaccharide or other components like glycosaminoglycans. Calcofluor White specifically 

binds to chitin (and its derivatives) and not to proteins, even when staining glycoproteins [40]. 

Our unambiguous Calcofluor staining (Fig. 5.4; Fig. 5.9) with the results of amino sugars in 

this work reveals that insoluble chitin fibrils may remain chemically stable enough for 

paleoclimatic and paleoecological information to be derived from stable isotope analysis (see 

material section) [31, 57]. The same models exist in other exoskeletons like arthropods, 

brachiopods and bryozoans [58, 59]. 
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5.4. Conclusion 

This work presents first structural imaging of F. tenuicosata shells and first detailed organic 

matrix description on Tridacna shells and F. tenuicostata. Like other calcareous biominerals, 

such as nacroprismatic shells [52, 53], we have also evidenced the existence of lineations of 

nanogranules that subsequently formed the polycrystalline fibre-like fabric, which then fashions 

the basic building blocks of crossed lamellar bivalve shells F. tenuicostata. Also, in T. gigas 

granules and organic fibrils are evidenced at the surface of growth bands. The microstructures 

and the inorganic matrix of Tridacna shells and F. tenuicostata are comparable, while the 

quantities of shell macromolecules (the organic matrices) are variable, and thus follow the 

previous findings [12]. However, we report here some of the highest resolved electrophoresis 

results yet for crossed lamellar bivalve shells. Our newly developed fixing and staining methods 

allowed us to identify many distinct bands in the bivalve shells with the crossed lamellar 

microstructure for the first time; chitosan (deacetylated chitin) is revealed after staining the 

SDS-gel with the unambiguous Calcofluor White for the first time and hence support the in situ 

study. 
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Abstract The shells of Callista disrupta and Callista kingii have a very complex 

hierarchical architecture and built up of the aragonitic crossed lamellar layers, which are in turn 

interlayered at a constant angle and reminiscent of plywood. High-resolution electron 

microscopy imaging exhibit space-filling bodies of nanogranular and acicular substrates. Shell 

biopolymers consisting of chitin component was revealed on the growth surface of the 

calcareous biominerals by confocal microscope after staining with Calcofluor White M2R. 

While thermal gravimetric analysis (TGA) demonstrates total biopolymers of 1.71 wt%, shell 

macromolecules extracts are dominated by aspartate, glycine and proline (ca 40% in total). 

Compared to nacre, the saccharidic compositions reveal that the shell-associated matrix is 

weakly glycosylated. Our SDS-electrophoresis fixing and staining, including unambiguous 

Calcofluor White, Alcian Blue and/or modified silver staining, show deacetylated chitin and 

many, if not all of the glycoproteins in the crossed lamellar bivalve shells for the first time. 

Though the amount of biopolymer is lower compared with nacre (1.7 wt% by TGA vs ~ 4 wt% 

for nacre), our new findings depict that chitin-protein-complex is not restricted to only 

nacroprismatic shells.  

 

 

 

 



CHAPTER 6  155 

 

 
 

6.1 INTRODUCTION   

The combination of relatively soft bioorganic, comprising proteins, glycoproteins and acidic 

polysaccharides and brittle inorganic (calcium) carbonate, aragonitic and/or calcitic, 

demonstrate excellent mechanical properties which are beyond that of the single crystals of the 

pure materials [1]. The effort to characterise organic macromolecules in nacre has an extensive 

history and less attention has been devoted to other microstructures, such as crossed lamellar 

[2, 3]. 

Crossed lamellar microstructure is the most common of all molluscan microstructures and 

consisted three or four orders of lamellae [4]. The larger hierarchical units (first order lamella) 

are composed of smaller bundles of laths (second order lamella) which are in turn further 

consisting of thin lamellae of about 100 nm thickness that are known as third-order lamellae [2, 

5, 6]. Thin layers of biopolymer form coatings on the smallest units [6], and thicker layers of 

biopolymer are also extant within second order lamellae layers [6]. The microstructure and 

inorganic composition of crossed lamellar shells between several species are comparable [7-9], 

whereas the distinctions in crystallographic orientation of the inorganic (calcium) carbonate 

and level of structural complication remain and very little is known about the organic 

macromolecules [10, 11]. We present here the first in-depth study of the inorganic matrix and 

the organic composition in the shells of Callista spp.  Careful etching observations with Field 

Emission-SEM analysis enabled us to reveal a universal design motifs – nanogranular 

composite structure [12]. Our histochemical staining allowed us to depict and characterise shell 

macromolecules, including organic framework, protein and glycoproteins.  

6.1.1 Cross-laminated architecture of Callista bivalve shells 

Two species of cockle shells are studied: Callista disrupta (Sowerby, 1853) and Callista 

kingii (Gray in King, 1827). The structural patterns of Callista shells are made of aragonite and 

reflected optical microscopy shows two shell layers, the outer- and the inner- layers (Figure 
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6.1a). In the outer layer, stripe patterns run distinctively at a ca 90o to the daily growth lines 

(Figure 6.1b). These stripes assigned to the irregular shaped first order prisms [13]. Each first 

order-prism appears to consist smaller bundles of elongated units (second order prisms) that are 

stacked up diagonally along the stripes (Figure 6.1b) [13, 14].  

 

Figure 6.1. Complete valve of the shell of Callista species (insert in a). (a) Optical micrograph 

of Callista shell showing growth lines and two layers. (b) Radial section at the ventral margin 

(growth edge) of the Callista shell. Black dotted line depicts outer- and inner- layers. (c) Note 

the distibution of organics within the growth bands stained with Calcofluor White M2R. The 

white arrowhead point towards inner and the black arrowhead point towards outer shell layers. 

The white arrow defines the outside surface of the shell.  

 

Daily growth lines in the shells of mollusc have higher concentrations of organics [3] and 

can be visualised using fluorescent dye – Calcofluor white M2R (CFW). CFW forms hydrogen 

bonds with β-(1-3)- and β-(1-4)-linked polysaccharides, and shows a high affinity for 

carbohydrates [15]. Shell pieces (after etching) was stained with CFW, birefringent organic 

framework was observed within the shells of Callista species (Figure 6.1c; Supplementary 
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Figure S6.1) and is strikingly comparable to the daily growth lines observed with the optical 

microscopy (Figure 6.1a, b) and  organic fibres observed with Field Emission-SEM (Figure 

6.2). 

6.2 MATERIAL AND METHODS 

6.2.1 MATERIAL  

Living specimens of Callista kingii (Gray in King, 1827), (Mollusca: Bivalvia), were 

collected in the Bermagui Harbour of New South Wales, Australia. After capture, the soft 

tissues of the bivalves were mechanically removed and subsequently washed under running 

Milli-Q water and hence allowed to dry at room temperature. Empty shells of Callista disrupta 

species (Sowerby, 1853) from unknown origin, Sydney Harbour area. 

6.2.2 METHODS 

6.2.2.1 Scanning Electron and Confocal Microscopy. Shell sample was broken into 

fragments of sub-cm in size. For SEM, the fragments were treated with 1% EDTA disodium 

salt (wt/vol), gold-coated (3 min, 2 angles; Emitech K550) and image with a JEOL JSM-7100F 

Field Emission Scanning Electron Microscope (FESEM). A fluorescence microscopical 

investigation of the shells were performed using a Calcofluor white M2R (Sigmal Aldrich; 

Fluorescent brightener F-3543; 0.1%). Prior to staining, samples were decalcified with 10% 

glacial acetic acid at 4oC. Birefringent organic framework was observed with an Olympus 

Fluoview FV1000 laser confocal microscope (Olympus, Japan). A laser diode at 405 µm and 

UV-spectrum 425-525 µm were used as the filter.  

6.2.2.2 Shell preparation and organic matrix extraction. The intact shells were submerged 

in 30% H2O2 (Merck KGaA, 64271 Darmstadt; Germany) for 2 h combined with ultrasonic 

treatment to remove superficial organic contaminants, washed with Milli-Q water and acetone, 

air-dried, and then powdered with a rock crusher before bioorganic content was calculated by 
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using a TGA 2050 thermogravimetric analyser (TA Instruments, USA). The powdered sample 

was decalcified in 1 mM HCl (pH > 5) for 48 h. The entire extract was centrifuged at 10,500 

rpm (4oC) for 30 min to separate the supernatant (Soluble Organic Matrix; SOM) and precipitate 

(insoluble fraction). The lyophilized insoluble fraction was further decalcified in 1:1 (pH > 4) 

of 0.1 N trichloroacetic acid and phosphate buffer (pH 7.4). SOM and soluble organic matrix 

extracted from the insoluble fraction, termed trichloroacetic acid-phosphate buffer soluble 

matrix (TPM) were concentrated by using Sep-Pak C18-2g (Waters Associates Milford, MA, 

USA) and later lyophilized. Then, the TPM was desalted twice with cold acetone, centrifuged 

at 12,000 rpm (4oC) for 15 min and the pellet was air-dried at room temperature.  

 6.2.2.3 Characterization of organic matrix. Fourier Transform Infrared (FTIR) spectra were 

conducted obtained from lyophilized samples (SOM and TPM) at a 4 cm-1 resolution with 64 

accumulations in the range 4000-600 cm-1, using a Thermo Nicolet iS10 FTIR spectrometer 

(Nicolet, MA, USA) equipped with a smart performer accessory Attenuated Total Reflection 

device. A background spectrum was measured at the beginning of the analysis. 

Saccharide compositions of the SOM and TPM were quantified following the method 

described in Chapter 5. Each moiety lyophilisate was hydrolysed in 2 M trifluoroacetic acid at 

100°C (4 h) and 8 M HCl at 100°C (6 h), respectively. The sugar contents of the hydrolysate 

samples: glucosamine, galactosamine, mannose, xylose, fucose, galactose and glucose were 

determined on a high-performance anion-exchange chromatograph system with pulsed 

amperometric detection (HPAEC-PAD) fitted with a BioLC amino trap guard column (3 x 50 

mm) connected to a CarboPac PA10 column (4 x 250 mm) (Dionex Corp., Sunnyvale, CA, 

USA) held at 25°C and eluted by using sodium hydroxide at a flow rate of 0.5 mL/min. The 

sugar contents expressed as an ng/mg, represent the average of duplicate results. For amino acid 

analysis, aliquots of the shells extracts, SOM and TPM, were acid hydrolysed under nitrogen 

in 6 N HCl at 110oC for 24 h. Ensuing evaporation of the HCl solution, the resulting 
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hydrolysates were analysed using an ACQUITY ultra-performance liquid chromatography 

(UPLC) system and BEH RP C18 1.7m column (Waters Corporation, Milford, MA)[16].  

6.2.2.4 Determination of matrix proteins and chitin derivatives on SDS-PAGE 

The shell matrices of Callista shells were separated under denaturing conditions by one 

dimensional SDS-PAGE using a pre-cast NuPAGE 4–12% Bis-Tris gel in MES running buffer 

according to protocols supplied by the manufacturer (Invitrogen; Carlsbad, CA, USA). After 

electrophoresis, gels were stained for proteins with silver nitrate and for potential glycosylation 

with Alcian blue following the protocol described in Chapter 2 and 5. In brief, SOM and TPM 

of Callista shells were stained with Alcian Blue 8GX at pH 1 for the very specific acidic sulfated 

sugars, and subsequently stained with silver nitrate. Chitin deacetylated (CDA) activity was 

analysed after SDS-PAGE using the protocol described in Chapter 5.  

6.3 Results 

6.3.1 Shell microstructure observations 

Careful etching of shells of Callista spp. and observations with FESEM exhibit the internal 

structure of the calcareous biominerals and what we address as the constituting primary 

particles. High-resolution SEM imaging of cross-sectional species (Figure 6.2) shows three 

layers: an outer composite prismatic (Figure 6.2a); a middle layer with crossed lamellar (Figure 

6.2b); and an inner layer that includes both homogeneous and fine complex crossed lamellar 

structures (Figure 6.2c; Supplementary Figure S6.2). As is typical to venerid shells, other 

studies revealed that the layers consists up to five different microstructures [5, 17].  

Within the outer shells layer, Callista spp. composed of acicular crystals and arranged 

parallel with the aggregate of granular particles (Figure 6.2d). Both, acicular crystals and 

aggregate of granular particles are arranged in a feathery manner and appear perpendicular to 

the growth lines. In the middle layer, granule-by-granule growth becomes aragonitic rod-type 

mineral. These rods alternate, and thus form crossed lamellar microstructure (Figure 6.2b, e).  
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Figure 6.2. Shell microstructure of Callista species showing organic fibres (arrowheads). (d), 

(e) and (f) exhibit the enlargement structure in (a), (b) and (c). d) Composite prismatic outer 

layer shows a feathery appearance (see Figure S6.2) and mixture of granular and acicular grains 

(arrows). e) In middle layer, granule-by-granule growth becomes rods and eventually form 

crossed lamellar layer. Note a network of organic fibres that are consistently intergrown with 

the inorganic fibres.  

 

Within middle layer, however, careful inspection reveals that randomly homogeneous fibrous 

structure exists and inner layer exhibits no discernible structure (Figure 6.2c’), typically known 
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as homogeneous and found in some venerid shells [5, 17-19]. In summary, SEM imaging of the 

outer- and inner-layers demonstrate structural patterns where organic fibrils and inorganic 

matrix are arranged in such a distinct fibre network (Figure 6.3) and hence produce such a 

uniquely formed biomineral. 

 

Figure 6.3. Detail showing nanogranules at the middle layer (a-c) and outer layer (d). The 

organic fibrils (arrows) between the granules become more visible. In (c), organic fibril (arrow) 

joins nanorod with the granular plates (arrowheads). 

6.3.2 Fourier Transform Infrared (FTIR) analysis 

Figure 6.4 illustrates the functional properties of the lyophilised samples of the soluble 

organic matrices (SOM and TPM). Bands at around 3272 cm-1, 3065 cm-1 and between 2962 

cm-1 and 2873 cm-1 assign to the N-H bound of amide A, B and C-H stretching groups, 

respectively. Also, a strong band at around 1640 cm-1 is attributed to the C=O of amide I. 

Different patterns occur in the spectra of SOM and TPM, a well-defined amide II band at 1515 

cm-1 (C-N bound) and a small amide III band at 1310 cm-1 (C-N and N-H bound) for SOM 
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show small shoulders at around 1529 cm-1 and 1320 cm-1 in the spectrum of TPM. Also, the 

carbohydrate band at 1069 cm-1 is more prominent in TPM extract. However, strong absorption 

bands at around 1450 cm-1 and 1395 cm-1 for both, SOM and TPM, assign to the C-H bending 

vibration and carboxylate absorption bands, respectively. The assignments in this study agree 

well with the findings in the literature (Table 6.1). Since sulfate is indicated in between 1250-

1200 cm-1, the band near 1236 cm-1 can be interpreted as a sulfate band, strongly imply that 

polysaccharide molecules are sulfated. 

 

Figure 6.4. FTIR spectra of Callista shells in the range 4000-600 cm-1. Soluble Organic Moiety 

(SOM). Trichloroacetic acid-Phosphate buffer Soluble Moiety (TPM). See Table 1 below for 

peaks assignment.  
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Table 6.1 

The FTIR band assignments of the shell organic matrices  

Soluble Organic  

Matrix (SOM) 

TCA-phosphate buffer  

soluble matrix (TPM) 

Assigned 

3272 3272 vas
NH (Amide A) 

3065 3068 vs
N-H (Amide B) 

2962 2965 vas
C-H  of alkyl 

2931 2929 vs
C-H  of methylene 

2873 2874 vs
C-H  of alkyl 

1640 1641 vC=O (Amide I) 

1515 1530* vC-N (Amide II) 

1452 1448 δC-H  of  alkyl 

1395 1394 vs
COO

- 

1310 1320* δC-N  + δN-H (Amide III) 

1239 1234, 1191 vs
S=O (Sulfate) 

1082, 1040 1069, 1033 vC-O-H (Polysaccharide) 

857 857 γC-H 

668 - γO=C-N deformation 

Band assignments using data from Marxen et al. [20]; Stankiewicz et al. [21]; * = shoulder.  

6.3.3 Amino acid composition 

The amino acid composition of SOM and TPM is presented in Table 6.2A. In SOM extract, 

glycine, proline and aspartate account for 35.2 mol% of the total amino acids, followed by 

glutamate, leucine and alanine, making up 22.3%. Contrarily, TPM extract contains a prominent 

amount of aspartate (17.5%), followed by glycine, glutamate and proline. The last three residues 

constitute 32.6% of the total amount of the amino acid. In TPM, polar amino acid (aspartate 

and glutamate) is significantly higher (28.1%) compared to SOM (17.7%). Also, arginine, 

phenylalanine, valine and isoleucine (23.9% of the total amino acids) are fairly distributed in 

SOM whereas, threonine, valine, alanine, leucine and isoleucine comprised 27.3% of the total 

amino acids in TPM. Both, SOM and TPM contain serine at approximately 6%. The lowest 

amount of histidine in SOM (0.2%) is rather similar to that of TPM (0.4%) (Table 6.2A).  

Comparing the results of Callista shells with A. islandica amino acid, their composition is 

comparable; the total amino acid comprising of aspartate, glycine, glutamate and proline in 

soluble organic matrices of A. islandica shells, is close to the TPM of Callista shells (48.4% in 

total vs 50.1%; Supplementary Figure S6.3). Though the amount for SOM of Callista shells is 
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relatively lower (42.7% in total), this is strikingly comparable to the soluble organic matrix 

found in homogeneous shells Mercenaria stimpsoni (42.0%; ref.[11]). 

Table 6.2  

The composition of the organic moieties of Callista species. (a) Amino acid composition (mole 

%) of the SOM and of the TPM extracts. (b) Monosaccharide composition of the SOM and of 

the TPM extracts. The values are expressed in ng/mg and in wt%. TR, trace.  

(a)     Percentage of the total amino acid 

Amino Acid SOM TSM 

Hisa 0.2 0.4 

Serb 6.2 6.0 

Arga 6.2 4.4 

Gly 13.3 11.8 

Asx a (Asp + Asn) 10.2 17.5 

Glxa   (Glu + Gln) 7.5 10.6 

Thrb 4.7 5.4 

Alac 7.3 6.3 

Proc 11.7 10.2 

Lysa 3.3 4.0 

Tyrb 2.7 2.6 

Metc 1.4 0.3 

Valc 6.1 5.5 

Ilec 6.1 4.9 

Leuc 7.5 5.2 

Phec 5.5 4.7 

(b) Monosaccharide composition [ng/mg of   

matrix (% of the total matrix composition)] 

Galactosamine 460 (26.1) 643 (16.8) 

Glucosamine 327 (18.6) 528 (13.8) 

Fucose TR TR 

Glucose 534 (30.3) 1163 (30.4) 

Xylose 219 (12.4) 939 (24.5) 

Mannose 220 (12.5) 555 (14.5) 

Total 1760 (100) 3828 (100) 

Total Sugars 0.17% 0.38% 

NB: a charged amino acid; b uncharged, polar amino acid; c hydrophobic amino acid; WSM: 

Water-Soluble Moiety; TPM: Trichloroacetic acid-Phosphate buffer Soluble Moiety (Extract 

from Water-Insoluble Moiety) 

 

6.3.4 Monosaccharide composition  

The soluble organic matrices, SOM and TPM exhibit the presence of neutral and amino 

sugars (Table 6.3). In SOM, galactosamine and glucose are the prominent constituents, depict 
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56.4% of the total amount of the sugar contents followed by glucosamine, mannose and xylose. 

The sum of the three components represents 43.5% of the total amount of sugar contents. On 

the other hand, glucose and xylose (54.9% in total) are the prominent sugar contents in TPM, 

followed by galactosamine, mannose and glucosamine. While the two organic extracts (SOM 

and TPM) exhibit only traces of fucose, the total amount of neutral and amino sugars in each 

matrix denotes 0.18% and 0.38% w/w for SOM and TPM. The percentage of the sugar contents 

in this study does not represent the totality of the carbohydrate in Callista shells. After the 

extraction of organic macromolecules from the insoluble fraction by using trichloroacetic acid- 

phosphate buffer solution (see the method of extractions), we observed an insoluble fraction 

that may still contain a considerable amount of carbohydrates. Therefore, it is most likely that 

the percentage is underestimated. This method of extraction, however, allows us to show that 

Callista shells contain chitin (and its derivatives) with the aid of SDS-PAGE method (see 

protein signature). 

6.3.5 Proteins signature 

A sequential soluble organic fraction (SOM and TPM) derived from Callista shells are 

similarly characterised by mono-dimensional gels (Figure 6.5). Using Alcian Blue and/or silver 

nitrate stains, the total mixture of organic biomolecules in SOM contain many shell proteins 

that separated in SDS-PAGE gels, bands at around 18, 36, 58, below and above 110, and far 

above 260 kDa are visualized with silver nitrate stain. On top of those above protein bands 

mentioned, one additional band stained faintly at apparent molecular weight 78 kDa (Figure 

6.5b; lane 1) with Alcian Blue method (see method). The latter staining intensity is relatively 

higher than silver nitrate, demonstrating that the shell proteins are glycosylated. Contrarily, 

TPM extract depicts a strong negative staining with silver nitrate (Figure 6.5a; lane 2). The 

same fixation method was used, and the gel was stained with Alcian Blue and then enhanced 

with silver nitrate, we exhibit many prominent protein bands (Figure 6.5b; lane 2). Also seen 
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in this fraction is bands with a higher molecular mass far above 260 kDa (Figure 6.5b; lane 2). 

This result demonstrates that only silver nitrate does not bind to these glycosylated acidic 

proteins. This result is consistent with the observation that traditional protein stains such as 

Coomassie Blue and Silver nitrate bind faintly with proteoglycans and glycosaminoglycans in 

gels [22] (Chapter 5), however, no protein band was observed in shell of M. stimpsoni [23].   

Amino polysaccharide wherein their polymers are referred to as chitin or chitosan 

(depending on the degree of acetylation), is found as one of the organic components of the 

organic biopolymer in molluscs [24]. The chitin and its derivatives typically found in, such as 

cell wall of most fungi [25, 26] and the exoskeleton of some arthropods [27], have been 

investigated by SDS-PAGE. For this study, SOM was characterised by the presence of apparent 

molecular weights of 36, 58, 78 and 110 (Figure 6.5c; lane 1), indicating that SOM fraction 

consists shell proteins that are covalently linked with sugar moiety. TPM demonstrates major 

molecular weights at 110 and 80 kDa, bands at around 5, 36, 40, 45 kDa and additional bands 

(including bands above 110 and 80 kDa) that stained faintly could be identified (Figure 6.5c; 

lane 2). Calcofluor white binds specifically to sugar derivatives such as chitin, chitosan and 

cellulose and not directly with the proteins[28] even when staining glycoprotein[29]; most of 

the prominent glycoprotein bands in Figure 6.5b are indeed not visible or noticeable with 

unambiguous Calcofluor staining (Figure 6.5c). For instance, glycosaminoglycans bands far 

above 260 kDa for both SOM and TPM are not visible in Figure 6.5c. Besides, apparent 

molecular weights that show negative staining at around 5 and 10 kDa in Figure 6.5b 

birefringent with fluorescence method (Figure 6.5c). This result reiterates that hydrophobic 

constituent that acts as an architectural framework onto which hydrophilic components directly 

associated is indeed intercalated in Callista shells (see Figure 6.1, Figure 6.2).   
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6.4 Discussion 

The shells of Callista spp. are build solely with an aragonitic inorganic (calcium) carbonated 

granules. These shells employ a universal structural trait where most biominerals share a 

nanogranular composite structure [12]. Herein, the shapes of granular particles can be grouped, 

in the middle- and outer-layers, into polycrystalline fibre-like fabric and platelet-like (Figure 

6.3), and are intimately intergrown with the organic fibres. 

The shell structures of Callista spp. is highly mineralised with a minimal amount of organic 

content (1.71 wt%; Supplementary Figure S6.4) compared to a ca 4 wt% found in nacre shells 

[16]. Its structure is entirely different even from other shells with crossed lamellar 

microstructure [9, 30] and overall more distinct and complex than the nacroprismatic 

morphology [30, 31]. Contrast with nacroprismatic shells with just two calcified layers, SEM 

imaging of the samples studied depict four layers, the massive homogeneous structure is 

secreted very carefully with the fine complex crossed lamellar structure in the inner layer, and 

in the middle layer, rod-type crossed lamellar structure is discernible. The outer or outermost 

layer is composed of feathery appearance inorganic matrix, which are in turn diverging from 

the midst of the layer (Figure 2a). Nanoparticles of this layer are secreted by the acicular crystals 

in a characteristic ‘cross-stitch’ pattern and co-occur with the granules. While the mechanisms 

of coexistence in the same layer are challenging to define, the ‘cross-stitch’ pattern in the outer 

layer of Callista spp. may relate to crossed acicular or complex composite prismatic [5, 13, 17].  

Our unambiguous staining method revealed the organic fibres that intercalated within and 

along the elongated inorganic matrix (Figure 6.1). The organic fibres joined inorganic fibres 

together (Figure 6.2, 6.3; Supplementary Figure 6.1), and thus control the orientation of 

inorganic (calcium) carbonate [32]. In nacre, minor chitin constituent comprises of very thin 

organic fibres; each fibre has a protein coat and hence forms a chitin-protein-complex fibre 

[33]. Herein, total amino acid compositions and proportions from combining the SOM plus 
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TPM consist relatively higher amount of aspartate (asparagine and aspartic acid), proline, serine 

and threonine (Supplementary Figure S6.5). These residues are common glycosylation linkers 

in glycoproteins and associated with a relatively large amount of sugar-derivatives, probably 

proteoglycans [34]; previous work showed that these aggregates are involved in biomineral 

nucleation and crystal growth [35]. Though shell macromolecules of the samples studied are 

weakly glycosylated since the total contents of sugar constituents represent < 1 wt% (Table 

6.2b), however, our results identify well-defined glycoprotein bands. A ‘doublet’ (SOM, lane 

1) and ‘singlet’ (TPM, lane 2) protein bands far above 260 kDa (Figure 6.5) are attributed to 

the glycosaminoglycan bands. This result agrees well with the previous findings (Chapter 5).  

 

Figure 6.5. SDS-PAGE of SOM (Lane 1) and TPM (Lane 2) extracts. Lane M: Standard marker 

with masses in kDa. For Alcian Blue and Calcofluor-white, see methods for detail. Arrows 

depict apparent molecular weights at around 70, 45, 40, 36 and 10 kDa. Relative molecular 

bands far above 260 kDa (in a and b) point to glycosaminoglycans and/or proteoglycans band. 

(b) (Lane 1) shows doublet bands far above 260 kDa. Figure NB: Standard marker shows 

negative staining with Calcofluor-white dye.    
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The many published works of shell proteins that utilised SDS-electrophoresis, however, are 

thus improbable to be representative of shell macromolecules. Studies have reported that 

homogeneous and crossed lamellar bivalve shells contain no noticeable protein bands [10, 11], 

though poor staining might be attributed to insufficient protein concentration[36]. Moreover, 

nuclear magnetic resonance (NMR) (chapter 3) revealed that homogeneous (and probably 

crossed lamellar) shells constitute the high amount of proteinaceous type IV collagen, lower 

amount of chitin (ca 1 wt%) and acidic polysaccharides for instance, glycosaminoglycans (more 

specifically proteoglycans; [16]). Some of these components are challenging to stain - either 

diffuse, smear or stain faintly in SDS-electrophoresis [10, 11, 37].    

Moreover, biochemical studies of the amino acid composition of homogeneous A. islandica 

shell is apparently similar to the composition of amino acid in Callista shells. Primary residues, 

comprising glycine, aspartate and proline are strikingly similar (39.9% in total vs 39.5%; 

Supplementary Figure S6.3), and solid state NMR spectra showed only low levels of 

biopolymers that cannot be assigned to any particular species, other than the interfacial 

carbonates for undecalcified A. islandica and Callista kingii shells. However, the insoluble 

organic moiety of A. islandica revealed type IV collagen gel, and thus constitutes higher 

proportions of glucosamine, galactosamine and galactose, an O-glycosylated sugar moiety that 

play a role in protein folding, interaction, stability, and mobility, as well as in signal 

transduction [38](Chapter 3). Exploring glycopolymers by using Calcofluor white M2R dye for 

both in-situ and ex-situ, we find something comparable as shown in Figure 6.1c and Figure 

6.5c. Bioorganic in Callista shells is a cross-linked macromolecular assembly primarily made 

of glycoproteins and polysaccharides. As shown in Table 6.2B, the glycosidic part, together 

with fairly typical carbohydrates, has a certain amount of aminated biopolymers (Figure 6.1c; 

Figure 6.5c). Our NMR study (Chapter 3) showed that the amount of sugar moiety in nacreous 

is smaller compared with the homogeneous shells. Based on the amount of organic matrix (1.71 

wt%) and the percentage of total sugar contents in this study, the amount of chitin (and its 
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derivatives) in the shells of Callista spp. could be lower than the one present in nacreous shells. 

This aspect of organic matrix in non-nacreous shell is new, more scrutinising is needed to 

further explain the composition of organic moiety in non-nacreous shells most especially in 

crossed lamellar microstructure.  
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Supplementary Material for Chapter 6 

 
Figure S6.1. The fluorescence of acid-insoluble organic matrix shows three major layers. 

Calcofluor staining of the outermost layer exhibits the fibrous organic component (a; arrow). 

The organic layers in form of daily growth lines are clearer in the middle- (b) and inner- (c) 

layers, where they transect the inorganic matrix. No fluorescence signal of organic material in 

the control sample (d) 
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Figure S6.2. (a) SEM micrograph showing feathery appearance in the outer layer of the shells 

of Callista spp. (b) Image of complex crossed lamellar that co-occurs with homogeneous 

layer. 
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Figure S6.3. Amino acid compositions of TP-Soluble Matrix (TPM) and Soluble Organic 

Matrix (SOM), comparing with the EDTA-Soluble Organic Matrix (ESM) in shells of 

homogeneous A. islandica from Agbaje et al. [16] and Mercenaria stimpsoni (MS) soluble 

organic matrix from Samata [11]. See text for detail. 

 

Figure S6.4. Thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) were 

carried out on the powdered shells using a TGA 2050 thermogravimetric analyser (TA 

Instruments, USA). At the heating rate of 10oC/min, powdered shell sample (ca 30 mg) was 

heated under a linear gradient from 21oC to 1000oC. The range 150–500oC was used for 

calculation of the bioorganic contents. While the broad peak at around 210oC exhibits the 

release of organic biomolecules, the peak at 403oC depicts transformation of aragonite to calcite 

and 767oC demonstrates the decomposition of calcium carbonate and release of CO2.    
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Figure S6.5. Total amino acid compositions of Callista shells and proportions from combining 

the soluble (SOM) plus the Trichloroacetic acid-Phosphate buffer soluble moieties (TPM) (a); 

Total monosaccharide compositions of Callista shells and proportions taken together from the 

water soluble (SOM) plus the Trichloroacetic acid-Phosphate buffer soluble moieties (TPM) 

(b). NB: The compositions involved the percentage of two fractions, i.e.  SOM and TPM.
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Abstract The calcium carbonate shells of planktic foraminifera provide our most valuable 

geochemical archive of ocean surface conditions and climate spanning the last 100 million years, and 

play an important role in the ocean carbon cycle. These shells are preserved in marine sediments as 

calcite, the stable polymorph of calcium carbonate. Here we show that shells of living planktic 

foraminifers Orbulina universa and Neogloboquadrina dutertrei originally form from the unstable 

calcium carbonate polymorph vaterite, implying a non-classical crystallization pathway involving 

metastable phases that transform ultimately to calcite. The current understanding of how planktic 

foraminifer shells record climate, and how they will fare in a future high-CO2 world is underpinned by 

analogy to the precipitation and dissolution of inorganic calcite. Our findings require a re-evaluation of 

this paradigm to consider the formation and transformation of metastable phases, which likely exert a 

significant influence on the geochemistry and solubility of the biomineral calcite. 
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7.1 Introduction 

Planktic foraminifera are among the most important calcifying organisms in the open ocean, 

contributing as much as half the particulate CaCO3 exported from the surface ocean annually (ca. 2.9 Gt 

CaCO3 yr−1) [296, 297].  Their calcite shells, preserved in the marine sedimentary record over the last 

500 million years [298], provide an unparalleled geochemical archive of past climate in their trace 

element and isotope chemistry. Translating this archive into useful climatic information requires a 

systematic understanding of how mineral growth conditions relate to trace element chemistry, 

historically established by analogy to synthetically produced calcite [299]. However, the geochemistry 

of foraminiferal shells diverges significantly from inorganic calcite precipitated from seawater-like 

solutions [300]. These differences have been attributed to vital effects [124, 301], which encompass all 

the influences that biological processes might exert on foraminiferal calcite composition [300, 302-304].  

All existing models of foraminiferal mineralisation assume shell formation proceeds via the direct 

precipitation of calcite. However, many biologically precipitated carbonates are known to form via 

complex mineralisation pathways involving metastable intermediate phases that transform stepwise into 

the final shell mineral [21]. This provides an energetically and kinetically favourable pathway to calcite 

formation, by employing metastable particles with high surface energy, which have a lower free energy 

barrier to nucleation [305]. If similar processes are employed by foraminifera, they would provide an 

alternate mineralogical control on shell geochemistry, and could account for the discrepancies between 

the chemistry of foraminifera shells and inorganic calcite precipitated from seawater-like solutions. This 

would alleviate the requirement for complex, energy intensive ion control mechanisms to explain the 

geochemistry of foraminifera. 

Orbulina universa (Figure 7.1a) and Neogloboquadrina dutertrei (Figure 7.1b) are two common, 

well-studied species of planktic foraminifera that are frequently employed in palaeoceanographic [306] 

and biomineralisation studies [307-309]. Orbulina universa is representative of spinose and N. dutertrei 

of non-spinose groups of symbiotic planktic foraminifera. Both construct their shells by the sequential 

addition of distinct ‘chambers’ [310], which are formed of calcium carbonate with a very low Mg 

content (0-10 mmol/mol Mg/Ca; [311]). The formation of each chamber begins with the extrusion of a 

thin, balloon-like organic template in the form of the new chamber. Previous TEM investigations reveal 
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micron-scale plaques of CaCO3 develop and coalesce to form continuous layers of CaCO3 on both sides 

of the organic template [312, 313], resulting in a characteristic bilamellar chamber wall construction. 

 

Figure 7.1. The structure of foraminiferal shells.  (a) Orbulina universa develops a final, large, spherical 

chamber, which encloses the earlier formed spiral shell of its ‘juvenile’ stage (dark, centre). The shell 

supports long radiating mineralised spines that host a sticky network of streaming rhizopodia that are 

used to trap prey, take up and excrete material, and deploy algal symbionts.  This final spherical chamber 

is initially thin-walled and thickens continuously over 3 to 7 days. Near the end of the foraminifer’s life 

cycle [314], the spines are shed and O. universa undergoes a massive release of gametes, leaving an 

empty shell that sinks rapidly to the sea floor, exporting CaCO3 from the surface ocean. (b) 

Neogloboquadrina dutertrei form trochospiral shells of consecutively larger chambers, and do not have 

mineralised spines or symbionts. Electron-transparent foils were extracted orthogonally from the outer 

surface (Session 1) or polished cross sections (Session 2) of pre-gametogenic O. universa (c) and N. 

dutertrei (d) shell fragments using a FIB. The pits in the images show the locations of foil extraction 

with foil identification numbers. Scale bars are 500µm (a), 200µm (b), 20µm (c), 5µm (inset), 5µm (d). 
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Table 7.1. Details on storage and measurements. The storage time, conditions, measurements 

conducted and sample preparation for specimens measured in all 4 analytical sessions. Specimens 

measured during sessions 1-3 were all collected at the same time, and stored in the same conditions. 

TEM = Transmission electron microscopy; FTIR = Fourier Transform Infra-Red Spectroscopy; 

XRD = X-Ray Diffraction. 

Analytical Storage Technique Preparation 

Session Months Conditions   

1 20 Dry TEM Surficial FIB extraction after shell fracture. 

2 26 Dry TEM Cross-section FIB extraction after resin-

mount and polish. 

3 39 Dry FTIR Unprepared, analysed broken. 

4* 1 Wet XRD Shells broken open by hand. 

*Separate collection of N. dutertrei only 

 

The architecture of the shell walls of both species is highly organised, and contains numerous pore 

channels through which metabolic substrates and products are transported (Figure 7.1c, d). Orbulina 

universa also supports long CaCO3 spines that radiate up to several hundred micrometres from the shell 

surface and play important functions in foraminiferal biology (Figure 7.1a). Orbulina universa is 

unusual amongst foraminifera in that its final mineralised chamber is large (400-1000 µm diameter) and 

fully encloses the earlier formed chambers. The formation of this final chamber is likely analogous to 

chamber wall thickening in other species of foraminifera [308]. 

We present an in situ study of the ultrastructure and mineralogy of O. universa and N. dutertrei, using 

Focussed Ion Beam (FIB) supported Transmission Electron Microscopy (TEM) Imaging and 

Diffraction, and Fourier Transform Infrared (FTIR) Spectrometry. 

7.2 Materials and Methods 

7.2.1 Sample collection and preparation 

Foraminifera were collected from the surface mixed layer and uppermost thermocline (0-50 m depth, 

18-20°C) by plankton tow in the San Pedro Channel (California, USA) in August 2013. Individual 

foraminifera were extracted from plankton concentrates using a wide-bore pipette and sacrificed by 

transfer into ultrapure water for a period of 1-2 hours. The shells were then dried at room temperature 



CHAPTER 7  181 

 

 
 

by placement on absorbent cardboard before being transferred into multi-well micro-paleontology 

slides. Large pre-gametogenic adult specimens of Orbulina universa (sphere stage) and 

Neogloboquadrina dutertrei were selected for further investigation by scanning electron microscopy 

(SEM) and Focused Ion Beam supported transmission electron microscopy (FIB-TEM) and Fourier 

Transform Infrared (FTIR) Spectrometry (see below).  

FIB-TEM analyses were carried out in two separate sessions in March (3 foils from 2 O. universa, 1 

foil from N. dutertrei) and October 2015 (5 foils from 4 O. universa, 4 foils from 3 N. dutertrei). Samples 

studied in the first session were lightly crushed under a binocular microscope, fractured pieces were 

transferred on carbon paste covered SEM stubs and used for FIB milling without further coating. All 

TEM foils in this session consisted of vaterite with minor ACC. Samples in the second session were 

from the same batch, but were mounted in epoxy and polished to expose shell cross-sections for FIB 

milling. All TEM foils analysed in the second session had transformed to calcite.  

7.2.2 Fourier Transform Infrared Spectrometry 

Fourier Transform Infrared (FTIR) spectra of single foraminifera shells (two each for O. universa 

and N. dutertrei) were measured with a Thermo Nicolet iS10 FTIR spectrometer (Nicolet, MA, USA) 

equipped with Attenuated Total Reflection along with a smart performer assessor at Macquarie 

University. Samples were part of the same batch sampled alive in 2013 and FTIR analyses were carried 

out in November 2016. Spectra were acquired between 1600 and 500 cm-1 with a resolution of 4 cm-1 

and 64 accumulations. Each analysis was duplicated and four resulting spectra for two shells for each 

species were averaged and are shown in Figure 7.5 and Supplementary Figure 7.4. Backgrounds were 

recorded at the start and the end of the analytical session. Spicules of Herdmania momus consisting of 

stable vaterite [315] and geological calcite from the mineral collection at the Department of Earth and 

Planetary Sciences, Macquarie University, were measured as comparisons at identical conditions during 

the same analytical session. Spectra were normalized to the band intensity at 872 cm-1 and band 

assignments were carried out using data from [316] and are tabulated in Supplementary Table 7.2. 

Exploiting the linear relationship for relative areas of the bands at 740 cm-1 and 712 cm-1 in vaterite-
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calcite mixtures [317] the O. universa shells measured here contained ca. 4.5% vaterite, while the N. 

dutertrei shells contained ca. 3 % vaterite.   

7.2.3 Focused Ion Beam sample preparation 

Focused Ion Beam milling using a FEI FIB200 instrument (ex situ lift out method) at the German 

Research Centre For Geosciences (GFZ) followed procedures published previously [228, 232]. Foils 

obtained from non-mounted, resin-free sections in the first analytical session transect the entire chamber 

wall of N. dutertrei and the outer half of the ca. 12µm thick O. universa shell. Foils in the second 

analytical session were cut across resin-mounted sectioned and polished shells. 

The FIB-milling method involves sputtering the material surrounding the platinum-protected target 

area with gallium ions. This process can heat the target area, and drive amorphisation through Ga 

implantation in the surface of the material [229]. Sample heating is proportional to the beam current, 

and the extent of amorphisation is proportional to the beam energy, and both depend on the angle of 

beam incidence during milling [230]. We used 30 keV with a beam current of 11pA and an angle of 

incidence of 1.2˚. At these conditions beam heating during FIB milling is less than 10K [228] and sample 

amorphisation is minimal. As the foils are thicker than 100 nm, the major part of the foil is thus not 

affected by ion implantation. If amorphisation were a significant problem in the foils, Debye-Sherrer 

diffraction rings would be present in all collected diffraction patterns. These features were only observed 

in diffraction patterns collected at grain boundaries (Figure 4), which contain clear amorphous regions 

related to foraminiferal structure. 

To date, approximately 5000 FIB foils have been produced at the GFZ TEM facility, of which ca. 

1000 foils are of biomineral carbonates and phosphates. Amorphisation introduced by FIB milling 

across major parts or even the complete thickness of a 100-200 nm thick foil has never been observed. 

Similarly, transformation of major parts or an entire FIB foil into a different crystalline phase (e.g. 

calcite to vaterite) using our analytical protocols is considered impossible.  

Foils were transferred to individual copper grids coated with holey carbon, before analysis by 

Transmission Electron Microscopy (TEM) without further carbon coating. 
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7.2.4 Transmission Electron Microscopy analysis and processing 

A FEI Tecnai™ G2 F20 X-Twin transmission electron microscope operated at 200kV acceleration 

voltage with a field emission gun electron source was used for imaging and analysis, following 

previously published procedures [228, 232]. Energy-filtered imaging was undertaken with a Gatan 

Tridiem™ filter applying a 20 eV window to the zero loss peak. Great care was taken to minimize 

radiation damage to the material during TEM analysis. This involved a low-dose analysis and visual 

monitoring protocol adapted specifically for the analysis of biominerals and used in previous studies 

[232]: Foils were analysed in STEM mode, rapidly scanning using a small spot size [302] and assigning 

the beam between STEM scans to areas outside the sample to avoid electron irradiation damage. At the 

start of the analytical session for each FIB foil, a rapid overview picture was taken using a defocused 

beam to identify crystalline and amorphous areas. This overview image was repeated after STEM 

scanning and HREM analysis and at the end of each analytical session, to confirm that beam damage 

was not driving sample transformations. 

All high-resolution TEM (HRTEM) analyses were carried out at the end of the analytical session for 

each foil, using exposure times of 0.2 secs. For HREM imaging we used a spot size of 5. Diffraction 

patterns were collected using Selected Area Electron Diffraction (SAED), which spreads the beam over 

a larger region, and exposes the sample to a lower radiation dose than more conventional Convergent 

Electron Beam Diffraction, at the cost of spatial resolution. 

Using this protocol, irradiation damage was only observed on two or three occasions and consisted 

either of holes from the electron beam or of small amorphizised areas where a STEM scan had been 

carried out. These areas were discarded from the dataset. In no case was transformation from calcite to 

vaterite or vice versa observed. 

In total, thirty different areas on four foils from O. universa and N. dutertrei were analysed either by 

High-Resolution TEM (n=17) or by electron diffraction (SAED) using an image plate detector (n=13). 

No data filtering was applied except for results shown in Fig. 5c. All diffraction indexing was carried 

out manually. 
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7.3 Results 

7.3.1 Sampling 

Shells of O. universa (Figure 7.1c) and N. dutertrei (Figure 7.1d) were live-collected and analysed 

using a range of techniques over four analytical sessions after varying time spent stored under wet or 

dry conditions (Table 7.1). 

7.3.2 Shell ultrastructure  

Shell ultrastructure was examined by high-resolution transmission electron microscopy (HR-TEM) 

during our first two analytical sessions (Table 7.1).  Electron-transparent foils (ca. 150 nm thick) were 

extracted from shells of O. universa (Figure 7.1c) and N. dutertrei (Figure 7.1d) by Focussed Ion Beam 

milling. For session 1, foils were cut orthogonal to the outer shell surface (Figure 7.1c, d), while for 

session 2 they were extracted from polished shell cross-sections. All TEM analyses revealed a 

microstructure of fibrous structures (Figure 7.2a) with abundant, nanometre-sized pores (distinct from 

the larger structural pore channels that bisect the shell wall; Figure 7.2c, Supplementary Figure 7.2). 

The fibrous structures are aligned orthogonal to the shell surface, and show similar diffraction contrast 

(Supplementary Figure 7.4a), indicating a consistent crystallographic orientation. They are 

approximately 40 nm in diameter in O. universa (Figure 7.2b) and 100 nm in N. dutertrei 

(Supplementary Figure 7.3), with undulating, interlocking margins. These characteristics are typical of 

crystals formed via particle attachment [11, 21], and the nanopores in these crystals may be a 

consequence of imperfect packing and volumetric changes during particulate assembly and 

transformation [21]. These nanopores are similar to the abundant voids seen in crystals formed via 

particle-attachment in vitro, although they are likely filled with organic material or water in natural 

biominerals and these foraminifer shells [246]. The tips of the fibres form a ragged plane of oriented 

single crystals at the shell’s outer surface (Supplementary Figure 7.4b, c) with crystallographic c-axes 

aligned radially along the shell growth axis, and are protected from the external environment by a ca. 

30 nm-thick organic layer (Figure 7.2a inset, [313]). 
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Figure 7.2. Microstructure of O. universa shells. (a) High Angle Annular Dark Field (HAADF) image 

shows the fibrous texture of the chamber and the base of a spine (white rectangle and enlarged in the 

inset). Note the organic membrane that covers the spine foundation in the inset. The circular features in 

the sample image are caused by the underlying carbon sample holder. (b) Bright-field image of the 

particulate fibres that comprise the chamber wall. Scale bars are 1µm (a), 50 nm (b). Analyses were 

carried out during session 1. 

 

7.3.3 Shell crystallography and Infrared Spectrometry  

Thirty electron diffraction patterns were collected from both foraminifer species during our first 

analytical session. All are consistent with the structure of vaterite, rather than calcite, with hexagonal 

unit cell parameters a0=b0=0.71239 nm; c0= 2.53204 nm [318] (Supplementary Table 7.1, 

Supplementary Figure 7.1). Vaterite has a complex, layered crystallographic structure, where variations 

in symmetry between the layers create a number of polytypic structures [315, 316]. The crystallographic 
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structure of vaterite we observe in these foraminifer shells is one of the most ordered variants and has a 

six-layer periodicity [315, 316]. 

Electron diffraction patterns collected from the entire foils during session 1 (Figure 7.3a) reveal a 

prominent lattice spacing of 0.841 nm (Figure 7.3, Supplementary Table 7.1). This lattice spacing fits 

neither calcite nor vaterite but rather corresponds to a twinning superstructure, in which vaterite crystals 

(Figure 7.3b-e) in neighbouring fibres in the shell are twinned by 180˚ rotation around a shared 

crystallographic c-axis (aligned orthogonal to the shell surface). This twinning structure may enhance 

the physical properties of the foraminifer shell by averaging out the mechanical anisotropy of the crystals 

and optimizing the mechanical stability of the shell, as has been observed for Dauphiné twins in quartz 

[317]. 

Session 1 HR-TEM analyses further revealed that not all areas within the chamber wall sections were 

crystalline. Fourier-transform analyses of HR-TEM images of the rim of the vaterite fibres (Figure 7.2b) 

display diffuse ‘Debye-Sherrer rings’ (Figure 7.4a, b), and lack lattice fringes observed in crystalline 

materials (Figure 7.4c, d). These are characteristic of non-crystalline materials that could either be 

regions of amorphous calcium carbonate (ACC), or organic components included within the shell 

structure [309]. 

Eighteen additional electron diffraction patterns were collected during analytical session 2. All are 

consistent with the structure of calcite, in keeping with the long-standing paradigm of foraminiferal 

mineralogy [311], and contradicting the results from our first analytical session. However, vaterite is 

highly unstable and its absence in our second set of analyses does not negate our initial results. It is 

likely that differences in sample treatment caused a vaterite-calcite phase transformation prior to 

analysis. The only differences between the analytical sessions were an additional six months of storage, 

prior mounting in resin and the polishing of specimens before FIB extraction for session 2; FIB milling 

procedures and TEM analytical conditions were identical. An additional six months of storage under 

similar conditions is unlikely to have induced a phase transformation. Sample mounting and polishing 

exposes the sample to thermal energy during exothermic resin hardening, and mechanical energy in a 

hydrous environment during polishing. Any of these processes could have provided the necessary 
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energy and environment to facilitate a phase transformation. Two additional analyses were conducted 

to test the veracity of our initial vaterite result, and explore possible conditions that lead to a phase 

transformation: Fourier Transform Infrared Spectroscopy (FTIR) and X-Ray Diffraction (XRD). 

 

Figure 7.3. Twinned structure of O. universa shells. Electron diffraction patterns collected from an 

entire TEM foil (a) show a prominent lattice spacing of 0.841 nm, which is consistent with neither calcite 

nor vaterite. High-resolution analysis of a crystallographically uniform region within the foil (b) via 

Fourier Analysis revealed a characteristic vaterite electron diffraction pattern (c; orange). Similar 

analysis of a crystallographically complex region within the superstructure (d) revealed that the 0.841 

nm lattice spacing observed in the entire foil can be explained by a twinned vaterite structure, with twin 

pairs rotated 180 along the c-axis (e; orange vs. white). All analyses carried out in analytical session 1. 

 

Two individual shells each of O. universa and N. dutertrei from the same sample batch measured 

during session 1 and 2 were measured by Attenuated Total Reflection FTIR (ATR-FTIR; Session 3), 
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and compared to spectra collected from vateritic spicules of Herdmania momus [319] and geological 

calcite (Figure 7.5, Supplementary Figure 7.5). Vaterite is identified in FTIR spectra by a characteristic 

shift in the v4 CO3
2- vibration band from ~712 cm-1 in calcite, to ~744 cm-1, caused by changes in the 

local bonding environment of the CO3
2- group [320]. Based on the relative areas of these diagnostic 

peaks [321], O. universa contained ~4.5% vaterite and N. dutertrei contained ~3%. These analyses 

independently confirm the presence of vaterite in both species. Furthermore, these analyses were 

conducted on specimens from the same batch as TEM analyses during our first two sessions, indicating 

that the lack of vaterite in session 2 is most likely attributable to phase transformation during sample 

preparation, rather than storage conditions. The relatively small percentage of vaterite present in these 

specimens is at odds with the entirely vaterite composition of FIB foils observed during analytical 

session 1. This indicates a gradual transformation of vaterite to calcite during storage, leading to a 

decrease in amount of observable vaterite with time.  

To further explore the effect of sample storage on foraminiferal vaterite stability, we analysed newly-

collected N. dutertrei specimens by X-ray diffraction in analytical session 4. These specimens were 

stored in wet saline conditions for 1 month, and contained no detectable vaterite on analysis. This 

preliminary result suggests that a hydrous environment may be important in facilitating a vaterite-calcite 

phase transformation in foraminifera, and that rinsing in pure water and storage in dry conditions may 

be responsible for vaterite preservation in our other specimens. A more rigorous study of sample 

treatment and storage conditions is required to fully evaluate this. 
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Figure 7.4. Amorphous regions on crystal fringes. Electron diffraction patterns collected from O. 

universa during analytical session 1 (a: image plate detector, b: Fourier Transform analysis of c) display 

Debye-Scherrer rings (diffuse diffraction patterns around the image centre). These are typical of 

amorphous material. After filtering and inverse Fourier transformation (d) areas devoid of lattice fringes 

can be seen that are inconsistent with a crystalline material, but consistent with the presence of either 

ACC or organic material. Lattice fringes are visible as periodic parallel lines in c and d.  
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Figure 7.5. Fourier Transform Infrared spectra of geological calcite and vateritic Herdmania momus 

spicules compared to O. universa and N. dutertrei shells. The absorption bands at ~740 and 712 cm-1 

are the v4 vibrational frequencies of in-plane bending of the carbonate ion [320]. The carbonate ion in 

vaterite has a higher vibrational frequency (~740 cm-1) than in calcite (712 cm-1) because of differences 

in the bonding environment of the ion, and these bands are diagnostic of the two mineral phases. The 

~740 cm-1 peak in the foraminiferal specimen is slightly offset from the vaterite peak in Herdmania 

momus (~743 cm-1). These peaks are the same within spectral resolution of the instrument (4 cm-1), 

although this offset could also indicate subtle differences in vaterite structure. The relative areas of these 

bands suggests that the foraminifera contain ca. 4.5% vaterite in O. universa and 3% in N. dutertrei 

([321], see Supplementary text 7.2.2). All analyses carried out in analytical session 3. 

 

7.4 Discussion 

Our HR-TEM analyses show that the planktic foraminifers O. universa and N. dutertrei mineralise 

their calcite shells via vaterite. The presence of vaterite in minimally-prepared, dry-stored samples, and 

its absence in samples that were either energetically prepared or stored in a wet, saline environment 

suggests metastable vaterite is an important early phase to form in the organism that subsequently 

transforms to stable calcite in the natural environment. Thus, these foraminifera employ a non-classical 
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crystallization pathway that involves the transformation of metastable vaterite into calcite. The presence 

of vaterite in both species strongly suggests that other foraminifera, which also produce low-Mg calcite 

shell composition, likely share a similar biomineralization strategy. The highly unstable nature of 

vaterite has likely contributed to its occurrence in foraminifer shells remaining undiscovered until now. 

Our findings supersede the longstanding paradigm that planktic foraminifera construct their shells by 

the direct precipitation of calcite, which has persisted since X-ray diffraction analysis was first applied 

to foraminifer shells [311]. Our findings add planktic foraminifera to the growing catalogue of calcifying 

taxa, including sea urchins, molluscs, sponges and crustaceans [232, 322], that employ metastable 

intermediate phases to form their shells and skeletons [29, 235]  

The mechanisms by which vaterite transforms to calcite are unstudied, but a considerable body of 

work has explored non-classical crystal growth involving the transformation of metastable amorphous 

calcium carbonate (ACC). In vitro transformation of ACC to crystalline calcium carbonate proceeds via 

dissolution and reprecipitation [32, 33, 323], whereas most in vivo studies of skeletal structures reveal a 

solid-state process involving dehydration and structural re-arrangement [28, 29]. A combination of 

dissolution-reprecipitation and solid-state transformation processes is possible, with the predominance 

of either being influenced by the amount of aqueous fluid present [32, 321]. The similarity of the 

twinned, fibrous microstructure and crystallographic orientation observed in both vateritic (Session 1) 

and post-transformation calcitic (Session 2) foraminifer shells suggests either a solid-state mechanism, 

or a highly-localised dissolution-reprecipitation process at the vaterite-calcite boundary [321].  

Solid-state transformation from ACC to calcite is common in vivo [32, 322], but significant 

crystallographic differences between vaterite and calcite create a high-energy barrier that makes solid-

state transformation between these two phases much less likely. The absence of vaterite in wet-stored 

specimens (Session 4) suggests a dissolution-reprecipitation transformation facilitated by hydrous 

environments is most likely. Furthermore, the large calcite single crystal observed bisecting the calcite 

shell microstructure of a dry-stored N. dutertrei sample in analytical session 2 (Figure 7.6) is unlikely 

to be the product of a solid-state transformation, which is more likely to preserve the micro-crystalline 

architecture of the vaterite. Together, these observations indicate a dissolution-precipitation 

transformation mechanism is most likely, similar to that observed in in vitro ACC experiments [32]. Our 
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results do not constrain the exact mechanism or timing of vaterite-calcite transformation, but do indicate 

that living foraminifera form their calcitic shells via vaterite. It further is possible that vaterite is 

preceded by another less-stable phase such as ACC, although this has not yet been demonstrated for 

foraminifera. This has significant implications for our understanding of geochemical proxies [323], and 

potentially the vulnerability of foraminifera to a future, more acidic ocean.  

Our results require a re-evaluation of the incorporation mechanisms of trace elements and isotopes 

into foraminiferal calcite, to account for the influence of precipitation of a metastable vaterite phase and 

possible initial ACC phase on shell geochemistry. This is not feasible at present because we lack 

knowledge of both vaterite geochemistry and the nature of the vaterite-calcite phase transformation. The 

only existing data that provides insight into the possible influence of vaterite on foraminiferal calcite 

composition is the fractionation of calcium isotopes during precipitation of synthetic vaterite [324].  

Vaterite, calcite and O. universa shells are all enriched in 40Ca relative to the fluid they precipitate 

from [324-326]. Orbulina universa shells are most enriched and vaterite is least enriched in 40Ca. This 

also rules out a solid-state transformation that transfers all the Ca in vaterite to the resulting calcite, 

which would result in O. universa inheriting the Ca-isotope composition of vaterite. Rather, it implies 

foraminiferal calcite forms via a process that involves multiple fluid-mineral fractionation steps. A 

vaterite to calcite dissolution-reprecipitation pathway could provide a double-fractionation mechanism, 

the first on formation of vaterite and a second on transformation to calcite in the presence of a solution 

phase that is not isolated from the external environment (Figure 7.7). This multistep process is 

qualitatively consistent with the 40Ca enrichment of calcite, which is of similar magnitude to the 

difference between vaterite and O. universa [324-326]. 

A multi-step crystallisation pathway involving vaterite, and possibly ACC, would have a significant 

influence on all aspects of the trace element and isotope geochemistry of foraminiferal calcite (Figure 

7.7). The current lack of vaterite and ACC geochemical data prevent us from quantifying this influence, 

but a double-fractionation process provides a conceptual framework that might account for the 

significant and unexplained differences between foraminiferal and inorganic calcite geochemistry. Most 

notable is the order of magnitude lower Mg content of foraminifera (0.1-1.0 mol%) compared to 
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inorganic calcite (10-20 mol%; [299]). This has attracted the proposal of complex, often contradictory 

mechanisms involving energetically expensive selective pumping of Mg or Ca ions out of or in to the 

calcification environment [300, 302-304], and has hindered understanding of the widely-used 

foraminiferal shell Mg/Ca proxy for past ocean temperature [327]. If Mg partitioning into vaterite is of 

similar magnitude to calcite, a double fractionation provides a straightforward explanation for the low 

Mg content of foraminiferal calcite. New experiments investigating the geochemistry of vaterite 

formation and the vaterite-calcite phase transformation stand to transform our understanding of 

foraminiferal shell geochemistry. 

 

Figure 7.6. Post transformation structure in N. dutertrei shells. (a) Foil #4483 cut from a post-

transformation shell displays a large calcite single crystal that disrupts the underlying particulate 

structure (C). High-resolution TEM (b) and indexed Fourier Transform diffraction pattern (c) show the 

crystal is calcite (see also Supplementary Figure 7.5). Scale bars 1µm (a), 500 nm (b). The dark margin 

on the left (R) is the sample mounting resin, and the arrow in the lower right points orthogonally towards 

the inner shell surface. All analyses carried out in analytical session 2. 
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Figure 7.7. The hypothesised double-fractionation mechanism. Initially, vaterite is formed from a 

calcifying fluid (CF1), which has a starting composition similar to seawater, and exchanges ions with 

the external environment (e1). The trace element composition of vaterite is determined by vaterite-

specific partition coefficients (KV), and the fraction of the available ions precipitated from CF1 (f1), 

which determines the degree of Rayleigh fractionation during precipitation [328]. Next, vaterite 

transforms into calcite via a localised dissolution-reprecipitation reaction. This creates a second transient 

calcifying fluid (CF2) with an initial composition identical to the parent vaterite, which can exchange 

ions with external fluids (e2, which interact with seawater, CF1 or some other localised reservoir). The 

composition of the resulting calcite is determined by the composition of CF2, calcite-specific partition 

coefficients (KC), the degree of Rayleigh fractionation in CF2 (f2) and the degree of ion exchange with 

external fluids (e2). Conceptually, the trace element content of the mineral gets more similar to CF as f 

tends towards 1, while e describes how ‘open’ or ‘closed’ the CF is. Note that f and e are incompatible: 

if e is higher than the rate of ion removal by precipitation the system is relatively ‘open’ and f will be 

low, and vice versa. Thus, the dynamics of this space depend on the relative rates of crystal precipitation 

and ion exchange with the external environment. For a double-fractionation scenario to occur, either e2 

must be significant (relative to precipitation rate) or f2 must be less than 100%, otherwise the resulting 

calcite would inherit the same composition as the parent vaterite. It is further possible that vaterite is 

preceded by an ACC phase, which would introduce a third fractionation step. Testing this model requires 

knowledge of element-specific and phase-specific partition coefficients (TEKX), which are not currently 

available in the literature [231]. 

 

The presence of vaterite as an intermediate mineral phase in foraminiferal shells may make them 

more susceptible to dissolution in a future, more acidic ocean, since vaterite is more soluble than calcite 

[296]. While living foraminifera possess a protective organic layer on the shell surface the degradation 

of this membrane after death will expose any vaterite present to dissolution as shells sink through the 

thermocline into the deep ocean. This may explain the large, enigmatic super-lysocline dissolution of 

planktic foraminifer shells observed across the surface oceans [329]. With increasing ocean 

acidification, this could reduce the particulate inorganic carbon flux from the surface ocean, with 

potential significant implications also for any ballasted organic carbon flux to the deep sea and seafloor 
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[330]. A wider survey of the mineralogy of end-of-life foraminifera could evaluate the potential 

significance of this to the global carbon cycle. 
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Supplementary Material for Chapter 7 

 

Supplementary Figure 7.1. Results from Neogloboquadrina dutertrei. (a) SEM image of a 

fragment of the final chamber of a N. dutertrei shell with FIB pit of foil #4186. (b) HR-TEM 

image of area shown after Fourier Transform analysis and indexed as vaterite twin cell A in (c). 

(d) Schematic indexed crystallographic cell shown in (b, c) with a list of the angles between 
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crystallographic planes as observed, vs calculated angles using the hexagonal vaterite model 

proposed by [29]. 

 

Supplementary Figure 7.2. Nanopores in O. universa. (a) Bright-field image showing the 

speckled contrast due to individual nanocrystals and scattered pores (arrow) in O. universa 

typical of biominerals. (b) typical nanostructure of irregular fibers with ‘pores’ (arrows).  
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Supplementary Figure 7.3. Grain sizes in N. dutertrei. (a) Bright Field image of an area in foil 

#4186 (first analytical session) consisting of aggregated grains of vaterite. Approximate lengths 

of two grains are outlines by arrows. Grains are here defined by uniform diffraction contrasts. 

(b) Corresponding dark field image of the same area. 
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Supplementary Figure 7.4. Microstructure of O. universa shells. (a) Integrated image plate 

image of foil #4199 that shows an almost complete lack of diffraction contrast, indicative of a 

mesocrystal structure. (b) HAADF image of foil #4187 showing the ragged surface of the shell 

just below the protective Pt strip. (c) Bright-field image of the ragged surface area showing 

individual vaterite crystals.  
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Supplementary Figure 7.5. Complete FTIR spectra (600-1600 cm-1) for foraminifera shells. 

Spectra collected after dry storage, and compared to biogenic vaterite (Herdmania momus 

spicules) and geological calcite. The shells consist of a mixture of vaterite and calcite. The band 

at ca. 744 cm-1 is indicative for vaterite, while the band at 712 cm-1 is calcite [22]. The bands 

between 740 and 744 cm-1 are identical within the resolution of the spectra of 4 cm-1. Bands for 

vaterite and calcite overlap at 872 cm-1 and at ca. 1400 cm-1. Band assignments are given in 

Supplementary Table 8.2. All spectra are normalized to the band intensity at 872 cm-1. 

 

 

 

 

 

 

 

 

 



SUPPLEMENTARY MATERIAL FOR CHAPTER 7 203 

 

 
 

 

 

Supplementary Figure 7.6. Crystallographic analysis of HR-TEM images in Figure 7.6. 

Lattice distances and measured angles are consistent with calcite and not with vaterite. 

 

 

Supplementary Table 7.1. Measured d-spacings in Orbulina universa and Neogloboquadrina 

dutertrei shells compared with literature data. Several crystals from each foil were indexed by 

SAED or HRTEM and are compiled in the table. 

Observed Vaterite (P321) Calcite (R-3c) 

dhkl (nm) dhkl (nm) hkl dhkl (nm) hkl 

0.841 0.844 0003 - - 

0.563 0.554 01-12 - - 

0.384 0.391 01-15 0.3855 10-12 

0.307 0.306 02-23 0.303 01-14 

0.280 0.282 01-18 - -  

0.299 0.290 02-23 - - 

0.245 0.248 20-26 0.249 11-20 

0.227 0.229 12-32 0.2284 11-23 

 0.225 12-33   

0.207 0.206 11-210 0.2094 20-22 

0.192 0.1948 00013 0.1927 20-24 

 0.190 30-35 0.9124 01-18 

0.157 0.158 00016 0.1587 10-110   
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Supplementary Table 7.2. Band assignment for measured FTIR spectra from Orbulina 

universa, Neogloboquadrina dutertrei shells and Herdmania momus spicules. Spectral 

resolution is 4 cm-1. 

 

 

O. universa 

(cm-1) 

N. dutertrei 

(cm-1) 

H. momus 

(cm-1) 

Vaterite* 

(cm-1) 

Calcite* 

(cm-1) Bond Vibration 

872 872 872 877 876 
carbonate ion out-of-plane 

bending mode (2) 

740 740 743 744 - 
carbonate ion in-plane 

bending mode (4)   

712 712 - - 712 
carbonate ion in-plane 

bending mode (4)  

*Band assignments for vaterite and calcite from [33].  
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8.0 General conclusions 

The architecture of calcareous biominerals consists two structural elements—inorganic 

minerals, usually of calcium carbonate, and organic macromolecules (the organic matrix) 

within and between inorganic minerals. The organic matrix consists a mixture of lipids, 

glycoproteins, proteins and polysaccharide β-chitin. The main structural component of the 

matrix is thought to be β-chitin. Another vital constituent present in some calcareous shells, for 

instance, nacre, is the silk-like gel. The combination of polysaccharide β-chitin and silk-like gel 

proteins are suggested to be responsible for the formation of the three-dimensional biopolymer 

in mollusc shells. While the mixture involved multi-hierarchical processing thus influence or 

modify the mineral phases, macromolecules (proteins) that are rich with acidic sidechains are 

thought to be involved in controlling crystal morphology and determine the structural pattern 

of the biominerals. Although polysaccharide β-chitin, silk-like gel and the acidic proteins are 

considered the primary shell constituents macromolecules, many other shell proteins have been 

sequenced. However, their respective role(s) in the formation of calcareous shells have not been 

clarified.  

In the formation of calcareous biominerals, different morphologies showed topological 

variability and diversity. By using the principle of molecular universality and bio-diversity 

herein, this thesis shows that 20 naturally occurring amino acids are the essential ‘toolkit’ for 

the formation of a three-dimensional assembly of organic matrix in calcareous biominerals. The 

amino acids represent the largest group of mutually analogous nutrients and are 

correspondingly broad among metabolites and the matrix macromolecules constituents besides 

their apparent role in protein synthesis [1, 2].  

The composition of shell macromolecules in nacre constitutes the high amount of glycine, 

alanine and serine (ca 60%), characteristic of silk fibroin-like proteins. Proteins with this amino 

acid constituents can form a β-pleated sheets structure. Whereas non-nacre that is homogeneous 

(Arctica islandica) and crossed lamellar (Tridacna gigas, Fulvia tenuicostata and Callista 
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disrupta) depicts large proportions of glycine, aspartate and proline (ca 40%), a composition 

which is more reminiscent of collagen than of silk. However, both, i.e. nacre and non-nacre are 

nonacidic thus presume that the constituent of Ca-binding proteins may vary predominantly 

according to shell structure and/or species. This thesis reveals that no hydrophobic and/or acidic 

proteins appear to be specific to certain calcareous microstructures. 

Moreover, by using the theory of universality, identification of chitin-protein-complex from 

crossed lamellar Tridacna shells, Fulvia tenuicostata and Callista shells representing three 

molluscan orders and families exhibit that this organic fibre is not only restricted to families 

with nacroprismatic shells. Though the proportion of chitin (and its derivatives) has/have not 

been quantifying from crossed lamellar shells, NMR analysis revealed that the amount is 

smaller and vary. In homogenous shell structure the amount is a ca 1 % and less than 0.5 % in 

nacre. 

The crystallisation particle attachments, of course,  include classical ion-by-ion precipitation 

and ripening during particle motion, collision and aggregation [3]. The universal motif, i.e. a 

nanogranular biocomposite structure, is shared by most biominerals which rest on a common 

pathway — a colloid-driven and non-classical crystal growth mechanism [4, 5]. Herein, crossed 

lamellar Tridacna shells, Fulvia tenuicostata and Callista shells representing three molluscan 

orders and families composed of a nanogranular composite structure.  

A complete picture of shell matrix macromolecules includes 20 naturally occurring amino 

acids, and these are essential in forming biopolymers. In the biomaterials making up the shells 

of molluscs, however, biomineralising organisms used bio-diversity pathways/mechanisms to 

synthesise organics within calcareous shells thus make mollusc shells species-specific at the 

microstructural level. Silk-based fibre is the primary organic framework in nacre. In 

homogeneous (and probably in crossed lamellar) microstructures, however, the mesh networks 
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formed by type IV collagen heparin sulfates and keratanasulfates are the major organic scaffold 

rather than the more typical fibrillar form. 

Significance 

Over last few years, our ability to understand the formation of calcareous shells has increased 

tremendously. Thanks to the advent of high-resolution imaging and modern bioanalytical 

equipment, the ability to characterise organic macromolecules involved in the mineralisation 

process and the interactions between them have grown and expanded.     

In this work, solid-state NMR, electron microscopy imaging and other bioanalytical 

techniques have deciphered the actual constituent of biopolymers in calcareous biominerals. 

The main biopolymer in nacre is silk fibre, whereas network-forming collagen IV gel is the 

primary bioorganic matrix in homogeneous (and probably in crossed lamellar) structures. As 

more efforts have recently been directed to replicating key fabrication strategies and structural 

features into materials design, the finding(s) herein will allow researchers across some fields to 

design and fabricate a variety of advanced hybrid materials with desired morphologies, 

compositions, and structures. The present work will guide researchers to use environmentally 

friendly functional macromolecules and save them from try-and-error analyses that have been 

practising over several decades. 

The key research outcomes achieved through each chapter in this thesis are summarised 

below.  

Chapter 2 shows first analysis of organic macromolecules for Arctica islandica shells and 

distinguish the homogeneous Arctica islandica shells from nacroprismatic H. cumingii, P. 

fucata and D. chilensis shells. Newly adapted fixations and staining protocols reveal many 

protein bands (e.g. around 20 and 63 kDa) in H. cumingii for the first time. The shells with 

homogeneous and nacroprismatic microstructures have some protein band(s) in common: A. 

islandica, P. fucata and H. cumingii exhibit a prominent protein band at 40 kDa. P. fucata 
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demonstrates just one band at 40 kDa, which is a nonacidic-matrix-protein. Moreover, the shell 

macromolecules of all studied samples are overall non-acidic, containing low amounts of 

aspartate and glutamate (21% for homogeneous and 16% for nacroprismatic shells).  

Chapter 3 utilises solid-state NMR, scanning electron microscope and other spectroscopic 

techniques to characterise the bioorganic content within the nacreous and homogeneous shells. 

In nacreous shells polyamino acids – silk fibroins fibres are the primary organic scaffold not 

chitin and network-forming collagen – type IV collagen is the main organic framework in 

homogeneous shells (and probably in crossed lamellar). This aspect of the study reveals that 

the 20 naturally occurring amino acids are the essential ‘toolkit’ for the formation of a three-

dimensional assembly of organic matrix in calcareous biocomposites.   

Chapter 4 shows that crossed lamellar Tridacna derasa shells are highly mineralised 

biocomposites consisting of aragonite and a ca 1 wt% organics. In the present work, chitin-

protein-complex was evidenced in Tridacna shells from Fourier transform infrared and optical 

activity studies for the first time. The spread of crystal orientation angles due to intense twinning 

at all hierarchical structures, nano-granularity and random orientation of the aragonitic 

crystallographic a and b axes, optimise Young’s modulus of the shell in all directions and all 

spatial scales, thus increasing isotropy. This is one of the first comprehensive studies that 

identify optimization strategies for mechanical properties across all hierarchal structures in the 

shell.  

Chapter 5 presents a detailed biochemical analysis of the organic macromolecules including 

chitin and its derivatives, shell proteins and saccharidic composition from Tridacna gigas and 

Fulvia tenuicostata shells. The quantities of organic matrices are variable, however, newly 

developed staining methods allowed to detect numerous protein bands in the bivalve shells with 

crossed lamellar microstructure for the first time. Glycopolymers that transect T. gigas and F. 
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tenuicostata shells are visualised using Calcofluor white M2R, chitosan (deacetylated chitin) 

was demonstrated after staining the SDS-electrophoresis with the Calcofluor white. 

Chapter 6 shows in-depth analysis of Callista bivalve shells. This shell is composed of an 

outer composite prismatic, a middle layer with rod-type crossed lamellar and an inner layer that 

includes both homogeneous and fine complex crossed lamellar structures. The primary amino 

residues of Callista shells including glycine, aspartate and proline are strikingly comparable 

with the homogeneous Arctica islandica shell (39.9% in total vs 39.5%). Exploring 

glycopolymers in using fluorescence Calcofluor White M2R dye for both in-situ and ex-situ, 

the present study revealed chitin containing carbohydrates. However, based on the amount of 

total organic contents in Callista shells (1.7 wt%), the amount of chitin (and its derivatives) 

could be lower than the one present in the nacroprismatic shells. 

Chapter 7 shows that the composition, that is coordination of organic matrix and inorganic 

mineral extended to the nucleation and growth of the carbonate shells of tiny marine plankton, 

foraminifera. In living foraminifera the organic layer plays a crucial role; it protects the 

metastable calcium carbonate – vaterite, degradation of this layer after death will expose any 

vaterite present to dissolution as shells sink via the thermocline into the deep ocean.  

Objectives for future studies and recommendations 

This study showed that silk-based fibre is a major organic matrix in nacreous layer of 

nacroprismatic shells studied (Hyriopsis cumingii, Cucumerunio novaehollandiae, Alathyria 

jacksoni, Pinctada maxima) and network-forming collagen – type IV collagen is a major 

organic framework in homogeneous Arctica islandica (and probably in crossed lamellar) shells. 

However, several lacunas persist with the multidisciplinary inputs demand to simplify the 

composition of shell macromolecules and the interfacial carbonates in shells of molluscs. For 

instance:  
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1) The detailed proteomics would be necessary to further characterise the constituents of 

organic framework; 

2) As shown by solid state-NMR, nacre consists a measurable amount of phosphorus. The 

role of phosphorus in shells formation is still vague. However, it has previously been 

confirmed that a small fraction of either serine or tyrosine residues in Nephila clavipes 

major ampullate gland spider silk is phosphorylated [6]. Accordingly, the 

phosphorylated glycoprotein is the predominant post-translational modification through 

which protein function is regulated; it only occurs at the side chains of three amino acids, 

serine, threonine and tyrosine, in eukaryotic cells. This aspect in the formation of shell 

has not been probed and thus needs more attention to achieve primary aims of 

synthesising inorganic (calcium) carbonate materials; 

3) Finally, shell decalcification is one of the significant steps to the characterisation of shell 

macromolecules. The present work revealed that grinding shell into powdered has a lot 

of effects; it affects nanocrystals that are well-organised within the organic fibres – semi-

amorphous region and damaged the extent of fibres in calcareous shells. These are 

discovered in this thesis, and for sure, other effects will still be discovered in the nearest 

future. 
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