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Introduction

Color is a ubiquitous trait intertwined with numerous interactions in the natural world, such as
communication, mating, camouflage, and warning signals among living organisms. It serves
as vital visual cues that have evolved to fulfill specific functions, playing a crucial role in
shaping various ecological relationships such as mimicry, territorial displays,
thermoregulation, and more (Stuart-Fox and Moussalli, 2009). More specifically, many
mineralizing organisms are consistently engaged in the production of a multitude of vibrantly
colored biominerals, which can be found throughout the natural world, and the phenomenon
wherein living entities generate minerals is known as biomineralization (Lowenstam and

Weiner, 1989).

In biominerals, colors can arise from: 1) structural coloration, where nanostructures (1-100 nm)
interact with light to create different colors (Kinoshita and Yoshioka, 2005); 2) pigmentation,
caused by organic pigments incorporated into the mineral phase, which also contributes to
diverse colors in biominerals (Goodwin and Srisukh, 1950; Shikov et al., 2018; Williams,
2017); 3) elemental impurities (Ti, V, Cr, Mn, Fe, Co, Ni, Cu, etc.) influence coloration by
absorbing and emitting light at distinct wavelengths (Fritsch and Rossman, 1987). The
aforementioned processes lead to the rich tapestry of colors seen in biominerals such as the
ones produced by invertebrates, e.g., sea urchins and mollusks. In addition to beauty, some

organic pigments have been shown to function as protection from UV (polyhydroxylated
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naphthoquinones in sea urchins), defense against fouling organisms (pigment variolins,
discorhabdins, isoquinoline metabolite in sponges), predators (Bandaranayake, 2006) and even

enhancing mechanical properties (Williams, 2017).

Sea urchin biominerals illustrate Nature's capacity to create an extensive spectrum of colors by
utilizing a specific group of organic compounds called polyhydroxylated naphthoquinones
(PHNQs) (Anderson et al., 1969). Synthesized within one type of the immune coelomocytes,
the so-called red-spherule cells, about 40 different PHNQ molecules (e.g., echinochrome A,
spinochromes A, B, C, D, and E) have already been identified in different sea urchin species
(Vasileva et al., 2021). Sea urchin biominerals consist of calcium carbonate (CaCOs3) in the
form of calcite enriched with Mg (2-12 mol%) (Magdans and Gies, 2004) and a small fraction
(approximately 1-2 wt.%) (Kanold et al., 2015) of intracrystalline organic molecules, including
lipids, proteins, glycoproteins, polysaccharides, and PHNQs. It is intriguing to note that
PHNQs have inherent light sensitivity. However, when encapsulated within calcite, they
remarkably demonstrate stability against sunlight and oxidizing agent exposure like sodium
hypochlorite (NaClO). This property paved the way for harnessing colored biominerals as a

source of inspiration to engineer stable biohybrid pigments.

These biohybrid alternatives could provide an alternative to synthetic dyes and chemicals
(Lellis et al., 2019). Historical hybrid pigments include cave frescoes (Iron oxide +
aluminosilicate clays + fat) and the famous Maya blue pigment (Morris et al., 1931). This
ancient blue pigment, composed of indigo (organic) and palygorskite (mineral), boasts
enduring color and photostability in Mesoamerican art, proposed to be due to indigo molecules

displacing water within the channels and assuming stable positions (Fois ef al., 2003).

To enhance the durability of organic dyes, a promising approach has emerged in the form of
organic-inorganic hybrid pigments, engineered to resist the fading effects of sunlight exposure.
These hybrids rely on matrices like silica and clays to encapsulate and shield organic dyes from
environmental stressors. The synthesis of these innovative pigments is either by sol-gel
chemistry (Schottner, 2001) or solid-state grinding (Ghannam et al., 2005). The former
involves two primary reactions: precursor hydrolysis in acidic or basic conditions, followed by
the polycondensation of hydrolyzed products. This method creates mass-colored, photo-stable
amorphous materials by meticulously blending pigment components in a solution that
undergoes controlled chemical reactions to produce a stable, homogeneous substance. In

contrast, “solid-state grinding" yields surface-colored crystalline pigments with relatively
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lower photo-stability. An intriguing facet of this research, as mentioned above, is the ability of
adult sea urchins to produce mass-colored crystalline biominerals, exhibiting impressive

photostability.

Therefore, it is anticipated that the integration of PHNQs and commercially available natural
naphthoquinones during ACC crystallization will result in significant inorganic-organic
interactions resulting in a comprehensive range of new bio-based hybrid colorants offering a
diverse palette. This research offers a pathway to environmentally friendly and durable
pigments and deepens our understanding of the intricate relationship between living organisms

and their mineralized structures.

Apart from giving color to sea urchins, PHNQs have demonstrated antioxidant, antimicrobial,
and anti-inflammatory effects (Hou ez al., 2018b; Kim et al., 2015) through combating bacterial
infections, reducing inflammation, and protecting against cardiovascular diseases and eye
conditions, showing therapeutic potential, especially for echinochrome A which belongs to

PHNQS family found in sea urchins.

The potential interplay between biomineralization and pigmentation mechanisms has been
suggested in many studies regarding mollusks (Bauchau, 2001; Cusack et al., 1992; Sun et al.,
2015). However, for sea urchins, only one study by (Zito ef al., 2015) indicated that pigment
production and biomineralization pathways might be connected as they share one common
enzyme, carbonic anhydrase. In parallel, an earlier study (Towe, 1967) mentioned that “organic
pigments are irrelevant to biomineralization, also obviously trapped within the crystal during
its growth”. Therefore, the exact role or the involvement of organic pigments in

biomineralization remains unknown.

In contrast, the formation of biogenic calcite in sea urchins has been extensively studied from
the cellular pathways to mineral deposition ((Kahil ef al., 2020; Politi ef al., 2004). In adult sea
urchin spines, calcite is formed through the initial deposition of hydrated amorphous calcium
carbonate (ACC) nanoparticles that transform into anhydrous ACC before crystallizing
(Albéric et al., 2019; Politi et al., 2004). Thermodynamically and kinetically unstable under
ambient conditions, the temporary stabilization of ACC has been ascribed to the presence of
macromolecules and Mg?* ions (Raz et al., 2003). During biomineralization processes, likely
during ACC crystallization, some of these macromolecules together with Mg?* ions, are

entrapped in the final mineral structure. These organic molecules were shown to precisely

11



Introduction

control the polymorphism, morphology, size of the crystalline CaCOj3 blocks (J. Aizenberg et
al., 1995; Albeck et al., 1996) and seemingly also contribute towards the color of the

biominerals.

Sea urchin mineralized tissues, particularly their spines, present a wide range of colors from
green to purple, even within the same species and within one single spine. For example,
Paracentrous lividus green spines present a purple tip most of the time (Goodwin and Srisukh,
1950). It is, however, not clear if those differences in colors among and within individuals
originate from different PHNQs composition or other mechanisms such as specific organic-
inorganic interactions or different developmental stages, as already suggested (Goodwin and

Srisukh, 1950). The latter is potentially related to the different extent of ACC crystallization.
In this context, this doctoral research aims to:

1) elucidate the physicochemical mechanisms that underlie the chromatic manifestation
displayed by sea urchin spines known to be formed through ACC precursors likely in the

presence of naphthoquinone pigments and,

2) better understand the processes that drive the incorporation of naphthoquinones into

calcite and result in the formation of biogenic hybrid pigments with stable colors,

3) propose bio-inspired and bio-sourced pigments for the coloring industry, particularly textile

finishing.
In order to do so, we studied:

i) the effect of naphthoquinone on ACC composition, local structure, stability, and

crystallization pathways into calcite and,
i1) the multi-level organic-inorganic interactions present in the bioinspired hybrid pigments.
A bio-inspired synthesis was considered here that entails forming ACC nanoparticles in the

presence of biogenic PHNQs previously extracted from sea urchin spines and commercially

available natural naphthoquinone molecules (naphthazarin, lawsone, juglone).

The content of this thesis has been systematically arranged into five chapters, with a conclusion
and perspectives section, each serving a specific purpose and contributing to the overall flow

and organization of the thesis.
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Chapter I: State of the art is dedicated to a comprehensive bibliographical analysis of the
accessible data about CaCO3 biomineralization with a focus on ACC precursors, biomineral
pigmentation, giving most attention to sea urchins and biohybrid pigments. This chapter also
explores synthetic CaCOs formation, crystallization mechanisms, and the impact of additives

and environmental conditions.

Chapter II: Methodology consolidates all the preparatory, technical procedures, and

experimental methodologies employed throughout this thesis.

Chapter II1: Role of naphthazarin on ACC formation and crystallization explores the role
of readily available natural naphthoquinone pigments in providing ACC’s coloration,
composition, structure, and ability to control crystallization kinetics. In particular, we
demonstrate the dynamic evolution of ACC's color throughout its formation and crystallization
process. This unveils potential mechanisms that might also contribute to the pigmentation of

biominerals formed through ACC precursors.

Chapter I'V: Multi-scale investigation of naphthazarin-calcite interfaces comprehensively
examines multiple facets of naphthazarin-calcite pigments obtained from different syntheses.
It studies naphthazarin's influence on crystal morphology and investigates the intricate
mechanisms underlying its incorporation. The chapter analyzes the distribution patterns of
naphthazarin within calcite structures from micron to atomic scales, providing a comprehensive
understanding of naphthazarin's role in shaping the properties of the resulting crystalline hybrid

pigments.

Chapter V: CaCOs-naphthoquinone biohybrid pigments deals with studying lawsone,
juglone, and biogenic PHNQ molecules extracted from sea urchin spines. The focus is on how
these molecules affect ACC color and crystallization, the shape and structure of calcite. By
examining this, the chapter provides insights into why certain PHNQ molecules are preferred

for incorporation into sea urchin spines.

The conclusion summarizes the findings and insights gained during this work and the

perspectives that present future research and potential areas of exploration.
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This chapter reviews some of our current knowledge about biogenic and synthetic calcium
carbonate (CaCQO3) systems, colors in the living world, (poly)hydroxylated naphthoquinone
pigments in sea urchins and plants, and synthetic hybrid pigments. In particular, it delves into
the world of biominerals, mainly focusing on the diversity and the formation of CaCOs
structures and morphologies observed in shells and skeletons of different species, explicitly
focusing on sea urchin spines. This chapter also explores the intricate mechanisms involved in
the crystallization of amorphous calcium carbonate (ACC) into calcite during
biomineralization processes in sea urchins. After describing the different origins of colors in
the living world, including pigmentation mechanisms, biomineral pigmentation in sea urchins
involving polyhydroxylated naphthoquinones is also addressed as a source of inspiration for
this doctoral research work. In addition, synthetic CaCOs3 systems are extensively explored,
focusing on syntheses involving ACC formation and crystallization. The role of organic
molecules on ACC stability, crystallization mechanisms, calcite crystal morphology, and

atomic structure is particularly reviewed. Lastly, dyes and pigments, including
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naphthoquinones found in plant and hybrid pigments, are described. The latter provides great
stability, has a smaller impact on the environment, might be compatible with living systems,

and can imitate natural colors, making them suitable for various uses such as textile finishing.

1.1. Biomineralization and biominerals

Biominerals are minerals formed by living organisms through complex biological processes,
referred to as biomineralization (Mann, 1988; Lowenstam and Weiner, 1989). These processes
control the deposition of inorganic and organic materials to create solid structures.
Understanding the mechanisms of CaCO3 biomineral formation is, for example, essential for
interpreting its evolutionary significance, environmental impact, sensitivity to past and future
environmental changes but also for designing bio-inspired research aiming at developing new

materials (Gilbert et al., 2022).

1.1.1. Mechanistic models for biomineralization

Biominerals were first described as being either formed by biologically induced or organic-
matrix-mediated mineralization (Lowenstam, 1981). Biologically induced mineralization
occurs externally to cells or on their surfaces, commonly observed in algae and most bacterial
species. On the other hand, organic-matrix-mediated mineralization, later termed biologically
controlled mineralization, is prevalent in many animals (Lowenstam, 1981). An essential
characteristic of biologically controlled mineralization is that it takes place within well-defined

and confined spaces or compartments (Bazylinski and Frankel, 2003; Veis, 2003).

Later, some researchers sought to consolidate all known biomineralization mechanisms into

universally applicable models, emphasizing commonalities among diverse species.

Based on several seminal results in the field of biomineralization from the 1950s to 2011
(Weiner and Addadi, 2011) proposed a general model for mineralization pathways in various
organisms involving (i) an extracellular matrix, (ii) a vesicle-confined space (syncytium), and
(ii1) the formation of mature mineralized elements within a vesicle inside the cell (Figure 1.1).
According to this model, eight main steps (1-8), labeled in Figure 1.1, are involved in the
crystallization pathways. Extracellular matrix mineralization occurs, for example, in radial
foraminifera shell formation, bone, dentin, enamel, mollusk shells, and crustacean cuticles

(Figure 1.11). Mineralization occurs within a large vesicle or syncytium, as found in
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echinoderms like the sea urchin larval spicule (Figure 1.1ii). In the case of pathway iii, the
mature mineralized product might remain within the cell (e.g., guanine crystals in fish skin) or

be moved to the cell surface (e.g., Coccolithophoridae and miliolid foraminifera).

1. Source of ions, derived from seawater or bodily fluids

2. Tons captured through processes like endocytosis of seawater
droplets, ion channels, or transporters

3. Internal transport within the cell to specialized vesicles

4. Formation of initial disordered mineral phase in specialized
vesicles

5. Transport of mineral-containing vesicles and contents either
outside the cell or within the syncytium

6. Relocation of the disordered phase to the crystallization front,

7. Transformation of the initial disordered phase into more
structured forms

8. Resulting in mature mineralized tissue

Figure 1.1. [llustrations of general crystallization pathways encompassing (i) an extracellular
matrix, (ii) confinement within vesicles (syncytium), and (iii) the development of fully
mineralized elements within intracellular vesicles (image adapted from (Weiner and Addadi,

2011)).

A more recent model introduced by (Gilbert et al., 2022) describes the CaCOs crystallization
pathways in five main steps (1-5) occurring in marine organisms, including foraminifera,

coccolithophorids, corals, echinoderms, brachiopods, and mollusks (Figure 1.2).

Step 1 gathers calcium (Ca*") and dissolved inorganic carbon (DIC) into the internal and
external cellular environments while removing protons. Carbon dioxide (CO») is also acquired
by passive diffusion through cell and vesicle membranes and through mitochondrial
respiration, which leads to CO; partial diffusion into seawater, into the external cellular fluid
(ECF), and into the internal cellular fluid (ICF). Part of this COz is quickly transformed into
bicarbonate ions (HCO3"), thanks to the action of carbonic anhydrase (CA) in the cytosol, the
ICF, and the ECF and further transforms into carbonate ions (CO3*") due to the higher pH of
these environments. Carbonate ions subsequently bind to calcium (Ca?*). In addition to calcium

and carbonate ions, organic molecules produced by the organism are also introduced into
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vesicles and the ECF, forming the organic framework enclosed within the biomineral. Like
Weiner’s model, biomineral formation occurs in a privileged space, which may be intra- or
extracellular and is separated from but partly open to seawater, and its chemical composition
is biologically controlled. In addition, this model suggests that the ICF is either endocytosed
seawater (Figure 1.2 step 1a), as observed in foraminiferans but not in corals, or endocytosed

ECF (Figure 1.2 step 1b), as observed in corals.

Step 2 involves the release of solid particles consisting of hydrated amorphous calcium
carbonate (ACC-H;O) into the extracellular fluid (Figure 1.2 step 2) through exocytosis. The
presence of ACC-H»O was first reported in sea urchin larvae (Politi et al., 2008; Gong et al.,
2012), as detailed in Section 1.1.3. In steps 3 and 4, these ACC particles, along with the Ca?*
and CO3? ions that are present, attach to the leading edge of the growing mineral structure
(Figure 1.2 steps 3 and 4). Finally, step 5 consists of ACC crystallization (Beniash et al., 1997;
Gong et al., 2012; Mass et al., 2017; Schmidt et al., 2022) through particle attachment (PA)
(De Yoreo et al., 2015; Gong et al., 2012) and ion attachment (IA) (Gal et al., 2018, 2016;
Walker et al., 2020). Depending on the specific conditions, the crystalline form can be calcite,
aragonite, or vaterite. Finally, both particle attachment (PA) (De Yoreo et al., 2015; Gong et
al.,2012) and ion attachment (IA) (Gal et al., 2018, 2016; Walker et al., 2020) are proposed to

occur at the front of the growing mineral structure, as indicated by PA + A (Figure 1.2).

Figure 1.2. An integrated model for the molecular mechanisms of CaCOj3 biomineralization in

some marine organisms with different steps (1-5) (image adapted from (Gilbert et al., 2022)).
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1.1.2. Biomineral function, composition, structure and properties

Biominerals are composite materials formed by living organisms, consisting of both an organic
and a mineral phase (Aizenberg et al., 2005; Fratzl et al., 2004; Fratzl and Weinkamer, 2007),
and are thus also called organic-inorganic hybrid materials (Chujo, 2007; Garcia-Martinez and
Collar, 2021). Hybrid materials consist of a minimum of two components, typically organic
and inorganic entities, intricately blended at the molecular or nanoscopic level. The wide array
of compositions and structures in these materials engenders diverse physicochemical properties
that extend beyond a mere amalgamation of the individual precursor traits depending upon the
interaction between organic and inorganic components (Figure 1.3) (Chujo, 2007; Unterlass,

2016; Zhu and Yuan, 2015).
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Figure 1.3. The relative strength of typical interactions observed in hybrid materials (image

adapted from (Saad et al., 2018)).

In particular, biominerals can be both amorphous or/and crystalline and have been shown to
serve many functions, such as navigation, mechanical support, photonics, and protection of soft
body parts (Raz et al., 2003). These biominerals exhibit remarkable complexity and properties
that exceed those of synthetic analogs and differ greatly from geological minerals, thanks to
the organism's ability to regulate composition, structure, size, and morphology (Lowenstam
and Weiner, 1989; Nudelman and Sommerdijk, 2012). Biological regulation of crystal
deposition and growth may also lead to the formation of biominerals that diffract like single-
crystals (Addadi ef al., 1999) i.e., sea urchins diffract light akin to single crystals, thanks to the

intricate arrangement of structures in their skeletons.

More than 50 mineral phases have been identified to date as biominerals, which are present
across all kingdoms of life (Weiner and Dove, 2003). The inorganic component is typically a

mineral phase such as calcium carbonate (CaCOs3), hydroxyapatite (Caio(PO4)s(OH)2), silica,
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magnetite (Fe3O4), and iron sulfides. Additionally, the organic component may include
proteins, lipids, polysaccharides, enzymes, peptides, amino acids, pigments, carbohydrates,
DNA/RNA, glycoproteins, chitin, efc. (Crichton, 2012). Within different organisms, both intra-
crystalline and inter-crystalline organic molecules play important roles. Inter-crystalline
organics provide an environment for crystal growth and nucleation sites (Aizenberg et al.,
1997; Joanna Aizenberg et al., 1995; Marin et al., 2016), whereas intra-crystalline organics
enhance the mechanical strength and flexibility of biological minerals (Metzler et al., 2008).
The latter are described in more detail in Section 1.1.3.2. The precise regulation of both inter-
and intra-crystalline organic molecules by organisms during biomineralization allows for
shaping and manipulating the growth of these complex biominerals with specific polymorph,
morphology, orientation, and size, contributing to their unique properties and functionality

(Berman et al., 1988; Falini et al., 1996; Yang et al., 2020).

1.1.3. CaCOs biominerals

1.1.3.1. Crystalline and stable amorphous CaCOs; biominerals occurrence

CaCO; is a prevalent mineral, constituting approximately 4% of the Earth's crust. Calcium
carbonate is widely present in the natural environment and can be found in freshwater and

saltwater environments, soils, sediments, mineral dust particles, and geological structures.

Calcium carbonate exists in six distinct crystalline polymorphs, including anhydrous phases
like calcite, aragonite, and vaterite, as well as hydrated phases such as monohydrocalcite
(CaCO3-H20), ikaite (CaCOs3-6H20) (Addadi et al., 2003; Mann, 1988), as well as, a recently
discovered in vitro form, the hemihydrate polymorph CaC0O3.0.5H>0 (Zou et al., 2019).

Many living organisms contain crystalline CaCOj3 biominerals in the form of calcite, aragonite,
and vaterite. Some examples are reported in Table 1.1. CaCOs biominerals can serve various
purposes, such as providing structural support (e.g., sponges, corals), offering protection (e.g.,
shells), functioning as hard buoyancy tanks (e.g., cuttlebone), or being part of photoreceptor
systems (e.g., light-focusing eye lenses of chitons). However, the biological function of some
biominerals is still unclear, and understanding the biological benefits of their convoluted crystal
shapes is still challenging. One hypothesis for the design of such convoluted shapes that often
diffract as single crystals is that amorphous minerals lack specific internal structure, are

uniformly strong in all directions, and are more adaptable to the available space. However, it’s
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worth noting that amorphous minerals are less thermodynamically stable and more soluble than
their crystalline counterparts (Addadi et al., 2003). Biogenic ACC has been categorized into
two types: stable and transient. The stable form is often hydrated and has the composition
CaCOs-H,0 (Levi-Kalisman et al., 2000), while the transient form was first reported to contain
little to no water, with less than one-third of a water molecule per calcium carbonate molecule
(Raz et al., 2003). Later, hydrated ACC, which subsequently transforms into anhydrous ACC,
was also evidenced in sea urchin larvae (Politi et al., 2004), as described in more detail in

Section 1.1.3.3.1.

(Weiner et al., 2003) summarized that various organisms, spanning different biological
kingdoms and phyla, have been identified as producers of stable ACC. These organisms can be
found in diverse taxonomic groups, including Echinodermata, Arthropoda, Mollusca,
Platyhelminthes, Plantae, and Porifera. Bacteria can also internally produce stable ACC
nanoparticles, even under highly challenging biomineralization conditions, as demonstrated by
(Blondeau et al., 2018). It's important to note that the list of ACC-producing organisms may

evolve and expand as ongoing research uncovers more examples.

In biominerals, ACC was proposed to serve three main roles: first, as a moldable amorphous
precursor phase for crystalline CaCO; polymorphs, as mentioned before; second, as a dense
ion-storage phase that can dissolve to meet calcium deficiencies; and third, as a structural
material with isotropic properties and the ability to incorporate trace elements. Due to its
versatile properties, such as moldability and intriguing mechanical features in biomineral
hybrid structures, ACC further presents promising opportunities for designing new materials

(Gower, 2008).
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Table 1.1. Distribution of some stable biogenic crystalline and amorphous CaCOs.

I;‘l‘l‘ygl‘l‘l‘;‘l‘;/ CaCOs
Class/Order/ Organism Form ?f deposited References
. deposit by
Family/Genus/ .
. organisms
Species
Mulber Calcite, (Jahren et al., 1998;
Plant tree Yy Cystoliths in | aragonite, | Levi-Kalisman et al.,
antac leaves vaterite, 2002; Nitta et al.,
ACC 2006; Wu et al., 2006)
Lobsters Cutlcl.e, ACC, (Ismail et al., 2022;
Arthropoda/ Gastroliths, . Mergelsberg et al.,
Crabs Calcite
Crustacea Shrimps storage 2019; Redde et al.,
P structure 2008)
Porifera Sponges Spicule core ACC (Taylor et al., 2007)
ortte pong pict Calcite Y i
Calcite,
e | | (e v
Ascidiacea Sea squirt ’ 2002; Lambert, 1998;
(body) ACC,
Mann, 2001)
monohydr
ocalcite
CaCOs
i%g;,gfg;gs ACC (Aizenberg et al.,
Chordates Fishes ater and Calci t’e 2002; Foran et al.,
ware 2013; Lambert, 1998)
get rid of
excess Ca
(Albéric et al., 2018Db,
Sea urchins Spines and Calcite, 2019; Bechtel et al.,
, P ACC 2013; Blowes et al.,
Echinodermata Sea stars test ]
Sea cucumbers Ossicles 2017; Drozdov et al.,
2016; Gong et al.,
2012; Seto et al., 2012)
Clams ACC, (Huang and Zhang,
Mollusks Oysters Shells vaterite 2022; Mohamed et al.,
Bivalvia Mussels Calcite 2012; Piwoni-
Scallops Aragonite | Pidrewicz et al., 2019)
Gastropoda . .
(Nudibranchia) Snails Shell Aragonite | (Parveen et al., 2020)
. ACC, (Sefiorale-Pose et al.,
Platyhelminthes Flatworms Corpuscles Calcite 2008)
‘Shell. (Benzerara et al., 2014;
against light ACC, .
) ) . ; Blondeau et al., 2018;
Bacteria Cyanobacteria or sink Aragonite, )
against pH Calcite Couradeau et al., 2012;
Obst et al., 2009)
change
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Trichoplax Crys"[ahls . (Mayorova et al.,
Placozoa adhaerens deposition | Aragonite
. 2018)
in cells
Coral ACC, (Mass et al., 2017;
D Corals structure ) )
Cnidaria . Calcite, Rahman and Oomori,
Anemone Spicules(Scl .
. aragonite 2008)
erites)
. ACC, (Natsi and Koutsoukos,
Chlorophyta Green algae | Micropearls Calcite 2022: Wefer, 1980)
Annelids Earthworms Granqles ACC (Hodson et al., 2015)
secretion Calcite
(Bindschedler et al.,
2016; Elkhateeb et al.,
Fungal fruiting ACC, 2022; Hodson et al.,
Fungus bodies Nanofibres Calcite 2015; Versteegh et al.,
2014, 2013; Vinn,
2021)
. ACC, (Simonet Roda et al.,
Brachiopoda Trochozoans Shells Calcite 2019)
Bryoza Moss animals | Cell spaces Calcite (Swatland, 2010)
‘ Cocco- Single-celled Intricate Calcite (Haunost et al., 2021)
lithophores algae plates
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1.1.3.2. Inorganic-organic interactions in CaCQs biominerals

Originally, intra-crystalline organics referred to organic molecules that resist prolongated
chemical oxidation such as NaClO treatments (Crenshaw, 1972; Penkman et al., 2008) and are
thus considered occluded within the crystal lattice (Lu 2009, Marin 2016), which protect them
from degradation. On the other hand, inter-crystalline organics do not resist oxidative treatment
because they are localized at the crystal surfaces. In other words, intra-crystalline organics refer
to the organics present within individual crystallites, whereas inter-crystalline represents the

organic interfaces existing between adjacent crystallites (Weber and Pokroy, 2015).

In the 1970s, the application of TEM allowed for the examination of bubbly and frothy
morphologies within nacre tablets, shedding light on intra-crystalline organics (Towe and
Thompson, 1972). In the late 1980s, (Berman et al., 1988) demonstrated that calcite crystals
grown with acidic glycoproteins from sea urchins had conchoidal fractured surfaces, unlike the
smooth surfaces of abiotic calcite. This was attributed to the presence of intra-crystalline
organic molecules. Further studies, including single-crystal X-ray diffraction, explored the
impact of these organics on calcite crystallite size and orientation in sea urchin and mollusk
shells (Berman et al., 1993, 1990). The results confirmed that biomacromolecules could be
incorporated into the crystal structure while modifying its microstructure and morphology,

allowing organisms to exert control over these aspects.

Biomineral composites typically have higher inter-crystalline organics, approximately 5 wt%,
compared to intra-crystalline organics, around 0.4 wt% in the prismatic layer of A. rigida. Intra-
crystalline organics consist mainly of proteins and chitin, with varying concentrations across
species (Nudelman et al., 2007). Amino acid compositions in A. rigida prisms differ
significantly from those in P. fucata and A. pectinata prisms (Okumura et al., 2013). It is
essential to note that intra-crystalline organics usually carry negative charges, which attract
cations like Ca?" in calcium-based minerals, aligning them with charged crystal lattice planes

(Gilow et al., 2011).

While the compositions of intra-crystalline organics may differ in various biogenic calcites,
mechanical properties remain consistent, suggesting minimal influence on mechanical
performance (Deng et al., 2022). Nevertheless, the chemical compositions of intra-crystalline
organics play a significant role in controlling nucleation, growth, and biomineral shapes. /n

vitro experiments reveal that intra-crystalline organics from different biominerals induce
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unique modifications in crystal structures. For instance, calcite crystals grown in the presence
of intra-crystalline organics from mollusk prisms exhibit flattened morphologies, while those

from sea urchin spines result in elongated crystals (Aizenberg et al., 1997; Albeck et al., 1993).

(Younis et al., 2012) employed high-angle annular dark-field scanning electron microscopy
(HAADF-STEM) in tomography mode and electron tomography reconstruction to directly
visualize organic macromolecules within biogenic crystal hosts. Their findings elegantly
demonstrated that the organic patches observed were not uniformly scattered within a single

crystal but rather aligned along the (001) plane (Figure 1.4).

Figure 1.4. Transmission electron micrographs (TEM) captured in bright field mode reveals
organic inclusions within nacre lamellae, distinguished by their bright appearance (image

adapted from (Younis et al., 2012)).

Many biominerals have various residual strains and stresses, stemming from factors like
organic lattice distortions, trace element substitutions, and ACC crystallization. These can be
detrimental or beneficial. Three types of residual stress/strain exist: composite-level, atomic-
scale, and nano-aggregation induced (Deng et al., 2022; Zolotoyabko, 2017). While composite-
level stress can be relieved mechanically, atomic-scale stress persists until lattice damage

releases stress. Comparing residual-stress removed samples is complex due to associated
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compositional changes from processes like heat treatment (Deng et al., 2022; Zolotoyabko,

2017).

Figure 1.5 summarizes the structural characteristics within a mineral that can influence the
properties of the material. In particular, incorporating intra-crystalline organics strengthens
biominerals through dislocation impediment and induces local lattice distortions and residual
stress, further enhancing strength. Crystalline features (crystal size, porosity, efc.) also affect
different cracking behaviors, e.g., in polycrystalline minerals, cracks propagate along grain
boundaries, while single-crystal minerals exhibit cleavage cracks. In addition, twinning

boundaries impede and deflect cracks (Deng et al., 2022; Zolotoyabko, 2017).

Irifraccystalline Crystalline defects

organics Trace element Nasio-dormains l.e., amorphous phase, Twinning boundar
& substitution  with residual stress polycrystals R d
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Q O 0® 090 o
= L 000 0%

Figure 1.5. A schematic depiction of the structural characteristics within the mineral building
blocks (lattice) is shown, encompassing intra-crystalline organic materials (intra-OMs), trace
element substitutions, nano-heterogeneity domains, crystalline imperfections, and twinning

boundaries (image adapted from (Deng et al., 2022)).

Lattice distortions are linked to phase transformation, with an inverse relationship to the
remaining amorphous phase in biogenic calcium carbonate: less amorphous phase corresponds
to higher lattice distortions. Comparing calcitic biocomposites, sea urchin spines exhibit
smaller lattice distortions than mollusk shells like Pinna nobilis and Atrina rigida (Zolotoyabko
et al., 2006) (Figure 1.6). This is supported by varying levels of residual amorphous phase,
reaching up to 10 wt.% in sea urchin spines but notably lower in mollusk shells (Albéric ef al.,

2018).

Additional support for the impact of the remaining amorphous phase on lattice distortions is

evident in the variation of lattice distortions with annealing temperature. In skeletal structures,
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particularly for sea urchins rather than mollusks, lattice distortions are observed when
annealing temperatures rise from 25°C to 150-200 °C, primarily due to the crystallization of
any remaining ACC. As the annealing temperature exceeds 200°C, lattice distortions gradually
diminish because of the removal of organics, leading to lattice relaxation (Figure 1.6) (Albéric

et al., 2018b; Pokroy et al., 2006).

Unlike mollusk shells, Coccoliths show minimal lattice distortions, possibly due to their
different intra-crystalline organics. Mollusk shells contain acidic proteins, while coccoliths
have acidic polysaccharides, which interact with growing calcite crystallites, exerting smaller

forces on mineral blocks (Frelich ef al., 2015).
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Figure 1.6. a) Temperature-induced lattice distortions along the c-axis in biogenic calcite. The
lattice distortions are calculated concerning a control calcite sample (geological) and account
for varying Mg concentrations in the studied samples (image adapted from (B. Pokroy et al.,
2006)). The second graph, b) shows temperature-dependent lattice distortions (Ac/c) on sea
urchin test and spines (Image adapted from (Albéric et al., 2018b)).

1.1.3.3. Case study of sea urchin biominerals

Sea urchin biominerals serve as intriguing models for studying mineralization processes due to

their intricate skeletal structures and potential applications in biomimetic materials.

1.1.3.3.1. Adult sea urchin spines

Sea urchins have spiky appendages called spines that protrude from their body shells, serving

as both protection and a means of movement. These spines are primarily made of calcite, with
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small amounts of stable anhydrous amorphous calcium carbonate (ACC), very little amount of
water, and organic molecules incorporated into their crystalline structure (Albéric et al.,
2018b). The skeletal part of the spines consists of an inner meshwork called the stereom and
outer radial wedges called septa (Figure 1.7B, 1.7C). Within the spines, there are soft tissues,
including the epidermis and dermis (or stroma), which contain various types of cells distributed
throughout the spine. The fenestrated stereom contributes to the relative strength of echinoid
spines by preventing crack propagation, while the compact septa enhance bending stress

resistance (Dubois and Ameye, 2001).

Stereom

Figure 1.7. Sea urchin spines of P. /lividus, devoid of organic matter using NaClO. CT scans
unveil labeled zones B and C, perpendicular to the c-axis — B at the tip and C near the base. An
SEM micrograph (D) shows a base-fractured spine. E) Further insights arise from a CT image
along the c-axis I. SEM images (F and G) display inner laminar stereom from diverse angles.
Laminar and labyrinthic stereom denoted as * and **, septa as ***. Calcite c-axis orientation

is indicated by a white arrow or crossed circle (image adapted from (Albéric et al., 2022)).

As for many other biominerals, sea urchin skeletal elements exhibit behavior akin to single
crystals when observed in both polarized light and measured by X-ray diffraction (Donnay and
Pawson, 1969). Unlike the cleavage seen in geological calcite, their conchoidal fractured
surfaces are a result of hindered crack propagation (Figure 1.8) caused by intra-crystalline
organic molecules (Towe, 1967). The presence of coherent organic/inorganic interfaces
generates diffraction spots resembling those of single crystals, although atomic organic-

inorganic interactions introduce small calcite lattice distortions as described before in Section
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1.1.3.2. Initially, Towe (1967) thought sea urchin spines were a mix of single crystals and
polycrystalline formations. However, Blake et al. (1984) found, using HRTEM, that sea urchin
spines are mainly single crystals with a mosaic-like structure. This was confirmed by (Berman
et al., 1990) and (Aizenberg et al., 1997) with synchrotron radiation. They showed that sea
urchin spines consist of coherent blocks, typically 100-200 nm in size, with an angular spread
of around 130 millidegrees. Finally, recent studies on Paracentrotus lividus sea urchin spines
have provided insights into their nano-structure, suggesting the presence of nano-pores filled
with hydrated organic materials and a thin layer of ACC positioned between the intra-

crystalline organics and the crystalline calcite (Albéric ef al., 2018, Albéric et al., 2022).

100 micron —m— MAG x 378

Figure 1.8. The fractured surface of a spine wedge is shown, which shares similarities with
fracture patterns observed in glass. The upper arrow marks the point of crack initiation, while
the lower arrow draws attention to a feature on the outer surface of the wedge, confirming that

the crack started from the exterior surface (image adapted from (Tsafnat et al., 2012)).

1.1.3.3.1. Transient ACC phases in the formation of sea urchin biominerals

Amorphous precursors for biomineral formation were initially proposed by Towe and
Hamilton in 1968; the idea was considered inconclusive at the time, and attention shifted to
conventional crystallization pathways (Towe and Hamilton, 1967). However, the first widely
accepted demonstration of the amorphous precursor pathway in biomineralization came from
chiton teeth, where the first-formed calcium phosphate mineral was found to be amorphous,
gradually transforming into dahllite (Lowenstam and Weiner, 1985). Regarding CaCOs, the

existence of an amorphous precursor remained less apparent. Although certain organisms, such
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as sea urchins, mollusks, could generate and stabilize ACC, its connection to crystalline
biominerals had not been acknowledged. However, in the late 1990s, Aizenberg et al. observed
an intriguing composite of a crystalline calcitic core and outer amorphous CaCOj3 in the sponge
Clathrina (Aizenberg et al., 1996). Further in vitro experiments with polypeptides mimicking
biomineral-associated proteins revealed the involvement of a transient amorphous precursor
pathway (Gower and Tirrell, 1998). In-situ examinations and focused research efforts led to

discovering and recognizing the amorphous precursor pathway in biomineralization.

The first report of a transient ACC phase in biominerals was by Beniash ef al. in 1997, where
they observed its presence alongside single-crystalline calcite in sea urchin larvae spicules.
Proteins and magnesium ions were then identified as playing a role in forming and stabilizing
the ACC phase in the larval spicules. Notably, the biogenic transient ACC phase exhibited
structural and compositional differences from the stable ACC phase, and surprisingly, it did
not contain bound water (Raz et al.,, 2003). By utilizing X-ray photoelectron emission
spectromicroscopy. Politi et al., 2008) additionally revealed the presence of three distinct
mineral phases: an initial short-lived, presumably hydrated ACC phase, followed by an
intermediate transient form of ACC, and finally, the biogenic crystalline calcite phase. This
was later confirmed by (Gong et al., 2012), and a two-step reaction was proposed from
ACC-H;0 to ACC to calcite. Interestingly, their research uncovers the presence of ACC-H>O-
rich nanoparticles that persist even after the surrounding mineral has undergone dehydration
and crystallization. This persistence is attributed to protein matrix components occluded within

the mineral, which inhibit the dehydration of ACC-H;O.

In parallel, ex vivo evidence of an amorphous precursor (Figure 1.9) was identified in the
regenerating tip of adult urchin spines (Politi et al., 2004) and teeth (Ma et al., 2007),
suggesting the importance of transient amorphous phases in producing biominerals diffracting
like single crystals but exhibiting a complex morphology. More recently, the same two-step
reaction ACC-H>O to ACC to calcite as for the larvae was also evidenced for the spines

(Albéric et al. 2019).
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Figure 1.9. TEM and electron diffraction patterns of particles from freshly regenerated spines.
(A), the diffraction pattern suggests amorphous material, while (B), taken after 3 weeks,
displays diffraction peaks characteristic of calcite, indicating a transition from amorphous to
crystalline. The freshly regenerated spines underwent freeze shock and sonication, with the
same particles re-examined after 3 weeks to capture the transformation process (image adapted

from (Politi et al., 2004)).

1.2. Colors in the living world
1.2.1. Some examples of colors and patterns in different organisms

Color and pattern integration in diverse organisms highlights the intricate connection between
biology and colors. This interplay involves at least three distinct mechanisms: 1) structural
colors from nanostructures causing iridescence, like in butterflies and fish (Fudouzi, 2011); 2)
pigment-based colors from molecules like carotenoids and melanin found in the tissues or
specific cellular compartments as well as in biominerals; and 3) photoluminescence (Rosario
et al., 2019; Shawkey and D’Alba, 2017). Table 1.2 showcases the remarkable occurrence of
colors and patterns for various organisms grouped according to their mechanisms of color

formation.
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Table 1.2. Some colors and patterns integrated within diverse organisms.

Color Oroanisms Molecules/ structures Source References
mechanisms g involved
Sea Dietary (Gpodwm anc%
rehins Polyhydroxylated sources and Srisukh, 1950;
érinoi d’s naphthoquinones synthesized by Hou et al.,
organisms 2018b),
.. (Ostertag et al.,
Blommer'al Avian eggs Heme based Pigments Dietary source
pigmentation 2019)
(skeleton and ) ) -
shells) Carotenoids, mg:lamn,' and Dietary
Mollusks tetrapyrroles, including sources and (Williams, 2017)
porphyrins and bile synthesized by
pigments organisms
. (Bandaranayake,
Crusteceans | Fat-soluble carotenoids Dietary 2006)
sources
(Smith et al.,
Red corals Carotenoids p roduge d by 2007)
organisms
. Dietary source )
Tissues/ and (Fontaine, 1962a,
Cells Brittle stars Melanin )
pigmentation synthesized by 1962b)
organism
Zooxanthellae
Coral polyps and .
Corals . algae impart
chromoprotein
the color
_ (Bandaranayake,
Chlorophyll, astaxanthin, 2006)
lutein, fucoxanthin, )
Algal h hi Synthesized by
bloom canthaxanthin, organisms
zeaxanthin, -
cryptoxanthin
componds and heavy | SYhesized by
Bio- Fireflies P metal ions 4 organisms (Bandaranayake,
luminescence | Brittle star and dietary 2006)
Green fluorescent
: source
photoprotein
. . hakar et al.
. . Chlorophylls, carotenoids, | Synthesized by (Sud >
Pigmentation Plants and flavonoids organisms 2016)
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(Hashimoto et al.,

Butterfly Papiliochromes, pterins, | Synthesized by | 2021; Shamim et
Pigmentation wings and monochromes organisms al., 2014)
and
Structural . . . Synthesized
color Bird Carotenoids, melanins, ) (Jeon et al., 2021)
) . . and dietary ’
(Diffraction feathers and porphyrines
sources
and
interference Melanophores, bluish (Niisslein-
effects) . iridophores, yellowish | Synthesized by Volhard and
Fish Scales | .. .
iridophores and mature organisms Singh, 2017)
xanthophores (orange).
Chitin and melanins,
monochromes, pteridines, | Dietary source
Exoskeleton tetrapyrroles, carotenoids, and (Noh et al., 2016)
) Beetles . . ’
coloration flavonoids, synthesized by
papiliochromes, and organisms
quinones

Figure 1.10 An array of hues exhibited by various organisms is shown. The diverse spectrum

of colors found in nature, from the vibrant plumage of sea corals to the intricate patterns

adorning the wings of butterflies, each organism contributes to a rich tapestry of color.
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1.2.2. Pigmentation in sea urchin biominerals
1.2.2.1. The PHNQ family and its properties

The phenomenon of color variations in sea urchin biominerals manifests across its test and
spines, generating a wide range of colors across species, such as purple, green, and red hues
(Wise, 2011). The prevailing consensus among researchers is that polyhydroxylated
naphthoquinones (PHNQs) serve as the primary pigment in the test and spines of sea urchins
(Fox and Hopkins, 1966). Similarly to other naphthoquinones, PHNQs lead to intense colors
because of important electron delocalization in their quinoid structure (Dulo et al., 2021),
which vary in solution according to pH due to successive deprotonations of their numerous
hydroxyl groups. About forty different PHNQs have been identified in different sea urchin
species (Anderson et al., 1969; Vasileva et al., 2021), including echinochrome A and
spinochromes (Figure 1.11). These molecules are incorporated within the biogenic calcite
phase, making them resistant to sunlight and pH change. PHNQs have attracted significant
attention due to their diverse biological activities (Hou et al., 2019, 2018a; Shikov et al., 2018).
They have been shown to possess strong antioxidant properties, capable of scavenging free
radicals and inhibiting lipid peroxidation, making them potential candidates for protecting cells
and tissues from oxidative damage (Hou et al., 2018a; Kuwahara et al., 2010; Li et al., 2013;
Powell et al., 2014). In addition, PHNQs possess antibacterial activity against various strains
of bacteria, including both common human pathogens and marine bacteria (Brasseur et al.,
2017; Hou et al., 2020). PHNQs have also been found to suppress inflammatory responses and
reduce the production of pro-inflammatory molecules, indicating their potential as anti-
inflammatory agents. Finally, research has revealed their protective effects against

cardiovascular diseases and eye conditions (Brasseur ef al., 2017; Egorov et al., 1999).
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Figure 1.11. The chemical structures of pigments found in the sea urchins: echinochrome and

spinochromes.

1.2.2.2. Pigmentation mechanisms

1.2.2.2.1. PHNQ production, storage, release, and incorporation to the growing spines

We do not yet fully understand how biomineral pigmentation works, but various studies
conducted over time provided valuable information on PHNQ production and storage in the
so-called red-spherule cells (RSC), which are one type of the immune coelomocytes of sea

urchins.

In particular, a study conducted by (Hira et al., 2020) revealed that live RSCs in the green sea
urchin (Strongylocentrotus droebachiensis) display distinctive multi-color autofluorescence
compared to other coelomocytes. Employing fluorescence-activated cell sorting (FACS) and
successful isolation of pure live RSC populations facilitated the analysis of PHNQ content in
these cells. They identified sulfated derivatives of spinochrome C, D, E, and spinochrome
dimers, suggesting that RSCs may play a significant role in the biogenesis of naphthoquinone

compounds and regulating their bioactivity.

In addition, specific genes related to pigment production and coloration, including the pks gene
cluster, flavin-containing monooxygenase family genes, and the su/t gene (Calestani et al.,
2003), were found in the pigment cells. Notably, reducing Sppks gene expression in sea urchin
embryos led to albino specimens, indicating its crucial role in the final steps of pigment

production.
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Furthermore, (Coates et al., 2018) evidenced that red spherule cells from sea urchins
(Paracentrotus lividus and Psammechinus miliaris), when exposed to microbial ligands, intact
microbes and damage signals, exhibited cellular degranulation and an increased release of cell-

free echinochrome A into the coelomic fluid.

In a 1975 study conducted by Heatfield and Travis, the investigation focused on the fine
structure of spherulocytes, which are cell types containing large intracellular membrane-bound
vacuoles known as spherules. This examination was carried out in the regenerating tips of
spines in the sea urchin Strongylocentrotus purpuratus, and RSC were identified in close

contact with the growing micro-spines.

In essence, sea urchins can control the production of PHNQs in RSC and their release during
a defense mechanism against foreign species or during the regeneration of spines, which

imparts color to the biomineral.

1.2.2.2.2. Interplay between biomineralization and pigmentation in sea urchins

Various studies focused on mollusks have explored the potential connection between
biomineralization and pigmentation mechanisms (Bauchau, 2001; Cusack et al., 1992;.
However, limited research has addressed this relationship in the context of sea urchins.
Nevertheless, an important study conducted by (Zito et al., 2015), suggests that pigment
production and biomineralization pathways in sea urchins might be interlinked due to the
important role of carbonic anhydrase in both processes. In addition, a study by Towe in 1967
challenged the notion that "organic pigments are irrelevant to biomineralization, also obviously
trapped within the crystal during its growth" (Towe, 1967). This perspective introduces an
element of debate regarding the potential correlation between organic pigments and the

biomineralization process.

Interestingly, some spines undergo color changes that depend on the biomineralization stage
during sea urchin spine growth. This transition is observed from white to pinkish to the final
color, which varies among sea urchin species. Notably, color differences between septa and
stereom have been documented in Paracentrotus lividus green spines during biomineralization,
as reported by Goodwin and Srisukh, 1950. In the case of green spines, the stereom exhibited

a purple color, while the septa appeared green. The exact mechanism behind the origin of these

36



State of the art

colors remains unknown. However, this does indicate that organic pigment might be involved

in biomineral formation.

As discussed previously, sea urchin biominerals exhibit a diverse color spectrum, resulting
from using polyhydroxylated naphthoquinones (PHNQs), synthesized within red-spherule
cells. (Figure 1.12) highlights the homogenous and quite vibrant color within sea urchins
despite the very low amount (>0.1 wt.%) of organic pigments. Their ability to maintain
coloration under extensive bleaching sets sea urchin spines apart. This resilience is attributed
to the hybrid pigment nature of the spines, where the interplay of inorganic and organic
components protects and preserves their colors. These spines serve as a natural model for

developing bio-inspired materials and pigments with exceptional color stability.

Figure 1.12. a) Sea urchin spines, b) cross-sectional view of purple spine, c,d) cross-sectional

view of green spine.
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1.3. Synthetic CaCO3
1.3.1. Different CaCO3 syntheses

Calcium carbonates can be synthesized using many methods, such as precipitation,
carbonation, hydrothermal, and more advanced methods. By breaking down these complex
processes, the goal is to understand how calcium carbonate is made in various forms, each with
its unique qualities and properties. Table 1.3 compares different CaCOs synthesis methods with

specific advantages and limitations to suit various needs and product preferences.
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Table 1.3. Comparison of different strategies developed for the controlled synthesis of CaCOs.

References can be found at the bottom of the table, along with the explanation of the

abbreviations.
Conditions Characteristics
. .. Temp. Size
Strategies pH Additives R Other Morphology Polymorph
(°c) (um)
[CaCly] = .
Ca?—CO3* [Na;COs ] = Spherical, Vaterite, ~ 0.5-
. - DSS, PSSS toroidal, .
reaction system 5x10%-5x 10 L calcite 1.8
" ellipsoidal
[CaCly] =
[NaCOs] =
0.05, Spherical, . 0.4-
9.0 EG 25 0.1,0.33 M; ellipsoidal Vaterite 2.7
EG/ H,O0 ratios:
1:1,4:1,6:1
Ellipsoidal,
8.0- 1. 5 spherical,
10.0; [C.a 1:1C0s"] spheroidal, Vaterite,
EG 23 ratios: 5:1, 2:1, . -
11.0- 11 12 13 rhombohedral, calcite
12.0 e flower-like,
irregular
PAA (M, =
) 8000g mol?), Hollow .
_ SDS; PAA 80 [PAA] =0.5gL",  microspheres Calcite 47
[SDS]= 10 mM
High-pressure
e CO,: 12 MPa, 0
S(Z!c:;;ilgg;gnas - Urea 150 mass ratios: Spherical vzjézrife -
Ca(OH),/urea =
1:6
Rhombohedral .
. Calcite,
8.0- DMCHA, DBU, 40-90 [Ca(CH3C00);] , spherical, vaterite B
12.0 DBAE, BDA, EP =1.0M rod-like, ara onit’e
shuttle-like &
Pressurized - Hierarchical
- EDTA-2Na 120 hollow Calcite 4-6
CO, .
microspheres
AOT/isooctane/
reverse — AOT 25 ! irregular, . 1-3
emulsion [CaclL] = spherical vaterite
[Na;COs] = P
0.05M
gglze/sl\:er:aV\él'ct::'c- Spherical, Vaterite
— — 65 rhombohedral, o —
reverse o calcite
. dendrite-like
micelles
Tween-80, . . 0.02-
- Span-80 22 us Spherical Vaterite 0.03
Carbonation of spherical, cggiie 0.02-
Ca(OH) 12 Phe 25 Rhombohedral vaterité 0.5
2 dendritic . 2-5
aragonite
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Microwave- VHVEVS 60-
hydrothermal ? peptide 180 Nanosphere ACC 0.23
Na,COs and
So.no-. 9 60- CaCl;0.2-1.0 Nanosphere ACC 0.02-
atomization 180 3 0.04
mol/dm
Electrochemica Ca™ Rhombohedral Calcite
o 7 ATP 21 40-200 mol/ Y . 2-5
| deposition dm? Dendritic Vaterite
ACC
Nanosphere . 0.02-
Vapor diffusion 6-9 25 (NH.)2CO5 and Rhombohedral CaIuFe 0.4
CaCl, o Vaterite
Dendritic . 2-10
Aragonite
Deposition 25 Spherical ACC 1-2
Hydrothermal . . Na,COs and Rhombohedral . 10-
method amino acids 140 CaCl,: 0.15M scalenohedral Calcite 100
Double deco- 121 Pyrophosphates 25 NaHCO;and Spherical ACC i(r)r?
mposition ’ yrophosp CaNOs Rhombohedral Calcite 1-10
(NH,),CO; and SS phh;ﬂlcii'e ACC ;
PILP 25 Cacl,, P Vaterite  10-20
olyaspartate Distorted Calcite 50-60
polyasp rhombohedral

Abbreviations and references for the method of synthesis for Table 1.3:

N'-Dodecyl-N,N-dimethyl acetamidine bicarbonate; AOT: sodium bis(2-ethylhexyl) sulfosuccinate; BDA: N-
butydimethylamine; DBAE: 2-(dibutylamino)ethanol; DBU: 1,8-diazabicycloundec-7-ene; DMCHA: N,N-
dimethylcyclohexylamine; ~ DSS:  dextran  sodium  sulfate; EDTA-2Na:  disodiumsalt  of
ethylenediaminetetraacetic acid; EG: ethylene glycol; EP: N-Ethylpiperidine; PAA: poly(acrylic acid); Phe: L-
phenylalanine; PSSS: poly(styrenesulfonate) sodium; SDS: sodium dodecyl sulfonate; US: ultrasonication;

VHVEVS: Ac-Val-His-Val-Glu-Val-Ser-CONH>, PILP: Polymer induced liquid precursor.

Ca*—~COs*reaction system (Bahrom et al., 2019; Oral and Ercan, 2018; Svenskaya et al., 2018), Solid-liquid—
gas carbonation (Rugabirwa et al., 2019a, 2019b), Water-in-oil reverse emulsion (Jiang et al., 2015; Tai and
Chen, 2008), Carbonation of Ca(OH)2 (Camerini et al., 2019; Xto et al., 2019), Microwave hydrothermal (Qi
et al., 2014), Sono atomization (Kojima et al., 2012), Electrochemical deposition (Tlili et al., 2003), Vapour
diffusion (Chen et al., 2013), Deposition (Xu et al., 2005), Hydrothermal method (Lang et al., 2020), Double
decomposition method (Merle et al., 2022), PILP (Gower and Odom, 2000).

For in-vitro synthesis of CaCO3, Ca** and CO3*ions are reacted, usually using calcium salts
(e.g., CaCl, or Ca(NOs3)2) and carbonate salts (e.g., Na2COs3, NaHCO3, K2CO3, or (NH4)2CO3).
The precipitate's size, morphology, and polymorphism depend on initial supersaturation, ion
concentration, pH, temperature, and additives (details in Section 1.3.3). Higher supersaturation
leads to metastable and amorphous phases along with calcite, while lower supersaturation
favors calcite formation. The transition and crystallization of ACC can proceed along an

energetically favorable pathway: ACC > vaterite — aragonite — calcite (Radha et al., 2010).
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1.3.1.1. Characterizing ACC: structure and hydration level

ACC formation is influenced by the synthesis conditions like time, solute concentration, pH,
temperature, solvent, and confinement, which determine the ACC's structure and hydration
level. ACC hydration levels (n) refer to the extent to which ACC has absorbed or incorporated
water molecules into its structure CaCO3.nH>O. It can also vary depending on the environment
where it is stored, such as temperature, humidity, vacuum and other chemical species.
Hydration levels have been reported to range from 0.4 to 1.6 (Michel ef al., 2008; Khouzani et
al.,2015; Gebauer et al., 2010; Du et al., 2018; Jensen et al., 2018). A 3D atomic model shows
channels rich in calcium ions filled with carbonate ions and water. These channels contain both
mobile and less mobile water types (Goodwin et al., 2010). However, the exact dimensions of
the nanochannels with mobile water are uncertain because no experimental evidence is
available. Debate surrounds the presence of mobile water-rich channels, approximately
nanometer-sized. High hydration (above 0.8) leads to water networks, while lower levels
reduce mobility, suggesting rigid content. Dehydration-induced changes in ACC are
accompanied by rearrangement of ions (Bushuev et al., 2015). During the process of
dehydration, H>O molecules located within the first coordination shell around calcium ions are
replaced by carbonate (CO3*) groups. This substitution leads to minimal changes in the
coordination number of calcium ions in the first coordination shell and the average distance

between oxygen and calcium atoms.

As a result, it becomes challenging to quantitatively measure structural variations among
amorphous calcium carbonate (ACC) particles with different hydration levels using commonly
employed techniques like calcium K-edge extended X-ray absorption fine structure (EXAFS).
However, qualitative assessments of these differences can be made by comparing calcium K-
edge X-ray absorption near-edge structure (XANES) or pair distribution function (PDF) of
ACC particles that undergo changes in sifu, such as exposure to elevated temperatures or

pressures, leading to alterations in their degree of dehydration.

XANES techniques show distinct features between hydrated and anhydrous ACC, allowing
differentiation based on the short-range order (Politi et al., 2008; Gong et al., 2012; Mass et
al.,2017; Zou et al., 2019; Albéric et al., 2019). Employing specific photon energies spanning
the Ca Ly3-edge (340 to 360 eV), an array of X-ray absorption images was acquired,

comprehensively encompassing the Ca L»3-edge spectrum for each image pixel. The
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fundamental underpinning of these maps lies in the acquisition of reference spectra for ACC-
H>0, ACC, and calcite, meticulously derived through the fitting of averaged spectra from each
distinct phase (Figure 1.13a and 1.13b) (Albéric et al., 2019; Gong et al., 2012). In calcite, the
primary peaks corresponding to the Ca L, and L3 peaks exhibit splitting, resulting in the
emergence of two minor peaks. In synthetic ACC, minor displays reduced intensity and are

positioned nearer to the main peaks, resembling shoulders.

Using atomic pair distribution function (PDF) analysis (Figure 1.13c), the local structure can
be probed from short-range order to long-range order, including the medium-range order
(Goodwin et al., 2010; Michel et al., 2008). The partial pair distribution functions (PDF) reveal
average bond distances between intricately connected atom pairs in the solid lattice. The
computation of PDFs, as described by Michel et al., 2008, allows the separation of individual
atomic pair contributions. In the context of ACC, the visible 2.4 A peak arises mainly from Ca-
O pairs, while the prominent 2.9 A peak mainly involves O-O pairs. The notable 4.1 A peak
indicates both Ca-O and Ca-Ca pairs, and the conspicuous 6.2 A peak mainly results from Ca-

Ca interactions (Figure 1.13c) (Michel ef al., 2008; Saharay et al., 2013)
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Figure 1.13. a) O K-edge and Ca L-edge XANES spectra of ACC with varying hydration levels
and different CaCOs crystalline forms (Zou et al., 2019). b) Comparison of experimental total
pair distribution functions for various calcium carbonate variations, including hydrated forms,

pure ACC, magnesium-stabilized ACC, and pure heavy water (Clark et al., 2022).
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1.3.2. ACC crystallization mechanisms

In literature, two main mechanisms have been proposed for the transformation of ACC into
crystalline calcium carbonate. The first mechanism is the "dissolution and crystallization"
route, where ACC dissolves partially, followed by the reprecipitation of dissolved ions to form
the crystalline phase. This pathway is strongly influenced by the bulk water's presence, which
further determines the resulting crystal structure and morphology. In the absence of bulk water,
the second mechanism is the "solid-state rearrangement," the locally ordered ACC acts as the
basic unit and undergoes a rearrangement to transform into the corresponding crystalline
polymorphs (Gal et al., 2013). Additionally, a third route composed of both main mechanisms
mentioned above has been proposed in in vitro studies (Ihli et al., 2014), where the
transformation of ACC into crystalline polymorphs was first observed via partial dissolution/
recrystallization mechanism, mediated by surface water, followed by a solid-state
rearrangement of the majority of the ACC nanoparticles. A better understanding of these
mechanisms holds significant potential for designing and developing novel materials with
unique properties inspired by nature. The following subsections will focus on the two main

types of amorphous to crystal transformations reported in the literature.

1.3.2.1. Dissolution-precipitation crystallization mechanism

During the dissolution-crystallization (D/C) transformation, ion species diffuse from the
dissolution site to the nucleation and growth area of the new crystal. Figure 1.14 illustrates that
upon mixing CaCl, and Na>COs solutions (0.01 M), a structure resembling an emulsion form
was observed under cryo-transmission electron microscopy combined with a special quenching
technique (Rieger et al., 2007). This emulsion-like structure subsequently undergoes
decomposition, leading to the formation of CaCOs nanoparticles. These nanoparticles then
aggregate to create vaterite spheres with dimensions on the order of a few micrometers.
Although initially spherical, these vaterite spheres undergo a transformation through a series
of dissolution and crystallization events. As a result of these dynamic processes, the vaterite
spheres gradually evolve into calcite, which exhibits a distinct rhombohedral shape (Figure

1.14) (Rieger et al., 2007).
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Figure 1.14. Cryo-TEM images reveal an "emulsion-like" precipitate forming within a) 100
ms, b) over minutes, the precipitate undergoes densification and breaks down into
nanoparticles, ¢) nanoparticles are identified as nondiffracting ACC after 1 minute, d) as time
progresses to 60 minutes, SEM images show the formation of vaterite spheres and calcite

rhombs. Images have been adapted from (Rieger et al., 2007).

(Han and Aizenberg, 2008) observed the transformation of ACC particles into calcite
rhombohedra by finding ACC-depleted areas surrounding each crystal, indicating that ACC
particles had dissolved to support the growth of the new crystals. Similarly, in support of the
D/C process, Rodriguez-Navarro ef al. and Zou et al. noticed changes in morphology and an
increased concentration of dissolution products in solution during the transformation

(Rodriguez-Navarro et al., 2014; Zou et al., 2015).

The structure of CaCO; crystals formed from ACC particle-containing solutions depends on
the kinetics of dissolution and crystal formation that are influenced by particle size, hydration,
and crystallization conditions like pH, temperature, and solvent (Rodriguez-Navarro et al.,
2014; Zou et al., 2015). It has been shown that a higher ethanol fraction prolongs dissolution,
while smaller particles from supersaturated solutions dissolve faster, showing lower kinetic
stability (Chen ef al., 2013). Smaller ACC particles dissolve quickly, favoring vaterite, while
larger particles dissolve more slowly and tend to transform into calcite. Surprisingly, higher pH

increases kinetic stability with decreased solubility and reduced size (Tobler et al., 2016).
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Confinement in restricted volumes enhances ACC's kinetic stability and controls CaCOs crystal
morphology and structure (Stephens et al., 2011; Tester et al., 2011). Limited ion transport
slows ACC dissolution and new crystal formation. Slower crystallization allows for the
creation of metastable crystal forms with unique morphologies, such as single-crystalline
vaterite and aragonite nanowires, when ACC is confined in track-etched nanopores (Schenk et

al., 2014a; Zeng et al., 2018).

It has been proposed that the dissolution process is preceded by ACC dehydration, but high
activation energies raise doubts about the order of events (Gal ef al., 2014; Ihli et al., 2014;
Rodriguez-Blanco et al., 2011; Rodriguez-Navarro et al., 2014). TGA measurements on the
ACC particles coated with lipid bilayers confirmed the ACC dehydration before dissolution.
Further, IR studies have shown the water evolution of the ACC phase from 18-20 wt.% to 10-
13 wt.%. These findings suggested that the lipid bilayer stabilizes ACC and confirms
dehydration before crystallization (Ihli et al., 2014).

Atmospheric water is crucial in triggering the D/C transformation of ACC in the air. Konrad et
al. found that a specific threshold of atmospheric water (around 0.25 mol per CaCO3 unit) is
needed to initiate crystallization in dry and additive-free ACC (Konrad et al., 2016). The role
of atmospheric moisture in triggering crystallization led to investigating the impact of humidity
(RH). Crystallization at all RH values resulted in pore formation within the dense ACC
nanoparticle arrangement in the film. As RH increased, pores enlarged, and nanoparticle fusion
occurred, demonstrating matter displacement and dissolution (Xu et al., 2006). Albéric et al.
2018a performed in situ total X-ray scattering during a high RH transformation from
amorphous to crystal phase, detecting reorganization at short and long-range scales, supporting
the involvement of the D/C transformation(Albéric ef al., 2018a). This research suggests that
the crystallization process is intricately influenced by relative humidity, leading to distinct
morphological features and confirming the importance of the D/C mechanism in the

amorphous-to-crystal transformation.

1.3.2.2. Solid-state transformation

Solid-state crystallization is the process of transforming an amorphous or disordered solid into
a crystalline structure without the presence of a liquid medium. During this transformation,
atoms or molecules within the solid rearrange themselves to form ordered arrangements in the

crystal lattice (Figure 1.15). (Nielsen et al., 2014) established that amorphous calcium
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carbonate (ACC) serves as a precursor for the growth of crystalline phases. However, (Walker
et al., 2017) observed the presence of both amorphous and crystalline materials coexisting
within a single aragonite needle. This coexistence strongly suggested a solid-state
transformation process in which amorphous material undergoes a transition to a crystalline
state. In the initial stages, tiny ACC particles come into existence and subsequently join
together to create larger particles. These aggregated particles further combine to take on a
larger, elongated form. Within this amorphous framework, nanoscale crystals begin to develop,
and over time, they mature into the ultimate needle-shaped structure (Figure 1.15). This process
can be driven by diffusion-driven or diffusionless-driven crystallization mechanisms. However,

diffusionless transformations do not apply to ACC due to its lack of a crystalline structure.

Dehydrating ACC particles is essential for transforming them into crystals via solid-state
transformations (Thli et al., 2014; Saharay et al., 2013) (Figure 1.15g). Initially considered
thermodynamically favored, recent experiments and MD simulations show that dehydration
might rather be kinetically driven (Albéric et al., 2018a; Bushuev et al., 2015; Saharay et al.,
2013). External triggers like elevated temperatures, pressures, or an electron beam are required
to overcome the energy barrier (Albéric et al., 2018a; Tobler et al., 2016; Zou et al., 2015).
Dehydration of ACC involves ion rearrangement, hindered by water-ion interactions that
reduce mobility (Goodwin et al., 2010; Saharay et al., 2013). Initially, highly hydrated ACC
allows easier water removal. As dehydration progresses, stronger interactions raise the energy
barrier. At low hydration (n=0.2), water becomes rigid, leading to a significantly higher
activation energy for removal. Once fully dehydrated, crystalline CaCOs nuclei form,
consuming the amorphous matrix. The kinetics of solid-state transformation determines CaCO3
crystal structure and size, with faster transformations leading to larger crystallites and the
formation of thermodynamically stable calcite, while slower transformations result in a mixture

of calcite and metastable vaterite.

Shape-preserving crystallization, often called "pseudo-solid-state" transformation, has also
been observed in synthetic CaCOs3. This phenomenon occurs during the crystallization of ACC
in solution or under heat treatment, where the presence of water within ACC influences the
reorganization of ions (Gower, 2008). When ACC films are generated through gas diffusion,
they retain their microscale morphology at the air-solution interface during crystallization
(Harris et al., 2015). These films maintain a granular structure while developing iso-oriented

or polycrystalline domains. Recent in-sifu transmission electron microscopy studies have
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provided insights into the densification of ACC particles, showing their transformation into
crystalline particles without altering their nanoscale morphology (Liu et al., 2020). Finally,
studies have demonstrated that the films wundergo crystallization via a local

dissolution/precipitation mechanism.

water layer
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Figure 1.15. Time-resolved SEM images, a) after 1 minute of reaction, spherical ACC particles
of 75-100 nm are observed. b) At 10 minutes, larger particles of 450-600 nm are present. c) At
20 minutes, aragonite sheaf-shaped crystals emerge. d) Higher magnification reveals spherical
ACC particles attaching to the growing aragonite needle. e) After 1 hour, aragonite needles are
formed. f) A higher magnification of an aragonite needle shows elongated particles of 900 nm
to 1 um, which assemble smaller units (arrows) (image adapted from (Walker et al., 2017)). g)

ACC crystallization into calcite via dehydration (image adapted from (Ihli ef al., 2014)).
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1.3.3. Influence of the conditions of synthesis and the presence of organic

additives on CaCO3 formation
1.3.3.1. Conditions of synthesis

Environmental parameters like temperature and pH impact nucleation and growth, leading to
distinct CaCOjs crystal structures (Niu et al., 2022). Here, we focus on the influence of reactant

concentrations and pH.

Initial reactant concentrations of Ca®" and/or CO3* impact CaCOs particle properties. For
example, high COs*> concentration yields anisotropic shapes, while low concentration forms
isotropic spheroids. Excess Ca?" or CO3* alters reaction rates and particle growth, leading to
specific particle characteristics. Moreover, controlled addition or mixing influences the size,
shape, surface charge, and hydrophilicity of the synthesized CaCOs phase, e.g., vaterite
particles with diverse morphologies can be obtained using dropwise precipitation (Svenskaya

etal.,2018).

Furthermore, the pH conditions during the formation of ACC significantly impact its stability,
crystallization kinetics, and pathways. In an aqueous medium without stabilizing agents, the
lifetime of ACC is typically very short (~300 s) unless it is synthesized under low temperatures
(<10 °C) or highly basic conditions (pH > 11). Indeed, ACC synthesized at a pH of around 12.5
exhibits greater stability against crystallization upon heating compared to ACC synthesized at
pH values below 11.5. In addition, ACC synthesized at pH ~12.5 directly crystallizes into
calcite, whereas ACC synthesized at pH values below 11.5 initially crystallizes into a vaterite-
calcite mixture, which eventually transforms into calcite (Figure 1.16) (Oral and Ercan, 2018;
Tobler et al., 2016). Figure 1.16 showcases the effect of pH on the morphology of the CaCOs.
At lower pH levels (8 and 10), the SEM images reveal the presence of ellipsoidal, spherical,
and spheroidal vaterite particles. These vaterite particles exhibit a range of shapes, with some
being elongated and others more spherical in nature. The diversity in shapes suggests that the
pH conditions influence the morphology of the particles, resulting in the formation of various
vaterite structures. However, as the pH level increases (to 11, 12, and 13), a notable
transformation takes place. The vaterite particles observed at lower pH values change shape
and structure. In these higher pH conditions, the vaterite particles transform into rhombohedral,

flower-like, and irregular calcite particles (Figure 1.16).
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Figure 1.16. SEM images of CaCOs particles synthesized at various pH 1 (8, 10, 11, 12, and
13) using different ratios of calcium ions (Ca?") to carbonate ions (CO3%). The scale bars are 3

um (Oral and Ercan, 2018).

1.3.3.2. Organic additives

Organic and inorganic additives significantly influence CaCOj; formation and crystallization
(Meldrum and Coélfen, 2008). They act as templating or guiding agents of crystal shapes and
polymorph selections. They affect stability and solubility, promoting ACC or specific
crystalline phases. Here, we present the role of a few organic molecules: synthetic polymers,

biogenic organics (amino acid, protein, and polysaccharides), and organic pigments.
1.3.3.2.1. Synthetic polymer and biogenic organics

When discussing the impact of organic (surfactants and polymers) but also inorganic (cations)
additives on CaCOs crystallization, the classical approach considers the adsorption of these

molecules to crystal growth surfaces, influencing growth rate and crystal shape. However,
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emerging evidence suggests more intricate effects are at play. For example, polyacrylic acid
(PAA) can control the shape of the calcite crystals from elliptical at low PAA concentration to
spherical at high concentration (Kim et al., 2022). Polystyrene sulfonate also influences CaCOs
crystal shapes by affecting ion complexation, nucleation, stabilization of the intermediate

amorphous particles, and controlling mesocrystal assembly (Geng et al., 2010).

Researchers have also demonstrated that the activity of highly active polyamines relies on their
ability to form complexes with carbonate ions present in the solution, highlighting that
electrostatic attraction between carbonate and additives alone is insufficient (Schenk et al.,

2014b).

Zou et al., 2018 hypothesized a mechanism of CaCO3 formation in the presence and absence
of polyaspartic acid. In the absence of additives, the binding between positively charged Ca**
ions and negatively charged CO3* ions results in the formation of CaCO3° complexes, and the
effective interaction between the complexes leads to the formation of ACC when the solution
is unstable (Figurel.17a ) and in the presence of additives, the first step is a cooperative ion-
association process in which the additives attract either Ca** ions or CO3* ions and also
provides an additional effective interaction between the CaCOs® complexes, inducing the

formation of ACC with smaller particle size by destabilizing the solution (Figure 1.17b).
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Figure 1.17. The formation of calcium carbonate, (a) In the absence of influential additives,
the binding of Ca?* and CO3* ions lead to the formation of CaCOj3; complexes, resulting in the
formation of ACC when the solution is unstable, (b) With influential additives present, a
cooperative ion-association process occurs, destabilizing the solution and promoting the

formation of smaller-sized ACC particles (image adapted from (Zou et al., 2018)).

In addition, several organic molecules, including amino acids, monosaccharides (Lang et al.,
2020), and polysaccharides (Albeck et al., 1996) were shown to be incorporated within calcite
crystals during crystal growth (Teng and Dove, 1997). Through single-crystal diffraction
techniques, it was confirmed that these organic molecules are located at specific
crystallographic planes within the crystal structure. As described in Section 1.3.2 for biogenic
calcite, incorporating organics can also lead to anisotropic lattice distortions in synthetic calcite
(Borukhin et al., 2012). The extent of lattice distortions induced by organics depends on factors
such as charge, size, rigidity, and the relative pKa of functional groups. Molecules that strongly
interact with the mineral phase are incorporated at higher concentrations, resulting in more

pronounced lattice distortions (Borukhin et al., 2012).

In environments with low water activity, organic molecules play a crucial role in controlling
the transport of ions to and from the mineral surface, restricting their movement to specific
locations. This control enables organisms to influence the morphology of the mineral. Organic
macromolecules can adhere to specific crystal planes and impede crystal growth, suggesting
that organisms can shape the texture and shape of biogenic crystals (Berman et al., 1993, 1990,

1988). Figure 1.18 from (Aizenberg ef al., 1997), showcases an example of organics inducing
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growth along a specific axis. Firstly, pure synthetic calcite crystals exhibit the presence of stable
{104} hexagonal faces. However, the introduction of macromolecules extracted from P. /ividus
spines induces the formation of new negative rhombohedral faces within the synthetic calcite
crystals, which are slightly oblique to the crystal's c-axis. Furthermore, when observing the
epitaxial overgrowth of calcite crystals on the lateral surface of a young spine, it becomes
evident that the presence of released macromolecules exerts a significant influence on the
morphological characteristics of these crystals. This influence is further confirmed in the case
of mature spines, where the epitaxial overgrowth on the lateral surface yields similar

morphological effects as observed in the earlier stages.

Figure 1.18. (a) Pure synthetic calcite crystal exhibits stable {104} hexagonal faces. (b)
Macromolecules extracted from P. lividus spines induce the development of new negative
rhombohedral faces slightly oblique to the c-axis in synthetic calcite crystals. (c) Epitaxial
overgrowth of calcite crystals on the lateral surface of a young spine shows pronounced
morphological effects influenced by released macromolecules. (d) Epitaxial overgrowth on the
lateral surface of a mature spine exhibits similar morphological effects as in (c) (Aizenberg et

al., 1997).

Additional crystal growth experiments have shown that specific soluble matrix components
(SM) extracted from calcite or aragonite biominerals can induce the growth of the
corresponding calcium carbonate polymorph. SM alone was initially thought to control crystal
polymorph and morphology, but further studies revealed the important role of the insoluble
matrix (IM) components. When combined with SM, IM can also affect crystal polymorphs
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(Belcher et al., 1996; Falini et al., 1996; Feng et al., 2000). The diversity of these protein-

mediated in vitro mineralization highlights the complexity of the natural processes.

1.3.3.2.2. Organic pigments

Very few studies have reported the effect of some organic pigment molecules, called “dyes”
here, indifferently on calcite growth. Shan ef al., 2004 successfully produced CaCOs crystals
using organic dyes featuring negatively charged functional groups by in situ hydrolysis of
diethyl carbonate in a calcium-containing solution. They showed that some dyes are valuable
for studying crystal morphology control through organic-inorganic interactions. In particular,
the use of organic dyes with negatively charged functional groups results in CaCOjs crystals
with different polymorphs (calcite or vaterite), colors, and morphologies. Eosin Y yielded
hexagonal carmine calcites with stepped faces, methyl blue generated twinned Y-shaped calcite
crystals, fluorescein sodium produced brown calcite crystals, and alizarin red S led to violet
dogbone-like calcites (Figure 1.19). Notably, the dye-infused CaCO3 maintained its color
stability even after enduring a 5-hour boiling process, underscoring a growth process akin to

natural biomineralization where dyes were effectively occluded (Shan et al., 2004).

Marzec et al., 2018 studied the tandem effects of amino acids and Brilliant Blue R, Brilliant
Black, and Brilliant Blue G dyes by synthesizing calcite crystals by vapor diffusion method
(Figure 1.20a). The use of these dyes only did not allow for the coloration of the calcite crystals,
and the addition of amino acids was essential to obtain colored crystals. These results showed
that amino acids, proficient occlusion in calcite, seemingly undertake the role of chaperones

for singular or aggregated of these particular dye molecules (Figure 1.20b).

Notably, the method used for synthesizing CaCOs3 can also impact the incorporation of organics
into the calcite crystals. In particular, vapor diffusion synthesis methods tend to introduce
higher concentrations of organics into calcite crystals compared to direct precipitation methods,

leading to more significant lattice distortions within the crystal lattice (Borukhin et al., 2012).
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Figure 1.19. Optical micrographs and SEM images of calcite produced in the presence of (a)
1.50 g/L eosin Y, (b) 0.50 g/L. methyl blue, (c) 2.00 g/L fluorescein sodium, (d) 0.25 g/L
alizarin red S.(image adapted from (Shan et al., 2004))

Figure 1.20. Calcite formed in the presence of a) Brilliant Blue R (BBR) with and without Asp
(aspartic acid), b) Brilliant Black (BB) with Asp, and ¢) Brilliant Blue G (BBG) with Asp
(adapted from (Marzec et al., 2018)).
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1.4. Hybrid pigments

Hybrid pigments are composite materials consisting usually of two components: 1) organic
dyes or pigments contributing to the color, and 2) mineral parts (clay, CaCQOs, silica, etc). These
combined components interact synergistically, enhancing color effects, improved stability, and
unique physical properties in various applications such as paints, coatings, plastics, and

cosmetics.
1.4.1. Dyes and pigments
1.4.1.1. Definitions, classification, and mechanisms behind color

Dyes are vibrant compounds that dissolve in the media used during the dyeing procedure,
imparting color through the selective absorption of light. They have the ability to blend with
the medium they are applied to, such as textiles or liquids. Pigments are finely divided solid
substances, either organic or inorganic (Singh and Bharati, 2014). Unlike dyes, pigments are
typically insoluble in the medium they are incorporated into and remain chemically unaffected.
They exist as discrete particles, adding color and visual appeal to various materials, such as
paints, plastics, and inks (Broadbent, 2001; Giirses et al., 2016). Figure 1.21 showcases the
classification and distribution of organic and inorganic colorants, including pigments and dyes,

while Figure 1.22 displays the different families of organic pigments commonly used.

COLORANTS
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Figure 1.21. Illustrating the distribution of colorants, with the percentage indicating the

proportion contributing to their usage (adapted from (Giirses et al., 2016)).
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Figure 1.22. Classification of organic pigments (image adapted from (Giirses et al., 2016)).

Color is highly influenced by a substance's chemical and physical characteristics and arises
from the intricate interplay between light and matter. When light interacts with an object, it
undergoes a process known as absorption and reflection. The surface of the object absorbs
certain wavelengths of light while reflecting others, giving rise to the perception of color. The
specific chemical composition and physical properties of the substance determine which
wavelengths of light are absorbed and which are reflected, thereby determining the color we

observe (Broadbent, 2001).

When a molecule absorbs electromagnetic radiation in the UV or visible regions, an electron
within it becomes excited and moves to a higher energy level. A chromophore, such as C=C,
C=C, C=0, C=N, N=N, NOg, efc., is a covalently unsaturated group responsible for this
absorption. If a compound absorbs light in the visible region, it appears colored. However, the
presence of a chromophore alone does not guarantee color; it depends on whether it absorbs
visible or UV radiation. Chromophores with « electrons, like C=C or C=C, undergo n — m*
transitions, while those with both m and non-bonding electrons, like C=0O, C=N, or N=N,
undergo © — 7*, n — w*, and n — o* transitions (Figure 1.23). Auxochromes, such as NH>, -
OH, -SH, halogens, efc., are covalently saturated groups that alter the absorption maximum
wavelength and intensity when attached to a chromophore. They enhance color and extend
conjugation via resonance. The combination of a chromophore and auxochrome creates a new
chromophore with different absorption properties. For example, the addition of an OH group
extends conjugation in phenol, resulting in increased absorption values (Amax and €max) (Glirses

etal., 2016).
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Figure 1.23. The relative energies of electronic transitions in conjugated systems refer to the
varying energy levels associated with the movement of electrons within conjugated systems

(adapted from (Girses et al., 2016)).

1.4.1.2. Commercially available natural naphthoquinones and their properties

In our research, we faced the challenge of obtaining sufficient quantities of PHNQs through
the extraction process, which is labor-intensive and results in low yields due to the low amount

of PHNQs encapsulated in biominerals (< 0.1 wt.%).

To overcome this obstacle and enable us to perform a series of experiments, we turned to
commercially available hydroxylated naphthoquinones (naphthazarin, lawsone, and juglone)
(Figure 1.24). These compounds were chosen because they share a parent structure analogous
to PHNQs, making them suitable substitutes for our research purposes. They also bear a few
hydroxyl groups, allowing us to study the influence of the number and positions of -OH on

CaCOj; growth.

Naphthoquinones are naturally occurring compounds that are produced by bacteria, fungi, and
higher plants as part of their metabolic processes and defense mechanisms (Babula ef al., 2009;
War et al., 2012). These compounds (Figure 1.24), particularly derivatives of 1,4-
naphthoquinone such as juglone, lawsone, and naphthazarin, have been extensively studied in

the fields of biology and medicine, both in their natural forms and as synthetic derivatives.
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Figure 1.24. Chemical structure of commercially available naphthoquinones.

Naphthazarin: Naphthazarin, a member of the 1,4-naphthoquinone family, is naturally
synthesized in various plant species belonging to the Boraginaceae, Droseraceae, and
Nepenthaceae families. These plants produce naphthazarin and other secondary metabolites as
a part of their defense mechanism against herbivores, as they possess inherent toxic properties
that directly affect insect-infested plants (Devi et al., 2016). The initiation of redox cycles and
the subsequent generation of reactive oxygen species (ROS) contribute to the toxic effects.
These reactive molecules disrupt cellular processes and cause oxidative stress, ultimately
impairing insect survival (Duffey and Stout, 1996). Interestingly, the synthesis of quinone
derivatives, including naphthazarin, is often triggered as a response to herbivorous attacks.
When plants are subjected to stress caused by herbivory, their secondary metabolism pathways
become activated, producing defensive compounds (Eilenberg and Zilberstein, 2008). This
makes them promising candidates for applications in biopesticides and bioherbicides (Dayan
and Duke, 2014). Researchers have been particularly interested in naphthazarin and its
derivatives due to their exceptional anticancer, anti-inflammatory, antibacterial, and antifungal

properties. (Kim et al., 2015; Shen et al., 2002; Zhang et al., 2017).

Lawsone: Hydroxynaphthoquinones, such as lawsone (2-hydroxy-1,4-naphthoquinone), have
gained recognition for their remarkable chemical and pharmacological properties (Lamoureux
et al., 2008). Lawsone, also known as the principal active ingredient in henna plants (El-Shaer
et al., 2007; Saeed et al., 2013), is a natural dye with a red-orange color. Henna plants are
native to tropical and subtropical regions of Africa, India, Sri Lanka, and the Middle East,
growing as tall flowering shrubs or trees. It exists in three tautomeric forms: 1,4-
naphthoquinone (most stable), 1,2-naphthoquinone, and 1,2,4-naphthotrione. The 1,4-isomer
exhibits greater stability due to the cancellation of carbonyl group dipolar moments and
intramolecular hydrogen bonds (Lamoureux et al., 2008). This stability and tautomeric

equilibrium play a role in its chemical behavior and properties (Figure 1.25). Additionally,
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lawsone possesses strong UV-absorbing properties, making its aqueous extracts effective
sunscreens (Ashnagar and Shiri, 1941). Lawsone's unique properties as a cosmetic dye and

sunscreen make it a versatile and valued substance in personal care and cultural practices.

o) OH O
O O LI,
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Figure 1.25. Depicts the three tautomeric forms of lawsone: 1,4-naphthoquinone (the most

stable form), 1,2-naphthoquinone, and 1,2,4-naphthotrione.

Juglone: Juglone is found in walnut trees and other plant species and has diverse distribution
in different parts of the tree. It is primarily produced by various walnut species, including
Juglans nigra, Juglans regia, Juglans sieboldiana, and Juglans cinerea. Juglone is also present
in Carya ovata, Proteaceae, Caesalpiniaceae, and Fabaceae (Colaric et al., 2005; Inbaraj and
Chignell, 2004; Moir and Thomson, 1973). Juglans nigra is commonly used for juglone
isolation and allelopathic studies due to its high juglone content (Soderquist, 1973).

Juglone displays diverse pharmacological effects, including depressant, anti-skin disease,
antimicrobial, anti-cancer, anti-fungal, antioxidant, apoptotic, and anti-angiogenesis activities
(Auyong et al., 1963; Clark et al., 1990; Fang et al., 2018; Liu et al., 2017; Wang et al., 2017).
Juglone displays both pro-oxidant and antioxidant properties. It can generate reactive oxygen
species (ROS) while also acting as a metal chelator, particularly for Fe**. Chelation prevents
metal-catalyzed oxidation and contributes to its antioxidant effects. It also inhibits food
degradation by resisting oxygen and reactive species (Bentes ef al., 2011; Galano et al., 2016;

Leopoldini et al., 2004; Tamafo Fouegue ef al., 2016).

1.4.1.3. Halochromic properties of naphthoquinones: case of naphthazarin

Naphthoquinones are compounds with pH-dependent properties that demonstrate varying
protonation states in different pH conditions. In mildly acidic and neutral pH, they exist as
fully protonated. As the pH increases, naphthoquinones can undergo deprotonation, forming
deprotonated species that change the solution's color (Figure 1.26). In the case of naphthazarin,

it exists as fully protonated (NH») in mildly acidic and neutral pH. As the pH increases,
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naphthazarin undergoes deprotonation, forming NH- or N*- species (Figure 1.26) (Land et al.,
1983). Naphthazarin possesses two pKa values, with the first pKa around 7.8, indicating the
dissociation of its first proton in slightly acidic conditions. The second pKa, approximately

10.7, represents the dissociation of its second proton at a higher pH (Land ef al., 1983).

The color of a naphthazarin solution changes with pH variations. In mildly acidic and neutral
pH ranges, the solution appears rose-red. In dilute alkali solutions, it exhibits a blue-violet
color, while in strong alkali solutions, it turns deep blue. The observed color changes can be
attributed to the electronic transitions occurring within the molecule. This color is a result of
the absorption of certain wavelengths of light by the conjugated n-electron system within the
molecule. However, under specific conditions or upon exposure to certain factors,
naphthoquinones can change their electronic structure, leading to alterations in their absorption
and reflection of light. Furthermore, the ionization of each hydroxy group in naphthazarin
influences its optical absorption spectrum (Figure 1.26). As the hydroxy groups undergo
ionization with increasing pH, the visible absorption band shifts towards longer wavelengths
(redshift), and the extinction coefficient increases. This pH-dependent spectral behavior
provides valuable insights into the electronic properties of naphthazarin and its interaction with

its surroundings.
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Figure 1.26. The absorption spectra of naphthazarin in aqueous solutions correspond to a
specific pH condition. The spectrum A represents the absorption of naphthazarin in its fully
protonated form (NHz) at pH 4.3. Spectrum B shows the absorption of naphthazarin in the NH-
form at pH 9.5, indicating deprotonation of the compound. Finally, the spectrum labeled C, the
absorption of naphthazarin in the N> form at approximately pH 11.5 (image adapted from
(Land et al., 1983)).

1.4.2. Example of hybrid pigments and remarkable stability

Historical use of hybrid pigments dates back to antiquity, exemplified by the composite
pigments adorning the Lascaux cave frescoes (13,000 BC). Each component served a distinct
role: iron oxide for color, aluminosilicate clays for medium, and organic binders (marrow, fat,
urine, saliva, blood) within clays for structural and chromatic effects. Silicates, predominantly
clays, and various minerals, including metal oxides and carbonates, were pivotal inorganic
precursors for hybrid materials, chosen for their abundance, malleability, and enhancement
potential through organic integration. Figure 1.27 provides the timeline for the advancement in

hybrid materials, including hybrid pigments.

Maya Blue, a pigment revered for its use by the Yucatan Maya civilization, has captivated the
attention of researchers due to its remarkable durability (Morris ef al., 1931). It is composed of

indigo, which gives rise to the color, and palygorskite, which forms an integral part of its
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composition (Figure 1.28). It has been proposed that attapulgite and natural indigo
synergistically interact to bestow Maya Blue (Morris et al., 1931).

Prehistoric Pigments: Gelation of Clays, Zeolites,
paintings maya blue silicates hybrids

10000 600- 800- 1644-
BC 900 AD 1100 1779

Chinese egg-shell Pigments: Silicones Bio-nanocomposites
porcelain Prussian blue

Bioinspiration

Figure 1.27. Chronicle of the progression and multidisciplinary advancement of organic-

inorganic hybrid materials over time.
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Figure 1.28. a) 1,600-year-old Mayan temple murals in Chichén Itza retain vibrant, unfading
blue colors, b) possible structure of maya blue where indigo molecules sit in the channels of

palygorskite (image adapted from (Polette-Niewold et al., 2007)).

Notably, its vibrant hue remains unaffected under the influence of elevated temperatures, light,
and potent concentrated mineral acids. On the one hand, (Hubbard et al., 2003) proposed that
indigo molecules coat clay channel entrances and are attached via hydrogen bonding to silanol
groups at micropore borders. On the other hand, (Fois et al., 2003) hypothesized that indigo
molecules replace water within channels, assuming stable positions. It has also been suggested
that the photostability of the Maya blue could be due to the photostability of the indigo
molecule itself due to its planarity in trans geometry (Volkov et al., 2020).
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1.4.3. Recent developments in hybrid pigments

Hybrid pigments result from combining organic or inorganic compounds sourced from
nature/synthetic with other materials. This blending enables the creation of pigments with
diverse colors, enhanced stability, and unique properties beyond traditional options. These
pigments have garnered interest for their potential applications in cosmetics, textiles, paints
and coatings, printing inks, biomedical, and food industries, offering sustainable and eco-
friendly alternatives to conventional synthetic pigments and appealing to environmentally
conscious practices (Sanchez et al., 2011).

For example, Ghannam et al. (2008) synthesized a range of vibrant P(S-co-A)-mica pigments
via nitroxide-mediated polymerization directly onto mica's surface. These pigments, offering
tunable colors, find applications as fillers in cosmetics and coatings when incorporated into
nitrocellulose or acrylic bases. The color spectrum was intricately linked to macromolecular
chain adsorption density and dye concentration, further fortified by covalent bonding between
dye and polymer to prevent bleeding. Notably, extended polymerization time amplified color
variations due to the proximity of the dye to the surface and its interaction with oxanions.
Another example from Joubert et al. (2009) discerned that controlling anchored chain length
and optimizing the styrene/dye ratio proved pivotal for creating colored hybrid materials,
effectively mitigating light reflection and color consistency challenges. By adsorbing flavylium
cations onto synthetic clays, (Silva et al., 2020) produced hybrid pigments with enhanced
thermal stability and reduced color changes at higher pH. Interlayer adsorption in clay
contributes to these improved properties, suggesting its potential as a matrix for durable and

vibrant hybrid pigments based on cationic plant pigment analogs.

In another study, (Kogo et al., 2022) synthesized CaCO3; employing food dye as a benign
additive suitable for human use, further investigating the influence of citric acid on this hybrid
material by reacting a prepared Ca(OH), suspension with CO; gas (Figure 1.29). The
incorporation of citric acid intricately impacted the crystallinity and morphology of the
resulting calcite particles. Through the integration of dye during the synthesis process, CaCO3

with diverse shapes and hues was successfully obtained.
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Figure 1.29. CaCOs with distinct colors produced through carbonation, with the introduction
of dyes; (a), (b), (c): Sunset Yellow FCF, with citric acid aqueous solution additions of 0 cm?,
5 cm?, and 8 cm?, respectively; (d), (e), (f): Brilliant Blue FCF, with citric acid aqueous solution

additions of 0 cm?, 5 cm?, and 8 cm?, respectively.

Exploring the field of ink-jet printing paper, Yoo et al. (2009) harnessed eggshell calcium
carbonate particles as coating pigments. Their incorporation led to heightened optical density
for cyan, magenta, and yellow inks, albeit resulting in reduced black ink density and paper
gloss. Moreover, the potential of CaCOs as an environmentally friendly and cost-effective
wastewater-sorbing material was underscored. (Zhao and Gao, 2010) effectively demonstrated
CaCOs's proficiency as a sorbing agent through the occlusion of waste dye, shedding light on
its promising applications in waste treatment. In another study by (De Queiroga ef al., 2019),
functionalized bentonites were obtained through microwave-assisted silylation at 50°C for 5
minutes, followed by glutaraldehyde treatment. Hybrid bentonites were then utilized as hosts
for adsorbing the organic dye Violet SR, serving both environmental applications and pigment
creation. They successfully demonstrated robust pigment stability, enduring 450 hours of light

exposure without significant photodegradation.

Recent advancements in hybrid pigments have sparked interest in harnessing nature-inspired
solutions for coloration. The need for these developments arises from the demand for
sustainable and environmentally friendly pigments. To address this, researchers are exploring
modifications to enhance pigment properties, including color stability and durability. The
majority of research in the field of hybrid pigments has predominantly utilized silica or clay as

matrices. However, there is a growing interest in exploring calcite as a viable alternative as, in
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nature, organisms create colorful and stable CaCO3 biominerals, and this natural inspiration

suggests that calcite could be a promising medium for bio-inspired pigment development.

This doctoral research aims to elucidate the physicochemical mechanisms behind the chromatic
manifestation of sea urchin spines, potentially involving ACC precursors and naphthoquinone
pigments. It also seeks to understand the incorporation of naphthoquinones into calcite,
forming stable biogenic hybrid pigments. Additionally, the study aims to propose bio-inspired
pigments for textile finishing. The research investigates the impact of naphthoquinones on ACC

composition and explores organic-inorganic interactions in hybrid pigments.
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Methodology

In this chapter, we describe the different methods used to synthesize the CaCO:s-
naphthoquinone samples, both amorphous and crystalline, and the wide range of multiscale
techniques used to characterize them. The complementarity analytical techniques employed
here provided valuable comprehension of the composition, the color, the local structure, the
atomic and molecular inorganic-organic interactions, and the nano-spatial distribution of the
naphthoquinone pigments within the CaCOs crystals. This exploration unveils the origin of
color variations during ACC crystallization and gives insights into the mechanisms of pigment
incorporation within calcite crystals having stable-colored materials, ultimately contributing to
a better understanding of biomineral pigmentation and the development of innovative and

biohybrid pigments inspired by nature.
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2.1 Bioinspired approach: direct precipitation synthesis and vapor diffusion

method for CaCQj; synthesis

Various synthesis techniques are available in synthesizing calcite through amorphous calcium
carbonate (ACC) precursors (Niu et al., 2022). These methods differ, e.g., in terms of the
solvents used, the mixing procedure, the initial concentrations of the reactants, the presence of
organic or inorganic additives and the handling/storage of the end products, which in turn lead
to distinct ACC formation pathways and stability against crystallization into different CaCO3
polymorphs (Du et al., 2018; Du and Amstad, 2020; Niu et al., 2022). We here explored two
main well-known CaCOs; synthesis models (described in detail below) in the presence of
biogenic or synthetic naphthoquinone pigments in order to: 1) assess the mechanisms behind
the origin of color variations in calcitic sea urchin biominerals known to be formed through
ACC precursors; 2) study the potential role of naphthoquinone pigments on biomineralization
pathways, and 3) allow for the development of biohybrid pigments with stable colors similar

to sea urchin spines.

The biogenic naphthoquinones considered in this work are the ones found in sea urchins, i.e.,
polyhydroxylated naphthoquinones (PHNQs). Because PHNQs are not commercially
available, they were previously extracted from P. lividus biominerals as a mixture or pure
compound (see Section 2.2.1). However, their extraction is a tedious process that yields only
~0.1 wt.%, the actual amount in P. /ividus sea urchin spines. Therefore, synthetic and
commercially available naphthoquinones exhibiting analogous structures to PHNQs were also
extensively used. Also found in nature (Majdi et al., 2023), we chose to work with singly or
doubly hydroxylated naphthoquinones (lawsone, juglone, and naphthazarin), which allows for
a thorough investigation of the different CaCOs—naphthoquinone syntheses and study the effect

of the position and the number of hydroxyls on the mechanisms cited above.

The first CaCO; synthesis extensively investigated here was the direct precipitation method
using water as the primary reaction medium. It allows for the production of stable ACC
nanoparticles and subsequent crystalline CaCOj that, in our case, were synthesized in the
presence of the different naphthoquinone pigments. In general, the ACC-naphthoquinone
samples were obtained at around 30 s of the reaction, and the subsequent crystalline
polymorphs after a few minutes (vaterite+calcite) up to several hours (calcite). This method is

widely used (Rodriguez-Blanco et al., 2011; Tobler et al., 2016, 2015, 2014; Zou et al., 2015)
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and allows for controlling particle size, crystal shape, and crystallinity degree, making it
suitable for tailored material synthesis (Niu et al., 2022). In addition, it is relatively simple,
green, cost-effective, and requires minimal specialized equipment. In addition, by using more
specialized equipment such as a titration system, e.g., by Metrohm® (see Section 2.4.1), ACC
synthesis can be more controlled, e.g., in terms of particle size distribution and be more
reproducible. Finally, the simplicity of this technique allowed us to modify different parameters
such as pH, and concentration of reactants and introduce various organic pigments to

investigate their influence on the formation, stability, and crystallization behavior of CaCOs3.

The second method investigated was the vapor diffusion method, also called the ammonium
carbonate degradation method. This method provides a versatile platform to tune the reaction
conditions and explore various crystalline CaCOs phases (Liu ef al., 2016), such as calcite and
vaterite, in our case. This method is very common to study the effect of organic molecules on
crystal growth (Aizenberg et al., 1997; Berman et al., 1988; Falini et al., 1996; Marin et al.,
2005; Marzec et al., 2018). In particular, we used it to study the role of naphthoquinone
pigments on CaCOs crystal morphology and color. Notably, this method also goes through
ACC precursor (Ihli ef al., 2013). Thli et al. showcased that under slow growth conditions in
vapor diffusion, where monocrystals are found, new material continues to form after the initial
ACC nucleation. In addition, we could explore various concentrations of naphthoquinone
pigments by increasing the pH of the starting solution, as naphthoquinone pigments are known
to be poorly soluble in water, in particular at acidic pH (Land et al., 1983). Their solubility can
drastically increase at alkaline pH. This approach provides valuable insights into the complex
interplay between organic pigments and CaCOs, leading to a deeper understanding of the

underlying mechanisms governing the ultimate incorporation of these molecules within calcite.
2.2. Materials

2.2.1. Pigment molecules

Biogenic naphthoquinones

PHNQs were obtained from Paracentrotus lividus sea urchin spines from the Roscoff
Biological Station (France). PHNQ molecules were extracted by Claudio Dos Reis Ferreira
(PhD student) and Mathilda Béarez (L2 student) at the LCMCP. Briefly, the extraction

performed by Claudio Dos Reis Ferreira from purple spines involves a first mild dissolution of
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the CaCOs mineral phase with dilute acetic acid. Second, an acid-soluble matrix (ASM) and
an acid-insoluble matrix (AIM) fractions are separated by centrifugation, both comprising
macromolecules such as proteins, polysaccharides, and lipids that are complexed to PHNQs
(patent application: PAT 2616615PC00, Albéric et al. in preparation). The ASM fraction is
further separated by ultrafiltration in ASM > 1kDa and ASM < 1kDa. The ASM > 1kDa fraction
is composed of PHNQ-macromolecule complexes, whereas the ASM < 1kDa is composed of
free PHNQs that are isolated by ether extraction and further purified from small remaining
molecules like peptides. In the case of purple P. /ividus spines, the ASM<1kDa is mainly
composed of spinochrome A (93%) with a small amount of spinochrome B (3%) and C (4%)
(Albéric et al., in preparation). This fraction is referred to hereafter as spinochrome A. The
process of extracting PHNQs from sea urchins has been detailed in the article by Albéric ef al.
in preparation attached entitled "PHNQ-macromolecule complexes occluded within purple
CaCOs-biominerals of Paracentrotus lividus sea urchin spines". The manuscript is in progress
and reported in Appendix 2. It includes crystalline CaCOj synthesis by direct precipitation and
by vapor diffusion, which I performed in the presence of some PHNQs (Appendix 2 Figures 7

and 8 of the manuscript). Those results are also presented in Chapter 5 (section 5.3).

Mathilda Béarez performed another less delicate extraction from P. /ividus green and purple
spines. This protocol allows for the extraction of larger amounts of PHNQs together with some
remaining macromolecules. It consists of a dissolution by HCl 6M and ether extraction. This
fraction was used to synthesize the bio-hybrid pigments submitted to textile finishing (Chapter
5, part 5.3).

Finally, pure spinochromes B, C, D, E, and echinochrome A were also extracted by and then
obtained from Dr. Elena Vasileva from the Pacific Institute of Bioorganic Chemistry

(Vladivostok, Russia) (Hou et al., 2018a; Vasileva et al., 2021).
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TUPAC names:
2-Acetyl-3,5,6,8-tetrahydroxy-1,4-naphthoquinone
2,3,5,7-tetrahydroxynaphthalene-1,4-dione
2-acetyl-3,5,6,7,8-pentahydroxynaphthalene-1,4-dione

2,3,5,6,7,8-hexahydroxy-1,4-naphthoquinone
7-ethyl-2,3,5,6,8-pentahydroxy-1,4-naphthoquinone

Figure 2.1. The chemical structures of pigments found in the sea urchins: Spinochromes and

echinochromes with [UPAC names.

Synthetic naphthoquinones

Naphthazarin (5,8-Dihydroxynaphthalene-1,4-dione), lawsone (2-Hydroxynaphthalene-1,4-
dione), and juglone (5-Hydroxynaphthalene-1,4-dione) were purchased from Sigma Aldrich.

As mentioned earlier, naphthoquinones' solubility depends on pH and the solvent. It is
especially true for naphthazarin, which was extensively used in this work. Therefore, we
measured the different solubilities for naphthazarin according to pH in water and in ethanol
(Table 2.1). The solution turns red in an acidic environment and shifts to purple at a basic pH
of 11.5, accompanied by a tenfold increase in solubility. In the case of lawsone, the solubility
is much higher in water than in juglone and naphthazarin. The solubility of juglone in water is

very similar to that of naphthazarin and increases with pH.
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Table 2.1. Solubility of naphthazarin in water at different pH and in ethanol:

pH Solubility Color S"l‘t‘l‘l’;llilz in
11.5 22mM Dark blue
9.0 0.36 mM Purple with blue shade 0.63 mM

6 0.18 mM Pinkish red

2.2. Chemicals

The reagents utilized in the experimental procedures were purchased from Sigma-Aldrich and
Carl Roth and used as received. These included naphthazarin (CioHsO4), calcium chloride
dihydrate (CaCl2.2H20), sodium carbonate (Na;CO3), ammonium carbonate ((NH4)>CO3),
sodium hypochlorite (NaOCl) with varying concentrations of active chlorine (ranging from 6%
to 14%), sodium hydroxide (NaOH) solution at a concentration of 1M, hydrochloric acid (HCI)
at a concentration of 37%, deuterated water (D,0), absolute ethanol, and 96% ethanol. NaOCl
with 12% active chlorine was obtained explicitly from Carl Roth. We utilized water purified
using a Millipore Milli-Q® Integral 10 water purification system, guaranteeing the removal of

impurities.
2.4. CaCOs; Synthesis

2.4.1. ACC-naphthoquinones synthesis by direct and fast precipitation at pH
~10.2-10.6 or pH 12.5

Stable ACC-naphthoquinone samples were synthesized by fast and direct precipitation
following the ACC synthesis used in Zou et al., 2015 where they investigated the impact of
particle size on ACC stability. They evidenced that ACC particles with a smaller average size
(66 nm) display higher stability against crystallization compared to larger particles (200 nm).
As a result, the synthesis conditions highlighted in green in Table 2.2 were chosen for our
study, as they produced quite stable ACC particles with an average size of 73 nm + 28 nm,
allowing us to perform the different experiments and characterization of the ACC-

naphthoquinone samples described in Section 2.7.
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Table 2.2. Summary of Experimental Conditions Zou et al., 2015 (Zou et al., 2015)

CaCl; solution Na,COs solution SO];: t;on s mli“?g .
Approximate efore precipitation
particle size
CaCl, Volume | Na;CO3 | Volume | CaCl; | NaxCO3; | Volume
M) (mL) (mM) | (mL) | (mM) | (mM) | (mL)
200 nm 1 0.25 0.25 49.75 5 5 50
120 nm 1 0.5 0.5 49.5 10 10 50
87 nm 1 1 1 49 20 20 50
73 nm + 28 nm 1 2 2 48 40 40 50
66 nm 1 5 5 45 100 100 50

Following the Zou et al. 2015 procedure, ACC was first synthesized at pH 10.2 to 10.6,
depending on naphthoquinone concentrations. Two stock solutions of CaCl>.2H20 and Na>xCO3
were first prepared in ultra-pure Mili-Q water: 1) 212 mg of Na,COj3 was dissolved in a 48 mL
water solution, resulting in a carbonate concentration of 40 mM and Naphthoquinones were
dissolved in Na;COj solution. 1 M solution of CaCl, was prepared by dissolving 14.71 g of
CaCl2.2H>0 in 100 mL of water. Subsequently, 2 mL of the 1M CaCl».2H>O solution was added
(10 mL/min) to the prepared 48 mL solution of Na>xCO3 under continuous stirring, resulting in
the immediate precipitation of ACC. The precipitate was then filtered after 30 s of CaClz
addition using a Biichner filtration system with a 5-15 pm pore size sintered filter crucible of
50 mL. For Biichner filtration, Knf® type N860. 3FT.40.18 diaphragm vacuum pump with
Pmax of 1.0 bar was used. In order to synthesize calcite, the reaction was left to stir for 48-72
hours, which allowed for ACC's crystallization into calcite+vaterite to calcite only. The filtered
product obtained at this stage (30 s), was ACC, which was washed with cold absolute ethanol.
The sample was collected in a vial or an Eppendorf and transferred to a desiccator under
vacuum (Figure 2.2). ACC was washed with absolute ethanol to quickly remove the excess of
water, which promotes crystallization and the excess of pigment loosely bound to the ACC

nanoparticles. Figure 2.2 summarizes the different steps of the synthesis.

ACC synthesized at pH 12.5 was also considered as it was shown to crystallize in solution
directly into calcite (Tobler et al., 2016) in contrast to ACC precipitated at pH 10.5, which first

crystallizes into a mixture of calcite and vaterite before fully converting into calcite only. Here,
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the pH of the 40 mM Na,COs solution was increased to pH 12.5 by the addition of 40 mM
NaOH before the addition of 2 mL of the 1M CaCl>2H>O solution.
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Figure 2.2. Schematic representation of steps involved in the fast direct precipitation synthesis
of ACC.

Different concentrations of naphthoquinones (ranging from 0.004 mg/mL to 0.1 mg/mL) were
added to the reaction mixture along with NaxCO3 before the CaCl,2H>0 solution was added
under stirring. This resulted in the precipitation of CaCO; with varying colors depending upon
the naphthoquinones used. For example, naphthazarin results in shades of blue, from dark blue
to periwinkle blue, juglone results in a pinkish orange shade, and echinochrome A in a light

orange shade.

2.4.2. ACC-naphthoquinones crystallization into calcite-naphthoquinones

ACC crystallization into calcite was induced in solution and in air by mild-heating to simulate
the dissolution-reprecipitation mechanism respectively (Rodriguez-Navarro et al., 2014; Zou
et al., 2015) and the solid-state transformation (Weiner and Addadi, 2011) observed in

biominerals. The ACC-naphthoquinone samples' crystallization was induced to investigate the
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effect of the different naphthoquinone molecules on ACC crystallization mechanisms and their

further incorporation during crystal growth.

2.4.2.1. Thermally-induced crystallization

To thermally induce ACC crystallization, we employed either a Nabertherm oven (20-3000 °C)
or a Linkam heating FTIRSP600 stage for in-situ measurements (Figure 2.3). The temperature
gradually increased at a rate of 5 °C per minute, from 20 to 430 °C. The Linkam stage is
equipped with T95 controllers that enable precise temperature control across an extensive
temperature range, from below -195°C to 600°C. Furthermore, the Linkam stage is equipped
with distinct ports for the circulation of both water and liquid nitrogen, allowing for individual
management of cooling rates. This system permits the adjustment of heating and cooling rates,
with the capability to increase them to as high as 150° C per minute. This system is provided

with the LINK software, which enables us to operate it.

Within the Linkam stage, there is a central opening where we affix a copper plate that possesses
a hole in its center, and this central cavity is filled with ACC. The ACC material within the
plate is precisely aligned with the central aperture, as depicted in Figure 2.3. This aperture
allows the X-ray beam to traverse the sample before being scattered and reaching the detector.
This setup facilitates the detailed analysis and the collection of data during the experimental

process.

Figure 2.3. FTIRSP600 for vertical mounting in horizontal beam spectrometers at ESRF

ID22, incorporating a vertical sample holder to induce ACC crystallization by heating.
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2.4.2.2. Crystallization in solution

Water plays a crucial role in the crystallization process of amorphous calcium carbonate (ACC)
(Du and Amstad, 2020). ACC crystallization in water at pH 10.2-10.6 was performed by
continuously stirring the reaction mixture for 48 to 72 hours, during which ACC crystallizes
first into a mixture of calcite and vaterite (~ 2-5 min) that further converts into calcite only. At
pH 12.5, the reaction mixture was stirred for 20 minutes for the direct crystallization of ACC
into calcite. The reaction mixture was then filtered using a 5-15 pm pore size sintered filter

crucible of 50 mL. The powder was then collected and stored under vacuum in a vial.

2.5. CaCOs synthesis setups

2.5.1. The Metrohm® setup

ACC and its crystallization were synthesized extensively with the Metrohm Titrando setup
(Figure 2.4). It allows for the automatic addition of CaCl; into the Na,CO3 solution at specific
rates and intervals thanks to motorized pumps (Dosing units). In addition, pH and Ca®'
concentration can be monitored in-situ during the reaction with a pH electrode and a Ca®* Ion
Selective Electrode (ISE) electrode that is controlled with the Tiamo software associated with
the setup. The setup includes pH module 867, which is for measuring pH, temperature, mV,
Ipol, Upol, and concentration, the pH Module controls standard additions (manual, dosed, and
automated dosing). The pH Module is equipped with the most significant bits (MSB) interfaces

for connecting stirrers or Dosinos.

Figure 2.5 showcases the pH and [Ca?*] profile obtained during the synthesis of CaCOs. The
pH and [Ca?*] profile highlight the different events, i.e., ACC formation (70 s), evolution of
ACC (100-390 s), and crystallization of ACC into calcite+vaterite mixture(390-420 s).
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Figure 2.4. A detailed illustration of the metrohm® setup used for in-situ pH and [Ca®*]

measurement during CaCOs synthesis.
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Figure 2.5. pH and [Ca?*] profile obtained during the CaCOj3 synthesis highlighting ACC

formation and its crystallization.
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2.5.1.1. Calibration of the pH and Ca-ISE electrodes

The pH electrode was calibrated using pH 4.01, pH 7.00, and pH 9.21 standard buffers to ensure
accurate measurements. The Ca-ISE was calibrated using different Ca?* solutions (0.1 mM, 1
mM, 10 mM, and 50 mM) that were adjusted to pH 10.5-11.0 using 1 M NaOH solution. It is
important to note that ion-selective electrode measurements are influenced by ionic strength,
temperature, and pH, so the calibration solutions were carefully selected to be as close as
possible to the experimental conditions. Before and between each experiment, the electrodes
were thoroughly washed with 0.1 M acetic acid, rinsed with double-distilled water, and

recalibrated to maintain accuracy.

For all the experiments (calibration and synthesis), [Ca®"] and pH potentiometry curves were
recorded by taking measurements every 0.1 or 1 second, depending on the total duration of the
experiment. For the CaCOj3 synthesis reaction, both the calcium and pH electrodes were
initially immersed in the calcium solution. Once the readings for both the calcium potential and
pH stabilized (typically after 1 to 5 minutes), the reaction was carried out by adding CaCl; into

Na>COs solution under a continuous magnetic stirring rate (300 rpm) to initiate the reaction.

2.5.1.2. pH electrode

pH electrodes (Figure 2.6) operate based on the generation of an electrical potential between
two liquids with different pH levels. The electrode measures the disparity in H* ion activities
on either side of the glass membrane, leading to a difference in the number of ion pairs present
and an imbalance in surface charge within the hydrated layers. The pH electrode is filled with
a neutral solution containing an equal number of H" and OH" ions. When the pH probe is
immersed in a solution with a high concentration of H' ions, the H" ions permeate the glass
membrane, resulting in a positive potential on the sensing electrode. Conversely, in an alkaline
environment, the H' ions move out of the probe, causing an excess of OH™ ions within the
probe. The developed potential within the probe is then measured by the pH meter and
converted into a pH reading (Bolan and Kandaswamy, 2005).
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Figure 2.6. Schematic representation of the combined (the measuring electrode and the

reference electrode into one unit) pH glass electrode used in the Metrohm® setup.

The pH-dependent potential developed across the membrane is described by the Nernst
Equation (2.1), which mathematically relates the potential difference to the pH of the solution

being measured.

Ainner
Emembrane = Einner - Eouter = 00592l0g Lq—] (21)

outer

where Eimer and Eouer are the surface potentials on either side of the membrane,

and Amer and Aouter represent the H activities of the inner and outer solutions, respectively.
P P y

2.5.1.3. Calcium ISE electrode

The combined Ion Selective Electrode (ISE) is an electrochemical sensor composed of an

internal reference electrode and measuring electrode (Figure 2.7).

ISE electrode has an Ion-Selective Membrane (ISM), which contains a selective ionophore
embedded in a polymeric matrix. The ionophore selectively interacts with a specific target ion,
allowing the ISE to detect that ion's concentration in the solution specifically. ISM allows only
desired ions to go in and out. At equilibrium, no potential difference exists between the
electrodes. The detector, which in this case is a potentiometer, measures the potential
difference between the internal reference and the internal interface, which is indicative of the

ion concentration in the sample solution.
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In summary, an ISE is a type of sensor that translates the activity of a specific ion dissolved in
a solution into a voltage (or potential) that can be measured in millivolts (mV). The measured

electrode potential, E, is related to the activity of calcium ions [A] by the below as follows:
E = E, +2.303"log [A] (2.2)

Where E, = a constant for a given cell, R = the gas constant, T = the temperature in Kelvin, n

= the ionic charge.

Internal Reference Electrode

Inert Cavity

Internal Solution

lon Selective Membrane

Figure 2.7. Schematic representation of the combined (the measuring electrode and the
reference electrode into one unit) polymer membrane electrode (Ca?* Ion selective electrode)

used in the Metrohm® setup.

2.5.2. CaCOs syntheses at or for ESRF beamtime
2.5.2.1. ACC-naphthoquinones synthesis at ID15A

To conduct SAXS/WAXS measurements on ACC-naphthoquinones at the ID15a beamline, the
experiments were carried out on-site, thus outside the Metrohm setup. Two beamtimes were

performed from 28/01/2022 to 31/01/2022 and from 29/11/2022 to 02/12/2022.

Parameters for the synthesis: pipettes added 2 mL of 1M CaCl2 chloride solution to the
reaction mixture (48 mL). The addition time was approximately equivalent to that of

metrohm® titrando (10-12 s). The stirring speed was set to 300 rpm. The reaction mixture was
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allowed to mix for 30s and then filtered using Biichner filtration. The sample was collected in

a vial or Eppendorf and stored under vacuum for 30 minutes before performing measurements.

2.5.2.2. Calcite-naphthoquinone synthesis for ID22

To synthesize more than 50 samples for experiments at ID22 (ESRF) for HR-XRD
measurements, multiple syntheses with different concentrations of pigments were performed
at the same time. Therefore, these reactions were not carried in the Metrohm® setup but rather

on a magnetic stirrer plate with multiple positions (Figure 2.8). Two beamtimes were performed

from 29/03/2022 to 02/04/2022 and from 06/03/2023 to 09/03/2023.

Parameters for the synthesis: 2mL of 1M CaCl chloride solution was added to the reaction
mixture (48 mL) using pipettes. The addition time was approximately equivalent to that of
metrohm® titrando (10-12 s). The stirring speed was set to 300 rpm. The pH of the reaction
mixture evolved from 11.5 (40 mM Na,COs solution) to 10.2-10.5 (ACC) to 8.5 (calcite).
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Figure 2.8. Schematic representation of different steps involved in the colored crystalline

CaCO:s synthesis by direct precipitation in H>O.

2.6. CaCOgs-naphthoquinone synthesis by vapor diffusion
2.6.1. Mechanism of the reaction

1. Ammonium carbonate ((NH4)2CO3) is a solid compound that breaks down upon exposure to
heat or water (Figure 2.9). In this case, it degrades by dissolving in water, releasing two

significant gases: ammonia (NH3) and carbon dioxide (CO»).
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2. The vaporized NH3 and CO» then dissolve into the acidic reactive solution, increasing pH as

NH; reacts with H2O to produce NH4* and OH" ions.

3. COs* ions are formed as CO: dissolves by reacting with HO to produce HCOj3™ and,
eventually, COs*. This contributes further to the solution's alkalinity.

An increase in pH is a crucial aspect of the vapor diffusion method because it influences
chemical reactions and drives the formation of specific compounds or complexes. This
controlled pH environment is essential for the growth of desired crystals and the synthesis of

specific compounds with unique properties.

Vapor
Co, H,O NH,
¥ 4 ¥ 1
Co, H,O NH,
CO,+H,0 = HCO;+H*
Aqueous HCO; = COY +H'

NH, +H' = NH;
NH, +HCO; = NH,COO™ +H,0
Solid (NH,),CO,-H,0 H,0(s) NH,COONH,

Figure 2.9. Graphical illustration of the reaction mechanism for ammonium carbonate

degradation vapor diffusion reaction (image adapted from (Sutter and Mazzotti, 2017)).

2.6.2. ACC-naphthoquinones synthesis in ethanol

Stable ACC nanoparticles were successfully synthesized in ethanol by following a protocol
adapted from (Chen et al., 2013) (Figure 2.10). Pure ACC and ACC-naphthoquinones samples
were synthesized at once in a 5 L glass beaker. For pure ACC, 200 mg of calcium chloride
dihydrate (CaCl,.2H>0) was dissolved in 100 mL absolute ethanol in a glass bottle of 250 mL.
Similarly, naphthazarin or lawsone was dissolved along with 200 mg of CaCl>.2H20 in 100
mL absolute ethanol in another glass bottle. Both solutions were filtered through a 0.22 pm

filter to remove any impurities and ensure a pure reaction mixture.
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The prepared solutions were then placed inside the 5 L glass beaker with a separate glass bottle
containing 2.5 g of ammonium carbonate ((NH4)2CO3). The bottles were covered with parafilm

with several holes to allow gas exchange during the reaction (see Figure 2.10a).

Over the course of three days, the reaction took place, resulting in the formation of white ACC
nanoparticles suspended in ethanol solution in one bottle, and colored ACC nanoparticles
suspended in the second bottle. After the reaction, the white and colored ACC nanoparticle
suspensions were centrifuged to separate the nanoparticles from the solvent. The samples were
stored under vacuum. Figure 2.10b showcases ACC synthesized in the presence of

naphthazarin and lawsone.

CaCO, + naphthazarin CaCO,+ lawsone

Figure 2.10. a) Schematic representation of ammonium carbonate degradation vapor diffusion
synthesis of ACC in the presence of naphthoquinones in ethanol (100 mL), b) colored

amorphous CaCOjs synthesized by vapor diffusion method with naphthazarin and lawsone.

&3



Methodology

2.6.3. Crystalline CaCQOs-naphthoquinones synthesis in H,O

The precipitation of crystalline CaCO3; was achieved using the ammonium carbonate diffusion
method by following the procedure of (Albeck ef al., 1993; Kanold et al., 2015). The chemical
reaction of this method is very similar to the one described in Section 3.2.1. For this process,
16 multi-well plates were utilized, with each well containing 400 pL of the crystallization
solution. Pre-cleaned glass slides were carefully placed at the base of each well to serve as

substrates for crystal growth.

To initiate the precipitation, 40 uL of stock solutions of 100 mM CaClz in H2O were added to
all the wells. Subsequently, different volumes of naphthoquinone solution were added to each
well, varying the concentration of naphthazarin as desired. Finally, the volume in each well
was adjusted to 400 pL using either H>O or 40 mM NaOH in H>O (40 mM NaOH was used to
dissolve naphthazarin concentration >10 pg/mL), depending on the specific experimental
requirements. Once the solutions were prepared, the multi-well plate was carefully sealed and
placed in a desiccator. Inside the desiccator, a Petri dish containing 2.0 g of solid (NH4),CO3
was placed at the bottom of the desiccator. (NH4).CO3 acted as the source for ammonium
carbonate vapor, which diffused into the wells and initiated the precipitation process. The Petri
dish was covered with Parafilm or a glass lid that had been punctured with a needle, allowing

for controlled diffusion of ammonium carbonate vapor (Figure 2.11).

The crystallization process was typically left to proceed undisturbed, with a duration of 72-
96 hours. During this time, calcium carbonate crystals formed on the glass slides supported at
the base of each well. After the crystallization period, the glass slides were carefully removed,
and the solutions were removed by vacuum cleaning. They were then thoroughly washed with
distilled water to remove residual impurities and rinsed with ethanol. Finally, the glass slides

were left to dry at room temperature.
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[

Figure 2.11. Schematic representation of vapor diffusion synthesis of calcite crystals in water
(Albeck et al., 1993; Kanold et al., 2015). Stock solutions used in the synthesis of CaCl,.2H>O:
100 mM solution, Naphthazarin NaOH = 200 pg/mL (NaOH concentration = 40 mM),
NaOH/H>0 = 40 mM, Naphthazarin H>O = 10 pg/mL.

2.7. Analytical techniques

2.7.1. Differential Scanning Calorimetry
2.7.1.1. Technique principle

Differential Scanning Calorimetry (DSC) is a powerful analytical technique used to study the
thermal properties of materials. The DSC principle is based on measuring the heat energy
required to maintain the sample and a reference sample at the same temperature as they are
heated or cooled (Figure 2.12) (Abd-Elghany and Klapotke et al., 2018). In this work, we
performed DSC measurements to determine the crystallization temperatures of the different

ACC-naphthoquinone samples.

Two cells equipped with thermocouples are used to perform DSC measurements along with a

programmable furnace, recorder, and gas controller. The thermocouples help quantify the heat
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flow associated with the material's phase transitions or reactions (Gill et al., 2010). Figure 2.12

illustrates the different phenomena that a sample can undergo when subjected to heat.
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Figure 2.12. DSC instrument illustrated (image adapted for TA brochure) and a graph
displaying various phenomena that occur when a material is subjected to heat (Abd-Elghany

and Klapotke, 2018).

2.7.1.2. Experimental details and data analysis

DSC measurements were performed on the TA Q20 DSC module with a temperature ramp of
5 “C/min from 20-300 °C and an N flow rate of 50 mL/min. The data was analyzed using the
TA universal software provided by the TA company. After analysis from TA universal software,

the data was extracted in .zx¢ file format and then plotted in OriginPro.
2.7.2. Thermogravimetric analysis
2.7.2.1. Technique principle

Thermogravimetry analysis (TGA) measures the weight changes of a sample as it is heated or
cooled under controlled conditions. TGA only provides information about the weight loss, not
the identity of the components lost during the measurement. In general, the different weight
losses during the measurement can be attributed to the different compounds that are released
due to the release of volatile components, decomposition, or oxidation of the samples. Here,

we used TGA to determine the amount of H2O in the ACC-naphthoquinone samples.
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2.7.2.2. Experimental details and data analysis

TGA measurements were carried out on the TGA module of Thermo Scientific™ Nicolet™
with a temperature ramp of 5 “C/min from 25 - 400 °C / 800 °C in the presence of Na. The
airflow rate was adjusted to 35 mL/min and 50 mL/min. The data was exported using OMNIC
software provided by Thermo Scientific™ in .txt format. The data was then analyzed using

OriginPro software.
2.7.3. Fourier Transform Infrared Spectroscopy
2.7.3.1. Technique principle

Infrared spectroscopy (IR) is based on the samples' absorption of specific wavelengths of
infrared radiation. This occurs due to the selective interaction between the infrared radiation
and the covalent bonds present in the sample molecules, leading to changes in the bonds'
vibrational energy and, thus, specific absorption patterns (Berna et al., 2017). In the case of
CaCO:s, characteristic bands allow for distinguishing calcite, vaterite and ACC. These bands
include the C-O strefching vibration at approximately 1410-1440 cm™ for calcite, 1480-1490
cm™' for vaterite, and 1400-1500 cm™ for ACC. Additionally, the band at around 700 cm™
indicates the calcite and vaterite polymorph, whereas the presence of a broad band between
2900 and 3700 cm-1 indicates ACC. Table 3 compares the different characteristic bands that
allow for the differentiation of the CaCO3 polymorphs.

Table 2.3. Characteristic bands in the IR spectra of ACC, vaterite, and calcite.

ACC (em™) Vaterite (cm™) Calcite (cm™)
3700-2950 1490 and 1420 1805
1650 1083 1410
1474 844 870
1395 744 712
1070

2.7.3.2. Experimental details and data analysis

To identify the CaCOj3 phases obtained, i.e., amorphous (ACC) or crystalline (vaterite and
calcite), PerkinElmer Frontier Fourier analyzed samples transform (FT-IR) in attenuated total

reflectance (ATR) mode in the 500-4000 cm' range at a 4 cm™! resolution. The data was
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collected using PerkinElmer spectrum software integrated with the IR instrument. The data was

exported in .txt format and plotted using OrginPro software.
2.7.4. Raman spectroscopy
2.7.4.1. Technique principle

Raman spectroscopy was used to investigate the presence of pigments in the CaCOs-
napththoquinone samples, the CaCO3 crystalline structure, and the inorganic-organic
interactions (the effect of incorporated pigment molecules on the vibrational levels). It relies
on the principle of inelastic scattering of light by molecules with polarizable vibrational states.
When a sample is illuminated with a monochromatic laser, certain molecules in the sample
interact with the incident photons and subsequently release scattered photons with either lower
energy (Stokes effect) or higher energy (anti-Stokes effect) (Figure 2.13). The difference in
energy between the incident and scattered photons corresponds to the vibrational energy levels
of the molecules in the sample, providing valuable information about its chemical composition

and structure (Bumbrah et al., 2016).
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Figure 2.13. Representation of light interaction with a molecule, three scattering processes
occur: Rayleigh, Stokes, and anti-Stokes scattering. Each involves incident photons interacting
with the molecule, leading to the emission of scattered photons with specific energy changes

(image adapted from Edinburgh instruments website).
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In the context of CaCOs (Figure 2.14), Raman spectroscopy plays a crucial role in studying its
vibrational modes and identifying different polymorphs. CO3? vibrations and lattice modes
(Ca-O vibrations) are among the Raman-active modes in calcium carbonate, making them
observable in Raman spectra. For instance, in the case of calcite, we can observe vl mode at
1086 cm™': This strong peak corresponds to the symmetric stretching vibration of the COs*
ions in the calcite lattice. v2 mode at 712 cm™: This band corresponds to the bending vibration
of the COs* ions in the calcite lattice. v3 mode at 282 cm™: This peak is associated with the

asymmetric stretching vibration of the CO3* ions.
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Figure 2.14. Raman spectra of the three CaCO; polymorphs aragonite, calcite, and vaterite

(image adapted from (Nehrke et al., 2012)).

2.7.4.2. Experimental details and data analysis

Experiments were performed at the Max Planck Institute for Colloids and Interfaces, Potsdam,
Germany, during my 4 month stay (from February 2022 to May 2022) in the framework of a
DAAD grant. The spectrometer employed in this study was an Oxford alpha300R Raman
imaging microscope equipped with a YAG laser emitting light at a wavelength of 532 nm. The
instrument was coupled to Witec project five software for data acquisition and analysis. A
charge-coupled device (CCD) detector was utilized to capture the scattered photons. To prevent
any potential alteration of the samples, the laser power was used only at 5-50 % of its full
capacity. Additionally, the Raman spectra were accumulated multiple times for a set duration

to improve signal-to-noise ratios. This approach ensured reliable and precise measurements
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while minimizing potential adverse effects on the analyzed samples. Table 2.4 summarizes the
experimental parameters of the different mappings performed employing confocal Raman

microscopy.

Table 2.4. Experimental parameter for Raman mapping.

Scan (cm™) Size (um) Points Wavelength ( nm) | Integration time (s)

100-3500 50x250 150x250 532 1

2.7.5. UV-visible and UV-visible diffuse reflectance spectroscopies
2.7.5.1. Technique principle

UV-visible spectroscopy is an analytical method that determines the absorption or transmission
of discrete wavelengths of UV and visible light by a liquid sample compared to a reference or
blank sample (Figure 2.15). The composition of the sample affects this property, providing
information on its contents and concentration. Light energy is inversely proportional to its
wavelength, meaning that shorter wavelengths carry more energy and vice versa. The
promotion of electrons to a higher energy state requires a specific amount of energy, which we

can detect as absorption.

Different bonding environments in a substance require different amounts of energy for electron
promotion, resulting in different wavelengths of light absorption. Visible light encompasses a
spectrum from approximately 380 nm (violet) to 780 nm (red), while UV light has shorter
wavelengths down to 100 nm. Hence, UV-visible spectroscopy utilizes light wavelength to
locate the specific wavelengths associated with maximum absorbance to identify and analyze

various substances.
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Figure 2.15. Schematic illustration of UV-visible spectrometer.

In order to perform UV-visible diffuse reflectance measurements on powder samples,

integrating spheres are needed, which have a spherical inner surface made of light-scattering

materials like barium sulfate that have high reflectance. They cause measuring light entering

the sphere to scatter uniformly. The aperture for the measurement of light is located on the

sphere's surface. To be measured, the sample is placed at this aperture, and the detector is placed

at another aperture where it is not directly irradiated by the measurement light (Figure 2.16).

Diffused reflectance measurement using an integrating sphere compares the diffused

reflectance of a sample to a standard sample (Zerlaut and Anderson, 1981).

Integrating sphere

Standard sample or
measurement sample

Specular reflectance
component
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Measurement light

Diffuse reflectance
component

Figure 2.16. Total reflectance measurement using integration sphere.

2.7.5.2. Experimental details and data analysis

The UV-visible spectrometer (CARY 5000-Agilent Technologies) was used in the scan mode

in the range of 200-800 nm with a scan speed of 600 nm/s in absorbance mode. The data

obtained from UV-vis measurements is plotted using OrginPro software. The absorbance data
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values were also subtracted from 1 to obtain the scattered part, which was then normalized.
The normalized data was spread on a CIE chromaticity diagram plug-in integrated into the
software. The CIE is a coordinate system encompassing all color sensations visible to the
human eye. The chromaticity plot allowed for the derivation of RGB coordinates, which were

used to assign an exact color to the synthesized colored CaCOs.
2.7.6. X-ray Photoelectron Spectroscopy
2.7.6.1. Technique principle

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for Chemical
Analysis (ESCA), is a powerful technique used to analyze the surface of materials. It provides
valuable information about the elemental composition and the chemical and electronic state of
the atoms present within the material. XPS is a widely used surface analysis technique that has

applications in various scientific and industrial fields.

To perform XPS analysis, a solid surface is exposed to an X-ray beam, which causes electrons
within the topmost 1-10 nanometers ( nm) of the material to be emitted with varying kinetic
energies. These emitted electrons are collected and counted, resulting in the creation of a
photoelectron spectrum. The kinetic energies and intensities of the peaks in the spectrum
provide valuable information about the elements present on the material's surface and their
chemical bonding states (Figure 2.17). The thickness of the surface layer analyzed in XPS is
typically defined as being up to three atomic layers thick, approximately 1 nm, for a given
material. However, it is essential to consider that in some cases, ultra-thin films may extend up
to about 10 nm in thickness, and thin films may range up to around 1 pm in thickness. The
specific definitions of these layer types may vary depending on the material's nature, intended

use, and specific research or industrial application (Carl et al., 2017).

X-ray Photoelectron Spectroscopy is a valuable technique for analyzing delicate or sensitive
surfaces without damaging them. It provides valuable insights into the surface chemistry and

composition of materials, aiding in understanding various physical and chemical phenomena.
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Figure 2.17. Illustration of an XPS instrument to visualize its design and components.

2.7.6.2. Experimental details and data analysis

XPS measurements were performed by Mathieu Fregnaux and analyzed by Anne Vallée at
Institut Lavoisier de Versailles, France. XPS surface chemical analyses were performed with a
Thermo Electron K-Alpha spectrometer using a monochromatic Al Ko X-ray source with
charge compensation. Acquisition parameters were 650 um spot size, 12 kV primary energy,
6.0 mA emission intensity, constant analyzer energy mode (100 eV), and 0.1 eV energy step
size. The Thermo Electron K-alpha spectrometer procedure was used to calibrate the
spectrometer. XPS measurement was done using an Ar+ ion source operating at 2 keV, 10 mA
beam energy. The sample preparation was performed by suspending the CaCO3; powder in
absolute ethanol and spreading it on the sample holder for rapid evaporation of the solvent.
Spectra were analyzed using Avantage© software. The data were calibrated on the carbonate

peak of the Cis.
2.7.7. Nuclear Magnetic Resonance in solution
2.7.7.1. Technique principle

Nuclear Magnetic Resonance (NMR) spectroscopy relies on the presence of nuclear spins,
which can be linked to a combination of a gyroscope and a small magnet. These spins have two
possible orientations, o and 3, determined by the strength of the magnetic field. The distribution
of spins between a and P follows a Boltzmann distribution, resulting in a small population

difference.
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Y6 = exp (L‘E) (2.3)

where Ng and N, represent the number of spins one would expect to measure in the spin-up
and spin-down configurations, AE is the difference in energy between the two states, k is the
Boltzmann constant (1.381 x 10> joules/°K), and T is the absolute temperature in degrees

Kelvin.

This limited population difference contributes to the lower sensitivity of NMR spectroscopy.
In the absence of an external magnetic field, spins are randomly oriented. However, the spins
align along the z-axis (field axis) in a magnetic field, forming a small macroscopic magnet. A
radio frequency (RF) pulse is applied to initiate the NMR experiment, causing the spins to
rotate into the x- and y-plane, eliminating the z-magnetization (Figure 2.18). The spinning
motion of the spins creates an electrical signal in the detection coil, which is captured. The RF
pulse initiates the measurement, which is repeated to enhance the quality of the signal. The
captured time signal, referred to as the Free Induction Decay (FID), is transformed into a

frequency spectrum using the Fourier transform (Keeler ef al., 2010).
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Figure 2.18. Different steps involved in a NMR experiment from magnetic field aligning spins,
RF pulse exciting them to xy-plane, returning to equilibrium emitting RF signal revealing

molecular properties.
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HSQC

The HSQC (Heteronuclear Single Quantum Coherence) experiment in NMR spectroscopy is
used to detect proton-carbon single bond correlations. Protons are observed along the F2 (X)
axis, while carbons are observed along the F1 (Y) axis. By selectively exciting the protons and
observing coherence transfer to the directly bonded carbons, the HSQC spectrum reveals
correlations between specific protons covalently bonded to carbon atoms. This technique
provides valuable insights into molecular structure, connectivity, and chemical environments,

aiding in structural elucidation and compound characterization (Miller et al., 2013).
HMBC

In opposition to HSQC, the HMBC (Heteronuclear Multiple Bond Correlation) experiment is
used to display 'H and 3C atoms connected through multiple bonds. Analyzing the HMBC
spectrum allows identifying quaternary, providing crucial insights into molecular structure and
connectivity. It aids in determining the chemical structure and understanding complex

molecular arrangements (Miller et al., 2013).

2.7.7.2. Experimental details and data analysis

Nuclear Magnetic Resonance (NMR) experiments were conducted using a Bruker Avance III
spectrometer equipped with a TCI cryoprobe, operating at a proton (‘H) frequency of 500.3
MHz. The NMR spectra were recorded at a temperature of 25°C or 37°C in deuterated water
(D20). The chemical shifts of hydrogen and carbon-13 were referenced to the 3-
(Trimethylsilyl)-1-propanesulfonic acid-d¢ sodium salt (DSS) solvent signal, which was set

at 0 4.7 ppm. The data analysis was performed using Bruker Topspin software.

2.7.7.3. Reference sample preparation

Naphthazarin at different pH: to investigate the impact of pH on the peak position of
naphthazarin and gain insights into its protonation state, naphthazarin solutions at different pH
were prepared by dissolving it in D>0. The pH of the solution was adjusted using 40 mM NaOH
solution in D>0O. NMR measurements were performed on naphthazarin solutions prepared at
three different pHs ~11, ~9, ~6. 0.1 mM. DSS solution was used as an internal indicator to

suppress the water signal and for the chemical shift standard for NMR experiments (4.7 ppm).
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Naphthazarin titration with Ca?* ions at different pH: to investigate the influence of
calcium on the peak position of naphthazarin and the effect of Ca?* ions on the oxidation of
naphthazarin. Naphthazarin solutions at different pH ~11, ~9, ~6 were prepared according to
the method described above. Once the naphthazarin solution was prepared at a particular pH,
the 0.1 mM DSS solution was used as an internal indicator to suppress the water signal and for
the chemical shift standard for NMR. CaCl; solution (40 mM) was prepared in D,O and was
added to the NMR tube. Ca?": naphthazarin of 1:1 was used for all three pH. Additionally, a

sample with Ca®": naphthazarin of 5:1 was also prepared.
2.7.8. Solid-state Nuclear Magnetic Resonance
2.7.8.1. Technique principle

Magic angle spinning (MAS)

MAS (Magic Angle Spinning) is employed to eliminate line-broadening effects caused by
anisotropic nuclear spin interactions in the solid state, such as chemical shift anisotropy (CSA)
and dipolar coupling. In this technique, the sample is rotated at an angle of 54.74° (Or) relative
to the applied magnetic field, Bo (Figure 2.19a) because CSA and dipolar couplings exhibit an

angular dependence described by the equation:
3cos?(0) — 1 (2.4)

The latter averages to zero for 6 = 54.74°. In the case of incomplete averaging, the NMR
spectrum displays spinning sidebands occurring at frequencies that are multiples of the MAS

rate, both sides of the isotropic resonance.

The intensity of spinning sidebands depends on the spinning rate compared to the magnitude
of the averaged nuclear spin interaction. Lower MAS rates result in more numerous and more
intense spinning sidebands. Hence, MAS enhances resolution and simplifies spectral analysis.
To achieve optimal sensitivity and resolution, the spinning rate () should be at least three

times greater than the largest anisotropy present (Figure 2.19b).
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Figure 2.19. a) The sample is positioned at an angle of Oz, known as the magic angle, with
respect to the magnetic field Bo and rotated around the axis depicted in the figure at a spinning
rate of wr. The sample is enclosed in a small cylindrical rotor. b) Solid-state '*C NMR spectra
of simulated with Jiso = 178 ppm, 1¢s = 0.9 and Acs = 100 ppm at (a) MAS frequency of 0 Hz,
static, (b) MAS rate of 1 kHz, (c) MAS rate of 2 kHz, (d) MAS rate of 5 kHz and (¢) MAS of
10 kHz. Spinning sidebands are highlighted with an asterisk. The spinning sidebands are
separated in multiples of the MAS rate (Bak et al., 2000).

Direct acquisition and cross-polarization

In this project, NMR direct acquisition refers to a specific application of ss NMR spectroscopy
focused on the direct acquisition of carbon NMR signals from solid samples. In this technique,
the NMR instrument generates radiofrequency pulses and magnetic fields to interact with the
carbon nuclei directly within the solid material, resulting in measurable NMR signals. In the
case of cross-polarization (CP), NMR experiments (Figure 2.20) involve the transfer of
polarization from abundant nuclei like 'H, to dilute or rare nuclei like '*C to enhance the signal-
to-noise experiments. The matching of the radio-frequency (rf) fields (Hartmann-Hahn
condition) was set up properly to ensure an efficient cross-polarization process (Hartmann and
Hahn, 1962). The rf fields of the dilute spin (e.g., m1c-13) were set equal to that of the abundant

spin (e.g., ®1u-1) by adjusting the power on each of the channels.
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W) = Wg (2.5)

ViB; = ysBs (2.6)

Where w5 are the nutation frequencies of the spin-locking fields applied to the 'H and *C/"*N

nuclei. The signal sensitivity of the 1*C nuclei can be increased by a factor of |y /y| via CP

experiment.

Then, the proton and carbon magnetization precess in the rotating frame at the same rate,
allowing for the transfer of the abundant spin polarization to carbon-13. Depending on the
samples, the contact time and the recycle delay were set at 0.5-1 ms and 5-15 s, respectively.

Spin
(w/2), Lgck Decouple

"H

Figure 2.20. Simple CP pulse sequence representing a 7/2 pulse applied on 'H channel,
followed by a CP step where magnetization is transferred from 'H to X (*C or N spins, for
instance) during a contact time tcp. Finally, the signal is acquired on the X channel while

decoupling is performed on the proton channel.

2D CP MAS NMR (HETCOR)

The 'H-1*C HETCOR technique is a two-dimensional heteronuclear correlation experiment
that reveals the correlation between 'H and '*C dipolar coupled spins by showing cross-peaks.
The pulse sequence for this experiment begins with a m/2 pulse on the proton channel,
generating a transverse magnetization. Subsequently, during t; spin evolution, homonuclear
decoupling is applied on the proton channel. The decoupling suppresses the 'H-'H
homonuclear dipolar coupling, enabling observation of only the 'H and '3C nuclei in proximity.
The CP step is initiated, followed by signal detection. This experiment produces a heteronuclear
2D NMR spectrum that shows '*C nuclei in the direct t, dimension and protons in the indirect

t1 dimension.
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2.7.8.2. Experimental details and data analysis

NMR experiments were performed on an AV300 Bruker spectrometer operating at 300MHz
with Larmor frequency for v('H) = 300.29 MHz and v(!3C) = 75.51 MHz. Depending on the
experiments, Zirconia rotors of 4 mm diameter were spun at a MAS frequency (VMAS) of 4.5

kHz or 14 kHz. Calibration was carried out using Adamantane (-C=0 37.7 ppm).

'H direct polarization experiments: The 'H 90° pulse length was set to 5.0 ps. The recycle
delay (RD) between acquisitions was set to 1-5 s. All spectra were recorded using 4-16

transients.

TH-13C Cross-polarization: The 'H 90° pulse length was set to 3.6 us with a contact time of
0.5-1ms using a ramp pulse on 'H and square pulse on 3C nuclei. The delay time between
scans was set to 0.5 s. SPINAL-64 decoupling sequence was used for 'H in all experiments,
and the power varied according to the experiment. All the above parameters vary depending

on the sample and the need of the experiment.

TH-13C HETCOR: 'H 90° pulse length was 11.1 us, followed by refocusing pulses with 6.8 us
length, with further 4 composite pulses at 20.4 us and one with 6.78 us. Afterward, the 'H-!*C
CP step with 1000-2000 ps contact time was performed with a ramp pulse on 'H and a square

pulse on *C nuclei. Followed by auction with 22.6 kHz decoupling on 'H nuclei.

The data analysis was performed using Bruker Topspin software, and spectra were extracted

and edited using ssNake and illustrator software.
2.7.8.3. Reference sample preparation
Deprotonated naphthazarin (basic naphthazarin):

To get insight into the molecular state of the naphthazarin in calcite, naphthazarin was
precipitated at different pH conditions. The spectra obtained on naphthazarin at different pHs
serve as a reference for the naphthazarin within calcite and provide information about the

molecular state of the naphthazarin at that pH.

pH adjustment with NaOH
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Deprotonated naphthazarin was synthesized by dissolving the 20mg naphthazarin in 50 mL
water. The pH of the solution was adjusted using NaOH/HCI to obtain different pH, i.e., pH
9.2, pH 12, and pH 13. The solutions were frozen at -80°C for 1-2 hours and then freeze-dried
to obtain a sample denoted “deprotonated naphthazarin NaOH pH”.

pH adjustment with Na>;CO3

Smg naphthazarin was dissolved in a solution of 40 mM solution of Na,COs. The pH of the
solution was around 11.5. A dark blue colored solution was formed. The solution was frozen at
-80°C for 1-2 hours. The dark-colored solution was freeze-dried to obtain the sample denoted

“deprotonated naphthazarin Na>COs” along with recrystallized Na;COs.
2.7.9. X-ray diffraction
2.7.9.1. Technique principle

X-ray diffraction (XRD) is a powerful technique used to study crystalline materials' atomic and
molecular structures. We used XRD technique for studying CaCOs3 due to its ability to
determine the polymorph identification and lattice distortion. It is based on the principle of
constructive or destructive interference of monochromatic X-rays with a crystalline sample that
has geometrical variations on the scale of the X-ray wavelength. X-rays with energies in the
range of 3-8 KeV, corresponding to wavelengths of 0.15-0.4 nm, are commonly employed for
X-ray diffraction studies. When a crystal is irradiated with an X-ray beam of a comparable
wavelength to its interplanar spacing (denoted by d, the crystal lattice constant), X-ray
diffraction occurs (Figure 2.21). This phenomenon involves the constructive interference
between elastically scattered X-ray beams at specific angles, denoted by 20 when Bragg's Law

1s satisfied:
nA = 2d sinf (2.7)

In this equation, n represents the diffraction order, A is the X-ray wavelength, d is the
interplanar spacing, and 0 is the diffraction angle. Valuable information about the crystal lattice
constants and atomic arrangements can be obtained by varying the angle 6 and measuring the

intensity of the diffracted X-rays.
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Figure 2.21. a) Schematic illustration of Bragg's law for constructive interference, along with

the b) setup of the XRD instrument.

ID22 beamline at ESRF:

We also utilized ESRF beamline ID22 to investigate the influence of organics on the lattice of
CaCO;, leveraging ESRF's advantages such as high-resolution analysis, versatile experimental

techniques, and tuneable energy and allowing rapid data collection.

The U23 undulator, with a minimum gap of 6 mM and a length of 2 m, produces X-rays in a
vacuum at the ID22 beamline (Figure 2.22). A revolver is available to select different
undulators, allowing for a wide range of energy from 6 KeV to 80 KeV (2.07A to 0.15A) at
ID22. In our HR-XRD experiments, a large beam of X-rays was used to illuminate a sufficient
volume of the sample to obtain a good statistic (Figure 2.22). The channel cut Si 111
monochromator, which is 300 mM long with a 4 mm distance between the diffracting surfaces,
is used to monochromate the beam. The second surface can be adjusted to compensate for
changes in the Bragg angle due to changes in heat load. The first block of the monochromator
crystal, which experiences the highest heat load, is side-cooled to approximately 105K by
copper blocks through which liquid nitrogen flows. The size of the incident beam on the
monochromator and the transmitted monochromatic beam to the sample is defined by water-
cooled slits, typically in the range of 0.5-1.6 mM (horizontal) by 0.1-1.5 mM (vertical). To
reduce preferred orientation effects in crystallographic studies, a spinning capillary mounted

on the diffractometer axis is commonly used.
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Figure 2.22. The outline of the ID22 optics hutch (image adapted from ESRF website).

2.7.9.2. Experimental details in the lab and data analysis

Powder X-ray diffraction (PXRD) was performed on CaCO3z samples with measurement
parameters including 40 kV, 30mA, a 0.010° step size, and a 5—80° 20 range. performed on
Bruker D8 diffractometer, equipped with standard Cu tube (Ka = 1.54 A). The data was plotted
using OriginPro software, and Rietveld refinements were performed using GSAS II software

(Toby and Von Dreele, 2013).

2.7.9.3. Experimental details at ID 22 (ESRF, Grenoble) and data analysis

HR-XRD measurements were carried at the ID22 beamline with assistance from beamline
scientist Dr. Andy Fitch, ESRF Grenoble. The measurement parameters for this analysis
included a 35 keV energy source, a 0.001° step size, and a 0.5—50° 26 range. X-ray diffraction
data were acquired using the flat panel Perkin Elmer XRD 1611CP3 detector, which is suited

for total scattering measurements at high energies (https:/www.esrf.fr/id22/technical-

description). Recorded 2D patterns were processed using 2D powder diffraction data reduction
software available for calibration and data integration (A. P. and Hausermann, 1996). In-situ
heating HR-XRD was carried out using the blower with a heating rate of 5°C/min and ramp
cycle from 25-430 °C. The integrated XRD profiles were plotted using OriginPro software.
The Rietveld refinement was first carried out at the beamline using a script provided by the

ID22 beamline scientist for the TOPAS software.

2.7.9.4. Reference sample preparation

Calcite-naphthazarin was prepared by physical mixing. 199 mg of the previously synthesized
calcite was weighed and placed into a mortar to begin the synthesis. Subsequently, 1.0 mg of
naphthazarin, known for its vibrant pinkish-purple color, was added to the calcite in the mortar.

The two components were then subjected to mechanical mixing using a pestle, ensuring
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thorough distribution and incorporation of the pigment into the calcite crystals. The mixing
process was performed for 10 minutes, allowing the pigment to be evenly distributed and
attached to the calcite particles. As a result of this mixing, the calcite crystals acquired the color

of the naphthazarin pigment, giving rise to a light pinkish-purple hue in the final product.
2.7.10. SAXS/WAXS for pair distribution function analysis
2.7.10.1. Technique principle

SAXS/WAXS analysis was performed to study the local structure of the ACC in the presence
of naphthoquinones as well as local structural rearrangement during its crystallization. X-rays
are scattered from the samples and detected similarly to conventional powder diffraction
experiments. However, in order to allow for further pair distribution function (PDF) analysis
of the total X-ray scattering intensity, extremely short X-ray wavelengths and wide angular
detection ranges are needed to explore a broad range of reciprocal space. The variable Q,
representing the scattering vector magnitude, is used to measure positions in the reciprocal

space, with the goal of measuring Q values as high as Q =30 A~! or more.

Pair Distribution Function (PDF) analysis involves several essential steps. It commences with
data collection, where X-rays are gathered from the sample. Subsequently, the raw data
undergoes corrections to account for background noise, instrumental effects, and absorption.
Once the data is refined, the pivotal step is the calculation of F(q) through a Fourier transform.
This transforms the data from reciprocal space (q) to reciprocal distance (r). Following this, the
transformation to g(r) is conducted, which portrays the real-space distribution of distances
between atoms or particles. Analyzing g(r) provides insights into the sample's local ordering,

coordination, and interatomic distances.

The obtained PDF represents the distribution of the distance between two points within the
scattering particle. The PDF depends on the shape and size of the particle and can be related to
the scattering curve through a sine Fourier transform. The analysis of the PDF characterizes
the likelihood of locating two atoms at specific inter-atomic distances (Figure 2.23), also

known as a distance map, within a solid (Terban and Billinge, 2022).
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Figure 2.23. Schematic illustration of g(r) dependence on r. The pair distribution function
(PDF), also known as the g(r), is a probability density function that gives the number density

of atoms at a distance r from an origin atom (image adapted from the Globalsino website).

2.7.10.2. ID15a beamline at ESRF

ID15A is a synchrotron beamline that utilizes high heat load slits to shape the white beam,
providing a maximum beam size of 8x6 mm?. This beamline is designed for a range of
experiments, particularly those involving high-energy monochromators and Ge crystal
scattering. At the entrance of the experimental hutch, a high-energy monochromator can be
mounted, specifically suitable for Ge crystal scattering experiments. The monochromator
allows researchers to select and isolate specific X-ray wavelengths, enhancing the precision

and accuracy of the experiments.

EH3, another beamline, is equipped with two monochromators: a Double Multilayer
Monochromator (DMLM) and a Laue-Laue Monochromator (LLM). These monochromators
can be tuned across a broad energy range, from 40 to 140 keV. This wide tunability allows for

versatile experiments involving a variety of X-ray energies, catering to diverse research needs.

X-ray focusing at these beamlines is accomplished using 1D Aluminum and Beryllium lenses
and transfocators. These optical elements can finely adjust the beam size, allowing researchers
to achieve a beam size as small as 10 pm. Such precise focusing is vital for investigations

requiring spatial resolution and control over the X-ray beam dimensions.
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2.7.10.3. Experimental details and data analysis

PDF analysis has been extensively used to investigate the atomic-scale structure of amorphous
materials that exhibit no long-range order. SAXS/WAXS measurements were carried out at
ID15A beamline, ESRF Grenoble. /n-situ heating SAXS measurements were also performed
using the linkam stage (FTIRSP600) to control the temperature ramp precisely. X-ray scattering
data were acquired using a Pilatus CdTe 2M with 0.5-1s measurement time. Measurements
were performed at IDI15SA beamline, ESRF. Beam energy was set to 60KeV, and beam-size
was 0.15*%0.15 mm? in cross-section. The calibration was performed with aCeO, powder
standard. The Linkam FTIR600 heating stage temperature was increased from 30°Cto 250-
430°C at a rate of 5°C/min. Recorded 2D patterns were processed thanks to Python scripts
provided by the beamline scientist to average, mask, and integrate the 2D patterns. For in-situ
heating measurements 5°C/min heating rate from room temperature to the temperature of
crystallization, i.e., from 25°C to 250°C-430°C was used. The PDF were calculated with the
PDFgetX3 Columbia Technology Ventures ) software and plotted using OriginPro software.
The differential of the PDF data as a function of temperature (dPDF/dT) was calculated and
plotted using a Python script developed by Luca Bertinetti (Center for Biomolecular Biology,
Dresden).

2.7.11. Scanning electron microscopy (SEM) and Field Emission Gun-SEM
2.7.11.1. Technique principle

In order to study the effect of naphthoquinones on the calcite morphology and ACC particles
size, samples were analyzed using electron microscopy. Scanning Electron Microscopy (SEM)
and Field Emission Gun (FEG) Scanning Electron Microscopy (FEG-SEM) follow the same
principles, but the electron generation system is different. FEG-SEM utilizes a Field Emission
Gun as an electron source (tungsten) instead. In FEGs, an electric potential gradient is applied
to emit the electron beam, while SEM employs thermionic emission. Scanning Electron
Microscopy (SEM) is a microscopy technique that involves directing a beam of electrons at a
specimen to generate a variety of secondary emissions. The X-rays, backscattered electrons,
and secondary electrons are collected by detectors and converted into a signal. This signal is
then sent to a screen resembling a television screen to produce the final image. SEM-FEG (0.8
nm @15 kV) offers high-resolution surface imaging and can acquire images with a long depth

of field compared to SEM (3.0 nm @ 30 kV). FEG-SEM instruments are equipped with
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auxiliary detectors for Energy Dispersive Spectroscopy (EDS) and Electron Backscatter
Diffraction (EBSD) cameras (Akhtar et al., 2018).

2.7.11.2. Experimental details and data analysis

The ACC particles and calcite crystals were imaged by Hitachi SEM and FEG-SEM Hitachi
SU-70. FEG-SEM electronic micrographs were obtained by David Montero, CNRS, Sorbonne
University. The samples were spread on carbon tape or Si wafer and then coated with a 7 nm
Pt layer to reduce the charging of the surface. The samples were examined at an accelerating
2-5 kV voltage under a high vacuum. F1JI software was used to analyze the particle size, and

the values obtained were plotted (histogram) using OriginPro software.

2.7.11.3. Sample preparation

In addition, one calcite-naphthazarin sample was obtained by ion sectioning at the Max Planck
Institute for Colloids and Interfaces, Potsdam, Germany to reveal the occlusions as well as the
microstructures. This process is performed at low temperatures to avoid the degradation of
organics as much as possible. The CaCOs crystals were sandwiched between two copper tapes.
The copper tapes enhance the sample's thermal conductivity during the cryo sectioning.
However, the sandwiching of crystals between two copper tapes results in gaps. Therefore, the
crystals were covered with a layer of copper to maintain high thermal conductivity. Finally, the
samples were placed on a sample holder and were cut by an ion beam (Ar) under low-

temperature conditions (-60 °C), revealing the inside of the CaCOs crystals (Figure 2.24).

Figure 2.24. SEM micrograph of CaCOs packed (green arrows) between Cu tape which was
cut by ion (Ar) milling at -60 °C.
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2.7.12. FIB-SEM

SEM FIB (Scanning Electron Microscopy Focused Ion Beam) was utilized to visualize the
presence of naphthazarin within the calcite matrix, offering high-resolution imaging
capabilities. Additionally, it facilitated the precise preparation of lamella sections, which is
crucial for subsequent analysis using scanning transmission electron microscopy-electron

energy loss spectroscopy (STEM-EELS).

2.7.12.1. Technique principle

The Dual-Beam FIB-SEM instrument combines the precision sample modification capabilities
of a Focused lon Beam (FIB) with high-resolution scanning electron microscopy (SEM)
imaging, enabling localized sample characterization and fabrication. FIB uses accelerated
Gallium ions to selectively remove material from the sample surface in a controlled manner,

creating a volume that can be imaged and analyzed in-depth (Figure 2.25).
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Figure 2.25. Schematic diagram showing the configuration of a two-beam focused ion beam
system.

Once removed, the material cannot be restored, and gallium implantation may occur during
milling, which should be considered for sensitive materials. FIB's milling capability enables
the exposure of in-depth structures that are not visible from the top surface. The instrument's
sample stage is also highly flexible, allowing for 360-degree azimuthal rotation and +/- 90-

degree tilting, enabling operations in a wide range of geometries (Yao, 2007).
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2.7.11.2. Experimental details

The FIB-SEM was performed by Clemens Schmidt at the Max Planck Institute for Colloids
and Interfaces, Potsdam, Germany in order to slice and image the samples as well as to obtain
FIB-lamella (see below section 2.7.12.3.2.) of one calcite-naphthazarin sample. The Zeiss
Crossbeam 540 station was used for FIB-SEM in serial surface mode. Carbon-coated
specimens were oriented to align with the longitudinal direction to the beam. A coarse cross-
section was initially milled with a 30 nA gallium beam for SEM observations. The exposed
surface was fine-polished with a 1-1.5 nA ion beam. Then, the fine-polished block was serially
milled using an ion beam of 30 kV. After each slice of the sample was removed, the freshly
exposed surface was imaged using SE and electron backscattered diffraction detector (EBSD).
The slice thickness was roughly equivalent to the lateral resolution of 2D images, ranging from
6 to 24 nm. The milling and imaging process was fully automated, allowing the simultaneous

collection of images.

2.7.12. STEM and STEM-EELS

The STEM and STEM-EELS technique were employed to visualize the presence of
naphthazarin associated with the calcite. This advanced imaging method allowed for precise
observation at the nanoscale level, revealing the spatial distribution and chemical composition

of the samples.

2.7.12.1. Technique principle

STEM utilizes an electron beam that is focused on a very small probe size (< 1 nm) and then
scanned across the sample using deflection coils. The resulting image depends on the
transmitted electrons, which can form either a bright-field or dark-field STEM image. The most
commonly used detector in STEM is an annular detector, which is utilized to create annular
dark-field images. By adjusting the intermediate lenses, the camera length in STEM mode can
be modified to control the angular range of electrons that fall onto the annular detector (Figure
2.26a). High-angle annular dark-field STEM (HAADF-STEM) imaging collects only those
electrons scattered under large angles by the specimen and is sensitive to both thickness and
chemical composition. The resulting image is a mass-thickness projection of the crystal being
imaged and is not a phase-contrast image like in high-resolution transmission electron

microscope (HRTEM) (Tanaka, 2014).
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Figure 2.26. Electron energy loss spectroscopy and monochromation are depicted in (a) and

P;ism 3

Electron Gun

(b), respectively. (a) EELS experiment in a scanning transmission electron microscope
(STEM), and (b) monochromation process of the electron beam between the electron gun and

the condenser lenses (image adapted from (Hachtel ez al., 2018)).

The technique of Electron Energy Loss Spectroscopy (EELS) is commonly carried out using
STEM. This technique utilizes a focused electron beam that is systematically moved across a
sample having a thickness within the 50 nm range. When the beam passes through the sample,
some electrons scatter without energy loss (elastic scattering), while others interact with
electrons bound to the sample atoms, causing them to lose energy. This process results in atomic
electrons being in an excited state, which can de-excite by releasing energy in the form of
visible photons, x-rays, or Auger electrons. EELS is a set of methods that assess the variation
in the kinetic energy of electrons when they come into contact with a sample. Its purpose is to
identify the chemical characteristics of the sample, such as the types and quantities and the
chemical state of atoms. It is important to differentiate between low-loss and core-loss
excitations in EELS. The latter involves the ejection of electrons, revealing signals associated
with atomic ionization edges. These signals provide valuable information about elements'
composition and chemical states. On the other hand, the low-loss range in EELS corresponds

to excitations of valence electrons. In this range, the energy losses are typically smaller, and
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the spectra primarily capture interactions with valence electrons, shedding light on the

material's electronic structure and bonding characteristics.

2.7.12.2. Experimental details and data analysis

To analyze the chemical composition of the colored CaCO;, STEM-EELS was performed at
LPS Orsay, France, with Marta de Frutos in the framework of METSA experiments. A
monochromated CS-corrected Nion Hermes 200-S microscope was used. STEM mode allows
for high-resolution imaging and precise elemental analysis. EDX detects X-rays emitted by the
sample when it is bombarded with the electron beam. The resulting X-ray signals provide
information about the elemental composition of the CaCOs. Core-loss electron energy loss
(EEL) spectra were obtained with an energy dispersion of 0.1 eV per channel in the energy
range of 280 to 355 eV, covering the characteristic edges of elements of interest C and Ca. The
convergence semi-angle was set to 10 mrad, allowing for a sub-nanometer beam size of 0.2
nm. However, the spatial resolution remained fixed at 1-5 nm due to the pixel size. The energy
resolution, AE, was adjusted by the monochromator slit and estimated to be around 150 meV,
determined from the half-width of the zero-loss peak. This peak represents electrons
transmitted through the specimen with no energy loss. We applied different electron doses
(between 10 and 10000 e7/A?) in order to optimize the detection of the naphthazarin. The better
contrast was achieved at about 100-200 e/A2. Therefore, for all measurements, the

corresponding electron used doses were approximately 100-10% 200 e /A2,

In EELS experiments, background removal is a crucial step in data analysis as it helps isolate
and identify meaningful signals from the atomic ionization edges superimposed on the large
signal from the large low-loss signal. The EEL spectroscopy data was enhanced by filtering it
through principal component analysis (PCA) in the Hyperspy software suite
(http://hyperspy.org/). Specifically, based on existing literature references, the peaks
corresponding to the carbonate peak at 290.3 eV and the primary calcium L3-edge peak at
349.3 eV were utilized for energy scale calibration. To further process the data, a power law
model was subtracted from each elemental edge to remove the background, which was

accomplished using Gatan's Digital Micrograph software (de Frutos et al., 2023).
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2.7.12.3. Sample preparation
2.7.12.3.1. Ultramicrotomy

1. Calcium carbonate powder was extensively dispersed in absolute ethanol for at least an hour
and further dispersed by using a Potter-Elvehjem tissue grinder analog for 10 minutes before

resin embedding.

2. Ethanol was progressively replaced by resin (either LR-White or Spurr) following a first
incubation into 50% resin (in absolute ethanol) for 10 minutes, three times. Then, incubations

with 75% and 100% resin were done similarly.

3. Samples were transferred to micro-molds (8 mm diameter) and kept at 60 °C until complete

resin polymerization. The hardening of resin is not done by cooling but by polymerization.

4. Resin blocks were cut using a microtome Leica (Figure 2.27a) into slices with 50 nm - 60

nm thickness once the resin layer had been removed until the powder was reached.

5. Slices were transferred to Copper holey carbon TEM grids (300x300 meshes) for imaging
(Figure 2.27b).

a) e > b)
Copper holey carbon TEM grid

Figure 2.27. Pictorial representation of a) ultramicrotome and b) lamella section of

calcite+0.55 mM naphthazarin on copper holey carbon TEM grid.

2.7.12.3.2. FIB lamella

The FIB lamella section for STEM-EELS was prepared at Max Planck instate for colloids and
interfaces in Potsdam, Germany, by Clemens Schmidt. A small number of the CaCOj3 crystals
were placed onto a suitable holder and coated with a protective platinum layer to prevent

charging during FIB milling.
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The initial milling process was started by inserting the sample holder into the FIB-SEM
instrument. The area of interest was located, and initial milling parameters were set, such as
ion beam current, acceleration voltage, and milling pattern. The region was exposed to an ion
beam to thin down to create a lamella by milling away excess material surrounding the area of
interest (Figure 2.28). The samples were polished and thinned down by adjusting the milling
parameters to reduce the ion beam current and optimize the milling direction. The progress was
monitored using SEM imaging and periodically pausing milling to inspect the lamella
thickness. Once the lamella reached the desired thickness(100 nm), final polishing was
performed using a low-energy ion beam and/or gas-assisted etching to achieve a smooth surface
(Figure 2.28). Low-energy ion beam cleaning, electron beam cleaning, or a combination of

both were used to improve the lamella's quality.

Figure 2.28. CaCOs +naphthazarin section (white arrow) prepared for STEM-EELS using
FIB-SEM.
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Role of naphthazarin on ACC
formation and crystallization

In this chapter, we first explore the impact of naphthazarin in biologically relevant
concentrations on the size, composition, and local structure of amorphous calcium carbonate

(ACC) nanoparticles as well as on its stability against crystallization in solution and air.

Second, we study the remarkable color transformation of the solution observed from red to blue
before ACC precipitation, resulting in a lavender-blue ACC powder, which eventually
crystallizes into purple calcite. As already mentioned, naphthazarin is a natural compound
structurally similar to polyhydroxy-1,4-naphthoquinones (PHNQs) that change color from red
to blue due to successive deprotonations. Interestingly, these color changes occur in a pH range
(8.2-10.6) relevant for calcium carbonate formation in mineralizing marine organisms (Land e?
al., 1983; Sevilgen et al., 2019). Therefore, by further investigating the role of pH during ACC-

naphthazarin co-precipitation and crystallization, we propose possible mechanisms controlling
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the coloration of biominerals formed through ACC precursors that lead to stable, vibrant, and

diverse colors during biomineralization.

3.1. Effect of naphthazarin on ACC composition, local structure, and

nanoparticle size

To validate the amorphous nature of the ACC samples synthesized in the absence or presence
of various concentrations of naphthazarin from 0.053 mM to 0.53 mM. we conducted XRD
measurements of the samples after 30 s of CaCl, addition during the direct precipitation method
MI. XRD diffractograms of all the ACC samples exhibit no defined Bragg peaks but broad
peaks at 32° and 45° indicating the presence of ACC polymorphs (Michel et al., 2008)). Figure
3.1 displays the XRD diffractogram acquired for a pure ACC sample synthesized through the
direct precipitation method using the Metrohm® setup measured on Bruker D8 (Figure 3.1a)
and without using the Metrohm® setup estimated at ESRF ID15A (Figure 3.1b). In Table 3.1,
summarizes the names of the samples used in this chapter, along with information about their

method of synthesis.

Table 3.1. Sample names and synthesis methods.

S. No. Sample name Method of synthesis Metrohm
setup
I | ACC (0-0.55 mM naphthazarin) | 2Tt prec‘(ll’\;[tﬁlon method Used
2 ACC (0-0.55 mM naphthazarin) Directp recgc[t;;lon method Not used
3 Calcite (0-0.55 mM Direct precipitation method Used
naphthazarin) M1)
Calcite (0-0.55 mM Direct precipitation method
4 naphthazarin) (M2) Not used
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Figure 3.1. XRD diffractogram obtained on ACC synthesized by fast precipitation method on

Metrohm® setup (a) and without Metrohm® setup (b). Measurement performed on a) Bruker
DS, b) IDI5A beamline ESRF, ¢) zoomed-in view of the diffractogram (b).

Synchrotron radiation source ESRF was preferred for Pair Distribution Function (PDF)
analysis over laboratory X-ray diffractometers due to their high intensity, tunable energy range,
and rapid data collection and processing. These factors enable more precise and efficient

structural analysis of a wide range of samples.
3.1.1. Composition of the ACC-naphthazarin samples
3.1.1.1. H2O content associated with ACC

Using TGA and DSC measurements, we monitored the removal of water, and the crystallization
of ACC, on this basis we quantified the relative weight fractions of water associated with
ACC+0.53 mM naphthazarin. The DSC thermograms (Figure 3.2) reveal (i) an endothermic
peak occurring within the temperature range of 50-120 °C (hydration enthalpy) and (ii) an
exothermic peak at 160 °C for ACC that is shifted at 210 °C for ACC+0.53 mM naphthazarin

(crystallization of ACC). These endothermic and exothermic phenomena observed on the DSC
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thermogram were then compared with the TGA thermogram in order to distinguish adsorbed
from structural water. The thermograms were obtained on ACC, ACC+0.53 mM naphthazarin
(Figure 3.2). The relative amounts of adsorbed and structural water lost during the ACC
crystallization were extracted from the TGA thermogram plot and summarized in Table 3.2 The
weight loss between 50-120 °C and 150-250 °C corresponds to the respective amounts of
adsorbed and structural water. It was observed that in the presence of naphthazarin, a slightly

higher amount of water is adsorbed on the ACC.

Table 3.2. Presents the quantification of water content associated with ACC.

_— H:0 (Wt.%) | H20 (wt.%) Ca:H,0 Ca:H,0
ample
s (20-100°C) | (150-250°C) | (20-100°C) | (150-250°C)
ACC 12.90 + 0.2 530 + 0.2 1/0.71 1/0.3
ACCHOS3mM 3601 0 5.90 + 0.2 1/0.77 1/0.33
Naphthazarin

r 100

95

- 90

Heat flow (W/g)

-85

Weight loss (wt.%)

_._FF80

TEXO

—ACC
—— ACC + 0.53mM Naphtha
T T T T T

25 50

ACC + 0.53mM Naphtha -=---
T T T T T 75

100 125 150 175 200 225 250 275 300
Temperature (°C)
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Figure 3.2. TGA thermogram profile for ACC and ACC+0.53 mM naphthazarin overlayed with

DSC thermogram for the respective samples.

Overall, naphthazarin facilitates hydration, evident in the increased (~1.0 wt.%) adsorbed water
content in ACC+0.53 mM compared to pure ACC. However, TGA reveals small difference

(~0.5 wt.%) in the amount of structural water.
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3.1.1.2. Naphthazarin content associated with ACC

The amount of naphthazarin associated with ACC in the resulting powder was quantified using
UV-visible spectroscopy measurements by first dissolving the ACC+naphthazarin samples
with 1M HCI solution that resulted in a clear red-colored solution and second measuring the
absorbance of the resulting solution by adjusting the pH to 5.5, at which the calibration curve

was obtained.

The calibration curve was obtained as follows: Naphthazarin was dissolved in water at
different concentrations ranging from 0.01 to 0.055 mM due to the low solubility of
naphthazarin (~0.055 mM) at pH 5.5, which is the obtained pH for all the prepared solutions
(Figure 3.3). UV-visible measurements were performed on different concentration of
naphthazarin (Figure 3.3a). The UV-vis spectrum for naphthazarin has two bands one at 490
nm and second at 515 nm. To obtain the calibration curve we extracted the absorbance for each
concentration at 515 nm. This band was selected because we also observed the maximum

absorbance for ACC+naphthazarin samples at around 510-520 nm.

Once the calibration curve was obtained (0-0.055 mM), we then performed the UV-visible
measurements on the resulting ACC+0.11 mM naphthazarin and ACC+0.53 mM naphthazarin
solutions prepared by dissolving them 1 M HCI solution and then adjusting the pH to 5.5. To
get the accurate value of naphthazarin concentration associated with ACC, we must stay within
the calibration curve limits. Ideally our samples contain 0.11 mM and 0.53 mM naphthazarin,
these concentration values should lie outside the calibration curve limits. In order not to exceed
the calibration limits, we decided to dissolve 60 mg of ACC+0.11 mM naphthazarin sample
and 20 mg of ACC+0.53 mM naphthazarin in 1M HCI and adjusting the pH to 5.5 while
keeping the total volume at 50 mL.

The absorbance spectra were obtained on ACC+0.11 mM naphthazarin and ACC+0.53 mM
naphthazarin solution. The absorbance value for each sample at 510 nm were extracted and
plotted on the calibration curve, which suggests that the concentration of naphthazarin in
ACC+0.11 mM naphthazarin, ACC+0.53 mM naphthazarin was 0.033 mM and 0.051 mM
respectively. After this the concentration values were adjusted to 200 mg of ACC (yield of
reaction (M1)) to get the exact concentration of naphthazarin associated with ACC. Therefore,
the concentration terms for ACC+0.11 mM naphthazarin and ACC+0.53 mM naphthazarin

were ~0.11 mM and ~0.51 mM respectively. The quantification of naphthazarin associated with
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ACC allowed us to calculate the Ca/naphthazarin molar ratios which are summarized in Table
3.3. UV-vis results indicated that the efficiency of naphthazarin incorporation or association

with ACC was approximately 95-100 %.

The association of 95-100 % naphtahzarin with ACC highlights the effeicency of ACC to bind
with naphthazarin which opens the door for possible use of CaCOj3 synthesis for the treatment
of waste water generated by the dyeing industry. In a study conducted by (Zhao and Gao, 2010),
they proposed a novel wastewater treatment approach by immobilizing waste anionic dyes
(e.g., congo red, CR) and cationic dyes (e.g., methylene blue, MB) by conjugating them to
CaCO;. The research demonstrated that the synthesis of CaCOj in the presence of wastewater
containing these (1.8 mM) dyes effectively reduced the color intensity of the solution by 98-
99 %. Furthermore, they showcased the potential of reusing the dye-immobilized CaCOs

sludge, as a filler in polymer products, to prevent secondary pollution.
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Figure 3.3. a) UV-visible absorbance spectra obtained on different concentration of
naphthazarin at pH 5.5. UV-vis spectra solution obtained on solution by dissolving ACC+0.11
mM naphthazarin and ACC+0.53 mM naphthazarin in 1 M HCl at pH 5.5. b) Calibration curve
obtained for naphthazarin at pH 5.5 by extracting the absorbance values for each concentration

at 510 nm and corresponding absorbance values for ACC+naphthazarin samples.
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Table 3.3. Calcium and naphthazarin molar ratio in the samples synthesized by the direct

precipitation method (M1).

S. No Sample Ca:naphthazarin (Molar ratio)
1 ACC+0.11 mM naphthazarin (M1) 364:1
2 ACC+0.53 mM naphthazarin (M1) 80:1

3.1.1.2. Nanoparticle size and local structure of the ACC-naphthazarin samples

FEG-SEM micrographs obtained on ACC, ACC+0.11 mM and with ACC+0.53 mM
naphthazarin revealed the presence of aggregated spherical nanoparticles within the ACC
sample (Figure 3.4). The nanoparticles exhibited an average size range of approximately ~140
nm whatever the amount of naphthazarin suggesting particle size distribution is almost the
same in the presence and absence of naphthazarin (Figure 3.4d). However, the nanoparticle
sizes in our case (~140 nm) markedly deviated from the values reported in the literature, for
instance ~70 nm by (Zou et al., 2015). This difference can be ascribed to variations in the
timing of the filtration process. Specifically, Zou et al., conducted filtration promptly following
the precipitation event, while in our experimental approach, we introduced a deliberate delay
of 20 to 30 seconds before initiating filtration so that the precipitate formed after addition of
CaCl, was anticipated to be homogeneous in the solution. This contrast in filtration timing
underscores the time-sensitive nature of the system as ACC remains in a state of continuous
evolution challenging the notion of complete stability during certain periods of its existence.
In order to ensure the samples synthesized were repeatable as much as possible we kept the
different paraments of the reaction constant such as CaCl, addition time, mixing time, washing

with cold ethanol, stirring rate, drying under vacuum for 30 minutes.
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Figure 3.4. FEG-SEM micrographs and size distribution histograms for: a) and d) ACC
(averaged size ~142 nm), b) and e) ACC+0.11 mM naphthazarin (averaged size ~138 nm), c)
and f) ACC+0.53 mM naphthazarin (averaged size ~137 nm, ~150 particles measured).

To examine the impact of naphthazarin on the local structure of ACC, we conducted
SAXS/WAXS measurements and employed Pair Distribution Function (PDF) analysis at the
ESRF ID15A beamline. This allowed us to gain insight into how naphthazarin influences the
inter-atomic distances within the CaCOj3 system. Under room temperature conditions, the ACC
PDF profile reveals distinctive short and medium-range order features extending up to 10 A
(Figure 3.5). Notably, the main maxima within these profiles are positioned at approximately
2.4,29,4.1,and 6.2 A in agreement with previous reported PDF data (Michel et al., 2008).
Each of these maxima corresponds to specific interatomic distances and provides valuable
information about the local atomic arrangements within the material. The peak at 2.4 A
primarily represents contributions from Ca-O pairs, indicating the proximity of calcium ions to
oxygen ions in the first coordination shell. The 2.9 A peak relates to O-O pairs, signifying
oxygen-oxygen interactions. The 4.1 A peak predominantly contains contributions from Ca-O
and Ca-Ca pairs in the first coordination shell, demonstrating the arrangement of calcium ions
relative to each other and their coordination with oxygen ions. The 6.2 A peak similarly
involves Ca-O and Ca-Ca pairs in the second coordination shell, reflecting longer-range
structural features. We observed that both ACC and ACC+0.53 mM naphthazarin display
similar PDF profiles (Figure 3.5), showcasing the typical short and medium-range order

patterns extending up to 10 A with characteristic positions for the primary maxima. This
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suggests that naphthazarin's presence does not significantly alter the short and medium-range
structural order of ACC, as indicated by the consistent peak positions and the types of
interatomic pairs contributing to these peaks. In a study by (Tobler ef al., 2014), evidenced the
absence of any differences in the local atomic structure of the different ACC precipitates,
whether they contained aspartic acid or glycine. The PDFs for all tested ACC samples were
found to be identical, and demonstrated a structural coherence within a range of less than 15
A. This suggests that, at the local atomic level, there were no significant variations in the
structure as it might be adsorbed on the surface of the ACC. Interestingly it has been shown
that the introduction of Mg?" or polyaspartic acid (pAsp) into ACC results in local structural
changes. This alters the local enviro nment around calcium and carbonate ions, affecting their
coordination and bonding.This structural transformation is evident in the distinct average
coordination number (CN) and radial distance (R) of the first Ca—O coordination shell in Mg-
ACC/pAsp-ACC, as revealed through Ca K-edge EXAFS analysis, differing from that of pure
ACC (Lam et al., 2007). Therefore, in case of naphthazarin it seems that naphthazarin most

probably adsorbed on the surface thereby unaffecting the local structure of the ACC.
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Figure 3.5. PDF profile for ACC and ACC+0.53 mM naphthazarin performed at ESRF IDI15A

beamline.
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3.2. Effect of naphthazarin on ACC stabilization against crystallization

3.2.1. Crystallization in solution

3.2.1.1. In-situ monitoring of pH and free [Ca?"] variations during ACC formation and

crystallization in solution

Pure ACC: As seen on Figure 3.6a the addition of CaCl; solution into the Na,COs solution
resulted in an immediate decrease in pH from ~11.5 to 10.5 and simultaneously an increase in
the free [Ca®*]. Immediately after CaCl, addition the precipitation of ACC starts the free [Ca®']
decreases to 0.5-0.2 mM/L from 2-3 mM/L leading to an increase in pH from ~10.5 to ~10.6
(<100 s). After this, for both pH and free [Ca®"] profile is marked by a small decrease in the
slope which corresponds to the stable ACC phase (Figure 3.6a). Then, a noteworthy change
occurs during the transformation of ACC into calcite and vaterite (~400 s) (Figure 3.6b),
marked by a significant decrease in [Ca?*] concentration (>0.1 mM). This drop in [Ca®']
concentration is a key indicator of the crystallization processes as confirmed by performing
XRD measurement on the powder filtered at this stage (~700 s) and which shows the presence

of a mixture of calcite and vaterite.
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Figure 3.6. a) pH profile and [Ca?'] profile during CaCOs synthesis, b) XRD diffractogram of
ACC obtained by direct precipitation method at 700 s.

ACC+naphthazarin (0.05 to 0.53 mM): As seen in Figure 3.7, upon addition of naphthazarin,
the overall line shapes of pH and [Ca?"] evolution curves are similar but the crystallization
event is not occurring at the same time. And importantly, the effect of naphthazarin addition

does not follow a linear trend. At lower concentrations, (<0.11 mM) naphthazarin tends to
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inhibit the crystallization of ACC into crystalline phases (according to both pH and [Ca?*]
curves). This stabilizing effect could be attributed to the molecule's ability to interact with the
ACC surface and impede the nucleation and growth of crystal structures. However, it's
important to note that beyond the concentration of 0.11 mM, the effectiveness of naphthazarin
in preserving ACC stability against crystallization appears to diminish. This decrease in ACC
stability against crystallization beyond a certain concentration of naphthazarin could be
attributed to aggregation or precipitation: Naphthazarin molecules themselves might start to
aggregate or precipitate out of solution at higher concentrations. This aggregation could
potentially interfere with their ability to interact with the ACC surfaces, reducing their
stabilizing effect. In summary increase in naphthazarin concentration from 0.05 mM to 0.11
mM increases the ACC crystallization time by ~40-50 s and a further increase in naphthazarin
concentration from 0.11 mM to 053 mM decreases the ACC crystallization time by ~50 s. Table
3.4 summarizes the ACC crystallization time in presence of different concentration of

naphthazarin.

On comparing the effect of naphthazarin on ACC stability against crystallization in solution
with other additives such as polyaspartic acid, a direct correlation between the concentration
of polyaspartic acid (pAsp) in the solution and the extended stability of ACC against
crystallization. (Zou et al., 2017) demonstrated that increasing the pAsp from 0.3 wt.% to 6
wt.% the crystallization time increased by 800 s. It's widely acknowledged that pAsp slows
ACC’s crystallization by binding to the Ca?" ions on crystal surfaces, owing to the attraction
between pAsp's negatively charged carboxylic groups, which significantly inhibit the
nucleation and growth of crystalline CaCOs. It is worth noting that in their case, they observed
a linear trend between ACC stability against crystallization and pAsp concentration i.e., as

pAsp concentration increased, ACC stability also increased.
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Figure 3.7. a) pH profile for CaCOs3 synthesis in the presence of various concentrations of
naphthazarin., b) [Ca?*] profile for CaCOs synthesis in the presence of different concentrations

of naphthazarin.

Table 4. ACC crystalline time in the presence of different concentrations of naphthazarin.

S. No. Sample (M1) Start of crystallization (s)
1 ACC 400
2 ACC+0.02 mM naphthazarin 395
3 ACC+0.06 mM naphthazarin 440
4 ACC+0.11 mM naphthazarin 440
5 ACC+0.16 mM naphthazarin 405
6 ACC+0.21 mM naphthazarin 357
7 ACC+0.32 mM naphthazarin 380
8 ACC+0.53 mM naphthazarin 360

3.2.1.2. pH variations during the phase transition calcite+vaterite = calcite in solution

To study the latter transition of calcite+vaterite into calcite we monitored the pH profile for
12hrs for CaCO3 and CaCO3 +0.11 mM naphthazarin (Figure 3.8a). We observed that the
introduction of naphthazarin exerted a significant delay in the final crystallization (sudden drop
in pH after 6 h vs 8 h for ACC and ACC+naphthazarin respectively), in line with earlier
observations for the ACC to calcite+vaterite transition. This delay was further substantiated by
analyzing XRD diffractograms of the precipitate collected before (700 s and 5 h) and after (8
h for ACC and 10 h for ACC+naphthazarin) the sudden pH transition (Figure 3.8b), revealing
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distinct variations in the proportion of calcite and vaterite. Rietveld refinement enabled us to
precisely quantify these polymorphic distinctions. Our analysis revealed that ACC primarily
transformed into a combination of calcite and vaterite in a ratio of 58:42. Notably, in the case
of ACC+0.11 mM naphthazarin, the ratio shifted to 44:56. These findings strongly indicate that
the addition of naphthazarin at this concentration promotes the stability of the vaterite
polymorph. In a study conducted by (Tobler et al., 2016), it was demonstrated that the transition
of ACC to calcite is pH-dependent. Specifically, at a lower pH of 10.5, both vaterite and calcite
are generated. However, as the pH level rises, the ACC's lifespan is extended, and it undergoes
a direct transformation into calcite at pH values exceeding 12.0, without the intermediary
formation of vaterite. Our results are consistent with these observations, as we also observe the

formation of ACC in a pH range of 10.5-10.6.

After 6 h (Figure 3.8a), a drop in pH from ~9.6 to 9.4 is observed for pure ACC (Figure 3.8a).
XRD measurements conducted on samples collected after 5 h and 8 h confirm the full transition
into calcite (Figure 3.8b). Indeed, a reduction in the intensity of vaterite peaks after 5 h is
observed when compared to the XRD diffractogram captured at 700 s. Subsequently, the XRD
diffractogram at 8 h exhibited an absence of vaterite peaks, signifying a complete

transformation into calcite as the sole crystalline phase.

Conversely, in the reaction mixture containing 0.11 mM naphthazarin, the transformation from
calcite-vaterite to calcite took place around the 8 h mark which is reflected by a drop in pH
from ~8.9 to 8.6 (Figure 3.8a). This transformation was also monitored through XRD
measurements, conducted after 7 h and 10h (Figure 3.8b). After 7 h, there was a noticeable
decrease in the intensity of vaterite peaks when compared to 700 s. In addition, the vaterite
peaks remained more pronounced than for pure CaCOs, underscoring the stabilizing effect of
naphthazarin on the vaterite polymorph. The XRD diffractogram at 10 h revealed a complete
absence of vaterite peaks. These findings further supports the role of naphthazarin in stabilizing

the vaterite polymorph and delaying its transformation into calcite.
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Figure 3.8. a) pH profile of CaCOj3 synthesis in the absence and presence of naphthazarin (0.11
mM), illustrating distinct events corresponding to crystallization and sample collection at
different time for XRD measurments, b) XRD diffractogram obtained at different time intervals

for CaCOs and CaCO;3+0.11 mM naphthazarin.

Following these studies, we have gained insights into the stability of ACC and its crystallization
in solution when exposed to naphthazarin, as well as how naphthazarin can influence the
selection of polymorphs. Consequently, considering these findings, we opted to run the reaction
for 2 days when performed outside the Metrohm® ensuring the complete transformation of the
calcite + vaterite mixture into calcite when the naphthazarin concentration exceeds 0.11 mM.
Reactions outside the Metrohm® setup were performed for synthesis of large number of

samples for ESRF beam time.

We conducted XRD analysis on the powder collected after 700 s and 48 h (Figure 3.9) which
confirmed the absence of vaterite peaks in the XRD diffractogram, confirming the
transformation into calcite. Specifically, in the presence of 0.11 mM naphthazarin(M2), ACC

initially underwent crystallization into a mixture of calcite and vaterite. However, after 48 h,

128



Role of naphthazarin on ACC formation and crystallization

calcitet+vaterite transformed into pure calcite, resembling the synthesis process in the absence

of naphthazarin (Figure 3.9).
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Figure 3.9. XRD diffractograms on CaCO3+0.11 mM naphthazarin filtered at different time
intervals of the synthesis (M2), a) 700 s, c) 48 h.

Interestingly, when we increased the concentration of naphthazarin to 0.53 mM (M2), vaterite
remained present even after 2 days (Figure 3.10a). To achieve a complete conversion of the
vaterite-calcite mixture into calcite only, we allowed the reaction to proceed for an additional
24 h. Subsequent XRD diffractograms obtained on the sample collected after a total of 72 hours
confirmed the exclusive presence of the calcite polymorph, as depicted in Figure 3.10b. It is
well known that additives can influence vaterite stability. Numerous prior investigations have
demonstrated the inhibitory effect of pAsp on the vaterite-to-calcite transformation by
impeding either the dissolution of vaterite or the nucleation of calcite (Zou et al., 2017). It is
commonly proposed that the inhibition of vaterite dissolution is attributed to the adsorption of
pAsp onto vaterite. In our case, it is conceivable that naphthazarin may be absorbed onto both
ACC and vaterite surfaces, effectively inhibiting their transformation into calcite. Meanwhile,
hydroxyl ions within the bulk material further contribute to this stabilization, collectively
promoting the retention of the amorphous phase or vaterite and delaying the crystallization into

calcite.
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Figure 3.10. XRD diffractograms on CaCO3+0.53 mM naphthazarin filtered at different time
intervals of the synthesis(M2), a) 48 h, b) 72 h.

3.2.1.3. Effect of naphthazarin on the morphology of the CaCOs crystals

SEM observations were conducted on pure CaCOj3 obtained at different time intervals (700 s
and 18 h) to get insight into morphology (Figures 3.11a and 3.11b). The micrographs depict
the coexistence of spherical (vaterite) and rhombohedral (calcite) structures within the CaCOs
samples. The spherical structures exhibit either a porous texture or seem to be composed of
smaller particles (Figure 3.11c). However, in stark contrast, observations made at the 18-hour
mark reveal a significant difference i.e., at this point, all the spheres have undergone a complete
conversion into rhombohedral structures (Figures 3.11d and 3.11e) with notably smoother

surfaces (Figure 3.11e).

In the case of CaCOs in the presence of 0.11 mM naphthazarin (Figure 3.11f), a striking
divergence emerges. Spherical and thombohedral shapes were present at 700 s. Interestingly
the rhombohedral structures (Figures 3.11f and 3.11g) observed in the presence of naphthazarin
at this time point exhibit a smoother surface compared to the rhombohedral structures (Figures
3.11h and 3.111) at the 18-hour mark, which appear rougher/with pores. These findings strongly
suggest that naphthazarin exerts a significant influence on the morphology and surface
characteristics during transformation of calcitetvaterite mixture into calcite. This
transformation is accompanied by change in pH and [Ca?] discussed in section 3.2.1.1,

suggesting rearrangement of ions which might be due to dissolution crystallization process.
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Figure 3.11. SEM micrographs obtained on CaCO; and CaCO3+0.11 mM naphthazarin at
different time intervals showcasing the evolution of crystal morphology over time. Micrograph

of CaCO; a-c) 700 s, d, e) 18 h and CaCO3+0.11 mM naphthazarin f, g) 700 s, h, 1) 18 h.

3.2.2. Crystallization in air induced by mild-heating
3.2.2.1. Effect of naphthazarin on ACC crystallization temperature

We conducted a study to assess the effect of naphthazarin on the crystallization temperature of
ACC synthesized by M1 through DSC measurements. In the DSC profile of ACC (Figure 3.12),
we observed a peak at approximately 100 °C, representing the endothermic process of water
loss, and another peak at around 150 °C, signifying the exothermic process of ACC
crystallization. The enthalpy of hydration for ACC was determined to be 179.2 J/g, while
ACC+0.11 mM naphthazarin (M1) exhibited an enthalpy of 186.7 J/g, and ACC+0.53 mM
naphthazarin (M1) showed a higher enthalpy of 242.8 J/g. Notably, the crystallization
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temperatures for ACC, ACC+0.11 mM naphthazarin, and ACC+0.53 mM naphthazarin were
found to be 152 °C, 160 °C, and 210 °C, respectively, with corresponding enthalpies of
crystallization 0f 29.3 J/g, 36.8 J/g, and 48.38 J/g, respectively. Table 3.5 Summarizes the ACC

crystallization temperature, enthalpy of hydration and crystallization.

Table 3.5. DSC thermogram data extracted from DSC thermogram.

Enthalpy of Enthalpy of ACC
S. No. Sample hydration crystallization crystallization
J/g) J/g) temperature (°C)
1 ACC 179.2 293 152
p | ACCHO.IT mM 186.7 36.8 160
naphthazarin
30 | ACCHOS3mM |8 48.38 210
naphthazarin

Comparing the DSC profiles of ACC with those containing varying concentrations of
naphthazarin, a clear linear trend emerged (Appendix 1 Figure 1). It became evident that as the
naphthazarin concentration increased (0.05 mM to 0.53 mM), the crystallization temperature
of ACC also increased (150 °C to 210 °C) (Figure 3.12) suggesting a linear trend with respect
to concentration of naphthazarin. This trend indicates that the addition of naphthazarin serves
as a stabilizing factor for the ACC phase against crystallization during heating. It has been
demonstrated that low-molecular-weight additives (aspartic acid, citrate) can delay the
crystallization of ACC particles not in direct contact with bulk water. They achieve this by
interacting strongly with water within ACC, which reduces water mobility and raises the energy
barrier for dehydration. As a result, these additives enhance ACC's stability against solid-state
transformation, requiring higher temperatures to initiate crystallization, all without

significantly altering ACC's structure or hydration degree (Tobler et al., 2015, 2014).

Another plausible reason behind naphthazarin's role in enhancing the stability of ACC could
be its capacity to adsorb water molecules from the surrounding enviro nment, thereby
maintaining the ACC below the critical threshold of water content required for crystallization
(Radha et al., 2010). By effectively reducing the available water for crystallization,
naphthazarin contributes to an increase in the ACC's crystallization temperature, making it less

prone to spontaneous phase transformation.
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Figure 3.12. DSC thermograms were recorded for ACC samples, including variations with
naphthazarin concentrations ranging from 0.05 to 0.53 mM, employing a scanning rate of 5

°C/min within the temperature range of 25 to 300 °C.

3.2.2.2. Morphology

Previous research by (Zou et al., 2015) highlighted that the stability of ACC can also be
influenced by the size of ACC nanoparticles. Smaller ACC nanoparticles were found to exhibit
greater stability in air compared to their larger counterparts. FEG-SEM micrographs (Figures
3.4 and 3.13) were used to assess the impact of naphthazarin on ACC. The average particle size
of ACC, ~142 nm, closely matched ACC in the presence of naphthazarin (~138 nm), indicating
that naphthazarin does not significantly affect ACC particle size. This suggests that
naphthazarin's stabilization of the ACC phase is unlikely due to size effects on ACC
nanoparticles, aligning with the findings of the Zou ef al. study.

Our observations also unveiled an interesting contrast in the transformation of ACC under
varying conditions. While ACC dissolution in solution follows a sequence involving calcite

and vaterite intermediates before transitioning into calcite, a distinct crystallization mechanism
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emerges when ACC is subjected to heating. In the latter case, we witness a direct transformation
of ACC into calcite elucidated by in-situ heating SAXS measurement (discussed in detail
further on; see Figure 3.15), suggesting an entirely different pathway for crystallization. Further
examination through FEG-SEM micrographs (Figure 3.13) of heated ACC samples (200°C)
reveals a striking divergence in the structure of the resulting calcite compared to its solution-
derived counterpart. Notably, the calcite formed through heating does not exhibit a well-
defined shape but rather consists of small crystalline nanoparticles (10-100 nn) that fuse,
creating expansive structures (100-500 nm) resembling to CaCO; particle organization in
corals. This disparity in crystallization mechanism could be due to differences in the
mechanism of crystallization: 1) dissolution-precipitation mechanism in solution, and 2) solid-
state crystallization upon heating. We also observed that the in the presence of naphthazarin
the nanoparticles that fused together to form expansive structure were smaller. Moreover, the
surface of these structure is not smooth and resembles highly porous material, which might be

due to dehydration of CaCOs.
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Figure 3.13. FEG-SEM micrographs of ACC, ACC+0.11 mM naphthazarin, and ACC+0.53
mM naphthazarin at 25 °C and 200 °C.
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3.2.2.3. Local structure during crystallization

We conducted a heat-assisted crystallization of ACC to replicate the solid-state crystallization
process that occurs in biological systems. In this effort to reveal localized structural ordering
during the heat-induced ACC crystallization, we generated dPDF/dT maps (Figures 3.14a and
3.14c). dPDF/dT is the rate of change of the Pair Distribution Function with respect to
temperature. It provides information, how the local atomic structure within a material evolves
as the temperature changes. These maps employ a color scheme where blue signifies a negative
change and red indicates a positive change in structural characteristics at corresponding

temperature and position.

The most significant alterations in the dPDF/dT maps are associated with the crystallization
phase, marked by a sudden upsurge in PDF intensities (Figure 3.14a). This structural
reorganization, preceding crystallization (Figure 3.15a), corresponds to the removal of water
from the ACC phase. Notably, the onset temperature and duration of ACC crystallization differ
among various samples. In the dPDF/dT maps, pure ACC commences crystallization at 140°C
and spans a temperature range of 20 °C. However, when 0.11 mM naphthazarin is introduced
(Figure 3.14c¢), the onset temperature for the ACC crystallization event start point remains at
140 °C but extends for over 35 °C. This observation strongly suggests that the addition of
naphthazarin indeed influences the crystallization process by prolonging the crystallization

events when compared to pure ACC.

Regarding localized structural rearrangements at elevated temperatures (140-200 °C), ACC
with naphthazarin exhibits minor distinctions in the degree of short-range order (SRO)
rearrangement compared to pure ACC (Figure 3.14b). However, notable differences emerge in
the medium-range order (MRO) region, particularly around interatomic distances of 6-7 A,

which corresponds to the second shell of Ca-O/Ca-Ca pairs.

It is worth noting that, even after the heating cycle, the ACC powder remained colored,
indicating the continued presence of naphthazarin (as shown in Figure 3.15b). This persistence
of color suggests that naphthazarin remains in the system even after the heating process.
However, it is difficult to suggest if the naphthazarin present after the heating cycle has

modified or degraded.
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Figure 3.14. Exploring the local structure of ACC and ACC+0.11 mM naphthazarin. (a)
dPDF/dT maps and (b) Temperature-dependent PDF profiles of pure ACC, (c) dPDF/dT maps,
and (d) Temperature-dependent PDF profiles of ACC+0.11 mM naphthazarin.
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Figure 3.15. a) In-situ heating SAXS measurements on ACC and ACC+0.11 mM naphthazarin,
b) ACC+0.53 mM naphthazarin at 25 °C and 250 °C (ex-situ).
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3.3. Color of the ACC-Naphthazarin samples

ACC and ACC-Naphthazarin samples were synthesized using the direct precipitation method.
In Figure 3.16, we present a visual depiction of naphthazarin and ACC samples in the presence
of varying concentrations of naphthazarin. This illustration offers a comparison of naphthazarin
in its natural state, which appears reddish-brown, but also when associated with ACC, where it

takes on a lavender-blue hue.

Furthermore, Figure 3.16 also showcases the differences in color of ACC-Naphthazarin
samples based on how the image was acquired, 1) by packing the sample in a small well (Figure
16a), and 2) by spreading the sample on a light blue paper surface (Figure 3.16b). This
comparison underscores the influence of sample preparation on the observed color,
emphasizing that how the sample is arranged can impact the perceived color. Therefore, for a
more accurate assessment of color, UV-vis spectroscopy was employed to ensure a precise

characterization.
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-

Naphthazarin ACC ACC+0.11mM ACC+0.55mM
naphtha naphtha
Figure 3.16. ACC synthesized by the direct precipitation method with different naphthazarin

concentrations. a) Powder packed in small wells, b) powder spread on paper.

To further study these fluctuations in color, we performed UV-visible diffuse reflectance
measurements on naphthazarin, ACC, ACC+0.11 mM naphthazarin, and ACC+0.53 mM

naphthazarin.

Visible region: The UV-Vis diffuse reflectance spectra in the visible spectrum (400-800 nm)
reveal distinct absorption bands, as shown in Figure 3.17a. Notably, when examining

naphthazarin, we observe a significant absorption of light across the entire visible region, with
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two pronounced peaks at approximately 550-600 nm and 400-450 nm. This absorption pattern
is in agreement with the reddish-brown color of pure naphthazarin. In contrast, the combination
of ACC and naphthazarin results in absorption in the 450-650 nm range, with two maximums
at around 570 nm and 620 nm, creating a bluish coloration. As the concentration of
naphthazarin within ACC increases (0.11 to 0.53 mM), there is a corresponding rise in
absorbance, which intensifies the color, leading to a darker appearance. Interestingly we
observed that with an increase in naphthazarin concentration (0.11 to 0.53 mM), there was a
small change in the relative intensity of the two maxima i.e., 570 nm band intensity in

ACCH+0.53 nm was almost similar to that of 620 nm.

To quantify these hues exhibited by the ACC-naphthazarin samples and naphthazarin, the x,
and y parameters of the CIE 1931 chromaticity diagram were calculated based on the scattered
component of the spectra (Figure 3.17a). When the samples containing varying naphthazarin
concentrations were represented on the CIE chromaticity diagram (Figure 3.17b), it helped
visualize how pigment concentration affects the perceived color of a sample. On the CIE
diagram, the ACC lies in the white region, while the naphthazarin lies in the overlapping region

of orange and red.

In the case of ACC+naphthazarin samples, as already discussed, the only difference in the UV-
vis spectra profile was the difference in the relative intensity of the two maxima in the visible
region. Therefore, we normalized the scattered part of the UV-vis diffuse reflectance data with
respect to the maxima at 570 nm and then plotted it on the CIE diagram. This gave us insight
into the color variation between ACC+0.11 mM naphthazarin and ACC+0.53 mM
naphthazarin. ACC+0.11 mM naphthazarin lies in the overlapping region of blue and shade
purple resulting in a blue color. Interestingly, we observed that a higher naphthazarin
concentration (0.53 mM) pushed the colors toward the region corresponding to the darker hues
with a slightly higher contribution from the purple region compared to ACC+0.11 mM
naphthazarin (Figure 3.17b). This indicates that subtle variations in the intensity of maxima’s
in the visible region do contribute towards color variation observed due to an increase in

naphthazarin concentration (0.11 to 0.53 mM).
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Figure 3.17. a) UV-vis diffuse reflectance on naphthazarin and ACC synthesized by direct
precipitation with different naphthazarin concentrations (0.11 mM and 0.53 mM). b) CIE 1931

chromaticity diagram predicting the color of the naphthazarin and ACC+naphthazarin samples.

In a study conducted by (Land et al., 1983), the protonation state of naphthazarin in aqueous
solution was explored. The findings indicated that naphthazarin predominantly exists in a fully
protonated form (NH:), resulting in a red color, at pH levels below 7.8. Between pH 7.8 and
10.7, naphthazarin takes on singly deprotonated forms (NH"), leading to a purple color. Beyond
pH 10.7, it becomes doubly deprotonated (N?), resulting in a blue color. These different forms
of naphthazarin are associated with distinct UV-vis absorption bands, specifically (NHz) at 510
nm, (NH") at 570 nm, and (N*) at 610 nm, as depicted in Figure 3.18.

When considering ACC+naphthazarin, the resulting coloration may be attributed to variations
in the N*/NH- ratio, likely influenced by differences in pH during synthesis. Indeed, for
ACC+0.11 mM naphthazarin synthesized at pH 10.6 and ACC+0.53 mM naphthazarin at pH
10.3, (Land et al., 1983) study suggests that the color should predominantly originate from
naphthazarin being in the NH" form, resulting in a more pronounced purple hue. However, the
observed color in our samples, a lavender-blue shade, does not align with this expectation. We
need to emphasize that the transition may not occur precisely at 10.7; instead, it might
encompass a narrow range of values, which could result in a lavender-blue color in our
particular situation. To get the full picture it is necessary to calibrate the behavior of
naphthazarin in our system, particularly in the presence of Na,COj3, to understand the precise

coloration mechanisms at play.
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Figure 3.18. Absorption spectra of aqueous solutions of naphthazarin: in A (NH»): pH 5.8; B
(NH"): pH 9.1; C (N*): pH 13 (Imaged adapted from (Land et al., 1983)).

3.4 Color changes and protonation state of naphthazarin in solution

according to pH
3.4.1. pK. determination in presence of Na;COs

As discussed in section 3.3, naphthazarin in an aqueous solution can exist in the fully
protonated form (NHz) or deprotonated forms i.e., singly deprotonated (NH’) or doubly
deprotonated (N?7) with pKi, = 7.85 and pK», = 10.7 (Land et al., 1983). These values were
obtained in aqueous solution and pH was modulated with NaOH. To get the complete picture
of the behaviour of the naphthazarin molecules in Na;CO; aqueous solution, absorption
spectroscopy was performed on a naphthazarin solution prepared at different pH (adjusted with
HCI) (Figure 3.19a). The color of the naphthazarin in NaCOj varies depending upon the pH,
the solution is rose-red at mildly acid (~pH 5), blue-violet in dilute alkali (~pH 8.5), deep blue
in strong alkali (~pH 11) and neutral pH (Figure 3.19b).

Under acidic conditions (Figure 3.19a), a prominent peak appears at 510 nm, accompanied by
local maxima at 570 nm and 630 nm. However, as the solution's pH shifts toward more alkaline
values (pH 8.5), the maxima shifts to 570 nm with local maxima at 630 nm. Interestingly, as
the pH continues to rise from 8.5 to 10.3, the intensity of the 610 nm peak steadily increases

until it matches the intensity of the 570 nm peak. Further pH elevations cause the absorption
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maxima to shift to 630 nm and local maxima at 570 nm. The reason behind the redshift with
an increase in the extinction coefficient on going from acidic to alkaline is due to successive

deprotonation of naphthazarin.

To get precise information on the naphthazarin behavior in Na2CO3 pKa’s were calculated from
the absorbance spectra of naphthazarin in the presence of Na,COj at different pH. Experimental
absorbances Aops, were fitted to Equation (3.1) (Land et al., 1983):

A1 AZ A3
(1+10PH—pK1+10pH—pK2) + (1+10pH—pK1+10pH—pK2) + (1+10pH—pK1+1opH—pK2) (3.1)

Aops =

where A1, Az, and As, refer to absorbances attributed to the forms NH,, NH- and N7,
respectively, and pK; and pK, are the pKa values of NH>, and NH. The pK; and pK, for
naphthazarin were found to be 8.2 and 10.3 respectively (Figure 3.19a) different from the pKa
values reported by Land et al., 1983 (7.85 and 10.7). The reason behind this difference could
be: that pKa of naphthazarin, being an intrinsic property, is not directly changed by Na>COs.
However, Na;COj can indirectly affect naphthazarin's ionization state by altering the solution's
pH, solubility, or complex formation. These indirect effects may influence the acid-base

behavior of naphthazarin in a particular solution.

The calculated pKa; and pKa> from Equation 3.1 for naphthazarin were 8.2 and 10.3
respectively. Therefore, naphthazarin exits as singly protonated species (NH") at 8.2<pH<10.3
with maxima around 570 nm whereas the doubly deprotonated species (N*) exits at pH > 10.3
when the maxima is at 630 nm. The ratio between the intensity of the two bands (570 nm and
630 nm) thus corresponds to the protonation state of the naphthazarin (Figure 3.19a) i.e., if the
intensity of band at 570 nm is higher than the band at 630 nm it suggests NH" is the predominant
species contributing to the color of the solution and in case of vice versa N*- is the predominant

species contributing to the color.

To delve deeper into the naphthazarin color variation due to pH change. The x and y parameters
of the CIE 1931 chromaticity diagram were calculated based on the normalized transmittance
part of the UV-vis spectra acquired at various pH. Once plotted on the CIE diagram (Figure
19¢), the x and y parameters reveal the colors of the solutions according to pH. A striking
transition in color from orange-red hue to blue is reported on the diagram as the pH shifted
from acidic to basic conditions. This transition fits with the colors perceived by the human eye

reported in Figure 3.19b), indicating that the NH/N?" ratios can indeed be used to describe the
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observed colors. This shift in coloration highlights the influence of pH on the optical properties
of the solution and underscores its significance as a key determinant in color changes within

the studied system.
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Figure 3.19. a) UV-vis spectra on naphthazarin in the presence of Na;CO; (40 mM) at different
pH. pH is regulated by the addition of HCI and b) respective color variation range according to
pH with the speciation diagram displayed for NH2/NH/N?*. ¢) CIE 1931 chromaticity diagram

predicting the color of the naphthazarin at each pH as perceived by human eyes.

3.4.2. Effect of Ca** on naphthazarin pK, and oxidation

In our experimental system, the alteration in coloration is not solely governed by pH levels but

might also be linked with the [Ca®"] throughout the CaCO; synthesis process via direct
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precipitation. Figure 3.20a effectively illustrates the interplay between pH and [Ca®] at

different stages of the reaction.

To investigate the influence of Ca?* on the pKa values of naphthazarin during the formation
and crystallization of ACC, we first chose a modulate the pH with NaOH (Figure 3.20a) for
our study. This decision was based on the fact that NaOH does not induce the precipitation of

CaCoO:s.

To study the impact of Ca?* on the naphthazarin oxidation, our approach involved conducting
time-dependent in-situ UV-vis measurements (Figure 3.20b) at a pH of 10.5, and [Ca®**] of ~2
mM which corresponds to conditions where ACC starts to precipitate (70-350 s) as depicted in
Figure 20a. Initially, we observed that at pH 10.5, naphthazarin existed as a mixture of NH"
and N?- forms. However, upon the addition of 2 mM [Ca?"], the profile of naphthazarin changed
notably. The introduction of Ca?" caused naphthazarin to primarily exist in the N* form
suggesting a shift in the pK, values to lower values. UV-vis spectra obtained at various time
points also indicated that this transition was accompanied by the oxidation of naphthazarin, as

evidenced by the decreasing absorbance intensity over time (Figure 3.20b).

As previously discussed, the presence of Ca?" ions initially shifts the pKa. values of
naphthazarin to lower levels. This occurs predominantly at the onset of the reaction when Ca?*
concentration is relatively high (0.5 mM-2 mM). However, as the reaction progresses and Ca**
is gradually consumed (Ca?" reduced to <0.2 mM), the pK. values of naphthazarin return to
their original values. Consequently, the likelihood of naphthazarin undergoing oxidation in our
experimental setup appears to be quite low, offering valuable insights into the stability of

naphthazarin under the studied conditions.

These findings suggest that the color changes observed during the ACC synthesis and its
subsequent crystallization into different polymorphs are jointly influenced by pH and to some
extent by [Ca*']. These factors impact the protonation state of naphthazarin, which in turn
governs its coloration in the solution. To gain precise insights into naphthazarin's behavior in
the presence of [Ca?*], we calculated the pK, values from its absorbance spectra under different
pH conditions. The experimental absorbances (Aobs) were fitted to Equation 3.1, revealing pK;
and pK> values for naphthazarin as 9.4 and 7.5, respectively in presence of 2 mM Ca*" (as

illustrated in Figure 3.20c).
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Figure 3.20. UV-vis absorbance spectra under varying conditions: a) Naphthazarin in a NaOH
solution at different pH levels, b) Naphthazarin in a NaOH solution at pH 10.5 with the addition
of 2 mM Ca?*, ¢) Naphthazarin at different pH levels modulated by NaOH in the presence of 2
mM Ca?".

3.5. Color changes during ACC formation and crystallization in solution and
in air
3.5.1. Color changes of the filtrate during ACC formation and crystallization

Ex-situ UV-vis measurements on the filtrate of the reaction were performed to gain a
comprehensive understanding of the color changes and the molecular state of the naphthazarin

during ACC formation and crystallization in the presence of 0.53 mM naphthazarin (M1)
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(Figure 3.21b). Surprisingly, at a pH of 10.3, which occurs just after the addition of CaCly,
naphthazarin predominantly existed in a N* form. As the reaction progressed and reached a
plateau at a pH of 10.4, naphthazarin exhibited a mixture of N> and NH- forms. Subsequently,
at pH 10.0 (midway through the ACC to vateritetcalcite conversion), naphthazarin still
appeared as a blend of NH- and N* forms. However, at 500 s, corresponding to a pH of 9.8
(full ACC to vateritet+calcite conversion), naphthazarin primarily existed in the NH™ form,
which persisted until the conclusion of the reaction at a pH of 8.6. As discussed in section 4.2,
the results demonstrate the apparent influence of Ca’?' ions on the protonation state of
naphthazarin. At 10.4, naphthazarin should theoretically exist as a mixture of both NH- and N*-
states. However, the presence of Ca** shifted the equilibrium predominantly towards the N
form. Table 3.6 summarizes the color changes that happen during the ACC formation as well

as its crystallization into a mixture of vaterite and calcite.
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Figure 3.21. a) pH profile and [Ca?"] profile for ACC+0.53 mM naphthazarin, illustrates the
different time intervals at which the titrants were collected, b) corresponding ex-situ UV-vis

measurement on filtrate (Filtrate collected at different time period of the synthesis).
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Table 3.6. Color changes in solution during ACC+0.53 mM formation and crystallization into

crystalline polymorphs.
pH Naphthazarin form Color of the filtrate
11.4 (before CaCl; addition) N* Dark blue
10.1-10.3 (ACC precipitation N? and NH- Blue with purple shade
starts)
10.4-10.6 (ACC stable) N2- and NH- Blue with purple shade

10.0 (ACC to calcite+vaterite

2- - . .
erystallization starts) N+ and NH(predominant) Purple with blue shade

9.8 (ACC to calcitet+vaterite

2- - : .
erystallization ends) N* and NH (predominant) Purple with blue shade

8.6 (full calcite conversion) | NH(predominant) and NH» Purple

This section warrants an explicit clarification that the UV-vis spectrum under examination is
associated with the filtrate rather than the solid substance. The sequence of measurements
conducted here holds significant importance as it aids in elucidating the coloration of the
eventual solid product. To expound further, these measurements yield valuable insights into the
potential molecular species of naphthazarin coexisting with CaCOs at various junctures in the
synthesis process. For instance, when the solution exhibits a blue color during the ACC
filtration stage, it signifies that the prevailing molecular species within the solution at that
specific point is likely N?. This observation, in turn, provides critical information that helps
explain the blue coloration exhibited by the ACC as the predominant species influencing its

coloration.
3.5.2. Color of the naphthazarin-calcite powder after ACC crystallization
3.5.2.1. ACC crystallized in solution

UV-vis diffuse reflectance spectroscopy was employed to gain insights into both the coloration
and molecular state of naphthazarin within the ACC (M1) as well as calcite powder synthesized
in the presence of naphthazarin. UV-vis spectra of ACC+0.11 mM naphthazarin depicts that
naphthazarin likely exists in a combination of two molecular species: NH™ and N*, with the

latter being the predominant form (Figure 3.22a). We extended our investigation to compare
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ACC+0.11 mM naphthazarin (M1), ACC+0.53 mM naphthazarin (M1) with calcite+0.11 mM
naphthazarin (M2) and calcite+0.53 mM naphthazarin (M2) (Figure 3.22a). In the case of
calcite samples, we observed a broad band in the visible region spanning from 450 to 650 nm
with a maximum at around 610 nm and local maxima at about 520 nm. This spectral feature
strongly suggests that naphthazarin exists as a combination of NH» (520 nm), NH™ (570 nm),
and N? (620 nm) molecular species within the calcite with dominant contribution from N and
NH- towards the color. In the case of ACC+0.11 mM samples, we observed local maxima at
around 570 nm and maxima at 620 nm, suggesting the significant contribution to the colour of
ACC was from N species. Interestingly, for ACC+0.53 mM naphthazarin, the peaks at 570
nm and 620 nm were almost equivalent in intensity, suggesting the contribution of both species.
These also correlate well with the fact that ACC+0.11 mM naphthazarin synthesized at pH 10.6
and ACC+0.11 mM naphthazarin at pH 10.3 and 10.3 being the pKa, of naphthazarin at which

the N> and NH- contribution towards color is equivalent.

To get more insights into the color difference of ACC-+naphthazarin and calcite+naphthazarin,
we translated the scattered portion of the UV-vis diffuse reflectance data into a CIE diagram
after normalizing, as illustrated in Figure 3.22b. The ACC+0.11 mM naphthazarin lies in the
lighter blue-purple region and calcite+0.11 mM naphthazarin in comparison lies in darker
region. With increase in naphthazarin concentration we observe that ACC+0.53 mM
naphthazarin lays on the darker blue region and a similar trend was followed in case of
calcite+0.53 mM naphthazarin. Intriguingly, in the case of calcite samples we observe that they
lie more towards the purple region in comparison to ACC samples (Figure 3.22b), echoing the
alteration in molecular composition of naphthazarin within the calcite and ACC. This
observation further emphasizes the influence that naphthazarin species exert on the coloration

within CaCOj and their dependence on pH.
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Figure 3.22. a) UV-Vis diffused reflectance on ACC+0.11 mM naphthazarin and calcite+0.11
mM naphthazarin, b) scattered part of UV-vis reflectance data mapped on CIE 1931.

3.5.2.2. ACC crystallized in air induced by heating

Ex-situ heating UV-Vis diffused reflectance measurements revealed the color changes that
ACC undergoes during its crystallization induced by heating (5 °C/min) in a Nabertherm
furnace (Figure 3.23a). At room temperature, it is evident that naphthazarin in ACC exists in a
mixture of NH- and N?" species. As the temperature increases up to 200 °C, there is a noticeable
rise in the contribution of the N?" species. However, as the temperature continues to climb to
300 °C, the contribution of N- starts to decrease. Interestingly, at this point, the sample exhibits
a similar contribution from both NH- and N?- species as observed in the ACC+naphthazarin
sample at room temperature. This phenomenon could be due to the decomposition of
naphthazarin adsorbed on the surface of ACC at 300 °C. When the temperature reaches 400
°C, a significant transformation occurs. The naphthazarin adsorbed on the surface undergoes
complete degradation, resulting in the absence of distinct peaks corresponding to different
naphthazarin species. Instead, a single peak emerges, which is likely originating from the
naphthazarin that has become incorporated within the calcite matrix. These findings align
closely with the UV-vis data when plotted on the CIE color map (Figure 3.23b), providing a
compelling correlation. The CIE chromaticity mapping reveals that ACC exhibits a less
pronounced blue hue at room temperature compared to when it is at 200 °C. This color shift is

in harmony with the predominance of the N?- contribution at 200 °C. As the temperature
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continues to rise (300 °C), the N* contribution gradually diminishes, causing the ACC to
exhibit a lighter shade. Finally, at 400 °C, when most of the naphthazarin was degraded, the
sample's position on the RGB color map closely approaches the white region. This progression
on the color map illustrates the changes in ACC coloration as a function of temperature and the
evolution of different naphthazarin species within the material. Table 3.7 provides detailed

information on how the color of the ACC evolves throughout the crystallization process.
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Figure 3.23. a) ex-situ UV-vis diffuse reflectance on ACC+ 0.53 mM naphthazarin at different
temperatures, and b) scattered part of UV-vis reflectance data mapped on CIE 1931.

Table 3.7. Color changes during ACC crystallization into crystalline polymorph induced by

heating in Nabertherm furnace (5°C/min):

Temperature (°C) Naphthazarin form Color
25 N2-and NH- Purplish blue
100 N2-(predominant) and NH- Blue with purple shade
200 (crystallization) N2 (predominant) and NH- Blue with purple shade
300 N2-and NH- Purple with blue shade
400 Single broad band Lightp urs}llzcxlx;ith a pink

149



Role of naphthazarin on ACC formation and crystallization

3.6. Molecular state of naphthazarin within calcite
3.6.1. Surface composition of naphthazarin-ACC powder

Utilizing XPS, we conducted an investigation of the surface composition of naphthazarin and
ACC-+naphthazarin particles within the top 10-20 nm of a sample. Figure 3.24 showcases high-
resolution XPS spectra focusing on the Cls energy levels, while the corresponding surface
atomic ratios are presented in Table 3.8. In Figure 3.24a, the deconvoluted spectra of
naphthazarin revealed three main peaks at 284.6+0.1, 286.2+0.1, and 287.140.1 eV, which can
be attributed to the carbon atoms in the aromatic ring or amorphous carbon, -C-OH and -C=0,
respectively (Stipp and Hochella, 1991). The deconvoluted spectra of ACC (Figure 3.24b)
reveal three distinct peaks. The first peak, located at approximately 284.6+0.1eV, may arise
from either surface contamination or the presence of amorphous carbon. The second small
peak, found at around 286.4+0.1 eV, is attributed to the possible contamination, and the third
peak, found at around 290.1+0.1 eV, is attributed to the CO3? (Tobler et al., 2015). For ACC C
Is:Ca 2p and O 1S:C 2P ratio was found to be 1.3 and 2.89 respectively, which is in close

correlation with the theoretical ratio of 1 and 3.

In the case of ACC+0.53 mM naphthazarin, the deconvoluted spectra (Figure 3.24c) revealed
four main peaks at 284.6+0.1, 286.2+0.1, 287.1+0.1, and 290.1+0.1 eV corresponding to
amorphous carbon (contamination/degradation of sample by beam) or carbon atoms in the
aromatic ring, -C-OH, -C=0 and CO3* respectively (Stipp and Hochella, 1991). Interestingly,
in ACC+0.53 naphthazarin we observed a relative higher contribution from -C-OH with respect
to -C=0 was evident (Figure 3.24c), suggesting the protonation of naphthazarin. The ratios
summarized in Table 3.8 support the presence of naphthazarin on the ACC surface, as the
Cls:Ca2p ratio significantly increased from 1.3 in pure ACC to 2.13 in ACC+0.53 mM
naphthazarin, alongside a concurrent increase in the O 1S:Ca 2p ratio (2.89 to 3.13). These
findings collectively indicate the presence of naphthazarin and informs on its chemical state,
shedding light on the surface composition and molecular configuration within the analyzed

particles.
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Figure 3.24. XPS spectra focusing on the Cls energy levels obtained on a) naphthazarin, b)

ACC and c) ACC+0.53 mM naphthazarin.

Table 3.8. Atomic ratios calculated from XPS data.

Sample Cl1s: Ca2p O 1s:Ca 2p
ACC 1.3 29
ACC+0.53 mM Naphthazarin 2.1 3.1

3.6.2. Chemical nature of naphthazarin associated with CaCQO3

To gain more insight into the chemical nature of naphthazarin within our system, solid-state
NMR (ss NMR) measurements were conducted. Initially, 'H to '*C cross-polarization (CP)
NMR was performed on pure naphthazarin (used as received from the supplier Sigma
Aldrich®) (Figure 3.25a). In this analysis, three chemically distinct carbon enviro nments are
evidenced through three distinct peaks at 112, 137 and 173 ppm. On comparing the spectra
values with the literature, naphthazarin is in polymorph A form (Olivieri ef al., 1990). These
three distinct resonances are explained by the fast proton exchange between the hydroxyl and
keto groups increasing the molecule symmetry and leading to only three magnetically
inequivalent carbons. Thus, the resonance assig nment is the following:

¥ Resonance at 112 ppm corresponds to quaternary sp? carbons (9, 10)

¥ Resonance at 134 ppm corresponds to protonated sp? carbons =C-H (2, 3, 6, 7)

¥ Resonance at 173 ppm corresponds to oxidized sp? carbons C-O (1, 4, 5, 8)

To investigate how the pigments interact with calcite, 13C ss NMR was performed on the calcite

sample supplemented with 0.53 mM naphthazarin (Figure 3.25b). In the ss NMR spectra, a
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characteristic peak for carbonate appeared at 168 ppm, originating from hydrated and
disordered CaCOs3 domains (also evidenced on the pure calcite sample). Interestingly,
naphthazarin resonances undergo strong modifications upon association with calcite. Carbons
9, 10 resonance is significantly shifted downfield from 112 to 117 ppm. Similarly, carbons 2,
3, 6, 7 resonance is now broad and composite and shifted downfield from 134 ppm to 137 ppm.
Moreover, a significant change is also observed for carbons 1, 4, 5, 8 resonances for which a
strong downfield shift is observed from 173 ppm to 180 ppm together with the appearance of
another peak at 170 ppm as a shoulder on the left side of the carbonate peak. At this stage a
definitive assig nment cannot be proposed as the 180 ppm and 170 ppm resonances could arise
from (i) naphthazarin through the splitting of the carbons 1,4,5,8, resonance into two
resonances due to the quench of the fast exchange between the hydroxyl and keto group (180
ppm: C=0 and 170 ppm: -C-OH), or induced by the deprotonation of the OH group (180 ppm:
C=0 and 170 ppm; -C-O"). Or (ii) the 170 ppm peak could come from a new form of hydrated
carbonate induced by the presence of naphthazarin carbons 1,4,5,8, with naphthazarin being

doubly protonated in fast exchange or doubly deprotonated in fast exchange.

However, the strong modification of the 3C- NMR spectrum of naphthazarin reflects the

change in its molecular enviro nment along with its incorporation within calcite.

Two possible explanations can account for the aforementioned changes. Firstly, it is plausible
that the naphthazarin molecules within the calcite system are in a rigid state, hindering or
preventing the exchange between the hydroxyl and keto groups from taking place. (Shiau et
al., 1980) suggested that the structure of crystalline naphthazarin is dynamically disordered
and at room temperature involves a fast tautomeric equilibrium between different forms of
naphthazarin. At a lowered temperature of -160 °C, they observed for naphthazarin that spectral
lines assigned to carbon 9,10 remain unchanged, however, the other lines assigned to other
carbons split into two (in particular carbons 1, 4, 5, 8) indicating that lowering of temperature
leads to freezing of the dynamic exchange process (Figure 3.26). Secondly, the naphthazarin
molecules incorporated within the calcite system may have undergone deprotonation due to the
pH of the synthesis conditions, leading to the generation of more chemically distinct carbon

atoms and resulting in the splitting of peaks in the spectra.

In the case of ACC and ACC+0.53 mM naphthazarin, cross-polarization 3*C NMR spectra
revealed (Figure 3.25b), that a characteristic broad peak for carbonate appeared at 167 ppm,

originating from hydrated and disordered CaCO3; domains. Unfortunately, we barely observed
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naphthazarin peak maybe due to the dynamics of the system although the amount of
naphthazarin was similar in ACC and calcite samples. However, and very interestingly, we
identified the peak corresponding to naphthazarin carbons 2, 3, 6, and 7, positioned at the same
chemical shift (137 ppm) as for the calcite+naphthazarin sample suggesting the same molecular

state of naphthazarin into ACC and calcite i.e. deprotonated naphthazarin.
Deprotonated naphthazarin

To gain insight into the molecular configuration of naphthazarin within the ACC and calcite
matrix, we conducted 'H-'3C CP NMR measurements of naphthazarin under varying pH
conditions (Figure 3.25a). Naphthazarin samples were prepared at different pH by dissolving
the naphthazarin in NaOH solution and then freeze drying. When examining the NMR
spectrum of naphthazarin at pH 13, three '3C resonances are still observed indicating the same
number of magnetically inequivalent carbons than for pure naphthazarin. However, a notable
downfield shift of the three '*C resonances is observed (180, 137, 117 ppm). Moreover, a
significant broadening of the resonances is evidenced (in particular for carbons 1, 4, 5, and 8)
that could be linked to the potential degradation of naphthazarin at high pH. But very
interestingly, the position of the resonances of quaternary sp? carbons (9, 10) and protonated
sp? carbons (2, 3, 6, 7) matches with those of naphthazarin in calcite. Only quaternary oxidized
carbons (1, 4, 5, and 8) do not match (maybe due to the potential degradation of naphthazarin,
which may contribute to both the broadening of the signals and the different position at this

high pH level).

Conversely, when examining naphthazarin at intermediate pH (pH 9), we observed a different
pattern. The peaks corresponding to positions 1, 4, 5, 8 exhibited clear splitting corresponding
to fully protonated and doubly deprotonated form. Similarly, the peak corresponding to

positions 2, 3, 6, 7 of naphthazarin also split into separate peaks.
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Figure 3.25. a) cross-polarization '*C NMR on naphthazarin, naphthazarin at pH 9, and
naphthazarin at pH 13, b) cross-polarization '3C NMR on calcite, calcite+0.53 mM
naphthazarin, ACC, ACC+0.53 mM naphthazarin and naphthazarin at pH 9, 13.

To further understand the protonation-deprotonation phenomenon in naphthazarin, we
conducted solution-state NMR experiments using D>O as the solvent (Figure 3.27). These
experiments revealed a clear trend: as the pD increased, the signals corresponding to non-
exchangeable protons of naphthazarin shifted up field, transitioning from 7.2 to 6.89 ppm. This
shift is strongly correlated with the deprotonation of naphthazarin, as increased pD results in

the observed-up field shift. Importantly, these protons stay magnetically equivalent.
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Figure 3.26. °C CPMAS NMR spectra of solid naphthazarin (600 scans, 30-Hz line

broadening, contact time 1ms, and recycle time 3 s): upper spectrum, 25 °C; lower spectrum, -

160 °C (Image adapted from (Shiau et al., 1980)).
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Figure 3.27. Solution state NMR on naphthazarin in D>O water at different pH with sodium

trimethylsilylpropanesulfonate (DSS) as an internal reference and chemical shift standard for

proton NMR spectroscopy of aqueous solutions.
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Additionally, HMBC experiments were recorded to gain insight into the evolution of
quaternary carbons position (in particular carbons 1,4, 5, 8) by unveiling correlations between
the carbonyl carbons and protons (Figure 3.28). Interestingly, as pD increased, the signal from
the carbonyl carbon moved downfield, in agreement with the observations from the ss NMR.
In case of solution NMR we observed the downfield shift in the carbonyl carbon signal from
~175.8 to ~178 ppm with increase in pD. This trend is very similar to that observed in ss NMR
where the downfield shift with respect to pH was from 173 to 180 ppm.

We also studied how Ca**ions can affect the NMR spectra peak positions of the naphthazarin
which provides insight into the interaction between naphthazarin and Ca?*. The addition of
Ca®" in a 1:1 molar ratio with respect to naphthazarin, the "H NMR spectra showed minimal
change in terms of chemical shifts (6.83-7.22 ppm), compared to the absence of Ca?* (6.89-7.2
ppm). This indicates that Ca?* does not significantly affect the protonation state of naphthazarin
(Figure 3.29). However, it's noteworthy that in case of an excess of Ca** (1:5 molar ratio) at
pH 11 we observed precipitation of naphthazarin, suggesting an interaction between the two
species. In our reaction system, the competition between carbonate ions and Ca?* ions resulted
in the consumption of Ca®*, preventing their excess accumulation, which ultimately avoids the
precipitation of naphthazarin. These findings also showcase that Ca®" has a limited effect on

the protonation state of the naphthazarin.
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Figure 3.28. 'H{!*C} HMBC NMR spectra of naphthazarin (carbonyl region) in D>O with

DSS as an internal reference at different pD.
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Figure 3.29. Solution state 'H NMR spectra of naphthazarin with various amount of Ca*" in

D,0O with DSS as an internal reference at different pD.

In conclusion, our extensive investigation into the interaction of naphthazarin with calcite and
ACC, conducted through a combination of solid-state NMR and solution-state NMR
experiments, has yielded significant insights into the chemical dynamics of naphthazarin within

these systems.

One of the key observations from our study was that the chemical enviro nment of naphthazarin
within ACC and calcite differed significantly from the fully protonated form, as indicated by
the shift in resonance peaks towards higher field values. These findings align with the outcomes
of our solution-state NMR experiments where we explored naphthazarin's behaviour under
varying pH conditions. The downfield shifts in the resonance peaks of naphthazarin within

calcite and ACC suggest a deprotonated molecular state within these materials.

However, it's worth noting that our investigation also revealed intriguing peak splitting of C-O
in the calcite+naphthazarin system. While we have yet to definitively assign the origins of these
split peaks, further studies will be essential to unravel the exact molecular state of naphthazarin

within this specific context. These split peaks hold valuable information regarding the complex
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interplay between naphthazarin and the crystalline structure of calcite, and they warrant

additional research to provide a more detailed and precise understanding of this interaction.

The implications of these findings extend to the biomineral pigmentation and color stability,

particularly in the context of bio-inspired hybrid pigment coloration applications.

In-vivo Insights: Understanding the interaction between these pigments and ACC offers
insights into sea urchin biomineral pigmentation. Sea urchins exhibit a remarkable range of
colors in their mineralized tissues, particularly in their spines, from green to purple, sometimes
within a single spine. Our research uncovered an intriguing color transformation: red
transitioning to blue during ACC precipitation, resulting in lavender-blue ACC powder that
eventually crystallizes into purple calcite. This phenomenon resembles the behavior of
polyhydroxy-1,4-naphthoquinones (PHNQs), natural compounds that shift from red to blue as
they undergo successive deprotonations, highlighting the possible role of pH and [Ca®'] in
biomineral coloration. In essence our results offer insights into the mechanisms underpinning

the vibrant coloration observed in biominerals formed through ACC precursors.

Bio-inspired hybrid pigments: Beyond the natural world, these results have implications for
bio-inspired coloration applications. By understanding how pigments interact with ACC and
calcite, it becomes possible to synthesize hybrid pigments with different colors and shades.
Such pigments can be used in a wide range of applications, from vibrant coloration in textiles

(discussed in chapter 5) and paints to advanced materials in technology and art.

Color stability and durability: By taking inspiration from the sea urchin spines that showcases
different and intense color that are stable against harsh conditions. We synthesized hybrid
pigments that are photostable as well as quite thermally resistant to degradation. This has
implications in industries such as fashion, where long-lasting and enviro nmentally friendly

dyes and coloration methods are highly sought after (Presented in chapter 5).
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Multiscale investigation of the

naphthazarin- calcite interactions

Sea urchin spines are remarkable examples of nature's ability to form cm-long convoluted
biominerals with durable colors. They exhibit a wide range of colors due to the presence of
polyhydroxylated naphthoquinone molecules (PHNQ) that are shielded from the external
enviro nment by being incorporated within the calcite structures. This encapsulation protects
the pigment molecules from potential degradation due to external factors like UV radiation or

mechanical abrasion.

Taking inspiration from sea urchin spines, we synthesized calcite crystals in the presence of
different concentrations of naphthazarin (0.11 and 0.53 mM) using the direct precipitation and
the vapor diffusion method described in detail in Chapter 2 (section 2.5 and 2.6). In Chapter 4,
our investigation sought to understand the processes by which naphthazarin molecules interact
or become occluded within the calcite crystals during ACC crystallization induced in solution

or in air. Furthermore, we shed light onto the organic-inorganic interactions between
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naphthazarin and calcite at the surface and in the bulk of the hybrid pigments from the micron
to the atomic scale. This in-vitro thorough study may provide valuable insights into the process

through which sea urchins create enduring, vibrantly colored calcite structures.

Table 4.1: Presents a variety of methods employed to synthesize crystalline CaCOs3 studied in

this chapter.

Parameters Method (M2) Method (M3) Method (M4) Method (M5)
Synthesis D.lr.e ct D.lr.e ct D_1r.ect. Vapor diffusion
method precipitation precipitation precipitation method
method method method
40 mM Cacos | H0mMCaCOs 1 45 1 int caco, | CACTF NaOH
synthesis: synthesis: synthesis: (0 or 40 mM)
Reactants | . o1 1My into | 0MMNaOH | o My into | (NH#2C0s
NaCO CaCl, (1M) NaCO degradation
s into NaCO3 2
Solvent: HO Solvent: HO )
Solvent: H2O Initial pH: Initial pH: 11.5 I?l?tli\zntﬁl_{é%
Experimental | Initial pH: 11.5 12.6 Final pH: 10.5 Final %"8 5_
conditions Final pH: 8.5 Final pH: Time: 30s g O. '
Time: 48-72 h 12.55 Heating at 200, Time- 48-72 h
Time: 5 h 250400°C for 1 h '
ACC
to ACC ACC ACC
Olc?n(i)?3 hs Vaterite+Calcite to to to
polymorp to Calcite Calcite Calcite
Calcite
Crystallization | Crystallization | Crystallization Crystallization
Method of . . ; . . ; .
. induced in induced in induced by induced in
crystallization . . . i
solution solution heating solution

Method 3: The advantage of this synthesis is that it leads to the direct crystallization of ACC

into calcite. However, the pH 12.6 at which this reaction takes place can lead to the degradation
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of naphthazarin which makes this synthesis route difficult to handle and manipulate due to the

degradation of pigments as color of the naphthazarin solution brown after few hours.

4.1. Color quantification and color stability at the surface and within the

calcite crystals
4.1.2. Color of the calcite-naphthazarin single crystals

The general color of the ACC/calcite-naphthazarin powders obtained by direct precipitation
(M1) has been previously assessed by UV-visible diffuse reflectance measurements in Chapter
3 (Section 3.3 and 3.5). Here, using optical microscopy we present an attempt of visualizing
the color of/within the calcite single crystals obtained by M2 and by the vapor diffusion route
(M5S).

We employed the capabilities of a light microscope for a more in-depth analysis of
calcite+(0.11 - 0.53 mM) naphthazarin, which confirmed the presence of a distinct color
associated with the calcite crystals already with 0.11 mM naphthazarin (Figure 4.1 a-d). We
observe that at 0.11 mM concentration of naphthazarin the calcite crystals appear to have a
cyan color and at 0.53 mM crystals acquired blue color. The color transitions from cyan to light
blue to dark blue at different concentrations could be driven by a mix of structural and

pigmented coloration.

Cyan, observed at low concentrations, likely results from structural color, with microstructures
of a size tuned to interact with cyan wavelengths (490-520 nm). Dark blue, prominent at high
concentrations (0.53 mM), could be primarily due to pigmented color as indeed naphthazarin
has blue color in alkaline medium which correlated well as the pH of the synthesis of

calcite+naphthazarin sample falls within the same range.

Furthermore, alongside the colored calcite crystals, we have observed the development of dark
blue needle-like structures arranged radially in a rosette pattern (as shown in Figure 4.1d),
which can be notably abundant in certain samples. The needles are likely due to the
crystallization of pure naphthazarin at basic pH. (Figure 4.1¢). Indeed, naphthazarin polymorph
A was shown to crystallize into needles in CsFs, by slow evaporation of solvent (Herbstein et

al., 1985).
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These needles are assigned to the recrystallization of pure naphthazarin at basic pH as it was
already shown that polymorph A and C of naphthazarin can exhibit needles shape (Herbstein
et al., 1985; Olivieri et al., 1990). Indeed, naphthazarin can exist in three crystalline forms (A,
B and C) with different crystal shapes (needles, plates, or prisms). However, the needles of
naphthazarin A crystals were reported to be dark green in color (Herbstein et al., 1985).
Therefore, we here form Naphthazarin A and the color difference observed in our case is due
to the alkaline pH of the solution as it discussed in Chapter 3, where naphthazarin solutions

exhibit blue color in alkaline medium.

In calcitetnaphthazarin crystals by vapor diffusion (M5), we observed purple color (Figure
4.1e) in calcite crystals which suggests that this coloration may be attributed to the
incorporation of pigments. However, the difference in color between calcite+0.53 mM and
calcite synthesized by vapor diffusion could potentially arise from variations in the synthesis

conditions or could be linked to differences in the crystal structure of the calcite crystals.

@ »

10 um . 10um

50 ym
—_

Figure 4.1. a) Calcite+0.11 mM naphthazarin, b-d) calcite+0.53 mM naphthazarin observed

under a confocal microscope, €) calcitetnaphthazarin (360 pg/mL (0.36 mM)) crystals

synthesized by vapour diffusion method.
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4.1.2. Color quantification of the naphthazarin-calcite powders obtained via

different routes and with various naphthazarin concentrations

Color quantification of the calcite-naphthazarin sample obtained by M1 with 0.11 mM
naphthazarin is reported in Chapter 3 (Section 3). Briefly, in Na,COs solution, we showed that
naphthazarin’s color changes from rose-red at pH 6 to blue-violet at pH 8.5-10.0 and to deep
blue at pH 10.3-11.5 which are due to electronic transitions in the different protonated forms,
NH>, NH- and N** forms. The observed color of the calcite-naphthazarin powders could be also
related to the proportion of the different forms of naphthazarin, which have been associated

with/incorporated into CaCOs at different stages of the synthesis.

Here, we additionally study the effect of increasing naphthazarin concentration up to 0.53 mM
on the final color of the hybrid pigments obtained by M2. In particular, we compare the
naphthazarin-calcite samples obtained by M2, i.e., co-precipitation of CaCOs together with
naphthazarin versus a physical mixing obtained by manual grinding of pure calcite with

0.5wt% of naphthazarin (Figure 4.2a i-iv).

With an increase in naphthazarin concentration (0.11 to 0.53 mM) darker blue color are visually
observed via M2 (Figures 4.2a iii and iv), whereas in a case of physical mixing resulted in a

pinkish purple colour (Figure 4.2a ii).

According to UV-visible diffuse reflectance measurements, we observe absorption bands for
all samples in the 450-700 nm wavelength range. For calcite+0.11 mM naphthazarin and
calcite+0.53 mM naphthazarin display very similar spectra with a broad band at 600 nm and
another at 530 nm, which strongly suggests the presence of N* and NH- forms within the
examined sample (Figure 4.2b). The contribution of N?- species is higher compared to NH" in
both cases. However, we do observed a small difference in the relative intensities of these two
bands for calcite+0.53 mM and calcite+0.11 mM naphthazarin samples. It seems that in
calcite+0.53 naphthazarin the relative contribution of NH" is higher compared to calcite+0.11
mM naphthazarin. This difference might be due to the difference in the pH at the end of reaction
i.e., calcite+0.53 mM naphthazarin pH is 8.5-8.6 and calcite+0.11 mM naphthazarin pH is 8.8-
8.9.

Additionally, we observe have absorbance contribution at around 500 nm. This specific

wavelength suggests the presence of the NH, form, which contributes to the overall spectral
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profile. Therefore, our findings point to a clear dominance of NH- and N?" forms in the calcite-
naphthazarin (0.11 and 0.53 mM). In the case of sample calcite-naphthazarin prepared by
physical mixing (PM), we observe that the spectral profile is different from the calcite-
naphthazarin samples (M2) as well from naphthazarin. The differences in the peak positions
suggest that the whole spectrum is shifted to lower wavelengths when compared to calcite
+naphthazarin (M2) and to higher wavelengths in comparison to naphthazarin. This results in
the maximum contribution due to (570 nm) NH™ and (520 nm) NHo, resulting in a purplish-
pink color (Figure 4.2b). The physical mixing of naphthazarin and calcite seems to have
modified the nature of the naphthazarin as well as changed color from reddish brown to pinkish

purple indicating interaction between the two species.

To quantify these hues exhibited by the calcite-naphthazarin (M2) samples, calcite-
naphthazarin (PM) and naphthazarin, the x, and y parameters of the CIE 1931 chromaticity
diagram were calculated based on the scattered component of the spectra (Figure 4.2¢). When
the samples containing varying naphthazarin concentrations were represented on the CIE
chromaticity diagram (Figures 4.2¢ and 4.2d), it helped visualize how pigment concentration
affects the perceived color of a sample. On the CIE diagram, calcite lies in the white region,

while naphthazarin lies in the overlapping region of orange and red.

In the case of calcite+0.11 mM naphthazarin samples, as discussed above, the only difference
in the UV-vis spectra profile was the difference in the relative intensity of the two maxima in
the visible region. Therefore, we normalized the scattered part of the UV-vis diffuse reflectance
data with respect to the maxima at 530 nm and then mapped onto the CIE diagram. This gave
us insight into the color variation between calcite+0.11 mM naphthazarin, calcite+0.53 mM
naphthazarin, calcitetnaphthazarin (PM). Calcite+0.11 mM naphthazarin lies in the
overlapping region of blue and purple shades resulting in a blue color. Interestingly, we
observed that a higher naphthazarin concentration (0.53 mM) pushed the colors toward the
region corresponding to the darker hues with a slightly higher contribution from the purple as
well as blue region as compared to ACC+0.11 mM naphthazarin (Figure 4.2d). This indicates
that subtle variations in the intensity of maxima in the visible region do contribute towards
observed color variation due to an increase in naphthazarin concentration (0.11 to 0.53 mM).
When examining samples synthesized through physical mixing, we notice that they occupy a
color spectrum range between pink and orange. This observation contrasts with the original

naphthazarin sample, which resides in the orange region. This consistency aligns with our
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earlier findings, demonstrating that the process of physically mixing indeed alters the

characteristics of naphthazarin due to its interaction with calcite.
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Figure 4.2. Calcite synthesized by direct precipitation in water method (M1), i) calcite, ii)
calcite+0.5 wt% naphtha PM (physical mixing), iii) calcite+0.11 mM naphtha, iv) calcite+0.53
mM naphtha, b) UV-visible diffuse reflectance spectra of calcite samples prepared with varying
naphthazarin concentrations (M2) and physical mixing. To aid in visual comparison, c¢) CIE
1931 diagram corresponding scattered part of the UV-visible diffuse reflectance spectrum of

calcite samples, d) zoomed region of CIE diagram.
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4.1.3. Color stability of the calcite-naphthazarin powders
4.1.3.1 Thermal stability

In order to study the thermal stability of the hybrid pigments, we first measured the stability of
pure naphthazarin by DSC measurements, which revealed that it melts at 225 °C and starts to

degrade at 244 °C (Figure 4.3a).

To analyze the stability of the hybrid pigment (calcite+0.11 mM naphthazarin synthesized by
M2), we conducted in-situ heating colorimetric experiments from 25 to 500 °C in the presence
of air at 5 °C/min. Figure 4.3b showcases the colorimetric data for 25, 200, 400 and 500 °C.
We observe the broad absorbance band between 400-700 nm. This band corelates well with the
UV-vis diffuse reflectance data discussed in section 4.1.2. However, it can be seen that it is
difficult to distinguish different bands in 400-700 region which provided information about the
different forms of naphthazarin. This could be due to the low sensitivity of the technique or it
could be due to the angle at which the optical fibre was placed above the sample which might
not allow for all the reflected light to be collected by the optical fibre. However, with increase
in temperature from 25 to 400 °C we did not observe significant change in the spectral profile
of calcite+0.11 mM naphthazarin (M2), which is stark contrast to the images acquired on
calcite+0.11 mM naphthazarin (M2) sample ex-situ heating. Figure 4.3¢ highlights the color
changes upon heating of sample from purple blue color (25 °C) to a color with pink shade (200
°C and 400 °C). This color change strongly suggests a reaction to the heightened thermal
conditions, which can be attributed to either the removal of adsorbed water or structural water
molecules (Figure 4.3¢c). At 500 °C, the absorbance band vanishes indicating the degradation
of naphthazarin associated with calcite+0.11 mM naphthazarin resulting in a white color

(Figures 4.3b and 4.3c).

To delve deeper into the color changes during heating, the colorimetric data was graphically
represented on the CIE 1931 chromaticity diagram a two-dimensional color space (Figure
4.3d). By representing the data in the CIE color space, we gathered information about the
stability as well as the color changes during the heating of the calcite+0.11 mM naphthazarin
sample. However, due to absence of distinct bands in the 400-800 nm region, CIE map only
provided accurate information regarding the intensity of the color with respect to temperature.
Notably, we observed alteration in color at 200 °C, shifting from darker blue and purple to a

lighter purple blue. When the calcite+0.11 mM naphthazarin sample was exposed to 400 °C,
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the color became lighter and acquired lighter blue and purple shade, and with further increase

in temperature to 500 °C the pigment degraded completely, resulting in a color close to white

These findings strongly suggest that the hybrid pigments exhibit an exceptional level of
stability against heating, particularly when compared to naphthazarin, which starts to degrade

at a significantly lower temperature of 244 °C.

When we examine the stability of calcite+0.11 mM naphthazarin in contrast to that of sea
urchin spines, a fascinating insight emerges. It has been observed that upon subjecting the
purple spines to heat, a distinct color transition is observed as shown in Figure 4.3f. At around
170 °C, the once vibrant purple hue transforms into a more subdued purple-brown shade. This
alteration points to the degradation of organics present within the calcite structures of the
spines. It's important to emphasize that the nature of the organics within the spines is inherently
diverse, encompassing pigments and various other organic compounds. As the temperature
continues to rise, the color of the spines further evolves. At approximately 220 °C, the
transformation is even more pronounced, with the color shifting to a complete brown hue.
Finally, at a temperature of 400 °C, the spines attain a white color, signalling the comprehensive

degradation of most of the organic constituents (Figure 4.3f) (Albéric et al. 2018).

Overall, our findings emphasize the stability of these hybrid pigments within a range of room

temperature to high-temperature (25-400 °C) conditions.
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Figure 4.3. a) DSC thermogram on naphthazarin (20-300 °C at 5 °C/min) displaying melting
point at 225 °C and degradation at 244 °C, b) In-situ heating (5 °C/min) colorimetric
measurements on calcite+0.11 mM naphthazarin (M2) at different temperature (25 °C, 200 °C,
400 °C, 500 °C), ¢) Images acquired on calcite+0.11 mM naphthazarin (M2) sample heated for
1 hr at different temperatures (25 °C, 200 °C, 200 °C, 500 °C) and allowed to cool to RT, d, e)
CIE 1931 diagram of the in-situ colorimetric measurement on calcite+0.11 mM naphthazarin
synthesized by direct precipitation (M2), f) images acquired by Marie Albéric on purple sea

urchin spine powder after heating at different temperatures.

4.1.3.2. Chemical stability

The chemical stability of the colors was assessed by oxidative treatments with NaOCI (Marzec
et al., 2018) at different initial concentrations of naphthazarin (0.11 mM and 0.53 mM) for
different times from 2 to 24 h. NaOCl was considered because it is widely used to remove
efficiently the inter-crystalline organic tissues of biominerals (Penkmann, 2008). In the case of

sea urchin spines, it was shown that the color resists intensive bleaching up to NaOCl 12 % for
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48 h (Figure 4.4). This is confirmed by UV-vis diffuse reflectance measurements conducted on

bleached purple spine powder samples by Marie Albéric (Figure 4.4).

We observed that bleaching with 1% NaOCI for 2 h of the different samples resulted in the
complete degradation of naphthazarin in the case of the physical mixture of calcite with 0.5
wt% naphthazarin (Figure 4.5a ii), whereas only a reduction in intensity of color of the M2
calcite-naphthazarin samples (0.11 and 0.53 mM) (Figures 4.5a, iii and iv) was observed while

the hue remained intact (Figure 4.5a, iii and 1v).

We obtained similar results when bleaching was done for 24 h suggesting that naphthazarin is
quite protected by the mineral phase. The concentration of NaOCI also did not impact the
degradation of naphthazarin as we did not observe significant color changes for samples

bleached with 1, 5 and 12 % NaOCI.

The quantitative analyses by UV-visible diffuse reflectance measurements of the different
samples confirm these visual observations. Indeed, the UV-visible spectra profile of bleached
(calcite+0.11 mM naphthazarin, calcite+0.53 mM naphthazarin and physical mixing sample)
were different. For calcite+0.11 mM naphthazarin bleached we observed only decrease in the

overall absorbance but no change in overall spectral profile.

In case of calcite+0.53 mM naphthazarin bleached along with decrease in the absorbance we
observe spectral changes as global maxima shifted to approximately 580 nm from 620-630 nm
and also the relative intensity of the band with maxima around 510 nm is different when
compared to unbleached counterparts. This suggests that NH™ species is contributing more
towards color in calcite+0.53 mM bleached sample when compared to unbleached samples. It
is worth considering that as naphthazarin degrades relatively in higher amount in comparison
to calcitet0.11 mM naphthazarin bleached, particularly in the case of calcite+0.53 mM
naphthazarin, the degraded naphthazarin may be the N form as the band at 620 nm diminishes
(Figure 4.5a).

To gain better understanding of the color changes of bleached samples, the scattered part of the
UV-vis diffused reflectance was mapped on the CIE 1931 diagram. On the CIE diagram,
calcite-naphthazarin (PM) bleached lies in region close to white and calcite+0.11 mM
naphthazarin bleached lies in lighter purple blue region. For bleached samples, we observed a

decrease in the intensity of the color as it lies in the white region. For Calcite+0.53 mM
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naphthazarin, we observed that bleached counterpart had lighter compared to calcite+0.11 mM

naphthazarin (bleached).

Overall, these results show that most of the naphthazarin is adsorbed on the surface of the
calcite (Physical mixing as well as (M2)). However, bleaching did not completely degrade the

color in case of samples obtained by M2 suggesting incorporated naphthazarin was well

protected.
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Figure 4.4. The UV-Vis diffuse reflectance spectrum of purple sea urchin spine powder: fresh
spines powder, bleached spine powder with 5% NaOCI for 12h, and bleached spines powder
with 12 % NaOCl for 48h.

172



Multiscale investigation of the naphthazarin- calcite interactions

. 1 o 2
! AT b} 10 o NHZE NH: N
a) Calcite { "] Bleached 1% i [Naphtha] {mM)
| NaOCl (2hrs) — 0.0
\\ > — o011
o = o : H —— 0.11_bleached
i R : — 053
0.5wt% f A 3 i H
naphtha_PM \ a..0c.) —— 0.5 wt%_PM
k / T —— 0.5 wt.%_PM_bleached
4 =3
- c
iii 3
; :
00.11mM F R
naphtha
Iv 0.2+
0.53mM
naphtha Calcite
00 T T v i T )
300 400 500 600 700 800
Wavelength(nm
[Naphtha] (mM) gthinm}
— 0.00
C) — d) 0.33 -
—— 0.11_bleached A
— 053
0.8 4
—— 0.5wt%_PM 0.32 L
—— 0.5 wt.%_PM_bleached
0.31 ]
0.6 =
P 0.30 4
£ u
0.4
029
N 0.28 -|
P | |
0.2
027 T T T T T T T 1
0280 0285 0290 0295 0300 0305 0310 0315 0.32¢
x
0.0 T T T 1
0.0 0.2 0.4 06 08

Figure 4.5. a) UV-visible diffuse reflectance spectra of calcite samples prepared with varying
naphthazarin concentrations using precipitation (M2), physical mixing, and post-bleaching
methods. To aid in visual comparison, b) spectrum have been vertically shifted along the y-axis
to facilitate the comparison of their profiles. ¢) CIE 1931 diagram corresponding scattered part
of the UV-Vis diffused reflectance spectrum of calcite samples prepared with different
concentrations of naphthazarin, d) zoomed of CIE 1931 diagram of calcite samples prepared

with different concentrations of naphthazarin.

4.1.4. Naphthazarin at the surface and occluded within the calcite crystals

4.1.4.1. Surface analyses

In order to study the presence of naphthazarin on the CaCO; crystals XPS measurement and
Raman spectroscopy techniques were used. In contrast to UV-visible diffuse reflectance
measurements, which allow to probe the samples up to few microns in depth, while XPS (1
nm-1 pm) and Raman spectroscopy (20-50 pm) provide atomic-level surface characterization

(Clara Saracho et al., 2020).
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Figure 4.6 showcases high-resolution XPS spectra of the Cls, Ca2p and Ols energy levels of
naphthazarin, calcitetnaphthazarin (0.22 mM and 0.53 mM) (M2) and bleached calcite+0.11

mM naphthazarin while the corresponding surface atomic ratios are presented in Table 4.2.

As reported in Chapter 3, the deconvolution of the Cls spectra of naphthazarin revealed three
main peaks at 284.6+0.1 eV, 286.2+0.1 eV, and 287.14+0.1 eV, which can be attributed to the
carbon atoms in the aromatic ring or amorphous carbon, -C-OH and -C=0, respectively (Le
Guillou et al., 2018) (Figure 4.6a). In the O 1s region, we detect signals corresponding to the
presence of a carbonyl group (-C=0) at an energy level of 531 eV (Figure 4.6¢) and signals
associated with the hydroxyl functional group (-C-OH) at a slightly higher energy level of
532.4 eV (Figure 4.6¢).

In the carbon region for calcite, we observe an amorphous carbon or contamination signal at
284.24+0.1 eV and 289.2+0.1 eV corresponding to COs> (Tobler et al., 2015). For calcite-
naphthazarin (Figure 4.6a), we observe an additional signal in the 286-287 eV range, due to
the presence of organic carbon signal. This organic signal might be coming from the presence

of C-OH, -C=C- of the naphthazarin (Stipp and Hochella, 1991).

In the calcium region, the Ca 2p doublet with the Ca 2p3/, contribution at a binding energy of
346.6£0.2 eV is also detected (Figure 4.6b), which allow one to calculate Ca/C ratio. In
addition, distinctive signals originating from specific chemical groups within the compound in
the oxygen region are detected for calcite-naphthazarin sample. Specifically, we detect signals
corresponding to the presence of a -C=0 at an energy level of 531 eV and signals associated
with the -C-OH at a slightly higher energy level of 532.4 eV were absent (Figure 4.6c). The
measurement performed on crystalline CaCO3z with different naphthazarin concentrations
shows that with an increase in naphthazarin concentration from 0.22 mM to 0.53 mM the C/Ca
and O/Ca ratio increases indicating naphthazarin concentration on the surface increases (Table

4.2).

For calcite-naphthazarin samples, we have only a C=O0 signal in the oxygen region and it might
be due to the following reasons: 1) naphthazarin concentration might be low, and -C=0 signal
was from carbonates, 2) the -C=0 signal was due to naphthazarin, which means -C-OH signal
is absent suggesting the naphthazarin might be in deprotonated form. These XPS results
provided information about binding energies and thus atomic compositions of CaCO; as

summarized in Table 4.2.
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Finally, in the case of the bleached sample, no organic carbon signal was observed and the C/Ca
and O/Ca ratios are very close to that of calcite without naphthazarin, suggesting that most of
naphthazarin was removed after bleaching (Table 4.2). The small difference in the C/Ca and
O/Ca ratios can be attributed to the smaller organics units generated from degradations of

naphthazarin that might be still associated with the calcite

a) Cils b) Ca2p c) O1s

Naphthazarin
Calcite + Naphtha(mM)
0.00
0.22
0.53

—

298 204 290 286 282 360 356 352 348 344 340 544 540 536 532 528
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 4.6. XPS analysis of naphthazarin, calcite, and calcite+naphthazarin samples. a) Carbon

region (C 1s), b) calcium region (Ca 2p), c¢) oxygen region (O 1s).

Table 4.2. Summary of the different C/Ca and O/Ca ratios measured in pure calcite and in the
different calcite-naphthazarin samples (0.22 mM, 0.53 mM and 0.11 mM).

Naphthazarin concentration (mM) | C/Ca ratios | O/Ca ratios
0.0 1.47 2.61
0.22 2.9 2.99
0.53 2.96 3.38
0.11_Bleached 1.76 2.69

Raman mapping analysis was used to get insights into the spatial distribution of naphthazarin
at the surface of the calcite+0.53 mM naphthazarin (M2) sample (Figures 4.7a and 4.7b). Each
pixel in the map represents a 1 um x 1 pm area of the sample's surface, and the Raman spectra
are recorded at each of these points and contain all the data points from 100-3500 cm'. The
average Raman spectra of the 2D map revealed characteristic features of calcite, including the

symmetric strefching vibration mode (v1) at 1084 cm™ and the asymmetric strefching vibration
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mode (v3) at 282 cm™ of the CO3? ions. Other bands attributed to naphthazarin are detected.
In particular, distinctive peaks, the -O-H in-plane bending vibrations around 1240 cm™ ,
stretching vibrations or in plane bending vibrations for C-H/C-C at 1410 and 1374 ¢cm™ are
observed (Zahedi Tabrizi et al., 2004). These findings provide compelling evidence confirming

the presence of naphthazarin on the surface of the CaCO; crystals.

Once we analyzed, the average Raman map and we selected the distinct spectral bands for 1084
cm™! for calcite and 1240 cm™ for naphthazarin which allowed us to plot the 2D map with blue
for calcite and red for naphthazarin (Figure 4.7c). Analyzing this color-coded map allowed us
to visually discern the locations where calcite and naphthazarin were present, thus providing
insight into their spatial arrangement. It suggests that naphthazarin is not distributed uniformly
with some region crystals having higher concentration of naphthazarin than others. This also
highlights that the naphthazarin might not be adsorbed even on all the crystals as some regions

on the 2D shows no presence of naphthazarin.
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Figure 4.7. a) Raman Spectrum of calcite+0.53 mM naphthazarin powder with a step size of
Ium using red laser (532 nm) b) Zoomed spectrum (a) Spectra of calcite+0.53 mM
naphthazarin ¢) Raman map extracted from the Raman spectrum obtained on calcite+0.53 mM
naphthazarin powder packed with a step size of 1 pm. The red color corresponds to CaCO3 and

the blue color shows naphthazarin distribution.

4.1.4.2. Quantification of naphthazarin associated with calcite: adsorbed versus occluded

The total amount of naphthazarin associated with calcite and the amount only incorporated into
calcite were quantified using UV-vis spectroscopy measurements of the calcite+0.11 mM

naphthazarin and calcite+0.53 mM naphthazarin samples synthesized by M2.
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The amount of naphthazarin associated with calcite in the resulting powder was quantified
using UV-visible spectroscopy measurements by first dissolving the calcitet+naphthazarin
samples with 1 M HCl solution that results in a clear red-colored solution and second measuring
the absorbance of the resulting solution by adjusting the pH to 5.5, at which the calibration

curve is obtained.

The calibration curve was obtained as follows: Naphthazarin was dissolved in water at
different concentrations ranging from 0.01 to 0.055 mM at pH 5.5, which is the obtained pH
for all the prepared solutions (Figure 4.8). UV-visible measurements were performed on

different concentration of naphthazarin (Figure 4.8a).

Once the calibrations curve was obtained, we then performed the UV-visible measurements on
the resulting calcite+0.11 mM naphthazarin and calcite+0.53 mM naphthazarin as well as
bleached samples solutions prepared by dissolving them in 1 M HCl solution and then adjusting
the pH to 5.5. To get the accurate value of naphthazarin concentration associated with ACC,
we must stay within the calibration curve limits. Ideally our samples contain 0.11 mM and 0.53
mM naphthazarin, these concentration values should lie outside the calibration curve limits. In
order not to exceed the calibration limits, we decided to dissolve 50mg of calcite+0.11 mM
naphthazarin sample, 20 mg of calcite+0.53 mM naphthazarin, 100mg of calcite+0.11 mM
naphthazarin bleached, 50mg of calcite+0.53 mM naphthazarin bleached in 1 M HCI and
adjusting the pH to 5.5 while keeping the total volume at 50 mL.

The absorbance spectra were obtained on calcite+0.11 mM naphthazarin, calcite+0.53 mM
naphthazarin as well as on bleached samples solution. The absorbance value for each sample
at 510 nm were extracted and plotted on the calibration curve, which suggests that the
concentration of naphthazarin in calcite+0.11 mM naphthazarin, calcite+0.53 mM
naphthazarin, calcite+0.11 mM naphthazarin bleached and calcite+0.53 mM naphthazarin
bleached was 0.026 mM, 0.048 mM, 0.006 mM and 0.008 mM respectively. After this the
concentration values were adjusted to 200 mg of calcite (yield of the reaction (M2)) to get the
exact concentration of naphthazarin associated with calcite. Therefore, the concentration terms
for calcite+0.11 mM naphthazarin and calcite+0.53 mM naphthazarin were ~0.1 mM and ~0.48
mM respectively and for bleached counterparts 0.11 mM and 0.53 mM were 0.012 mM and
0.032 mM respectively UV-vis results indicated that the efficiency of naphthazarin
incorporation or association with ACC was approximately 90-95 %. However, in case of

bleached samples the incorporation percentage of naphthazarin was approximately 5-10 %.
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Overall, these results indicate that a relatively low concentration of naphthazarin is
incorporated within the CaCOs crystals, while the majority of the naphthazarin appears to be
adsorbed on the surface of the CaCOj crystals.
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Figure 4.8. a) UV-visible absorbance spectra obtained on different concentration of
naphthazarin at pH 5.5. UV-vis spectra solution obtained on solution by dissolving calcite+0.11
mM naphthazarin, calcite+0.53 mM naphthazarin and bleached counterparts in 1M HCI at pH
5.5. b) Calibration curve obtained for naphthazarin at pH 5.5 by extracting the absorbance
values for each concentration at 510 nm and corresponding absorbance values for

calcite+naphthazarin samples.

NaOCl is strong oxidising agent that leads to the complete degradation of organics. Finally, we
made sure that the NaOCl treatment (1 %, 24 h) had no discernible effect on either the crystal
shapes nor the surface characteristics of pure CaCO3 samples (Figure 4.9), which suggest that

the incorporated naphthazarin within the calcite-naphthazarin crystals should be still intact.
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Figure 4.9. SEM-FEG micrographs: a, b) calcite, c, d) calcite bleached (1 % NaOCl, 24 h).

4.2. Local naphthazarin-calcite interactions from micro- to the nano-scale
4.2.1. Qualitative evaluation of naphthazarin-calcite interactions

In our investigation of the interaction between naphthazarin and calcite, we conducted
experiments involving the suspending and stirring of calcite+naphthazarin (M2) in water and
ethanol for 2 h. Our observations were compared with those of ACC+naphthazarin (M1) and
calcitetnaphthazarin physical mixing. For calcitetnaphthazarin and ACC+ naphthazarin
sample we did not observe leaching out of pigment into the water or ethanol but we do observe
leaching of pigment into water and ethanol for calcitetnaphthazarin physical mixing. These
finding indicate that naphthazarin definitely exhibits stronger interactions when coprecipitated
with CaCOs; in comparison to physical mixing. However, at this stage we cannot confirm the
true nature of interactions, but we can just speculate that the interactions might be strong

electrostatic interactions with the CaCO3; matrix.
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Figure 4.10. Images of filtrate obtained after powdered samples were suspended in water (b-
d) and ethanol (f-h). a) Water, b) calcite + naphthazarin (1 wt.%) (PM), ¢) ACC+ (0.11 mM)
naphthazarin, d) calcite + (0.11 mM) naphthazarin, ¢) ethanol, f) calcite+ naphthazarin (1 wt.%)
(PM), g) ACC+ (0.11 mM) naphthazarin, h) calcite+ (0.11 mM) naphthazarin.

As discussed in section 4.1.4.2. that most of the naphthazarin is adsorbed on the surface of
calcite rather than being incorporated. UV-vis diffuse reflectance spectra analysis of bleached
ACC+0.53 mM naphthazarin provided insights into the incorporation of naphthazarin within
ACC (Figure 4.11). We observed that bleaching completely degraded he naphthazarin as no
absorbance band was observed in the visible region suggests that naphthazarin likely resides
on the surface of the ACC. However it known that ACC can be porous in nature (Sun et al.,
2020), therefore it is possible that naphthazarin could be present everywhere within the ACC

matrix.

Similarly, it has been observed that bleaching of the regenerating part of the sea urchin spine
where the ACC polymorph is present at the surface of already crystalline calcite, leads to
discoloration indicating that pigments might not be well protected when associated with the

ACC matrix as compared to the calcite matrix.
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Figure 4.11. a) UV-vis reflectance spectra on ACC+ 0.53 mM naphthazarin and ACC+ 0.53

mM naphthazarin bleached (1 % NaOCI 2 h).

4.2.2. Effect of naphthazarin on calcite crystals morphology and surface

To investigate the impact of naphthazarin on the morphology and the surface of calcite, we
employed FEG-SEM imaging to examine the samples synthesized by M5 (vapor diffusion
method), M2 (direct precipitation method at pH 10.5) and M3 (at pH12.5) as well as by M4
(ACC formation at pH 10.5 and crystallization induced by heating).

4.2.2.1. Calcite-naphthazarin crystals obtained by vapor diffusion M5

Vapor diffusion (M5) is a well-established and commonly employed technique for investigating
the influence of organics on crystal morphologies. SEM micrographs obtained on calcite
crystals with naphthazarin concentrations starting from 10 pg/mL show noticeable alteration
in their morphology (Figure 4.12). The crystals display an elongation in their overall shape.
Despite this change in crystal morphology, the crystal surfaces remained largely unaffected,

which could be attributed to the relatively low concentration of naphthazarin.
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Figure 4.12. SEM micrographs were obtained on single crystal assay by vapor diffusion
synthesis with varying concentrations of naphthazarin. a) calcite, b) calcite+naphthazarin (2
pg/mL), c) calcitetnaphthazarin (4 pg/mL), d) calcitetnaphthazarin (6 pg/mL), e)
calcite+naphthazarin (8 pg/mL), ) calcitetnaphthazarin(10 pg/mL).

To explore the impact of higher concentrations of naphthazarin on the morphology and surface
of the calcite crystals, the initial pH of the CaCl. solution had to be increased in order to
increase naphthazarin solubility. An initial solution of naphthazarin (83 pg/mL) was first
prepared in the presence of 2 mM NaOH and second diluted by 3, 2 and 1.4 times, which
resulted in 25, 42 and 58 pg/mL of naphthazarin together with 13, 20 and 28 mM NaOH,
respectively. Figure 4.13, display the SEM-FEG micrographs obtained for these three
concentrations. we can observe that with increase in concentration of naphthazarin lead to the
change in morphology. At 25 pg/mL we evidence the elongation and development of new edges
(110) (Jimenez-Lopez et al., 2003), at 42 pg/mL the calcite exhibited structure resembling of
stacked non non-aligned crystals, a phenomenon observed (Aizenberg et al., 2002) when
growing synthetic calcite crystals epitaxially on the spicule surfaces were misaligned in the
a,b-plane. With further increase in naphthazarin concentration to 58 pg/mL, we observed the
elongation crystal which can be can be correlated with a study by (Aizenberg et al., 1997). In
this study, they showed that calcite crystals grown in the presence of macromolecules extracted
from sea urchins by vapor diffusion cause morphological modifications and anisotropic textural
changes in the grown crystals. Notably, the calcite crystals exhibited well-developed stepped

faces slightly oblique to the c- axis and perpendicular to the a-axis.
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Figure 4.13. SEM micrographs obtained on calcite-naphthazarin with different concentration,

a) 25,b) 42, ¢) 58 pg/mL together with 13, 20 and 28 mM NaOH respectively (~pH 12.5).

The presence of NaOH in the solution cannot be ignored as it has been shown that pH variation
can influence the crystal morphology (Tobler et al., 2016). Therefore, additional vapor
diffusion CaCOs3 syntheses were performed in the presence of NaOH concentration of 40 mM
(pH 12.5) for pure calcite and calcitetnaphthazarin. SEM micrographs revealed the presence
of individual calcite crystal (Figures 4.14a and 4.14e), aggregates of calcite crystals (Figures
4.14b and 4.15¢f) and another polymorph of CaCOs (Figures 4.14d and 4.14h) in the form rosette
mostly likely vaterite (Trushina et al., 2014). At this pH, aggregates of calcite crystals are
observed, this phenomenon of fused calcite crystals is well documented for calcite synthesis at
pH 12.5 (Tobler et al., 2016). The additional CaCOs polymorph ratio with respect to calcite
was quite low as we observed very few of these structures. The addition of naphthazarin
(concentration 40 pg/mL) did not lead to an elongation of the crystals as observed before in the
absence or low NaOH concentration but in a drastic alteration of the surface in the form of pitss
(Figures 4.14e-g). This effect is studied in detail below for the precipitation method at pH 10.5
to 8.5.
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Figure 4.14. SEM micrographs were obtained on single crystal assay by vapor diffusion
synthesis with 40 nug/mL naphthazarin in the presence of 40 mM NaOH. In the absence of
naphthazarin a) single crystal, b) fused crystals, ¢) zoomed in on (b), d) different CaCOs3
polymorph. In the presence of naphthazarin e) single crystal, f) fused crystals, g) zoomed in on

(f), h) different CaCOs polymorph.

4.2.2.2. Calcite-naphthazarin crystals obtained by direct precipitation M2 and M3

In Chapter 3, we observed that the surface defects were absent when SEM micrographs were
obtained on samples filtered at 700 s (vaterite and calcite mixture) (see chapter 3, section
3.2.1.3). However, surface defects were present for samples obtained at 18 h. This observation
indicated the significance of kinetics or the potential role of organic compounds in introducing
defects during the transformation of calcite/vaterite mixture into calcite. Given that kinetics
can play role in the modification of crystal surface, we therefore investigated the effect of
naphthazarin on the calcite after synthesis was performed (2-3 days) (outside metrohm). We
also analyzed the calcite obtained by heating of ACC (M4). This synthesis method was
explored to follow the solid-state transformation of ACC into calcite. This crystallization

routeway mimics the solid-state crystallization of ACC into calcite as observed in sea urchins.

The SEM-FEG micrographs on calcite in Figure 4.15a reveal the regular rhombohedral shape
(euhedral calcite crystals) and smooth surface of the calcite crystals. The synthesis results in
the broken edges of some calcite crystals due to stirring which exposes the inner morphology.
The broken edges provided insights into the crystal formation mechanism i.e., it might be due
to the attachment of small calcite blocks i.e. Kossel’s model of a growing crystal surface

(Mullin, 2001).The SEM-FEG micrographs of calcitetnaphthazarin samples synthesized by
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direct precipitation (M2) with different concentrations of naphthazarin (0.025-0.53 mM)
revealed notable alterations in the surface of the calcite crystals (Figure 4.15). One of the
prominent changes at 0.025 mM observed is the heightened roughness of the crystal surfaces
although the shape of the crystal remained unchanged (Figure 4.15b). As the concentration of
naphthazarin was increased to 0.53 mM, the shape of the crystals became distorted along with
formation of edges as observed for vapor diffusion synthesis (Section 4.2.2.1) (Figures 4.15¢-
f). The roughness resembles pits with geometric shapes such as rhombohedral-shaped holes
(Figure 4.15f). These surface irregularities can serve as indicators of two distinct phenomena:
1) Organic inclusions: some crystal holes or pores may stem from trapped organic inclusions,
like pigment molecules, within the crystal during their formation Over time, as the crystal
continues to form, these organic inclusions can create voids or openings on the crystal's surface
(Page et al., 2008). 2) Calcite-shaped holes: alternatively, holes may form due to specific
growth conditions, affecting certain crystal facets and leading to rhombohedral crystal-shaped

holes (Orme et al., 2001).

The rhombohedral holes on the surface of the calcite can also be related to the concentration of
naphthazarin, as only a relatively low concentration of naphthazarin resides within the crystal
and the majority of naphthazarin seems to be adsorbed or bound to the surface of the CaCO3
crystals. Moreover, the naphthazarin concentration incorporated values obtained for
unbleached samples are very similar to that of ACC (discussed in Chapter 3). However, for
bleached ACC and calcite samples, the values are very different suggesting that whatever gets
incorporated or absorbed at the ACC stage does not get fully incorporated within the calcite.
In our case, naphthazarin is associated with calcite, primarily through surface adsorption, with

smaller concentrations being incorporated into the bulk.

Another hypothesis for the low concentration of naphthazarin to get incorporated could be due
to m-m stacking of the naphthazarin molecules. The n-m stacking phenomenon involves
attractive interactions between adjacent aromatic rings in molecules like naphthazarin. Its
planar, aromatic structure enables these interactions. During CaCOs formation or

crystallization, n-m stacking can prevent naphthazarin from integrating into the crystal lattice.

This interference can be attributed to the relatively stronger n-n stacking forces compared to
the interactions between naphthazarin and the CaCOs lattice. As a result, naphthazarin
molecules may prefer to stack together or adhere to the crystal surface rather than integrating

into the CaCOs structure.
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We also observed that for naphthazarin concentration 0.22 mM or higher (0.53 mM) leads to
the crystallization of naphthazarin as a rosette of needles which can be seen in (Figure 4.16d-
f) as already observed by light microscopy (see Figure 4.1 Section 4. 1.1). SEM micrographs
revealed that they resemble more to flat rosette of fibres than to true needles. By performing
EDX measurements on the needles, we observe higher carbon signal and very low calcium
sigmal which indicates naphthazarin reprecipitate as needles. This precipitation of naphthazarin
from the reaction mixture does corelate well with the hypothesis that at higher concentration
naphthazarin might aggregate and hence hinder its ability to interact with CaCOs hence it
destabilizes the ACC phase against crystallization.

Figure 4.16. SEM micrographs obtained on calcite+0.53 mM naphthazarin(M2) showcasing
the precipitated naphthazarin.

Our analysis of heated ACC samples at 200°C using SEM revealed a distinct contrast in the
resulting calcite structure compared to its solution-derived counterpart in chapter 3. The heated
calcite lacked a defined shape and comprised small crystalline nanoparticles (10-100 nm) that
merged to form extensive structures (100-500 nm), reminiscent of CaCOs particle organization
in corals (Figure 4.17). Interestingly when we examined the ACC samples heated to 400°C we
observed that pure ACC structure remained unaffected however in presence of naphthazarin
(0.11 and 0.53 mM) the ACC structure looked smooth instead of aggregation of small
crystalline nanoparticles. These results indicate that heating of ACC at high temperature (400
°C) could result in the degradation of the naphthazarin which could result in contraction of
ACC and hence smooth structure. However, at this stage we do not have a proper explanation

for this phenomenon.
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Figure 4.17. FEG-SEM micrographs of ACC, ACC+0.11 mM naphthazarin, and ACC+0.53
mM naphthazarin at 200 °C, Zoomed of micrographs obtained on samples heated at 200 °C,
and 400 °C.

4.2.2.3. Calcite-naphthazarin crystals obtained by direct precipitation M3

We also explored how high pH and naphthazarin concentration can affect the calcite
morphology by synthesizing calcite at pH 12.5 (M3). Indeed, it was show that at pH >12.0 the
lifetime of ACC increases and it directly converts into calcite (Tobler ef al., 2016) without the
formation of vaterite as an intermediate as opposed to syntheses at pH <12. Figure 4.18,
illustrates the pH profile during the CaCOs3 synthesized at pH 12.5 and the corresponding XRD
diffractograms obtained on CaCO; filtered at 270 s and 570 s confirming the direct
crystallization of ACC into calcite. The pH profile of this synthesis is quite different from the
ACC synthesis at pH 10.5. Here, we observe an increase in pH upon ACC crystallization into
calcite which opposite of synthesis at 10.5. It's important to note that in this context, the distinct
increase in pH, indicates a fundamentally different system due to the presence of hydroxide

ions (OH"). This increase pH might also be linked to the decrease in the Ca®" in the solution.
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Figure 4.18. pH profile for the synthesis of CaCO; at pH 12.5 and XRD diffractograms

obtained on CaCO; powder obtained a different time intervals, 270 s and 570 s.

Similarly, to fused crystals obtained by vapor diffusion at high pH (12.5), all crystals formed
by M3 form aggregates, they appear to cluster into floral structures (Figures 4.19a and 4.19b).
This distinct morphology indicates that the highly alkaline pH enviro nment had a significant
influence on the crystal's growth pattern. In addition, the introduction of naphthazarin (0.11
mM and 0.53 mM) promoted the decrease in size of the individual crystals from 500 nm to
200-300 nm (Figures 4.19c-f). Notably, while naphthazarin played a role in modulating the
size of these small, fused crystals, the surface characteristics of the calcite crystals remained
unaltered. This phenomenon hints at the rapid kinetics of the synthesis process, where changes

in crystal morphology take precedence over surface modifications.
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Figure 4.19. SEM micrographs on calcite synthesis at pH 12.5. a) Calcite, c) calcite+0.11 mM
naphthazarin, e) calcite+0.53 mM naphthazarin. Zoomed region b) calcite, d) calcite+0.11 mM
naphthazarin, f) calcite+0.53 mM naphthazarin.

Overall, these results on the crystal shape and morphology show that naphthazarin can have
different effect depending on the concentration but also on the pH and the mode of the
synthesis. Low concentrations of naphthazarin (10 pg/mL) modified the shape of the calcite
crystals formed by vapor diffusion whereas higher concentration (40 mM) are needed to modify
the surface of calcite obtained by MS5. In calcite synthesized by M2 we observed the opposite
trend as low concentration of naphthazarin (0.025 mM) modified the surface of the crystals
without effecting the shape of the crystals and high concentration (0.53 mM) was required to
induce changes in the surface as well as shape of the crystals. In case synthesis methods where
direct crystallization ACC into calcite happens i.e., 1) crystallization induced by heating, 2)
synthesized at 12.5. In both cases the structure obtained will be quite different however one
common factor was that the calcite structure was formed of smaller crystallites fused together.
In former case we observed that the calcite structure was formed of small nano crystallites (200
°C) in the presence and absence of naphthazarin. However, at 400 °C we observe that presence
of naphthazarin make the structure smooth compared to pure ACC. In the latter we observe that
the presence of naphthazarin effects the size of the crystallites fused together. These results
highlight the fact that the morphology of the calcite depends on various factor that change
during the course of synthesis, such as kinetics, pH change, concentration of the organics,

interaction between organics and Ca®* ions.
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Drawing parallels to previous investigations, such as those conducted by (Aizenberg et al.,
1997; Berman et al., 1988), who scrutinized sea urchin macromolecules (1-10 pg/mL) via
vapor diffusion synthesis, and the work of (Zou et al., 2020), who explored Poly(Aspartic acid)
(pAsp) (1.5 wt%) through direct precipitation synthesis, we can infer that naphthazarin, might
assume a multifaceted function during calcite growth. In particular, naphthazarin could
potentially be adsorbed primarily on the surface of the calcite crystals, while also becoming
occluded within the crystal. This dual interaction could lead to a combined effect on the surface
and shape of the calcite crystals. The adsorption on the surface might hinder calcite nucleation,
as seen in the case of pAsp, while the occlusion within the crystal lattice could lead to

deformation, similar to the sea urchin macromolecules.

4.2.3. Spatial distribution of naphthazarin within the calcite crystals

To inspect the naphthazarin presence within the calcite crystals, different techniques and
methods were employed. STEM analysis was performed on 60 nm lamella sections of
calcite+0.53 mM naphthazarin_bleached prepared by ultramicrotomy. The analysis revealed
distinct contrast patterns, with naphthazarin appearing as light contrast and calcite as dark
contrast. This contrast discrepancy is due to variations in the electron density of these materials.
Naphthazarin, with its lower electron density, appears as a lighter area, whereas calcite, having
higher electron density, results in a darker contrast in the imaging. (Figure 4.20). This
observation suggests that naphthazarin has been occluded or trapped within the calcite. These
findings align with the research conducted by (Page et al., 2008) investigating the inclusion of
organic entities (PEO-(RGD)s) inside calcite, where they provided evidence of rhombohedral
pores with sizes reaching up to 50 nm. Interestingly, these dimensions were slightly smaller on
average than the hydrodynamic radius of the PEO-(RGD)s aggregates. In our case, we observed
pore sizes ranging from 1 to 5 nm (arrows in Figure 4.20c), which could potentially be

attributed to the aggregation of naphthazarin as naphthazarin is a few Angstroms.
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Figure 4.20. STEM analysis on sample Calcite+0.53 mM naphtha bleached for 2 h with 10%

NaOCl observed on 60 nm sections. Arrows on micrograph (c) indicate lighter contrast due to

the presence of naphthazarin.

FIB-SEM analysis allowed us to investigate the presence of naphthazarin occlusion within the
calcite. This analysis was performed to achieve two goals: 1) to check for the organic
occlusions within the calcite crystals, and 2) to have FIB lamella of 50-70 nm thickness for
STEM-EELS analysis. FIB and ultramicrotomy yield different calcite sections due to the
cutting methods. FIB uses an ion beam, offering precision and clean cut, while ultramicrotomy
employs a blade, posing challenges with brittle calcite, often resulting in crystal breakage or
uneven layers. The SEM micrographs from the FIB section (Figures 4.21a and 4.21b) revealed
the presence of small pores (20-100 nm) within the calcite crystals. Importantly, some of these
pores exhibited indications of being filled (Figures 4.21c and 4.21d), which could potentially

be naphthazarin or artifacts generated during FIB lamella preparation. This observation
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suggests that naphthazarin may be incorporated into the calcite matrix, occupying these void

spaces and filling them partially or completely.

5.906 ym

Figure 4.21. SEM micrographs of the FIB lamella section of calcite+0.53 mM naphthazarin of
60-70 nm thickness a), c) SE detector, b), d) ESB detector. c¢) and d) are zoomed-in views of

an area on micrograph (a) and micrograph (c) respectively.

To confirm the pores indeed contained naphthazarin STEM-EELS analysis was first performed

on lamella sections used for STEM analysis. This analytical technique, STEM-EELS, allowed
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for precise examination at the nanoscale. By probing the interaction of high-energy electrons
with the sample, STEM-EELS enabled the identification and characterization of organic

compounds within the calcite matrix (de Frutos et al., 2023).

Firstly, STEM-EELS measurement was performed on naphthazarin to gather information about
the reference (organic in calcite), and the dose-effect (Appendix 1 Table 1) was studied to reveal
the degradation dose and peak evolution. This preliminary study aims to optimize the detection
of naphthazarin. In the carbon region at a low dose of 10-100 e/A? (Figure 4.22a), an
amorphous carbon peak at ~285.1 eV, and three other small peaks in the region between 286
eV and 289 eV were observed for naphthazarin. The later peaks correspond to the organic
carbon, which is due to naphthazarin, and the former peak corresponds to either carbon grid or
organic decomposed into amorphous carbon under electron beam irradiation. With an increase
in the dose to which naphthazarin is exposed, the carbon peaks generated by the naphthazarin
evolve. As the dose was increased to 700 e/A? the intensity of the 287.5 eV peak increased This
peak is associated with the production of carbon monoxide by the degradation of naphthazarin
under the electron beam. Further increase in dose led to a decrease in the intensity of organic
peaks generated. The decrease in the intensity of peaks corresponds to the degradation of
naphthazarin into amorphous carbon. Similarly, it was observed that in the oxygen region
(Figure 4.22b), the increase in dose led to a decrease in the signal from the organic oxygen
signal generated by naphthazarin at 541 eV and an increase in the signal generated by carbon

monoxide located at 533.1 eV.
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Figure 4.22. Effect of dose on naphthazarin a) peaks of naphthazarin generated in carbon

region (C Kedge), b) peaks of naphthazarin generated in oxygen region (O K edge).

On calcite+0.53 mM naphthazarin specimens, at a very low dose of 10 e/AZ, only signals from
calcium (around 350 eV) and carbonate carbon (290 eV) were observed. The absence of a
naphthazarin signal could be attributed to the low concentration of naphthazarin in the calcite
sample. Increasing the dose to approximately 400 e/A? resulted in the detection of an organic
signal from naphthazarin. However, at this dose, the observed organic carbon signal originated
from degraded organic matter. Unfortunately, the results obtained from the experiments
conducted on sections of calcite+0.53 mM naphthazarin suggested that naphthazarin may have
leached out during the sample preparation and settled onto the entire grid (Figure 4.23).
Consequently, the presence of organic signals throughout the grid made it challenging to

determine the exact distribution of naphthazarin in the calcite+0.53 mM naphthazarin.
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Figure 4.23. a) EELS signal on the thin part of the lamella section and b) the map of organic
carbon of naphthazarin corresponding to 287 eV peak in the STEM-EELS spectra.

STEM-EELS analysis was also performed on a FIB lamella of calcite+0.53 mM naphthazarin
to avoid the artifacts that could arise from sample preparation. STEM-EELS analysis
performed on FIB lamella shed light on the presence of organic components within the calcite
matrix. In the carbon region for calcite+0.53 mM naphthazarin, we observe an amorphous
carbon signal at 285 eV and an organic carbon signal between 286-287 eV. This organic signal
might be coming from the presence of C-OH, -C=C- of the naphthazarin. The carbonates are
associated with the 290 eV peak and the Ca 2p doublet at a binding energy of 349 eV and 353
eV (Figure 4.24).

Our findings (Figures 4.24 and 4.25) revealed intriguing insights into the distribution of
naphthazarin within the sample. It became evident that naphthazarin was indeed present
throughout the sample, indicating its successful incorporation into the calcite (Figure 4.25).
However, a noteworthy observation was the non-uniformity in signal intensity across different
regions of the sample. This non-uniform distribution of naphthazarin within the calcite crystal
has significant implications, suggesting potential aggregation of naphthazarin in some regions
which could be due to variations in the degree of interaction between the organic compound

and the mineral phase (Figure 4.24)
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Figure 4.24. (a) HAADF image on FIB lamella of calcite+0.53 mM naphthazarin. (b) EELS
spectrum in the energy range corresponding to the carbon K-edge for the different positions
indicated by stars in (a). Three peaks were detected at about 285, 287.4, and 290.3 eV,
associated with the presence of organic species (285 and 287.4 eV) and carbonate (290.3eV)
respectively. (¢) Spectra of the calcium Los-edge for the same positions show two main peaks

at 349.3 eV and 352.6 eV.
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Figure 4.25. a) EELS signal on the FIB lamella of calcite+0.53 mM naphthazarin, b) zoomed
spectra in the carbon region, ¢) the map of organic carbon of naphthazarin corresponding to

287eV peak in the STEM-EELS spectra.
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4.3. Bulk naphthazarin-calcite interactions from the molecular to the atomic

level
4.3.1. Molecular proximities between naphthazarin and calcite

The use of 2D ss NMR spectroscopy can offer insight into the local chemical enviro nment and
molecular interactions between calcite and naphthazarin. Hence, 2D 'H-'3C HECTOR spectra
(recorded with 'H homonuclear decoupling) were acquired to investigate the molecular

proximities within the calcite-naphthazarin sample.

First, pure naphthazarin powder was investigated as a reference sample. The corresponding 2D
'H-13C HECTOR spectrum (Figure 4.26) reveals mainly intramolecular proximities within
naphthazarin molecules as the 2D spectrum displays correlation resonances between all carbon
moieties of the molecule (C-O at 173 ppm, =C-H at 134 ppm and quaternary carbons at 110
ppm) with two main proton resonances corresponding to =C-H (at §('H) = 6.2 ppm; according

to 'H liquid state NMR, Chapter 3) and C-OH (at §('H) = 11 ppm).
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Figure 4.26. 2D 'H-13C HETCOR spectrum of naphthazarin (contact time = 1 ms).
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The 2D 'H-'*C HETCOR spectrum of calcite+0.53 mM naphthazarin is shown in Figure 4.27
displaying two main proton resonances coming from naphthazarin at §('H) = 5.3 ppm and
calcite at 5('H) = 7 ppm (at this stage the shift of the =C-H position compared to pure
naphthazarin could be due to a different chemical enviro nment of naphthazarin within or
adsorbed on calcite). Several important features can be highlighted:
¥ The two 3C resonances in the carbonyl region at 178 and 170 ppm are belonging to
naphthazarin indicating unambiguously that the latter does not correspond to
carbonates.
¥ The -OH proton resonance from naphthazarin is now absent in the 2D indicating that
the molecule is in a deprotonated form.
¥ Disordered carbonates from calcite at 168 ppm are also correlating with protons from

naphthazarin.

In more detail, the carbonates in a disordered enviro nment display a main correlation with
protons around 7 ppm that probably arises from structural water. But importantly, these
disordered carbonates display also a correlation with protons from naphthazarin indicating a

close proximity between the molecule and disordered/hydrated region of calcite.

The fact that naphthazarin in under a deprotonated form in the sample highlights the impact of
the synthesis conditions, and the high pH in particular, on its final molecular state. This

observation is in agreement with 3C NMR data discussed in Chapter 3.

Finally, the 178 and 170 ppm resonances seem to arise from a splitting of the carbonyl
resonance however the origin of two peaks and their respective positions are still unknown.
The origin of 178 and 170 ppm peaks might be due to the deprotonation of naphthazarin

resulting in the generation of chemically different carbonyl carbon atoms
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Figure 4.27. a) 2D 'H-13C HETCOR spectrum of calcite+0.53 mM naphthazarin (contact time
= 2s), b) zoom highlighting the carbonyl and carbonate region.

To get further understanding of the impact of the pH on the molecular state of naphthazarin, a
2D 'H-3C HETCOR spectrum (Figure 4.28a) has been recorded on naphthazarin at pH 13 (this
naphthazarin sample was prepared by dissolving the molecule in aqueous solution at pH 13,
then the sample was freeze dried). One single proton resonance corresponding to =C-H at 5('H)
=7 ppm is evidenced in agreement with the alkaline pH that is inducing the deprotonation of
naphthazarin. However, alkaline pH is also inducing a significant broadening of the '*C
resonances, in particular for C-O and =C-H, due to multiple '3C sites correlating with slightly
different proton resonances (Figure 4.28 zoomed region). This observation could be linked to
a partial degradation of naphthazarin at high pH that might also happen for the calcite+0.53

mM naphthazarin sample.
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Figure 4.28. a) 2D 'H-'3C HETCOR spectrum of naphthazarin at pH 13 (contact time = 1 ms),

b) zoom of the =C-H region, ¢) zoom of the carbonyl region.

As a conclusion, the molecular state of naphthazarin in calcite (and ACC) is strongly impacted
by the synthesis condition and alkaline pH in particular. As a result, naphthazarin seems to be
present in the deprotonated form in CaCO; even a partial degradation of naphthazarin into

smaller organic units cannot be excluded.

4.3.2. Calcite lattice distortions in calcite-naphthazarin crystals

HR-XRD measurements combined with Rietveld refinement analysis were employed to
investigate the possible impact of naphthazarin incorporation in calcite on the crystal lattice
parameters, and thus lattice distortions. As discussed earlier, 0.025-0.055 mM of naphthazarin
gets incorporated in calcite crystals obtained by M2 when synthesis is performed in the
presence of 0.55 mM naphthazarin and possibly in the form of aggregates (nano-inclusions) as

evidenced by STEM analysis. By comparing the diffractograms of various samples, including
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calcite, calcite+0.11 mM naphthazarin, and calcite+0.53 mM naphthazarin, specific peaks,
such as (104), (006), and (110), were meticulously examined with the specific aim of assessing

how the naphthazarin impact the ¢ and a parameters of the calcite unit cell (Figure 4.29).

Surprisingly, the introduction of naphthazarin into the calcite crystals did not cause any
significant peak shifts. Through Rietveld refinement (Appendix 1 Table 2), a-, and c- lattice
parameters were extracted and lattice distortions, Ac/c were calculated with respect to synthetic
pure calcite. The results revealed that the lattice distortion in the c-axis direction (Ac/c =
0.0017) was negligible in comparison to the one found in sea urchin spines (0.04-0.05%)
(Albéric et al., 2018) and mollusks (0.2 %) (Pokroy et al., 2006), or even in synthetic calcite
samples synthesized in the presence of amino acids (0.01-0.15 %) via vapour diffusion

synthesis and hydrothermal synthesis. (Borukhin et al., 2012).

Nonetheless, the introduction of naphthazarin into the system did result in the small broadening
of the diffraction peaks. However most broadening of peaks was observed for samples prepared
by physical mixing and in case of calcite-naphthazarin samples it does not follow any linear
trend with respect to naphthazarin concentration. We observed higher broadening for
calcite+0.11 mM naphthazarin in comparison to calcite+0.53 mM naphthazarin. Moreover, the
broadening phenomena were not homogenous for all peaks. This broadening phenomenon can
typically be ascribed to two primary factors: the reduction in the size of coherently scattering
crystalline blocks and an increase in microstrain fluctuations (Pokroy et al., 2006). These
alterations can be linked to several underlying causes. Firstly, the presence of naphthazarin
might induce a reduction in the size of amorphous calcium carbonate (ACC) particles,
consequently affecting the coherence of crystalline domains. Secondly, the mild annealing
treatments applied during the experiment could lead to the degradation of intra-crystalline
organic macromolecules, further contributing to the observed broadening of diffraction peaks
(Zou et al., 2020). The broadening effect was the highest in samples prepared by physical
mixing, it might be due to the grinding of calcite particles to smaller sizes. (Lang et al., 2020)
observed the absence of lattice distortion when calcite was synthesised in presence of glucose
(0.15 M) by hydrothermal synthesis. They postulated that the absence of lattice distortion might

be due to the absence of acidic groups in glucose.
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Figure 4.29. HR-XRD diffractograms with normalized intensity for colored calcite synthesized
at pH 11.4. a) (104) peak, b) (006) peak, c) (110) peak.

The investigation of naphthazarin incorporation and its effects on the calcite crystal lattice was
extended through in-situ heating HR-XRD experiments (Figure 4.30). Surprisingly, the
presence of naphthazarin did not induce significant lattice distortions even during the
destruction of organics within the lattice. Typically, the introduction of organics in the lattice
causes distortions, and upon their degradation, the lattice returns to its relaxed state, offering
insights into their presence and impact on lattice distortion. However, in this case, the calcite
lattice remained unaffected by the presence of organics suggesting that the naphthazarin might
be located within the crystal structure of calcite without significantly affecting the arrangement
of calcium and carbonate ions in the crystal lattice. We do observe the broadening of (006) and
(110) peaks as temperature increased to 200 °C which could be either due to macrostrains
within the lattice as in the case of ex-sifu 400 °C the broadening decreases in comparison to

200 °C (Figure 4.30). A point worth noting is the absence of lattice distortions, could also be
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attributed to a relatively low concentration of naphthazarin within calcite as it is expected that

only 5-10 % of naphthazarin of the total gets incorporated within calcite.

Similarly, XRD diffractograms obtained on calcite obtained by heating the ACC to 400 °C
(Figure 4.31) revealed that the solid-state transformation of ACC in the presence of
naphthazarin to calcite does not result in lattice distortion suggesting the in case of naphthazarin
irrespective  of solid-state crystallization or dissolution/precipitation crystallization

naphthazarin does not significantly affect the lattice structure.

Interestingly, during the analysis, an additional peak was observed alongside the (110) peak
(Figures 4.29c and 4.30b), indicating the potential existence of another phase or differently
shaped calcite within the system. Remarkably, this extra peak was found even in the pure calcite
samples, raising questions about its origin. During in-sifu measurements, it was observed that
at 200 °C, the additional peak associated with the (110) peak vanished, suggesting the
possibility of phase conversion to calcite or the complete transformation of differently shaped
crystals into rhombohedral calcite or it could be due to the presence of different sizes or

different shapes of crystals and upon heating they disappear forming rhombohedral calcite.
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Figure 4.30. In-situ heating HR-XRD diffractogram with normalized intensity, a) (006) peak,
b) (110) peak for calcite+0.11 mM naphtha at 25 °C, 200 °C, and ex-situ 400 °C.
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Figure 4.31. Ex-situ heating HR-XRD diffractogram with normalized intensity, a) (006) peak,
b) (110) peak for different concentrations of naphthazarin

To further investigate the additional peak associated with the (110) peak due to the presence of
different sizes of crystal SEM observations were performed on calcite-naphthazarin heated to
400 °C. The SEM micrographs (Figure 4.32) revealed that the heating did not affect the small
crystals, confirming that the additional peak associated with (110) was not because of the

crystal size.

Figure 4.32. SEM micrographs on a) calcite at room temperature, b) calcite annealed at 400
°C.

Interestingly we did observe the presence of another phase similar to ACC during the STEM-
EELS analysis performed on lamella sections prepared by FIB-SEM (Figure 4.33). In Figure
4.33, in the Ca L, 3-edge spectrum, we can observe four well-defined peaks (blue spectra) that

correspond to the crystal field splitting of the L> and L3 lines confirming the presence of calcite.
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In contrast, we notice two distinctive peaks along with two accompanying shoulders (red
spectrum) suggesting the presence of ACC (Albéric et al., 2019). The presence of an
amorphous phase evidenced by STEM-EELS analysis could provide an explanation for the
presence of an additional peak associated with the (110), which upon heating converts to the

crystalline phase resulting in the disappearance of the peak.

3;}6 . 348 ‘ 3%0 . 352 . 354 . 356
Photon energy eV
Figure 4.33. STEM-EELS analysis on FIB lamella of calcite+0.53 mM naphthazarin, a)
HAADF image, b) Ca L-edge region.

It has also been evidenced by (Borukhin et al., 2012) that the method of synthesis can affect
the lattice distortion induced by the additives. As a result, we performed the synthesis of calcite
in the presence of amino acids (glycine and aspartic acid) with a concentration similar to that
of naphthazarin. The HR-XRD diffractograms of various samples, including calcite,
calcite+0.11 mM aspartic acid/glycine, and calcite+0.53 mM aspartic acid/glycine, revealed
that even amino acids did not introduce lattice distortions (Figures 4.34a and 4.34b). These
findings were further supported by performing ex-sifu heating experiments on calcite+0.11 mM
aspartic acid. The results revealed that the degradation of organics by heating the samples did
not result in significant lattice distortion (Figure 4.34c). An additional peak was observed
alongside the (110) peak similar to that observed in calcite and calcite-naphthazarin. At 200
°C, the additional peak associated with the (110) peak vanished which aligned with the previous
findings (Figure 4.34d).
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For the absence of significant lattice distortions in our case, we also have to take into
consideration that the concentration of amino acids used by (Borukhin ef al., 2012) was many
folds higher than we used in our synthesis. These findings suggest that the absence of lattice
distortion could either be due to the method of synthesis (direct precipitation M2) or due to the

very low concentration range for additives used during the synthesis of crystalline CaCOs.
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Figure 4.34. HR-XRD diffractogram ((006) peak) with normalized intensity for calcite
synthesized in the presence of a) aspartic acid, and b) glycine. Ex-situ heating HR-XRD
diffractogram with normalized intensity for calcite synthesized in the presence of 0.11 mM

aspartic acid, ¢) ((006) peak, d) (110 peaks)).

In summary, HR-XRD analysis combined with Rietveld refinement provided valuable insights
into the effect of naphthazarin incorporation on the crystal lattice parameters of the investigated
samples. The absence of peak shifts, minimal lattice distortion, and broadening of peaks were
observed. In-situ heating experiments further confirmed the absence of significant lattice
distortions induced by naphthazarin. Additionally, the presence of an additional peak hinted at
the possibility of another phase or differently shaped calcite within the system. Further
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investigations, including in-situ heating experiments, shed light on small lattice distortions
induced by the presence of pigments, indicating potential phase transformations within the

calcite crystals.

Raman spectroscopy technique was also used to confirm that naphthazarin was residing within
a calcite lattice structure. It provides information about the vibrational modes and chemical
bonds present in a material, making it ideal for detecting subtle alterations caused by pigment
incorporation. Thus, by looking at carbonate-associated bands, we can gain insights into the
structural changes and interactions occurring within the crystal lattice. The Raman spectrum of

calcite (Figure 4.35) revealed several characteristic peaks associated with its crystal structure;

¥ vl mode at 1086 cm™: This strong peak corresponds to the symmetric stretching
vibration of the CO3? ions in the calcite lattice.

¥ v2 mode at 712 cm™": This band corresponds to the bending vibration of the CO3% ions
in the calcite lattice.

¥  v3 mode at 282 cm™": This peak is associated with the asymmetric stretching vibration

of the COs* ions.

We observed shifts in Raman spectra peaks (vl mode) in the case of calcite+0.11 mM
naphthazarin to lower wavenumber from 1086 to 1084 cm™ (Figure 4.35b), indicating
expansion of calcite lattice upon occlusion of naphthazarin. Crystal lattice expansion results in
lower-frequency (redshift) Raman bands due to longer bond lengths and weaker bonds.
Conversely, lattice contraction leads to higher-frequency (blueshift) Raman bands, reflecting
shorter bond lengths and stronger bonds. These results suggested that naphthazarin induces

modifications in the crystal symmetry or chemical environment around it.
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Figure 4.35. a) Raman spectra on calcite (black color) and calcite+0.11 mM naphthazarin (blue

color), b) zoom of the vl mode region.

However, we also evidenced through experiments conducted by varying the laser power which
revealed that these shifts in the Raman peaks could be primarily attributed to the absorption of
energy by the organic naphthazarin molecules. With an increase in laser power, the vl mode
peak shifted to a lower wavenumber (Figure 4.36), suggesting the absorption of energy by
organic molecules. This absorption of energy induces changes in the lattice vibrations and,
subsequently, the Raman spectra. In the calcite sample, this pattern did not hold, as an increase
in laser power did not influence the peak position, as the peak remained stable at 1086 cm’!
even when the power reached 20 mW (Figure 4.36). These studies revealed that naphthazarin

might be occluded within the calcite without affecting the lattice of the crystal.
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Figure 4.36. Raman spectra in the vl mode region of calcite with varying laser power.

Our observations established a direct correlation between naphthazarin concentration and
resulting calcite color, with higher concentrations yielding darker hues. The naphthazarin-
calcite hybrid system showed remarkable stability and retained colour up to 400 °C.
Naphthazarin also influenced crystal shape, leading to elongated structures. Predominantly
naphthazarin was surface-bound, around 5-10 % of naphthazarin incorporated into calcite
depending upon the initial concentration of naphthazarin in reaction mixture. The presence of
naphthazarin on the surface causes irregularities and rhombohedral crystal-shaped voids. The
effect of naphthazarin on calcite morphology varied with synthesis route, solvent,

concentration, and pH. STEM-EELS analysis showed non-uniform naphthazarin distribution
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Multiscale investigation of the naphthazarin- calcite interactions

within calcite, and NMR suggested the presence of a deprotonated naphthazarin form.
Interestingly, incorporation did not significantly distort the lattice, possibly due to low

concentration. Figure 4.37 provides a overview of the key findings outlined in Chapter 4.

Naphthazarin conc.{

Vaterite stabilityf Calcite with surface defects
Naphthazarin up to : o ;
1 0.11 mM stabilizes ACC . Vaterite  Transformation e
| s ﬁ / ; P . e,
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ﬁ
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ACC stability t
Agglomeration, dehydration and crystallization Biomineral like structure

Figure 4.37. Proposed scheme summarizing the CaCO3 formation, crystallization (in solution

vs in air by heating), effect of naphthazrin on polymorph stability, morphology and

naphthazarin association with CaCOs of naphthazarin.
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CaCOs-naphthoquinone
biohybrid pigments

In order to further understand the importance of (poly)hydroxylated-naphthoquinones in
biomineralization in sea urchins and develop biohybrid pigments for coloration applications,
this chapter considers two more commercially available natural naphthoquinones as well as
naphthazarin: lawsone and juglone and six biogenic extracted PHNQs from sea urchins (Figure
5.1). The variety of these compounds, in particular in terms of their -OH group’s number and
position allow us to study the impact of these molecular structures on the color, the structure,
and the morphology of ACC nanoparticles as well as of calcite crystals. From this study, we
can for example propose some possible explanation why some PHNQ molecules are
preferentially incorporated into sea urchin skeletons over others while all being synthesized in
the red spherule cells. Additionally, we investigate how the conditions of synthesis (solvent and

kinetics) of a reaction can play a pivotal role in the incorporation and interaction of some
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pigments within the ACC matrix and thus the intensity of the final color of the hybrid pigments.
Finally, this chapter also introduces the initial exploration of naphthazarin, PHNQs, and

biohybrid pigments in the context of dyeing various types of textile fibers.
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\
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Figure 5.1. Different naphthoquinone molecules studied in this chapter.

5.1. CaCOs-lawsone/-juglone hybrid pigments
5.1.1. Halochromic properties of lawsone and juglone

We explored the other commercially available naphthoquinones to get insight if the structure
of the molecule can have an effect on ACC formation as well as crystallization in calcite.
Additionally, lawsone and juglone are halochromic dye similar to naphthazarin but exhibit

different colors which provides potential for differently colored biohybrid pigments.

Lawsone and juglone exhibit an array of colors in response to changes in pH (Figure 5.2). In
particular, lawsone gives rise to intense orange colors in aqueous solutions at pH > 5 whereas
at around pH 4, light orange shades are observed and at pH 3, a yellow color is obtained (Figure
5.2). Similarly, to naphthazarin color changes (Chapter 3, section 3.4), this shift in color is
attributed to different protonation states (refer to Figure 1.24). However, here one protonated
form (lawsone+) is in addition observed at pH <3. Around pH 4 the neutral (lawsone) form is
the main one present whereas at pH > 5 it is the deprotonated form (lawsone’) (Hashem et al.,

2000).
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Juglone, on the other hand, presents a beetroot red color at pH > 9.5 whereas at around pH 9,
it changes to red, at pH 8.5 it adopts an orange tint and at pH < 6, it is yellow (Figure 5.2). We
attributed these color changes to different protonation states as well: for pH < 7, juglone exists
mainly in its protonated form (juglone +), for 7<pH<S8 it remains in its a neutral form (juglone).

and for pH > 9 it is deprotonated (Hashem ez al., 2000).

The study of these color changes according to pH is therefore due to the protonation and
deprotonation processes of lawsone and juglone which provides valuable insights into how
these compounds may further interact with Ca?* and COs* ions in solution and therefore impact

ACC and calcite color, composition and structure as compared to naphthazarin.

Lawsone

Figure 5.2. The color changes observed in lawsone and juglone within an aqueous enviro

nment in response to varying pH levels.

5.1.2. Effect of lawsone and juglone on ACC stability
5.1.2.1. Crystallization in solution

To investigate how lawsone and juglone influence the stability of ACC against crystallization
in solution, we conducted experiments akin to those discussed in Chapter 3, Section 3.2.1. pH
profiles during ACC formation and subsequent crystallization in the presence of these two
pigments were thus measured (Figure 5.3). The addition of 0.11 mM of both pigments did not
significantly delay (20-30 s) the crystallization of ACC when compared to that of 0.11 mM
naphthazarin which delayed the ACC crystallization by around 50 s (Figure 5.3c). This limited
stabilizing effect of lawsone and juglone as compared to naphthazarin could be attributed to

the different molecule's ability to impede nucleation, interact with ACC and promote the
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growth of the crystalline structures. The reason behind this effect could be due to the superior
complexation of Ca** ions by naphthoquinones with two ortho -OH groups, in contrast to those
with just one -OH group as seen in compounds like lawsone and juglone, is attributed to their
enhanced chelating ability, and the favorable geometric arrangement created by the two -OH
groups. These factors collectively make naphthazarin with two ortho -OH groups more
effective at binding and complexing Ca** ions as discussed in in Chapter 3, NMR section 3.6.2,
that Ca?* can precipitate naphthazarin at pH 11. Remarkably, the positioning of the -OH group
in either lawsone or juglone had no discernible impact on the stabilization of ACC against

crystallization.

In addition, the pH profiles of ACC crystallization in the presence of 0.11 mM and 0.22 mM
of lawsone and juglone are respectively very similar (Figures 5.3a and 5.3b), suggesting that
an increase in the concentration of these two pigments, did not enhance further ACC stability
against crystallization in solution. This contrasts with the effect reported for naphthazarin,
which shows a decrease in stability by 30-40 s with increasing concentration beyond 0.11 mM
(Figure 5.3c). This decrease in ACC stability against crystallization beyond a certain
concentration of naphthazarin could be attributed to, aggregation or precipitation:
Naphthazarin molecules themselves might start to aggregate or precipitate out of solution at
higher concentrations. This aggregation could potentially interfere with their ability to interact
with the ACC surfaces, reducing their stabilizing effect. As lawsone and juglone possibly
exhibit weaker interactions with Ca®* ions when compared to naphthazarin, it is plausible that

the aggregation or precipitation of lawsone or juglone does not disrupt the stabilizing effect.
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Figure 5.3. pH profile for ACC synthesis and crystallization in the presence of 0.11 and 0.22

mM concentrations of a) lawsone b) juglone, and ¢) naphthazarin.

5.1.2.1. Crystallization in air induced by heating

By comparing the DSC profiles of pure ACC with those containing varying concentrations of
lawsone and juglone, we investigated the influence of the later on ACC crystallization
temperature (Figure 5.4). The addition of 0.11 mM pigment leads to an increase in ACC
crystallization temperature from 160 °C to 175 °C (Figures 5.4a and 5.4b). However, no further
increase in ACC stability is detected for higher concentration (0.22 mM) (Figures 4a and 4b).
Similar trend has been observed in case of naphthazarin where addition of 0.022 mM
naphthazarin leads to increase in the ACC crystallization temperature by 10-15 °C (Figure
5.4c). However, we observe that further increase in concentration (0.53 mM) of juglone or
lawsone did not increase the ACC crystallization temperature which is in stark contrast when
compared to naphthazarin(0.53 mM), where ACC crystallization increase by 50 °C. This

indicates that neither lawsone nor juglone stabilize significantly ACC against crystallization
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induced by heating. Possibly, these two molecules do not interact with ACC or do not have a

discernible impact on the mobility of water molecules associated with ACC.

In the case of lawsone and juglone we observe similar trends whereas in naphthazarin different
trends in stability of ACC against crystallization in solution and by heating are observed. The
similarity in stability trend for lawsone and juglone could be the limited interaction within
solution which results in their inability to affect the stability of ACC. The limited interaction
might also contribute towards less binding or associated of lawsone and juglone with ACC,
which ultimately results in the inability to influence the ACC stability against crystallization
induced by heating. Naphthazarin does interact with ACC therefore gets associated with ACC
in larger concentration compared to lawsone and juglone and hence we observe a linear trend

in ACC stability against crystallization induced by heating.

PDF measurements conducted on ACC (M1) synthesized in the presence of lawsone and
juglone revealed that the short and medium-range structural order of ACC remained unaltered
(Appendix 1 Figure 2). These findings are consistent with the impact of naphthazarin on ACC's
local structure. This suggests that even though lawsone and juglone exhibit a lower affinity for
CaCOj; compared to naphthazarin, any limited association they have with ACC likely involves

surface adsorption, thereby leaving the local structure of ACC unaffected.

216



CaCOs-naphthoquinone biohybrid pigments

ACC crystallization

Lawsone(mM
a) H i ( ) b) ACC crystallization  Juglone(mM)
i . g5 d 0.0
3 | v
2 o -]
23 053

1 N
° 5 o+
2’ =
3, Tyl
& 2
5., 52
£ £

3 -3

4 -44

5 =5

T T T T T T T T T T
50 100 150 200 250 50 100 150 200 250
Temperature(°C) Temperature(°C)
C) 3= ACC crystallization naphtha(mM)

0.0

v

14 0.53

Heat flow (W/g)

25 5‘0 7‘5 160 155 1;0 1;5 2(‘10 255 2;0 2;5 3(‘30
Temperature(°C)
Figure 5.4. DSC thermograms of ACC and ACC synthesized in the presence in the presence

of 0.11, 0.22 and 0.53 mM concentrations of a) lawsone, b) juglone, ¢) naphthazarin.

5.1.3. Calcite-lawsone/-juglone hybrid pigments

Calcite hybrid pigments were synthesized through direct precipitation outside the Metrohm®
setup. Their morphology, surface properties, calcite lattice distortions, and color were analyzed
using SEM, SEM-FEG, HR-XRD, and UV-visible spectroscopy respectively. Although neither
of these two pigments seem to play a significant role on ACC crystallization, they might

interact differently with calcite crystals.

5.1.3.1. Effect of lawsone and juglone on calcite crystal morphology and surface

The electron micrographs in Figure 5.5 revealed alterations in the shape and surface of the
calcite crystals when synthesized (M2) in the presence of lawsone and juglone. The shape of
the crystal is unaffected upon addition of 0.11 mM lawsone. One of the prominent changes
observed is the presence of crystals with large defects in the middle with increase in lawsone
concentration to 0.22 mM (Figures 5.5¢ and 5.5d). In case of juglone (0.04 mM) we observe
that calcite crystals shape changed with appearance of multiple edges along with the

appearance of pits and kinks on the surface. At 0.06 mM and 0.11 mM concentration of juglone
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the surface of calcite crystal exhibited rhombohedral shaped pits along with hole in the crystals
which might be due incomplete formation of crystal (Figure 5.5 f-h).

The observation of a defect, represented by a large void or incomplete formation in the crystal's
center (as depicted in Figure 5.5d) suggests that the introduction of lawsone may facilitate the
growth of calcite crystals through a spiral growth mechanism. This phenomenon is noteworthy,
as the synthesized calcite crystals appear larger than 1um, a characteristic that, as indicated by
the findings of by (Darkins et al., 2022), tends to favor spiral growth over 2D nucleation. This
prevalence of spiral growth can be attributed to the relatively slow diffusion rates within the
boundary layer, resulting in a diminished surface supersaturation that aligns with the spiral
growth mechanism (Darkins et al., 2022). Notably, the presence of certain additives, such as
aspartic acid and Congo red have been found to have the potential to modify the predominant
mechanism, either by inhibiting spiral growth or actively promoting 2D nucleation (Darkins et

al., 2022).

In the case of juglone, the calcite growth may also follow a spiral-like mechanism similar to
that observed in the presence of lawsone (Figure 55.d, e, and f). This calcite growth mechanism
is quite different to one observed in presence of naphthazarin where it might be due due to

Ca?" and CO3*" growth units binding to kink sites at step edges.

However, the surface of the calcite crystals is differently affected depending on the pigments
considered. For lawsone, the surface is not significantly affected as compared to naphthazarin
(Chapter 4, section 4.2.2.2) and juglone. For the latter, the roughness of the calcite crystal
surfaces is largely affected, a phenomenon that became more pronounced with increasing

concentration of juglone from 0.04 mM to 0.11 mM (Figure 5.5).

Additionally, the micrographs reveal the presence of holes or pores on the crystal surfaces
which were also observed in the case of naphthazarin. These surface irregularities can be
attributed to two distinct phenomena explained in Chapter 4. Firstly, some crystal holes or pores
may result from the entrapment of organic inclusions, such as pigment molecules, during the
crystal's formation (Figures 5.5e-h). As the crystal continues to grow, these organic inclusions
can generate voids or openings on the crystal's surface (Page et al., 2008). Secondly, holes may
also form due to specific growth conditions, impacting certain crystal facets and giving rise to

rhombohedral crystal-shaped voids (Orme et al., 2001).
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Figure 5.5. SEM micrograph calcite+ lawsone synthesized by direct precipitation method. a)
and b) calcite+0.11 mM lawsone, c-e) calcite+0.22 mM lawsone. SEM-FEG micrograph of
calcite crystals synthesized in the presence of juglone with different concentrations: ) 0.04

mM, f) 0.06 mM, and g, h) 0.11 mM.
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5.1.3.2. Effect of lawsone and juglone on the crystal structure

The different organic-inorganic interactions revealed at the micro-scale between lawsone and

juglone were further studied at the atomic level.

Figure 5.6a and 5.6c showcases the reflection (006) of the diffractograms of pure calcite and
calcite synthesized in the presence of juglone or lawsone at 0.01, 0.11, and 0.22 mM. The
introduction of lawsone and juglone into the calcite crystals did not cause any significant peak
shifts. In addition, after Rietveld refinement (Appendix 1 Table 2) and calculation of calcite
lattice distortion along the c-axis direction with respect to pure calcite, Ac/c, was calculated to
be < 0.01% for both pigment molecules and all concentrations. This finding contrasts with
other biogenic calcite structures like sea urchin spines (Albéric et al., 2018b) and mollusks
(Pokroy et al., 2006), as already discussed in the case of naphthazarin (Chapter 4, part 4.3.2).
The possible reasons behind the absence of lattice distortion could be: 1) low amount of
pigment molecules getting incorporated within the calcite lattice or 2) the particular molecular
structure of the pigment molecules that incorporate within calcite coherently without creating

any lattice mismatch.

Degradation of organics potentially incorporated into calcite lattice is very well known to lead
to c-axis relaxation and thus lattice distortions decrease (Albéric et al., 2018b). In-situ heating
HR-XRD experiments (Figures 5.6b and 5.6d) were then conducted as well up to 400 °C. After
correction of the intrinsic calcite thermal expansion, no lattice relaxation was measured neither

for juglone nor lawsone for 0.11 mM at 400°C

Interestingly we do observe small broadening in (006) peak upon heating (Figure 5.6b and
5.6d) similar to that of calcite+naphthazarin. These broadening could be due to the increase in
the microstrains which could be caused by organic molecules that might be incorporated within
the calcite structure as they produce inhomogeneous deformation fields on a nanometer scale
that are detected by X-rays (Boaz Pokroy et al., 2006). These alterations in microstrain can be
linked to several underlying causes. Firstly, the presence of juglone or lawsone might induce a
reduction in the size of crystallites, consequently affecting the coherence of crystalline
domains. Secondly, the annealing treatments applied could lead to the degradation of intra-
crystalline organic macromolecules, further contributing to the observed broadening of

diffraction peaks.
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The subtle lattice distortion in the c-axis direction in the studied calcite samples suggests that
the mechanisms and factors influencing the crystal lattice in this context may differ from those

governing the formation of other biogenic or synthetic calcite structures.
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Figure 5.6. (006) reflection peak of the HR-XRD diffractograms with normalized intensity for
calcite synthesized in the presence of a) juglone with concentrations from 0.055 to 0.22 mM at
25°C, b) 0.11 mM juglone at 25 °C, 200 °C and 400 °C, c) lawsone with concentrations from
0.055 t0 0.22 mM at 25 °C and d) 0.11 mM lawsone at 25 °C, 200 °C and 400 °C.

5.1.3.3. Color of the calcite-lawsone/-juglone hybrid pigments

All the calcite-lawsone hybrid pigments were very light even for 0.22 mM concentrations
whereas the calcite-juglone pigments presented more intense yellow-orange colors (Figure 5.7)

that where further quantified by UV-visible spectroscopy (Figure 5.8).
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Figure 5.7. Images of calcite synthesised in presence of 0.22 mM lawone and 0.22 mM juglone.

To further quantify the color of the different samples, UV-visible diffuse reflectance

measurements were performed (Figure 5.8).

Visible region: The UV-visible diffused reflectance spectra of calcite-juglone in the visible
region (400-800 nm) reveal several different notable absorption bands (Figure 5.8a). The
absorption of visible light at this wavelength contributes to the observed color of the compound.
Calcite+0.22 mM juglone absorbs at around 550-400 nm, resulting in a yellow orange
coloration. We observed that with increase in juglone concentration the absorbance increased

implying darker shade.

CIE-1931 Chromaticity diagram: We further evaluated the color of the calcite-juglone by
depicting the portion of unabsorbed or scattered light from the diffused reflectance UV-Vis on
the CIE 1931 chromaticity diagram. Calcite+ 0.011 mM juglone (Figure 5.8b) samples occupy
an overlapping area with shades of light pink and light-yellow resulting in a lightly yellowish-
orange shade. Increasing juglone concentration (0.11 mM) leads to an increase in the intensity

of the color which tends to push the colors towards the region corresponding to darker color.

The pH of the reaction is very similar to that of calcite+tnaphthazarin synthesis. Therefore the
pH at the end of the reaction should be around ~8.5, as shown in Figure 5.1, juglone exhibit
organish red color which is different from the color imparted to the calcite. We also observed
that during the synthesis the juglone does not undergo ideal color changes but rather turns light
brown which might be due to degradation of juglone and hence the color imparted is different
from orangish red. It has been shown that half-life of juglone drastically decreases in basic

medium to hours from several days when in acidic medium (Wright et al., 2007).
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Figure 5.8. a) The UV-Vis diffused reflectance spectrum of calcite samples prepared in the
presence of different concentrations of juglone, b) CIE 1931 diagram corresponding scattered
part of the UV-Vis diffused reflectance spectrum of calcite samples prepared in the presence of

different concentrations of juglone.

5.2. ACC-lawsone/-naphthazarin hybrid pigments formed in ethanol

The exploration of vapor diffusion synthesis for ACC synthesis in ethanol was driven by the
issue encountered in the direct precipitation method in aqueous solutions:

1) increased solubility of naphthazarin in ethanol from 0.055 mM to 0.63 mM in water, and
2) uncolored calcite-lawsone hybrid pigments despite the intense orange color of the

precipitation media.
5.2.1. Color of the ACC-lawsone/-naphthazarin hybrid pigments

Interestingly, the synthesis of ACC through vapor diffusion in ethanol in the presence of
lawsone give rise to intense coloration for similar concentrations (0.33 mM) as the one used
during direct precipitation (Figure 5.9). This marked difference in coloration between the two
synthesis methods suggests the critical influence of kinetics, solvent of the reaction and pH

change during the course of reaction in the incorporation of lawsone into the ACC polymorph.

The reason behind this phenomenon may lie in the distinct mechanisms and rates of ACC
formation in these two solvents. When ACC is directly precipitated in water, the rapid and

uncontrolled nature of the process may not allow sufficient time for lawsone to be effectively
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incorporated into the ACC structure, resulting in minimal coloration. In contrast, the vapor
diffusion method in ethanol provides a slower and more controlled environment, allowing
lawsone to be either incorporated within the ACC matrix or adsorbed on the ACC matrix,
leading to the striking coloration observed. This observation highlights the significance of
reaction kinetics along with solvent (ethanol) during ACC formation in determining the extent

of lawsone in the resulting ACC.

a) b) c)

CaCo, CaCo, CaCO, CaCo,
+ + +
0.22mM lawsone 0.22mM Juglone 0.33mM Lawsone

Figure 5.9. ACC synthesized by direct precipitation method, a) , b) ACC+0.22 mM lawsone,
¢) ACC+0.22 mM juglone, d) ACC synthesized by vapor diffusion method in the presence of

0.22 mM lawsone.

5.2.2. ACC stability, particle size and local structure

Differential Thermal Analysis (DTA) thermogram of pure ACC shows an endothermic peak at
around 80-90 °C indicating the loss of bound water or ethanol, and an exothermic peak at
around 310 °C likely due to ACC crystallization (Figure 5.10). This ACC crystallization
temperature is substantially higher than the one of ACC synthesized by direct precipitation in
water (160 °C) indicating enhanced stability depending upon the method of synthesis.
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Figure 5.10. a) Differential thermal analysis of ACC synthesized by vapor diffusion in ethanol
in the absence (0 mM) and presence (0.42 mM) of naphthazarin, and b) DSC thermogram of
pure ACC synthesized by direct precipitation M1.

This higher stability of ACC synthesized in ethanol by the vapor diffusion method can be
attributed to a couple of key factors. One plausible explanation is the likelihood of achieving
complete dehydration during the synthesis process, which sets it apart from ACC formed by
direct precipitation in water. It is believed that the stability of ACC was achieved through the
addition of ammonia and ethanol i.e., NH; presence in the coordination sphere around the
calcium ions may prevent their reorganization into one of the stable crystalline phases.
Conversely, ethanol impedes the dissolution of ACC, thereby hindering the solution-mediated
phase transition from ACC to vaterite or calcite (Lee et al., 2005). The absence of water
molecules within the ACC structure plays a pivotal role in bolstering its stability by restricting
the mobility of ions within the ACC, causing a significant reduction in the structural
rearrangement needed for crystallization is significantly hindered, thus more stable (Du et al.,

2018; Zou et al., 2015).

Another contributing factor could be the relatively small size of the ACC particles produced in
ethanol. FEG-SEM micrographs unveiled that the average particle size of ACC nanoparticles
is 90-95 nm (Figure 5.11) notably smaller than their counterparts synthesised through direct
precipitation synthesis (average size of 140 nm; Chapter 3). Smaller particles often exhibit
greater stability due to their increased surface energy and reduced susceptibility to crystal
nucleation (Zou et al.). The smaller size restricts the formation of crystal nuclei, allowing to

maintain its amorphous structure for an extended period (Nudelman ez al., 2010).

In essence, the heightened stability of ACC synthesized by vapor diffusion in ethanol may be
a result of both the absence of water molecules and the small size of the particles, which

collectively contribute to the preservation of its amorphous state.
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Figure 5.11. FEG-SEM micrographs obtained on ACC synthesized by vapor diffusion
synthesis in ethanol, a) and b) ACC, ¢) and d) ACC+0.42 mM naphthazarin.

By comparing the DTA profiles of pure ACC with one containing 0.44 mM naphthazarin, we
observed a slight increase in the ACC crystallization temperature from 310 to 320 °C (Figure
5.10a). However, this increase in crystallization temperature when compared to ACC with
similar naphthazarin concentration synthesized by direct precipitation in water (150 to 210 °C)
is significantly smaller. The lower amount of water bound to ACC may be the reason for the
limited impact of naphthazarin on its stability. This stands in contrast to the situation when
ACC is synthesized through direct precipitation in an aqueous medium, where naphthazarin
exhibits a more pronounced influence on stability. This disparity in behavior can also be
attributed to the distinct chemical and structural characteristics of ACC formed under these

differing conditions.

5.3. Calcite-PHNQs hybrid pigments

5.3.1. Color of the calcite-PHNQ hybrid pigments

Figure 5.12, display photographs of purple sea urchin spine powder and the calcite-
spinochromes (0.22 mM) samples synthesized by direct precipitation (outside the Methrom set
up). Calcite-spinochrome A bears resemblance to the color of the sea urchin spines powder.

Spinochrome B imparts light yellow color and spinochrome E almost white color.
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Figure 5.12. Purple spines powder and calcite-Spinochromes (0.22 mM) synthesized by fast
direct precipitation (without Metrohm® setup).

To further quantify the color of the different samples, UV-visible diffuse reflectance

measurements were performed (Figure 5.13).

Visible region: The UV-visible diffuse reflectance spectra of calcite-PHNQs (spinochrome A,
B, D, E, and echinochrome A) and spines in the visible region (400-800 nm) reveal several
different notable absorption bands (Figure 5.13a). The absorption of visible light at this
wavelength contributes to the observed color of the compound. For instance, calcite-
echinochrome A absorbs at around 500-550 nm, resulting in a yellow coloration. Similarly,
calcite-spinochrome A and spines absorb in the range of 550-650 nm resulting in a purple color.
However, absorbance bands for other pigments (spinochrome B, D, E) were absent in the

visible region, which correlated well with the white/light yellow color of the samples.

UV region: The analysis of the UV region provides valuable insights into the electronic
structure and molecular properties of the different samples (Figure 5.13a). All samples display
absorption bands between 250 and 370 nm, representing n-n* transitions. We observe similar
spectra profiles for calcite-spinochrome A sample and spine powder suggesting that the color
might be due to the same molecules. However, for all other pigment molecules, the profile is

different which provides insight into the role of substituents on the n-n* transitions.

CIE-1931 Chromaticity diagram: We further evaluated the color of the calcite-PHNQs and
spines by depicting the portion of unabsorbed or scattered light from the diffuse reflectance
UV-Vis on the CIE 1931 chromaticity diagram (Figure 5.13b). Calcite-spinochrome E appears
in the white region on the CIE diagram very similar to that of calcite, while the powder spines
occupy an overlapping area encompassing shades of purple, green, and orange. This overlap
becomes more pronounced for calcite-spinochrome A, intensifying the color and shifting it
towards darker hues towards blue, and green regions. Calcite+spinochrome B/echinochrome A

occupies an overlapping area with shades of pink and yellow, resulting in a yellowish-orange
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shade. This phenomenon is pronounced for calcite-spinochrome D shifting it towards darker

yellow hues representation on the CIE 1931 diagram.

These findings underscore the intriguing phenomenon that different pigments interact
distinctively within calcite, yielding a diverse range of hues. Some pigments seem to have a
stronger tendency to bond with calcite, resulting in the creation of richer and more intense hues,
while others do not exhibit this interaction. This observation suggests that the molecular
structure and specific functional groups of these pigments might play a pivotal role in their
interaction with calcite. Interestingly, the UV-Vis profiles of both the spines and
calcite+spinochrome A exhibited remarkable similarity. This observation strongly suggests that
spinochrome A could potentially serve as the primary contributor to the distinctive coloration
observed in the purple sea urchin spines. Moreover, it raises the intriguing possibility that these
molecular characteristics could also influence the crystallization pathway, influencing not only

the coloration but also the overall structure and properties of the resulting calcite crystals.
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Figure 5.13. a) The UV-Vis diffused reflectance spectrum of calcite samples prepared in the
presence of different pigments with 0.22 mM concentration, b) CIE 1931 diagram
corresponding scattered parts of the UV-Vis diffuse reflectance spectrum of calcite samples

prepared in the presence of different pigment molecules with 0.22 mM concentration.

5.3.2. Effect of PHNQs on CaCOs3 polymorph conversion

Similarly, to CaCOs-naphthzarin samples (Chapters 3 and 4) synthesized by direct precipitation
(M2) in water, CaCOs-spinochrome samples are formed via ACC that further crystallized into
a mixture of calcite and vaterite before to fully converting to calcite only. Here, we report that
spinochrome A, B and E at a concentration of 0.14, 0.18 and 0.16 mM respectively, impact
differently the conversion from calcite/vaterite to calcite (Figure 5.14). Indeed, for 2 days of
synthesis for all samples, only calcite is detected in CaCOs-spinochrome B whereas vaterite is
still present in CaCOs-spinochrome A and CaCOs-spinochrome E. This finding suggests that
spinochrome A and spinochrome E impact the crystallization process, specifically delaying the
complete transformation of the vaterite/calcite mixture into calcite. The delay in the
transformation seems to be even more significant for spinochrome A. The differences in the
ability to stabilise vaterite phase might be due to structural differences between the molecules.
Spinochrome A might interact better with vaterite phase compared to other molecules thus

inhibiting the conversion of vaterite to calcite.
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Figure 5.14. a) HR-XRD diffractogram for calcite synthesized in the presence of spinochrome
E (0.16 mM), spinochrome B (0.18 mM), spinochrome A( 0.14 mM) by direct precipitation for
2 days and b) zoomed section of diffractogram showing the characteristic peaks of calcite and

vaterite.

5.3.3. Effect of PHNQs on calcite crystal morphology and surface

5.3.3.1. Vapor diffusion

Single crystal synthesis by vapor diffusion in the presence of spinochromes A, B, and E, reveal
notable differences in their effects on crystal morphology (Figure 5.15). The synthesis was
performed in the presence of 1.6ug /mL NaOH and the spinochrome concentration was varied
from 0 to 100 pg/mL. The rationale behind the use of NaOH was to dissolve a concentration
higher than 10 pg/mL of PHNQs in the reaction mixture. SEM-FEG micrographs in Figure
5.15a show the likely presence of calcite along with likely vaterite in the control well. The
calcite exhibited two morphologies: 1) aggregates of euhedral calcite crystals, and 2) single
crystals with holes/wells on the surface. The first morphology could be an effect of pH on the
calcite growth as discussed in Chapter 4, as synthesis at pH>12 leads to the formation of a
rosette-like spherical structure. The second morphology could be the incomplete formation of

calcite crystals leading to the presence of a hole/well in the middle of crystals. The presence of
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vaterite (cauliflower-like structures may result from the reaggregation of the spheroids of
vaterite) may result from concentration gradients introduced during the vapor diffusion
method. These gradients involve variations in ammonia concentration, pH, and the ratio of
CO3? to Ca*" ions, which change both with depth within the solution and over time. (Liu et al.,
2016) observed that calcite crystals tended to nucleate and grow in either the upper regions of

the aqueous solution, while vaterite crystals exhibited a preference for lower areas as well.

Among spinochromes, spinochrome E exhibited the most significant alterations of the crystal
morphology when introduced at a concentration of 25 pg/mL (Figure 5.15¢) leading to the
elongation of the crystals along the c-axis (104). It has been shown that organics extracted from
sea urchins can influence calcite morphology at very low concentration(5 pg/mL ) (Kanold ef
al., 2015). This effect became even more pronounced at 100 pg/mL (Figure 5.15g). In contrast,
spinochrome B displayed the least pronounced influence on crystal morphology among the
three spinochromes studied (Figure 5.15b). The elongation of the crystal structure was
observed for spinochrome A only at a concentration higher than 25 pg/mL, i.e., at 100 pg/mL
(Figures 15d, g, j). Crystals were elongated and this phenomenon was common for all

spinochromes.

The calcite crystals in the presence of 100 pg/mL spinochrome A and E might be made of small
crystals of various shapes and sizes aggregated together, resulting in elongated structures
(Figure 5.15d, g). The morphological changes observed during the calcite growth in the
presence of spinochrome can be correlated with a study by (Aizenberg et al., 1997). In this
study, they showed that calcite crystals grown in the presence of macromolecules (1-10 pg/mL)
extracted from sea urchins by vapor diffusion cause morphological modifications and
anisotropic textural changes in the grown crystals. This correlation between macromolecule
adsorption and crystal defects suggests that protein adsorption and occlusion play a role in both
the observed morphological modifications and anisotropic textural changes. Notably, the
calcite crystals exhibited well-developed stepped faces slightly oblique to the c- axis and
perpendicular to the a-axis. Similar studies by (Volkmer et al., 2004) using acidic peptides,
have revealed specific interaction with distinct crystal faces of calcite, resulting in the
development of stepped diamond-shaped (012) crystal faces in addition to the prismatic (110)
faces. This is observed when the peptides are present during the crystallization of CaCOs3. The
orientation of carbonate ions on these faces is favorable for their interaction with acidic

macromolecules containing aspartic acid or glutamic acid residues. The diversity in how
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spinochrome A, B, and E differently affect crystal morphology and thus growth is still under
investigation but is surely in relation to specific interactions between the side groups of these
molecules and the Ca?* and COs? ions. Indeed, all three spinochromes (A, B, and E) feature
hydroxyl groups capable of forming hydrogen bonds with Ca?" ions. The degree of interaction
with CO3? ions may be influenced by the number and arrangement of hydroxyl groups, with
spinochrome B and E, characterized by a greater abundance of hydroxyl groups, possibly
exhibiting an enhanced propensity for CO3*" interaction as respect to the other spinochromes.
In terms of acidity, spinochrome E is likely the most acidic among the three due to the presence
of multiple hydroxyl groups that readily donate protons (H") in alkaline aqueous solutions
contributing to stronger interaction with Ca?*. This might explain why spinochrome E has a

more pronounced influence on morphology compared to spinochromes A and B.
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Figure 5.15. Electronic micrographs on calcite crystals synthesized by slow vapor diffusion
method in the presence of different spinochromes. a) control, b) 25 pg/mL, ¢) 100 pg/mL, d)
100 pg/mL in presence of spinochrome A, e) 25 ug/mL, f) 100 pg/mL, g) 100 pug/mL in
presence of spinochrome E, h) 25 pg/mL, i) 100 pg/mL, j) 100 pg/mL in presence of

spinochrome B.
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5.3.3.2. Direct precipitation

The SEM micrographs presented in Figure 5.16 illustrate alteration in the shape i.e., elongation
of these crystals when echinochrome A was introduced into the system at 40 pg/mL (0.14 mM)
(Figure 5.16a). In contrast to the typical rhombohedral structure that is commonly associated
with crystalline calcite, the presence of echinochrome A resulted in the formation of calcite
crystals with notably distorted shapes (anhedral calcite form). This phenomenon of shape
change from euhedral calcite to anhedral calcite form on the addition of organics is well-
known. and already discussed above. Similarly, but to a smaller extend, SEM micrographs in
Figure 5.16e showcased that the addition of spinochrome A also induces changes in crystal
morphology at 40 pg/mL (0.14 mM). However, for the same concentrations of spinochrome B,
the deviation from the typical rhombohedral shape of calcite crystals is small. These
deformations, which may be attributed to the specific binding or inhibitory effects of PHNQs
on certain crystal facets, suggest that spinochrome A and echinochrome A influence more the

growth and development of the calcite crystals than spinochrome B.

Observations of the samples at higher magnification reveal different aspects of the crystal
surface according to PHNQs. Spinochrome A did not seem to affect the crystal surface.
However, in the presence of Echinochrome A, crystal surfaces show the presence of holes at
the crystal surfaces (red arrows), and it seems that crystals might have been formed from
aggregation or deposition of elongated crystals (Figure 5.16b). Some of the pores may be
associated with organic inclusions within the crystal structure similar to the phenomenon
observed in the case of juglone. When spinochrome B was introduced, a significant increase in
the roughness/pores of the crystal surfaces was observed (Figures 5.16¢ and 5.16d). This
increase in pores on the surface suggests that spinochrome B interacts with the growing crystal

surfaces, resulting in a texture comparable to that of porous crystals.

The diversity of morphology and surface of the crystals indicate different interactions between
PHNQ and calcite during crystal growth. The disparity in response altering calcite morphology
of different pigment molecules might be due to the difference in the substituent groups which
affects their ability to interact with Ca?* ions and thus the morphology. On comparing these
results with calcite-naphthazarin (M2) we can clearly see the possible role of substituents as

for similar concentration naphthazarin induced much less morphological distortions
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The specific mechanisms behind these alterations caused would require further investigation
but likely involve interactions between these organic compounds and the growing calcite

crystals at the molecular level.

OH
Echinochrome A

OH _©O

i
Spidechrome E
N

Figure 5.16. a)-b) SEM micrograph obtained on calcite +0.14 mM (40 pg/mL) echinochrome
A synthesized by direct precipitation method. The arrow drawn on the micrograph suggests
that the crystal may result from an aggregation of elongated crystals resembling needles. c)
calcite +0.14 mM (40 pg/mL) spinochrome B, d) zoomed-in view on micrograph c, e)

calcite+0.14 mM (40 pg/mL) spinochrome A, f) zoomed-in view on micrograph e.
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5.3.4. Effect of PHNQs on calcite lattice distortions

The diffractograms obtained on calcite synthesized in the presence of PHNQs such as
echinochrome A, spinochrome E, spinochrome B, spinochrome D, and spinochrome A by direct
precipitation synthesis, unveil intriguing insights into the impact of these pigments on the
crystal lattice structure (Figure 5.17). The introduction of PHNQ molecules into the calcite
crystals leads to a peak shift to lower 2 theta values suggesting elongation of the crystal lattices.
Through Rietveld refinement, lattice parameters were extracted and the lattice distortion in the
c-axis direction calculated and expressed as Ac/c. We observed that Ac/c varies depending on
the PHNQ molecule and its concentration: echinochrome A (0.01-0.02%), spinochrome E
(0.01-0.03%), spinochrome B (0.01-0.03%), spinochrome D (0.01-0.02%), and spinochrome
A (<0.01%). Although these lattice distortion values are quite small compared to lattice
distortion in sea urchins spines (0.04-0.05%) (Albéric et al., 2018b), this difference might be
due to the presence of other macromolecules in the sea urchins spines. However, it is evident
that incorporation of PHNQs results in larger lattice distortion compared to naphthazarin,

juglone or lawsone, further suggesting the role substituents might play at molecular level

interaction.
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Figure 5.17. (006) reflection peak of the HR-XRD diffractograms with normalized intensity
for calcite synthesized in the presence of a) echinochrome A, b) spinochrome E, ¢) spinochrome

B, d) spinochrome D, and e) spinochrome A with concentration from 0.035 to 0.18 mM.
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PHNQs incorporation within calcite was further investigated through in-situ heating HR-XRD
experiments up to 400 °C in order to degrade PHNQs and lead to possible lattice relaxation.
HR-XRD diffractograms after correction of calcite thermal expansion are presented in Figure
5.18 for calcite synthesized in the presence of spinochrome B (0.11 mM) (Figure 5.18a),
echinochrome A (0.11 mM) (Figure 5.18b) and spinochrome A (0.11 mM) (Figure 5.18c).
However, apart from peak broadening, no lattice relaxation was measured. In our case the Ac/c
after annealing was negative. Moreover, the broadening phenomena were not homogenous for
the pigments. We observed the maximum broadening in the presence of spinochrome B in
comparison to spinochrome A and echinochrome A. These broadening as discussed in Section
5.1.3.2 of this Chapter, could be due to the increase in the microstrains which could be caused
by organic molecules that might be incorporated within the calcite structure as they produce
inhomogeneous deformation fields on a nanometer scale that can be detected by X-rays (Boaz
Pokroy et al., 2006). However, calcite-spinochrome B data seems noisy for spinochrome A at

200°C. Therefore, experiments should be repeated in order to get reliable data.

In summary, Spinochrome A appears to exhibits a unique interaction with calcite compared to
Spinochromes B and E. It hinders the transformation into calcite with minimal impact on
atomic structure and morphology, particularly in vapor diffusion synthesis. This distinction
may explain its preference for incorporation into Paracentrotus lividus sea urchin spines,
influencing their coloration and structure. This observation underscores the significance of

molecular-level interactions in the intricate processes governing biomineralization.
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Figure 5.18. (006) reflection peak of the HR-XRD diffractograms at 25 °C, 200 °C and 400

°C with normalized intensity for calcite synthesized in the presence of, a) 0.09 mM

spinochrome B, b) 0.07 mM echinochrome A, ¢) 0.07 mM spinochrome A.

5.4. Textile finishing by the bio-(hybrid) pigments

5.4.1. Synthesis of the hybrid pigments

A large-scale vapor diffusion synthesis of ACC-naphthazarin was conducted in ethanol to

generate a hybrid pigment suitable for textile dyeing. The reaction setup was scaled up fivefold

to ensure the yield of synthesis of hybrid pigment in grams, for conducting preliminary tests

on various fabric types. Calcite-spinochrome hybrid pigment was synthesized using direct

precipitation synthesis in water (M2).
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5.4.2. Textile finishing

This work was carried out by Tony Jouanneau T. founder of ATELIER SUMBIOSIS, a lab
merging science and textiles. This study aims to explore the color potential of natural pigments
sourced from sea urchin waste (spinochrome A) and plants (naphthazarin) as well as hybrid
pigments (ACC-naphthazarin and calcite-spinochrome A) in dyeing different textile substrates

(silk, wool, and cotton). Here after, the natural pigments are also called colorants.

5.4.2.1. Fabric preparation and dyeing procedure

Fabrics (silk and cotton) were initially hand-washed at 40 °C, then placed in a non-reactive
container while still damp and stirred to remove impurities. Rinsing of fabrics occurred in a
hot soap (70 °C) bath with additional soda crystals. After cooling to RT, fabrics were rinsed in
water baths. Following drying and weighing, mordant and pigment quantities were determined
in respect to the fabric weight. For naphthazarin, the ratio of colorant:fabric was 1:1, whereas
for spinochrome A, it was 0.01:1 because of the extraction that yields 60 mg in total (30 mg
was used for synthesizing the calcite-spinochrome A hybrid pigments). Subsequently, the fibers
underwent a 12-hour pre-wash to enhance their dye absorption capabilities, allowing mordants
and adjuvants to provide consistent results. A "mordant" connects dye to the fiber through
coordination bonds. Mordanting can occur before, during, or after coloring, with factors like
experimental reactions, desired shade, and toxicity indicators influencing the method chosen.

Mordants, commonly used are metallic salts. They create soluble complexes by chelation.

Dyeing technique: The process begins with diluting pigment material in 10 mL of ethanol.
This initial mixture is introduced into a 2 L clear water bath at 40 °C with a pH of 7. A second
dilution of 10 mL of ethanol is then performed using the container with the pigment material
to ensure no residue remains. This second mixture is added to the clear water bath, which is
gradually heated to 50 °C. Regular mixing is maintained to ensure proper dilution. After 15

minutes of heating without any residue, the bath is prepared for use in hot dyeing.
5.4.2.2. Textile coloration

5.4.2.2.1. Natural pigments

The process of dyeing fibers with natural pigments presents interesting outcomes. When

utilizing naphthazarin (ratio 1:1), a noticeable disparity emerges in the coloration of cotton
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compared to silk in terms of hues as well as in color intensity (Figure 5.19). Cotton exhibits a
light purple color (Figures 5.19a) and silk an intense reddish-purple color especially after 2h
of dyeing (Figure 5.19c). These results imply a more robust interaction between the natural
pigments and animal proteins, such as silk and wool, in contrast to their interaction with plant-

based carbohydrates, such as cotton.

In addition, for the silk fabric dyed for 30 min, a slight change in coloration from reddish-
purple to pinkish is observed after acetic acid treatment at pH 3, likely due to the main presence
of the NH» form of naphthazarin. However, when the dyeing is longer (2 h), this effect is less
important. Notably, neither for 30 min nor 2 h dyeing procedure, the color of the cotton fiber
is altered after undergoing the rigorous rinsing process with acetic acid (Figures 5.19b and

5.19d). This suggests different organic-organic interactions.

In the case of spinochrome A (ratio 0.01:1), encouraging results were obtained considering the
very low amount of colorant used. Similarly, to naphthazarin, silk takes on a distinct purplish
shade (Figure 5.20a), while wool acquires an intense reddish-purple color (Figure 5.20b)
coloration. Similar results (not shown) to naphthazarin are also obtained after acetic acid

treatment.
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Figure 5.19. Dyeing of various fibers using naphthazarin. a) Cotton with naphthazarin for 30
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min and 2 h (washed, rinsed), b) Cotton (washed, rinsed, and treated with acetic acid at pH 3)
with naphthazarin for 30 min and 2 h, ¢) Silk with naphthazarin for 30 min and 2h (washed,
rinsed), d) Silk (washed, rinsed, and treated with acetic acid at pH 3) with naphthazarin for 30

min and 2 h.
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Figure 5.20. Dyeing of various fibers using spinochrome A, a) Wool with spinochrome A
extracted from sea urchin spines for 2 h, b) Silk with spinochrome A extracted from sea urchin

spines for 2 h.

5.4.2.2.2. Bio-hybrid pigments

When ACC-naphthazarin synthesized by vapor diffusion method was used for dyeing, cotton
fibers showed no color likely due to lower naphthazarin concentration than when naphthazarin
was used alone. However, silk fibers took on a purple shade (Figure 5.21a) that changed to pink
after rinsing with acetic acid (Figure 5.21b)). However, when calcite-spinochrome A was used,
the silk fibers exhibited no discernible coloration (Figure 5.22). These findings imply that dyes
combined with ACC are more effective hybrid pigments than when paired with calcite, possibly
due to the highest availability of the dye when associated with ACC than with calcite, in which

some of the pigment is occluded within the calcite crystals.

a) b)
Lavé / Rincé - PH7 Vinaigre blanc - PH3
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Figure 5.21. Dyeing of silk using ACC-naphthazarin synthesized by vapor diffusion a)

washed, rinsed and b) washed, rinsed, and treated with acetic acid at pH 3.
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Figure 5.22. Dyeing of silk using calcite-spinochrome A synthesized by direct precipitation
method vapor diffusion a) washed, rinsed at pH 7.

These results underscore the potential of biogenic pigments and biohybrid pigments for
meeting the demands of the textile industry. However, it is evident that further research and
optimization efforts are necessary to fully harness their capabilities and achieve the desired

outcomes in this field.
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Conclusions and future
perspectives

In this thesis, we seek to elucidate the intricate physicochemical mechanisms underpinning the
chromatic phenomena manifested in sea urchin spines, a phenomenon presumably involving
ACC precursors and naphthoquinone pigments. Concurrently, our pursuit is to acquire a
comprehension of the intricate processes orchestrating the incorporation of naphthoquinones
into calcite, culminating in the genesis of enduring, biogenic hybrid pigments. To elucidate
this, we studied the impact of (poly)hydroxylated naphthoquinones on ACC crystallization into
calcite, as well as the intricate multi-scale organic-inorganic interactions within the synthesized

bioinspired hybrid pigments.

We demonstrate that naphthazarin, which is red at acidic pH and blue before ACC
precipitation, leads to a lavender blue ACC powder that further crystallizes in solution into a

purple mixture of calcite and vaterite that ultimately converts to a purplish-red calcite powder.
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These color changes during ACC crystallization, suggest the important role pH plays as it
continuously evolves during CaCOs synthesis (pH 11.5-8.5). This continuous change in pH
during CaCOs synthesis leads to the incorporation/association of different species of
naphthazarin (NH: (red color), NH (purple), N?*(blue)), which are present at different pH (pK
= 8.3, pKo=10.3). These in-vitro insights imply the possible role of pH in color transformation
observed during biomineralization in sea urchins. In addition, we showed different trends of
ACC stability in the presence of naphthazarin during its crystallization in solution vs. in air
(heating). In solution, naphthazarin can stabilize as well as destabilize ACC depending upon
the concentration, which was in stark contrast to the linear trend observed in air (heating) even
if naphthazarin exhibited no discernible impact on the local structure of ACC. This indicates
that ACC stability might arise from the interaction between ACC and naphthazarin at the
surface, impeding crystallization in solution and in air. Increased ACC stability could be
attributed to the presence of naphthazarin, which hinders the mobility of water molecules, or
perhaps due to naphthazarin's hygroscopic nature, which may absorb moisture, keeping ACC
hydration levels low and thus slowing down crystallization. Additionally, ACC formation and
crystallization studies performed in the presence of lawsone and juglone revealed that the
number of substituents and hydroxyl groups in a naphthoquinone plays an essential role in

interaction with the Ca?" ions, thus affecting the ACC formation and stability.

A thorough investigation of the organic-inorganic interactions across various scales, from the
micron to atomic levels, was performed to decipher the mechanisms involved in the interaction
and integration of naphthazarin molecules within calcite crystals during ACC crystallization in
solution. Our observations highlighted a direct correlation between naphthazarin concentration
and the color of calcite; higher naphthazarin concentrations yielded a darker purple-blue hue
originating from different species of naphthazarin. The introduction of naphthazarin had a
discernible impact on the crystal shape, leading to the emergence of elongated crystals. Only a
minor fraction, approximately 5-10%, appeared to be incorporated within the calcite structure;
the rest is adsorbed on the surface. These findings are consistent with the notion that most
naphthazarin adheres to the crystal surface, potentially causing localized irregularities in crystal
growth and giving rise to rhombohedral crystal-shaped voids at the surface. Even though most
of the naphthazarin was adsorbed on the surface of the calcite, the interactions between calcite
and naphthazarin were relatively strong as the mixing of ACC+naphthazarin or calcite-
naphthazarin in water and ethanol did not lead to the leaching of color. Intriguingly, the

incorporation did not induce significant lattice distortion, suggesting a low concentration of
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naphthazarin incorporation. Subsequent analysis of FIB sections of calcite-naphthazarin
revealed a non-homogeneous distribution of naphthazarin within the calcite as regions
exhibited a higher organic signal than others. Our observations also indicated the presence of
an additional phase within the calcite, which aligned well with the disappearance of Bragg
peaks upon heating, implying a conversion of the amorphous phase into calcite. Through NMR,
we found that naphthazarin might exist in different molecular states, i.e., deprotonated form.
In calcite+naphthazarin, we observed the splitting of the carbonyl peak, suggesting the dynamic
exchange of protons has stopped. Additionally, the downfield shifts in the peak position of
naphthazarin on calcite+naphthazarin highlight the possible structural change in naphthazarin
that could be induced by deprotonation or interaction between naphthazarin and CaCOs. 2D
NMR experiments confirmed the presence of water molecules and naphthazarin in close

proximity to the carbonate ions of the calcite.

These findings have broad implications for biomineral pigmentation, color stability, and bio-
inspired hybrid pigment applications. In-vivo insights highlight the intriguing color
transformation in sea urchin spines during ACC formation, suggesting a possible role of pH in
biomineral coloration. Additionally, our research opens possibilities for bio-inspired
coloration, enabling the synthesis of diverse pigments for textiles, paints, and art. These
pigments, inspired by sea urchin spines, offer photostability and thermal resistance (up to 400
°C), catering to the demand for long-lasting and eco-friendly coloration methods in various

industries.

Based on ACC formation and crystallization findings in the presence of naphthazarin, the study
was extended to pigments extracted from sea urchin spines. These findings provide compelling
evidence of spinochrome A's distinct interaction with calcite, setting it apart from its
counterparts, spinochromes B and E. Spinochrome A emerges as a pivotal actor in the CaCOs
crystallization process, notably hindering the transformation into the calcite phase.
Furthermore, it exhibits a unique mode of interaction that leaves a relatively modest impact on
the atomic structure and overall morphology of calcite crystals compared to the effects induced
by spinochrome B and E. This unique behavior implies a potential rationale for the preferential
incorporation of spinochrome A into Paracentrotus lividus sea urchin spines, which are
synthesized by red spherule cells housing all three spinochromes. Spinochrome A's capacity to
interact with calcite while preserving a closer resemblance to the original crystal structure

positions it as an ideal candidate for influencing the coloration but not the structure of sea
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Conclusions and future perspectives

urchin spines. This observation underscores the pivotal role of molecular-level interactions in
the intricate processes governing biomineralization. It is essential to note that at this stage of
our analysis, we lack information regarding whether the pigments are incorporated within the
calcite or merely adsorbed on its surface. Further investigation, such as STEM-EELS, is

required to shed light on the mechanisms of pigment molecule incorporation.

To delve deeper into our investigation, it is imperative to include the presence of PHNQ
molecules when monitoring the formation and crystallization of ACC. This addition will enable
the study of any color changes that occur during ACC formation and crystallization, resembling
the processes that occur during biomineralization in sea urchins. Additionally, we need to adjust
the synthesis methods, as biomineralization typically transpires within a pH range of 6 to 9. A
proposed modification involves implementing an in-situ monitoring approach using the vapor
diffusion method. This method is well-suited for observing the intricate processes and color
changes associated with ACC formation, offering valuable insights into biomineralization akin
to those found in sea urchins. Additionally, titration between Ca?" and different PHNQs should

be performed to analyse the affinity towards each other.

Furthermore, it is essential to explore the effect of macromolecules along with PHNQs
extracted from sea urchin spines. The comprehensive analysis of these elements collectively
will provide us with a more comprehensive understanding of the color changes that occur
during the biomineralization process in sea urchin spines. By combining these various studies,

we can gain deeper insights into the mechanisms behind this natural phenomenon.
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Figure 1. Crystallization temperature values extracted from DSC profiles showcasing linear

trend with respect to concentration of naphthazarin.
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Figure 2. PDF calculated from X-ray scattering measurements at room temperature of a) pure

ACC, ACC+0.11 mM of naphthazarin and ACC+0.53 mM of naphthazarin and b) ACC+0.11

mM of lawsone and juglone.
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Table 1. Different parameters varied during the measurements to study the dose effect of

naphthazarin:
Ronchicam el D.W ol Sampling (| Applied dose | Cumulated dose
current(pA) current time nm) (e/A?) (e/A?)
(PA) (ms)

8 7.6813 1 1 479 479
8 7.6813 5 1 2397 2877
8 7.6813 2 10 10 10
8 7.6813 5 5 96 105
8 7.6813 5 2 599 705
8 7.6813 20 1 9590 10294
8 7.6813 2 10 10 10
8 7.6813 5 5 96 105
8 7.6813 5 24 416 522
8 7.6813 5 1 2397 2919
8 7.6813 2 10 10 10
8 7.6813 5 5 96 105
8 7.6813 5 2 599 705
8 7.6813 5 1 2397 3102
8 7.6813 2 10 10 10
8 7.6813 2 10 10 10
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Table 2. Rietveld refinement table for different samples

sample name r wp |r_exp | gof al cl a2 c2 w_cal | w_cal2

Calcite+0.055 mM
naphtha 7.10630 3.64124 1.95162 4.99718 17.05790 | 4.99107 17.06720 | 23.12830 | 76.87170

Calcite+0.11 mM
naphtha_100C 8.32045 2.98255 2.78971 4.99371 17.09570 | 4.98887 17.10450 | 32.90410 | 67.09590

Calcite+0.11 mM
naphtha_200C 9.27201 3.05254 3.03748 4.98627 17.15610 | 4.98741 17.15230 | 52.18330 | 47.81670

Calcite+0.11 mM
naphtha_300C 9.55357 3.00061 3.18388 4.98446 17.19380 | 4.98395 17.20960 | 19.61650 | 80.38350

Calcite+0.11 mM
naphtha_400C 9.22820 3.10401 2.97300 4.98186 17.26820 | 4.98196 17.25750 | 31.41520 | 68.58480

Calcite+0.11 mM
naphtha_25C 13.95610 | 3.02655 4.61122 5.03208 16.95900 | 4.99151 17.06700 | 0.08444 99.91560

Calcite+0.11 mM
naphtha_25C after
heating 8.91324 3.03430 2.93749 4.98946 17.08450 | 4.99065 17.06860 | 25.10380 | 74.89620

Calcite+0.22 mM

naphtha 7.59593 3.41435 2.22471 4.99099 17.06790 | 4.99688 17.05820 | 77.18420 | 22.81580
Calcite+0.55 mM
naphtha 7.76003 4.14944 1.87014 4.99566 17.05960 | 4.99098 17.06720 | 21.54920 | 78.45080

Calcite+0.055 mM
Lawsone 12.80070 | 3.75736 3.40684 5.11340 17.78100 | 4.99137 17.06660 | 1.14086 98.85910

Calcite+0.11 mM
Lawsone 100C 7.70990 341414 2.25823 4.98891 17.10350 | 4.99275 17.09610 | 75.89720 | 24.10280

Calcite+0.11 mM
Lawsone 200C 8.54730 3.40003 2.51389 4.98627 17.15470 | 4.98715 17.15150 | 59.17880 | 40.82120

Calcite+0.11 mM
Lawsone 300C 9.07110 3.43413 2.64146 4.98467 17.20010 | 4.98407 17.20940 | 24.32950 | 75.67050

Calcite+0.11 mM
Lawsone 325C 9.18581 3.42863 2.67915 498416 17.21460 | 4.98353 17.22400 | 17.32080 | 82.67920

Calcite+0.11 mM
Lawsone 350C 9.06891 3.41923 2.65233 4.98363 17.23040 | 4.98304 17.23740 | 17.12620 | 82.87380

Calcite+0.11 mM
Lawsone 400C 9.39082 3.50101 2.68232 4.98224 17.26610 | 4.98216 17.26300 | 24.25700 | 75.74300

Calcite+0.11 mM
Lawsone 25C 7.41886 3.35970 2.20819 499514 17.06020 | 4.99094 17.06740 | 20.15670 | 79.84330

Calcite+0.11 mM
lawsone 25C after

heating 8.93217 3.39374 2.63196 4.98987 17.08500 | 4.99098 17.06930 | 24.07120 | 75.92880

Calcite+0.22 mM
Lawsone 100C 11.68010 | 3.79250 3.07978 5.11230 17.76170 | 4.99137 17.06660 | 0.79876 99.20120
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Calcite+0.055 mM

Juglone 6.97032 3.29685 2.11423 4.99729 17.05880 | 4.99113 17.06780 | 28.98830 | 71.01170
Calcite+0.11 mM

Juglone 100C 8.19888 3.84330 2.13329 4.98900 17.10350 | 4.99469 17.09230 | 66.65990 | 33.34010
Calcite+0.11 mM

Juglone 200C 9.14177 3.89562 2.34668 4.98639 17.15550 | 4.98761 17.15090 | 57.19710 | 42.80290
Calcite+0.11 mM

Juglone 300C 9.39240 3.84614 2.44204 4.98382 17.19620 | 4.98409 17.21180 | 34.20720 | 65.79280
Calcite+0.11 mM

Juglone 325C 9.29686 3.92448 2.36894 4.98310 17.21160 | 4.98346 17.22510 | 28.84880 | 71.15120
Calcite+0.11 mM

Juglone 350C 9.55397 3.91252 2.44190 5.10868 17.81200 | 4.98285 17.23520 | 2.47215 97.52790
Calcite+0.11 mM

Juglone 400C 9.51275 3.91276 2.43121 4.98170 17.24530 | 4.98187 17.26260 | 6.00979 93.99020
Calcite+0.11 mM

Juglone 25C 7.95731 3.77852 2.10593 4.99673 17.05730 | 4.99105 17.06710 | 30.15770 | 69.84230
Calcite+0.11 mM

Juglone 25C after

heating 8.84068 3.84335 2.30026 4.98934 17.08450 | 4.99076 17.06730 | 22.78810 | 77.21190
Calcite+0.22 mM

Juglone 100C 11.52300 | 3.20171 3.59901 5.05655 17.94030 | 4.99173 17.06790 1.22889 98.77110
calcite 25C 12.36070 | 3.93530 3.14097 5.19237 17.54490 | 4.99140 17.06710 | 0.55426 99.44570
calcite 100C 12.81250 | 3.35763 3.81594 5.08728 17.29100 | 4.98945 17.10330 | 0.00500 99.99500
calcite 150C 8.10405 3.31669 2.44342 4.98765 17.12940 | 4.99102 17.12390 | 68.73990 | 31.26010
calcite 200C 9.03368 3.34536 2.70036 4.98631 17.15630 | 4.98735 17.15270 | 55.02480 | 44.97520
calcite 300C 9.34355 3.33888 2.79841 4.98355 17.19040 | 4.98407 17.21030 14.94590 | 85.05410
calcite 350C 9.05585 3.39705 2.66580 4.98263 17.22350 | 4.98296 17.23720 17.31000 | 82.69000
calcite 400C 9.42578 3.40355 2.76940 4.98235 17.24620 | 4.98191 17.26330 | 5.70721 94.29280
Calcite 25C after heating | 8.63123 3.29474 2.61970 4.98996 17.08070 | 4.99078 17.06810 | 23.02150 | 76.97850
calcite+ 0.035 mM

Echinochrome A 7.83668 3.74750 2.09118 4.99161 17.06900 | 4.99097 17.06830 17.86790 | 82.13210
calcite+ 0.07 mM

Echinochrome A 100C 7.81130 3.15611 2.47497 4.99008 17.10640 | 4.98897 17.10720 | 60.93280 | 39.06720
calcite+ 0.07 mM

Echinochrome A150C 8.03233 3.20573 2.50561 4.98756 17.13650 | 4.98850 17.12830 | 52.54830 | 47.45170
calcite+ 0.07 mM

Echinochrome A200C 8.19869 3.11556 2.63153 4.98653 17.16030 | 4.98680 17.15510 | 56.65450 | 43.34550
calcite+ 0.07 mM

Echinochrome A 300C 7.99787 3.14058 2.54662 4.98389 17.20330 | 4.98422 17.21640 | 53.58550 | 46.41450
calcite+ 0.07 mM

Echinochrome A 350C 8.04960 3.17862 2.53242 4.98315 17.24920 | 4.98288 17.23440 13.84200 | 86.15800
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calcite+ 0.07 mM

Echinochrome A 400C 8.39439 3.20811 2.61661 4.96049 17.30510 | 4.98195 17.26300 | 0.07524 99.92480
calcite+ 0.07 mM

Echinochrome A 25C 7.34649 3.09516 2.37354 4.99660 17.06040 | 4.99102 17.06960 13.16020 | 86.83980
calcite+ 0.07 mM

Echinochrome A 25C

after heating 7.77913 3.10495 2.50540 4.98923 17.08720 | 4.99074 17.06720 | 20.51990 | 79.48010
calcite+ 0.14 mM

Echinochrome A 7.80026 3.90042 1.99985 4.99632 17.06110 | 4.99107 17.07060 | 23.64080 | 76.35920
calcite+0.038 mM

spinochrome E 7.56762 3.25193 2.32711 4.99703 17.05780 | 4.99103 17.06920 | 22.58330 | 77.41670
calcite+0.08 mM

spinochrome E 7.57028 3.57738 2.11615 4.99707 17.05780 | 4.99108 17.06910 | 23.01340 | 76.98660
calcite+0.16 mM

spinochrome E 7.20388 3.59429 2.00425 4.99638 17.06000 | 4.99105 17.07200 12.20180 | 87.79820
calcite+0.045 mM

spinochrome B 7.71445 3.53790 2.18052 4.99636 17.05940 | 4.99110 17.06940 | 22.29110 | 77.70890
calcite+0.09 mM

spinochrome B 100C 7.84635 3.32141 2.36236 4.99488 17.10120 | 4.98933 17.11120 24.95640 | 75.04360
calcite+0.09 mM

spinochrome B 150C 8.02122 3.41060 2.35185 4.98815 17.13990 | 4.98987 17.12570 | 68.36880 | 31.63120
calcite+0.09 mM

spinochrome B 200C 8.13152 3.34021 2.43443 498714 17.16940 | 4.98640 17.14590 | 55.19910 | 44.80090
calcite+0.09 mM

spinochrome B 300C 8.24198 3.43578 2.39887 4.98396 17.19460 | 4.98425 17.21410 | 23.98930 | 76.01070
calcite+0.09 mM

spinochrome B 350C 8.19184 3.35339 2.44285 4.98275 17.22850 | 4.98322 17.24260 | 45.42840 | 54.57160
calcite+0.09 mM

spinochrome B 400C 8.34185 3.43442 2.42890 4.98198 17.27690 | 4.98192 17.26000 17.64440 | 82.35560
calcite+0.09 mM

spinochrome B 25C 7.65723 3.34147 2.29158 4.99695 17.06170 | 4.99133 17.07140 | 25.30940 | 74.69060
calcite+0.09 mM

spinochrome B 25C after

heating 7.95749 3.53992 2.24793 4.98947 17.08910 | 4.99085 17.06750 18.70750 | 81.29250
calcite+0.18 mM

spinochrome B 7.58143 3.73759 2.02843 4.99731 17.06240 | 4.99150 17.07100 18.71990 | 81.28010
calcite+0.04 mM

spinochrome D 8.08579 3.68858 2.19211 4.99707 17.05810 | 4.99113 17.06750 | 26.96150 | 73.03850
calcite+0.08 mM

spinochrome D 7.57830 3.68435 2.05689 4.99715 17.05890 | 4.99107 17.06820 19.87430 | 80.12570
calcite+0.16 mM

spinochrome D 8.66505 3.22705 2.68513 4.99679 17.06170 | 4.99104 17.06970 19.20280 | 80.79720
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calcite+0.035 mM

spinochrome A 8.94829 3.37530 2.65111 5.11085 17.31900 | 4.99128 17.06780 | 0.01880 99.98120
calcite+0.07 mM

spinochrome A 100C 7.80386 3.43805 2.26985 4.98917 17.10550 | 4.99470 17.09740 | 73.07920 | 26.92080
calcite+0.07 mM

spinochrome A 200C 8.49739 3.42987 2.47746 4.98663 17.15590 | 4.98760 17.15830 | 58.06630 | 41.93370
calcite+0.07 mM

spinochrome A 300C 8.30054 3.44171 2.41175 4.98445 17.22150 | 4.98416 17.20570 | 22.54850 | 77.45150
calcite+0.07 mM

spinochrome A 325C 8.78031 3.45877 2.53856 5.09367 17.91520 | 4.98361 17.22300 | 1.45123 98.54880
calcite+0.07 mM

spinochrome A 350C 8.77549 3.49023 2.51430 5.10092 18.00180 | 4.98304 17.23620 | 1.64047 98.35950
calcite+0.07 mM

spinochrome A 400C 8.53527 3.43627 2.48388 4.98192 17.27660 | 4.98201 17.26060 | 17.38720 | 82.61280
calcite+0.07 mM

spinochrome A 25C 7.41307 3.35895 2.20696 4.99684 17.06130 | 4.99113 17.06890 | 24.17090 | 75.82910
calcite+0.07 mM

spinochrome A 25c¢ after

heating 8.17324 3.35467 2.43638 4.98878 17.09200 | 4.99086 17.06870 | 24.41600 | 75.58400
calcite+0.14 mM

spinochrome A 13.47090 | 3.93072 3.42708 4.99724 17.05960 | 4.99105 17.06830 | 28.29180 | 71.70820
calcite aspartic 0.055

mM 19.32160 | 2.83817 6.80774 4.99048 17.06430 | 4.99519 17.05610 | 79.72660 | 20.27340
calcite aspartic 0.11 mM 42.09310 | 2.35465 17.87660 | 4.99048 17.06430 | 4.99519 17.05610 | 79.72660 | 20.27340
calcite aspartic 0.22 mM 29.28310 | 2.66052 11.00650 | 4.99048 17.06430 | 4.99519 17.05610 | 79.72660 | 20.27340
calcite aspartic 0.32 mM 23.36200 | 3.17958 7.34749 4.99048 17.06430 | 4.99519 17.05610 | 79.72660 | 20.27340
calcite aspartic 0.53 mM 28.19900 | 2.58936 10.89030 | 4.99048 17.06430 | 4.99519 17.05610 | 79.72660 | 20.27340
Calcite glycine 0.055 mM | 22.31050 | 2.88577 7.73122 4.99048 17.06430 | 4.99519 17.05610 | 79.72660 | 20.27340
calcite glycine 0.1 mM 20.90570 | 3.00792 6.95022 4.99048 17.06430 | 4.99519 17.05610 | 79.72660 | 20.27340
Calcite_glycine 0.22 mM | 25.47030 | 2.77186 9.18887 4.99048 17.06430 | 4.99519 17.05610 | 79.72660 | 20.27340
calcite glycine 0.32 mM 18.17920 | 2.87387 6.32570 4.99048 17.06430 | 4.99519 17.05610 | 79.72660 | 20.27340
calcite glycine 0.53 mM 34.34470 | 2.48390 13.82690 | 4.99048 17.06430 | 4.99519 17.05610 | 79.72660 | 20.27340
calcite aspartic 0.11

mM_150C exsitu 29.22640 | 2.71265 10.77410 | 4.99048 17.06430 | 4.99519 17.05610 | 79.72660 | 20.27340
calcite aspartic 0.11 mM

200C exsitu 18.33470 | 2.77323 6.61131 4.99048 17.06430 | 4.99519 17.05610 | 79.72660 | 20.27340
calcite aspartic 0.11 mM

250C exsitu 34.10720 | 2.48990 13.69820 | 4.99048 17.06430 | 4.99519 17.05610 | 79.72660 | 20.27340
calcite aspartic 0.11 mM

300C exsitu 23.93440 | 2.70620 8.84426 4.99048 17.06430 | 4.99519 17.05610 | 79.72660 | 20.27340
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calcite aspartic 0.11 mM

400C exsitu 32.02880 | 2.62900 12.18290 | 4.99048 | 17.06430 | 4.99519 | 17.05610 | 79.72660 | 20.27340
Calcite 28.40600 | 2.50456 11.34180 | 4.99048 | 17.06430 | 4.99519 | 17.05610 | 79.72660 | 20.27340
ACC_400 C exsitu 5.57790 3.29257 1.69409 4.99017 | 17.06270 | 4.99006 | 17.05380 | 81.14070 | 18.85930
ACC_400C_naphtha
0.055 mM 5.70699 3.32296 1.71744 4.99039 | 17.06130 | 4.99056 | 17.06530 | 76.49950 | 23.50050
ACC_400C_naphtha
0.1 mM 5.39353 3.12819 1.72417 4.99025 17.06240 | 4.98987 | 17.06770 | 81.29810 | 18.70190
ACC_400C_naphtha
0.22 mM 5.70230 3.64856 1.56289 4.99021 17.06200 | 4.98971 17.06300 | 84.67440 | 15.32560
ACC_400C_naphtha
0.32 mM 5.51114 3.25413 1.69359 4.99023 17.06330 | 4.98727 | 17.06360 | 68.47940 | 31.52060
ACC_400C_naphtha
0.53 mM 8.69752 3.33067 | 2.61134 4.99041 17.06420 | 4.98883 17.06540 | 56.95230 | 43.04770
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INTRODUCTION

Marine invertebrates such as mollusks, brachiopods, crustaceans, crinoids and sea
urchins show striking colors ranging from red, yellow to blue, purple and green (reviews
Bandaranayake 2006, Williams 2017). This large palette of natural colors is due to the presence
of small organic pigment molecules (typically < 1kDa) biosynthesized by the animals (e.g.
porphyrins, bilins, melanin and quinonoid such as anthraquinones, polycyclic quinones,

naphthoquinones and melanin) or obtained from food sources (e.g. carotenoids such as
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canthaxanthin and astaxanthin) (Needham1974, Comfort, William, Stemmer, Hedegaard,
Arma, Bonnard, Lemer, Affenzeller, Lederer, Goodwin, Mishenko, Vasileva, Cusack, Gaspard
2019, Zagalsky 1985, Cianci 2002, Wolkenstein 2009 2015 2019, Singh 2018, Ebada,
Saenko2021, Jurg 1978, Rybergl979, Matsuno and Tsushima, 2001, Verdes 2015, Soldati
2008). Of particular interest is the phylum Echinodermata whose members synthesize a large
number of secondary metabolites such as hydroxyanthraquinone pigments identified in
crinoids (Wolkenstein 2009, 2019 Singh 2018) and polyhydroxy-1,4-naphthoquinone
molecules (PHNQs) found in sea urchins (Vasileva 2021).

Biosynthesized via enzymatic pathways (Salaque 1967, Ageenko2011, Li2022), PHNQs
have antimicrobial, anti-inflammatory, antioxidant and UV-absorption properties (Lebedev
2001, Zhou 2011, Coates 2018, Powell 2014, Brasseur 2017) making them interesting bioactive
compounds for pharmaceutical applications (Hou 2018, Vasileva 2021, Shikov 2018).
Consequently, about 40 different PHNQ molecules have been already identified across various
species of adult sea urchins (for reviews see Anderson 1969, Hou 2018, Vasileva 2021,
Ageenko 2022) once isolated from their gonads (Brasseur), digestive system (Brasseur 2017a),
immune red-spherule cells (Matranga 2000, Pinsino 2015, Calestani, Coates 2018, Brasseur,
Ageenko 2022,Vasileva 2021) and colorful skeletal biominerals (test and spines) with their
surrounding soft tissues (Vasileva, Brasseur, Goodwin).

However, PHNQ-macromolecule complexes have not been yet evidenced, to the best of
our knowledge, and could be of further interest not only for pharmaceutical applications but
also for food (Zhou 2011, 2012, review Mejia2020), cosmetic and dyeing textile industries that
are actively turning to natural products (Li 2021). Protein-associated pigments have been
already identified in some marine invertebrates (Comfort 1950, Cusack 1992, Zagalsky 1985,
Cianci 2002, Jackson 2006, Mann 2014, Hedegaard 2006, book Needham1974). Specifically,
carotenoproteins were extracted from the calcified tissues of blue lobster carapaces (Zagalsky
1985, Cianci 2002) and brachiopod red shells (Cusack 1992) after calcium carbonate (CaCO3)
mineral dissolution. The occlusion of organic pigments within the biogenic mineral phase
indisputably occurs during its growth (Fox and Hopkins 1965, Towe 1990) i.e.,
biomineralization processes, which involve a set of organic macromolecules such as proteins,
glycoproteins and polysaccharides that subsequently also get incorporated within the mature
biominerals and are part of the so-called intracrystalline organic matrix (Crenshaw 1972,
Weiner 1975, Lowenstan and Weiner 1988). Although biomineral pigmentation and
biomineralization pathways appear to be two metabolic processes intimately linked during the

life time of these animals (Towe 1990, Zito, Sun), the detailed mechanism of pigment’s
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occlusion in CaCOs and association with macromolecules potentially directly involved in
crystal growth, is not known. Attested to play a crucial role in biomineralization, some
macromolecules of the intracrystalline organic matrix were shown to control in vitro crystal
nucleation, growth, orientation, polymorph selection, structure and morphology (Berman,
Aizenberg, Politi, Kanold, Karakostis, Nudelman, Gong). However, the role of secondary
metabolites in biomineralization processes such as pigment molecules has not been thoroughly
addressed yet.

Using an adapted biochemical extraction protocol, we first evidence the presence of PHNQ-
macromolecules complexes occluded within the mass-colored CaCOs-biominerals of
Paracentrotus lividus sea urchin purple spines by UV-visible spectroscopy and SDS-PAGE.
After thorough characterization of both free PHNQs and PHNQ-macromolecules complexes
by FT-IR, NMR in solution and HR-MS, we further compare the effect of both extracts on
CaCO:s crystal growth and thus assess the likely role of intracrystalline PHNQs and PHNQ-

macromolecule complexes on biomineralization processes.

RESULTS AND DISCUSSION

Mass-coloration of purple sea urchin spines reveals the presence of intracrystalline

pigments

As most echinoderm skeletal elements, sea urchin spines exhibit a three-dimensional
arrangement of mineralized CaCOs-trabeculae, the so-called stereom that provides light-weight
properties to the biominerals. Specifically, Paracentrotus lividus primary spines comprise an
imperforate stereom (the septa) consisting of dense mineral wedges radially arranged around
an inner laminar stereom having a connected porosity of 5 to 25 um (Albéric 2022) (Figure 1).
During the life time of sea urchins, soft tissues also defined as connective tissues (epidermis
and dermis) (Heatfield, Ameye) cover the septa and fill the stereom’s porosity. These organic
soft tissues, also defined as the inter-crystalline organic fraction, comprise different cell types
and a large number of extracellular vesicles (Dubois and Ameye, 2001; Heatfield and Travis,
1975b; Heatfield and Travis, 1975a; Mirkel and Roser, 1983; Mérkel et al., 1989) that tightly
adhere to the surface of the CaCOs-trabeculae. Inter-crystalline organics have been previously
removed by collagenase (Weiner 1985), NH4OH (Weiner 1979) or H»>O» treatment
(Penkman2008), but a 12% NaClO cleaning of powdered biominerals for 48h was shown to be
the most efficient for mollusk shells (Penkman2008). In contrast, the so-called intracrystalline

organic fraction resists prolongated chemical oxidation and is thus, considered occluded with
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the mineral phase (Crenshaw 1952, Weiner 1975, Towe 1990, Berman 1993, Sykes 1995, Stern
1999, Marin 2016).

Fresh P. lividus sea urchin spines of purple color were first treated for few hours with
5% NaClO to remove most of the soft tissues (Figure 1A). This mild oxidative treatment
enhanced the purple color of the spines (Figure SI) showing that the purple hue originates from
the pigment molecules occluded within the biominerals rather than the ones possibly present
in the soft tissues. Indeed, different pigment cells have been already observed in the spine’s
connective tissues such as the red-spherule cells that contain dense red vesicles filled with

PHNQs (ref.) and chromatophores with melanin granules (Millott 1952).

After resin embedding, cross-sections were then obtained perpendicular to the long axis
of the spines and further polished under water (Figure 1B). Observed under light microscopy,
the entire septa show a homogeneously distributed intense purple color (Figure 1C). The
longitudinal trabeculae of the stereom also show intense purple color whereas the transverse
bridges that connect the trabeculae appear transparent (Figure 1D). These differences might be
due to different concentrations of occluded pigments but also to different mineral thicknesses.
Indeed, the compact wedges of the septa and the longitudinal trabeculae of the stereom run
almost all along the spine length of about 1 cm whereas the transverse bridges are only few
microns wide. This mass-colored pigmentation of the spines contrasts with the one observed
only within the outer surface of the shells of sea urchins (Figure SI) and mollusks (Stemmer,
Budd 2004, Zhao Oyster, Komura 2018, Milano 2018, Sakalauskaite 2020). This suggests that
the pigment molecules are continuously deposited and further encapsulated during the entire

growth of the spines.

In order to appreciate the micron spatial distribution of organics within the CaCOs3
biominerals and possibly identify their molecular nature, we performed Raman confocal
microscopy of polished cross-sections. Indeed, the spatial distributions of polyenes, porphyrin
and melanin within biominerals have been commonly evidenced by Raman spectroscopy
thanks to their characteristic spectral signatures (Fiirst, Stemmer, Hedegaard, Kamuro 2018,
Gaspard 2019, Ishikawa 2019, Karampelas 2019, Milano 2018, William). Figure 1 E shows two
characteristic averaged Raman spectra of the outer (brown spectrum) and the inner septa
(yellow spectrum). Both areas exhibit a very high fluorescence in the 2000 - 4000 cm™! region
that prevents the detection of any characteristic organic signal and only allows for the detection

of the main calcite peak at 1089 cm™!. This high fluorescence, which is likely due to the organic

284



Appendices

molecules (ref.) can however be spatially visualized by obtaining a fluorescence map obtained
in the [2000-4000] cm™! region (Figure 1F). Thus, Figure 1F reveals the two-dimensional
spatial distribution of the intra-crystalline organics at the surface of the polished cross-section.
Concentrical wavy lines of 1um thick showing high fluorescence signal (yellow) are observed
all along the septa length and in the stereom. Similar concentric laminations or onion like
patterns have been previously identified after mild acidic efching or/and fracture of the stereom
surface of sea urchin test plates (Nissen 1969, Pearse and Pearse 1975) and spines (Gorzelak
2011, Weiner 1997, Ameye 2001). They have been attributed to mineralization deposition lines
alternating between “laminar accretion of calcite and organic thin concentric layers”. Although
previously first reported that such features were absent in the septa and suggested to be due to
less controlled mineralization than in the stereom (Weiner 1997), Ameye et al. 2001 did
observe concentric wavy layers in the septa as well. Our results thus suggest that the formation
of the septa also occur through a delicate deposition of CaCO3 minerals intertwined with
organic layers of organics. In addition, we measured higher fluorescence signals in the stereom
and in the septa close to the stereom than in most of the septa (Figure 1E and F). This suggests
different organic concentrations or compositions in the different zones as already observed by
lectin-gold labeling concerning the presence of N- and O-glycoproteins as well as sialic acid

(Ameye 2001).

Nevertheless, as for most skeletal organic matrix (Marin 2015, William), a detailed
analysis of the sea urchin intracrystalline organics requires its prior extraction from the

biominerals.
Extraction of the intra-crystalline free PHNQs and PHNQ-macromolecule complexes

In order to exclusively extract the intracrystalline PHNQs and PHNQ-macromolecule
complexes occluded within purple P. /ividus sea urchin spines, we first ensured the complete
removal of the soft tissues tightly bound to the convoluted trabeculae of the spine’s stereom.
In order to do so, we performed several cleaning cycles from 4h to 100h of intact and powdered
spines with 5 and 12%-NaClO solutions. SEM micrographs of fractured spines treated with
5%-NaClO for 4h still reveal the presence of soft tissues at the surface of the biominerals
(Figure 2A). The organic contents remaining after the different oxidative treatments were
further quantified by TGA. Fresh spines before and after cleaning with 5%-NaClO for 4h show
3.2 wt.% and 1.5 wt.% total weight losses, respectively whereas powdered spines treated with

12%-NaClO for 48h and 100h have both 1 wt.% weight losses (Figure 2B). Similarly to
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mollusk shells (Penkman2008), these results evidence that a 12%-NaClO treatment for 48h is
therefore needed, but sufficient, to accurately remove all the inter-crystalline organics of P

lividus primary spines.

Notably, the relatively strong oxidation treatment does not alter the color of the biominerals as
revealed by UV-visible diffuse reflectance spectroscopy measurements of untreated and treated
powdered samples (fresh spines, 5%-NaClO cleaned spines for few hours and 12%-NaClO
cleaned ones for 48h). Indeed, the UV-visible absorbance spectra of the three powdered
samples are very similar. They show three UV bands at 245, 295 and 355 nm as well as a small
and a broad band in the visible range, respectively at 480 and 570 nm (Figure 2C). The visible
bands are indicative of the purple color whereas the UV ones originate from the well-known
UV- absorption properties of PHNQs once extracted (Zhou2011, 2012). This suggests that
when occluded within the CaCOs biominerals, PHNQs still show UV-absorption properties,
which verifies one of the hypotheses about their physiological function as UV-protectants

(Brasseur).

Then, we combined and adapted two established protocols for the extraction of CaCOs3
skeletal matrix macromolecules in one hand (Marin) and for the isolation of pure PHNQs
(Goodwin, review Vasileva 2021) in another hand. This combination allows for extracting the
intracrystalline macromolecules, preserving their eventual association with the PHNQs as well
as isolating small molecules which are the free and pure PHNQs. Indeed, the macromolecules
are otherwise destroyed when using strong acid such as concentrated HCI primarily used for

the extraction of PHNQ only (Goodwin 1950).

Therefore, we used dilute acetic acid to completely and mildly dissolve of the CaCO3
powder in order to extract and preserve all the intracrystalline organic molecules. Being more
soluble in ethanol than in water, PHNQs have been also extracted with 4-10% H>SO4 acidified
ethanol (Mischenko 2005, 2014, Vasileva 2017), but which only allows for a partial mineral
dissolution and the extraction of PHNQs exclusively, as proteins, glycoproteins, lipids and

polysaccharides are poorly soluble in ethanol.

After complete mineral dissolution, a dark purple solution is obtained at pH 4 (Figure
3A) and then separated by centrifugation into an acid-soluble matrix (ASM) and an acid-
insoluble matrix (AIM). The solid pellet consisting of the AIM fraction has a dark purple color

with some grey parts (Figure 3B), which can be quite important in some extraction (Figure SI).
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In contrast, the solution containing the total ASM fraction is pink-orange (Figure 3C).
Interestingly, the separation of the ASM from the AIM is not complete as a dark purple colloidal
suspension is still observed in the ASM after centrifugation and separation from the AIM
(Figure 3C). We propose that this intermediate fraction might consist of lipopolysaccharides
that may form colloidal suspension in aqueous media. These different colors observed may
reveal different pigment composition, concentration, ionic forms or/and association to

macromolecules.

The total ASM fraction is further ultrafiltrated on a 1kDa cut-off membrane allowing for the
separation of the free PHNQs mixture (<l1kDa) from the PHNQ-macromolecule complexes
(>1kDa). While the ASM<1kDa fraction exhibits an intense and clear pink color (Figure 3D ),
the ASM > 1kDa fraction shows a biphasic coloration dark purple/pinkish due to the presence
of the highly concentrated dark colloidal suspension within the pinkish acetic acid solution
(Figure 3E1). After slow agitation (Figure 3E>), an intense opaque dark purple (almost black)
color can be obtained due to the resuspension of the lipopolysaccharide like molecules that

precipitate again after some time (Figure 3Es3).

In order to further remove the acetic acid and the dissolved salts from both ASM fractions,
ASM >1kDa is dialyzed against distilled water in 1kDa cut-off membrane tubes and
ASMc<1kDa is purified by solvent extraction with diethyl ether and Na,COs (see exp.). Notably,
during solvent extraction the later changes from pink at pH 2 to purple at pH 11(Figure 3D>).
This change of colors according to pH is likely due to the different ionic forms of the pigment
molecules. Indeed, PHNQs are halochromic pigments that change the color of the solution
according to pH (Zhou, Lebedev). For example, echinochrome A changes from orange to
purple to yellow at pH 4 and 6 (V1és and Vellinger 1928). Once concentrated in the ether phase

it finally shows an intense ruby color (Figure 3F) in agreement with (Goodwin).

All three fractions are finally freeze-dried.

Structure elucidation of the free pigments from the ASM <1kDa fraction

Among the large number of PHNQ molecules previously identified in various species,

six different PHNQs have been in total reported for the spines and test plates of P. lividus sea
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urchins, independently of their color: Echinochrome A, Spinochrome A (two isomers), B, C
and E, (Anderson 1969) (Goodwin, Lederer, Louise, Anderson, Shikov). More recently, only
spinochrome A and B were identified in the spines and test plates of P. /ividus sea urchins from
the Italian coast (Marzorati 2021). In addition, echinochrome A was extracted from the red-
spherules cells present in the coelomic of P. lividus sea urchins (Coates 2018, Mantraga). These
variations of PHNQ composition within even one species might depend on the specimen itself,
the tissue considered but also on the protocol used for the extraction of such molecules. Here,
we isolated and further characterized the intracrystalline PHNQs of purple P. lividus spines
only as our protocol ensures first the complete removal of the spine’s surrounding soft tissues

that are known to contain numerous red-spherule cells (Heatfield).

The characterization of the ASM <l1kDa fraction by HPLC (Figure SI) and 'H, 13C
NMR (Figure 4) show the presence of one main PHNQ molecule, spinochrome A (C1207Hs, 3-
Acetyl-2,5,7,8-tetrahydoxy-1,4-naphthoquinone). Another PHNQ is detected by NMR (*,
Figure 4A), but its low quantity does not allow HMBC measurements making difficult its
complete structure elucidation. In addition to spinochrome A, further HR-MS analysis show
the presence of two minor PHNQs, spinochrome B (Ci0O¢Hs, 2,3,5,7-Tetrahydroxy-1,4-
naphthoquinone) and C (Ci20sHs, 2-Acetyl-3,5,6,7,8-pentahydroxy-1,4-naphthoquinone).
However, neither echinochrome A nor spinochrome E were detected as intra-crystalline
PHNQs of purple spine, which suggest that these two molecules are possibly only present in

the surrounding soft tissues.
Characterization of the intra-crystalline macromolecules

The intracrystalline ASM fraction of Paracentrotus lividus biominerals has been
investigated through biochemical and proteomic approaches. The amino acid composition of
the protein constituents was first determined (Weiner 1985, Berman 1993, Albeck 1993, 1996)
and diverse proteins, glycoproteins and free polysaccharides were further identified such as
alkaline protein (SM50), MSP-130 proteins, metalloenzymes (carbonic anhydraze),
cytoskeletal proteins, terminal sialic acids, O-, N- and C-type lectin glycoproteins (Benson
1987, Albeck 1996, Ameye 1999, Ameye 2001, Karakostis 2016, others). In contrast, the AIM
fraction has been poorly studied (Weiner 1985, Karakostis, Kanold) and was first identified as
mainly composed of nonproteinaceaous material (Weiner 1985) although some proteins (and
monosaccharides) were later evidenced in the AIM of the test plates of P. /ividus as well as in

the spines and test plates of Arbacia lixula (Kanold, Karakostis).
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Although FT-IR spectroscopy is not the best technique for identifying PHNQs that
shows characteristic bands only between 1890-1480 cm’!, it has been successfully used for
characterizing the freeze-dried AIM and ASM fractions extracted from CaCOs skeletons
(Fred’s paper, Aizenberg 2002). The FT-IR spectra of the AIM and ASM >1kDa fractions show
characteristic vibration bands of protein backbone, polysaccharide moieties and sulfate or
phosphate groups (Figure 5 A, Table). In particular, the ASM fraction > 10kDa presents bands
identified as amide A (N-H strefching) at 3290 cm™!, amide B (N-H stretching) at 3090 cm’!,
amide I (C=O stretching) at 1627 cm!, amide II (C-N strefching/N-H bending) at 1537 ¢cm™!
and amide IIT (C-N stretching/N-H bending) at 1226 cm!. Bands attributed to v-C-H and §-C-
H (asymmetric and symmetric) are also observed, they are also all detected in the AIM dark
purple portion with additional important band at 1093 cm™! indicative of some polysaccharide
moiety (v -C-0O). The grey portion of the AIM fraction shows two very intense bands at 1204
and 1150 cm!, together with smaller bands at 638 and 552 ¢cm™!, they suggest the presence of
sulfate or phosphate groups. Finally, the FT-IR spectra of the ASM < 1kDa fraction shows
characteristic bands of PHNQ at 1725, 1632 and 1597 cm™! attributed to v-C=C, §-C-O-H and
v-C=0 (Glazunov 2014).

Evidence for the presence of intra-crystalline PHNQ-macromolecule complexes

The intense and different colors of the AIM and ASM > 1kDa fractions already suggest
that some PHNQ are associated with different macromolecules (Figure 3). Further UV-visible
spectroscopy measurements of the ASM > 1kDa and ASM < 1kDa before ether extraction and
dialysis respectively confirm this observation. The UV-visible spectra of ASM <lkDa
composed mainly of spinochrome A shows two relatively defined UV bands at 273 and 311 nm
and a broad visible band with two maximum at 450 and 510 nm, in agreement with
(Vasileva2021, Goodwin) (Figure 6A). These bands are also present in the spectra of the ASM
> lkDa (pink curve) especially when measured after precipitation of the black colloid
suspension. An additional broad band is detected around 650 nm, which is becoming more

intense when the dark colloid suspension is suspended (navy curve) (Figure 6A).

In vitro CaCOj crystallization assay - Effect of PHNQs and PHNQ-macromolecule
on CaCO:s crystal growth

Because, they resist relatively strong NaClO treatments, PHNQs are considered as part of

the intracrystalline matrix and are therefore potentially involved in biomineralization processes
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(Cusack 1992). The complexity of such biologically controlled mechanisms implies numerous
players, in particular organic molecules, at different levels. Some organics may be directly
involved in biomineralization by controlling the final crystal structure and morphology or even
as simple nucleation sites but some others may be indirectly crucial for biomineralization to
occur e.g., by providing the ideal conditions (pH regulation, bacterial decontamination, etc).
All being incorporated within the final biominerals and thus part of the intracrystalline matrix,
these organic molecules may interact differently with the mineral phase either coherently by
matching the crystal lattice or in the form of localized inclusions, if fortuitously trapped (Marin

2016).

Although the potential role of echinoderm pigments in biomineralization has been at
first discarded based on similar skeletal structures between colored and albinos’ sea urchin
specimens (Dubois and Chen 1989), it was later shown that PHNQs can complex Ca?* ions
(Ledebev 2001, 2003, Zhou 2012), promote mineralized nodule formation in osteogenic
sarcoma cells in the presence of CaCl, (Hou 2020) and are released from the RSC when high

levels of intracellular Ca®" ions are measured (Coates 2018).

EXPERIMENTAL SECTION

Sample preparation. Paracentrotus lividus sea urchins were obtained from the biological
station of Sorbonne University (Roscoff, France). After dissection of the Aristotle lantern, the
ceolomic fluid, the gonads and the internal organs were removed. The shells with the spines of
each sea urchins were soaked in 200 mL of 5% sodium hypochlorite (NaClO) solution
overnight in order to remove most of the organic tissues (podia, muscles, epidermis, etc.)
allowing the spines to detach from the shells. The spines were further cleaned from their soft
tissues by NaClO (12%) under rotative shaking with a tube rotator (Stuart® rotator SB3) for 3
hours and then rinsed extensively with mili-Q water and finally air-dried. Spines of 1cm long
were selected from five different sea urchins, the uncolored base of each spine was removed
and the shafts were crushed within an agate mortar and sieved into a <200 pm powder. The
<200 pm powder was then suspended in a 12% NaClO solution (50 mL/per gram of powder)
within several centrifuge tubes. The suspended powder was shaken for 48h at 15 rpm using the
tube rotator. After centrifugation with a MIKRO 220R Hettich® centrifuge (6000 rpm, 10 min),
the 12% NaClO solution was pipetted off from each tube, the powder rinsed five times with
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mili-Q water under rotative shaking for 1h30 and once with MeOH for 5Smin and finally air-

dried (Penkman 2008).

Extraction and isolation of the intra-crystalline organic matrix. After the oxidation
treatment, 13.6 grams of the <200 um powder was slowly dissolved at 4°C with 470 mL of
10% acetic acid solution added at a rate of 1.2 mL/min using a digital burette TITRONIC®
300 until complete dissolution. The dissolved dark purple solution whose pH was 4.4, was
distributed within centrifuge tubes, which were centrifuged at 6000 rpm for 15 min at 4°C. The
pink supernatant containing the acido-soluble matrix (ASM) was collected and the dark purple
pellets containing the acido-insoluble matrix (AIM) were rinsed several times with 10% acetic
acid (40 mL) until the supernatant was transparent and then with mili-Q water. The supernatant
was then added to the ASM fraction whose final volume was 510 mL. The ASM fraction was
further separated at 4°C by ultrafiltration at 2 to 4 bars using a 400mL Millipore® Amicon
stirred cell with first, a 10kDa membrane and second, a 1kDa membrane, both previously rinsed
and soaked in mili-Q water for 1h. Therefore, three ASM fractions were obtained: Fi>10kDa,

1kDa<F,<10kDa and Fsz<1kDa.

The ASM fractions F; and F> were then dialyzed at 4°C against mili-Q water using 0.5-
1kDa molecular weight cut-off dialysis tubes in order to remove the dissolved salts. Several
water changes were done until the volume within the dialysis tubes remain constant. The
volume of the Fi and F; increased by XX, respectively. Both fractions were then concentrated
by ultrafiltration on the 10KDa and 1KDa membrane, respectively, measured by liquid UV-
visible spectroscopy and then freeze dried for further characterization (FTIR and SDS-PAGE

gels).

The ASM fraction F3<IKDa was acidified to pH 2 by adding hydrochloric acid 37%
and then partitioned between water and diethyl ether to remove the dissolved salts. The diethyl
ether phase containing the PHNQ molecules was collected and another solvent extraction was
performed involving equal volume of 4wt% sodium carbonate (Na,CO3) solution (pH 11) and
diethyl ether to purify the PHNQ fraction from remaining small lipids and peptides. The
Na>CO3 aqueous phase containing the PHNQs was collected, acidified to pH 2 and then
partitioned between water and diethyl ether. The diethyl ether was finally evaporated.
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The PHNQs content of the AIM, ASM F; and F; fraction was finally isolated by
destroying the intracrystalline macromolecules by XX% HCI, extracted and purified as for the

ASM F3<1KDa described above.
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Fig. 7. A) Photographs of biogenic CaCOj3 (white test plate and purple spine powder of different
granulometry) and CaCOs powders synthesized by Method 1 in the absence or presence of
ASM F>1kDa, ASM F<1kDa or spinochrome B (0.04 mg/mL), B) structure of spinochrome A
and B and C) UV-visible spectra of the spine powder and the synthetic CaCO3 powders
synthesized by Method 1 in the presence of extracted ASM F<lkDa and ASM F>1kDa as well

as pure spinochrome B.

Fig. 8. SEM micrographs of CaCOs crystals synthesized by Method 2 A) in the absence of
pigment and in the presence of B) ASM F<lkDa at 25 pg/mL, C) ASM F<1kDa at 100 pg/mL,
D) Spinochrome B 25 pg/mL and E) Spinochrome B 100 pg/mL — scale bar 10 um.
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Appendix 3

Manuscript writing in progress
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Halochromic amorphous calcium carbonate crystallization inspired by biomineral

pigmentation in sea urchins
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'Laboratoire Chimie de la Matiére Condensée de Paris Sorbonne Université, CNRS, France

’Department of Biomaterials, Max Planck Institute of Colloids and Interfaces, Potsdam,

Germany
1. Introduction

Marine life fascinates by its ability of producing a large variety of multifunctional
biomineralized structures that often exhibit striking colors whose functions remain unclear
(ref.). The wide range of hues observed in calcium carbonate (CaCO3)-based biominerals can
be the result of several factors (physical and chemical) (ref.). Among those, is the presence of
small organic pigment molecules (<1kDa) of different classes such as carotenoids, bilins,
porphyrins, melanin and naphthoquinones (ref). They are found in low quantity (<0.1wt%)
within the CaCOj skeletal elements of mollusks, brachiopods, crustaceans, red corals, crinoids
and sea urchins (ref.) in which they are likely occluded during biomineral’s crystal growth
(Towe). Of particular interest are the polyhydroxy-1,4-naphthoquinone molecules (PHNQs)
(Anderson, Vasileva 2021) biosynthesized by sea urchins via enzymatic pathways (ref.) and
well-known for their UV-absorption, antioxidant and antibacterial properties (Lebedev 2001,
Zhou 2011, Coates 2018, Powell 2014, Brasseur 2017, review Hou). These bio-active
secondary metabolites are also responsible for the multiple colors observed in sea urchins from
red in the immune red-spherule cells (ref.) to yellow, pink, purple and green in the CaCOs3
biomineralized spines (Goodwin, Lederer, Louise, Brasseur). Indeed, PHNQs display intense
colors resulting from important electron delocalization in their quinoid structure (Dulo 2021)
and which vary in solution according to pH due to successive deprotonations of their numerous

hydroxyl groups (Vles 1928, Zhou 2012, Ledebev 2003). For example, once extracted from
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Paracentrotus lividus spines of purple color, spinochrome A (3-acetyl-2,5,7,8-tetrahydroxy-
1,4-naphthoquinone), which is red at acidic pH (Goodwin) turns purple at basic pH (our
results). Although little is known about biomineral pigmentation mechanisms, this observation
suggests that the pH required for CaCOs crystal’s growth (pH>7) (Hu, LeGoff2017,
Georgiou2015, Tobler) could play a role, at least in the final biomineral color. On the contrary,
mineral formation by organisms, i.e. biomineralization pathways have been largely studied
(reviews). In sea urchins (Elia, Yael, Gong, Marie), as in other marine organisms (Stan, Pupa,
Ingrid...), they occur through the initial deposition of metastable amorphous calcium carbonate
(ACC) nanoparticles, which have been shown to be temporarily stabilized by inorganic (ref.)
and organic additives (Raz, Yael, Gong) before to crystallize into calcite or aragonite (ref). In
particular, the role of organic molecules (e.g. citrate, pAsp, pyrophosphate, etc. big/small
molecules Xu. 1998, poly(acrylic) etc.) on biogenic and synthetic ACC formation, composition,
structure, stabilization and crystallization mechanisms has been then extensively investigated
(ref.). In addition, calcite crystals of different colors have been previously obtained in vitro by
direct precipitation in the presence of synthetic sulfonated dyes shown to preferentially interact
with calcite planes (Marzec 2018, Shan 2004). However, the role of secondary metabolites,
such as natural organic pigments on ACC formation and crystallization remains unexplored
although it could greatly contribute to our better understanding of biomineralization processes

and the development of innovative materials.

Therefore, inspired by the growth of pigmented calcite in sea urchins through ACC in the
presence of PHNQs, we here first study the effect of naphthazarin on ACC’s color, composition,
structure and stability against crystallization. Second, we follow color changes occurring
during ACC precipitation and crystallization in solution and induced by mild-annealing. We
chose naphthazarin (5,8-dihydroxy-1,4-naphthoquinone) because it is a natural secondary
metabolite commercially available, which presents an analogue molecular structure to PHNQs
and changes of colors from red to purple at similar pH (Land 1983) than spinochrome A (our

results).

Using a wide range of mostly in situ techniques, we show that naphthazarin used in biologically
relevant concentrations produces intense colored hybrid pigments but have little effect on ACC
structure and stability against crystallization, especially in solution. More strikingly, we
demonstrate that naphthazarin, which is red at acidic pH (<7.9) and blue before ACC
precipitation (pH>10.7), leads to a lavender blue ACC powder that further crystallizes in
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solution into a purple mixture of calcite and vaterite that ultimately converts to a purplish-red
calcite powder. We propose that these remarkable changes in color are due to successive OH
deprotonations of naphthazarin driven by pH variations imposed by ACC precipitation,
crystallization and calcite formation in solution and thus, during a likely
redissolution/precipitation mechanism. In contrast, when ACC crystallization is induced by
mild-annealing, shown to proceed via solid-state transformation (ref.), purple calcite is
obtained. Thus, by controlling the speciation of naphthazarin in solution and capturing its
partial deprotonation state within amorphous and then crystalline hybrid pigments, we here
reveal an halochromic ACC crystallization pathway that could unveil color changes during the
pigmentation of CaCOs-biominerals formed through amorphous phases. Blue colors that
mostly originate from structural color in nature (ref.), can thus be obtained by tweaking red
pigments using pH shift, a strategy already used by some plants (Basilio 2021). Reproducing
such in vivo strategies, in vitro is of high interest for building advanced bioinspired amorphous
hybrid pigments with halochromic properties upon crystallization for applications such as bio-

sourced and potentially bio-active material’s coloration.

2. Results and Discussion

2.1. Influence of naphthazarin on ACC color, composition and structure

Amorphous calcium carbonate (ACC) powders were synthesized with the direct and fast
precipitation method widely used for ACC precipitation (Koga, Zou, etc.). Briefly, the different
powder samples were recovered shortly after the fast addition of CaCl, to a NaCOs3 solution
containing different concentrations of naphthazarin [0-0.53 mM] the different (for details see

Material and Methods).

The amorphous nature of the samples after synthesis in the absence or presence of naphthazarin

was confirmed by the absence of Bragg peaks in the XRD pattern (SI, Fig. 1 A).

Figure A) show the striking difference of colors between the red naphthazarin powder, the white
pure ACC sample and the blue-lavender color displayed by the ACC sample synthesized in the
presence of 0.53 mM naphthazarin and named here after ACC-0.53 mM Naphtha. These colors
were confirmed and further quantified by visible diffuse reflectance measurements which allow
further calculation of the xy values reported on the CIE diagram 1931 (Fig. 1B). In addition,

distinct signatures in the UV range were also observed. The white ACC powder displays no
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characteristic absorbance while ACC-0.53 mM Naphtha shows two bands at 225 nm and 300
nm and a multiple broad band at 600 nm, therefore all attributed to the presence of
naphthazarin. However, these bands are different from the ones of the spectra of pure
naphthazarin at 275 nm, 425 and 585 nm. This result suggests that the molecular state of

naphthazarin has been modified during ACC precipitation.

To investigate the effect of naphthazarin on the local structure of ACC, SAXS/WAXS
measurements for Pair Distribution Functional analysis provide insight into the effect of
naphthazarin on the inter-atomic distances. The PDF analyses also give the characteristic
signature of ACC (ref.) with MRO up to 10 A and the Ca-O, O-0O, Ca-O and Ca-Ca inter) atomic
distances peaks (Fig. 1 A).

At room temperature, ACC and ACC+naphthazarin show very similar PDF exhibiting
characteristic short and medium-range order up to 10A with typical positions for main maxima
around 2.4A, 2.9A, 4.1A and 6.2A mainly containing contributions from Ca-O pairs, O-O pairs,
Ca-O/Ca-Ca pairs (1% shell) and Ca-O/Ca-Ca pairs (2nd shell), respectively.

Using TGA measurements, we monitored the removal of water, and the crystallization of ACC
into calcite, on this basis we quantified the relative weight fractions of water associated with
colored ACC having different concentrations of naphthazarin. The TGA-IR measurements
were performed on ACC, ACC+0.01mg Naphtha, ACC+.02mg/ml Naphtha and 0.1mg/ml
Naphtha. It was observed that there was no difference in the relative amount of water associated
with the different ACC samples. However, there was a slight difference in the amount of water
adsorbed on ACC and the structural water lost during the ACC crystallization into the calcite
which was calculated using the first derivative of the TGA data. During the crystallization, the
water lost for ACC+0.1mg/ml Naphtha was ~2.5wt.% which compared to pure ACC ~3wt%.
This result suggests that the higher the concentration of naphthazarin the higher the amount of
water adsorbed as naphthazarin is hygroscopic and therefore it lowers the amount of structural
water thus making the ACC phase more stable which is in correlation with the results obtained

from DSC measurement.

2.2. Effect of naphthazarin concentrations on ACC stabilization against crystallization in

solution versus in air (Figure. 2 and 3)
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The synthesis of CaCO3 was performed in a Metrohm titrando setup that allows monitoring the
pH and free [Ca®"] during the fast precipitation of ACC after the addition of CaCl, into a
Na>COs solution and the successive crystallizations in solution into a mixture of calcite and

vaterite (2min) that further crystallize into calcite only (2days).

The addition of CaCl, solutions in the Na;COs3 solution resulted in an immediate decrease in
pH from ~11.5 to 10.2 and simultaneously an increase in the [Ca®*]. As soon as the precipitation
of ACC starts the free [Ca®*] decreases leading to an increase in pH from 10.2 to 10.4. After
this, a plateau is observed for both pH and [Ca**] which corresponds to the stable ACC phase,

which converts to a mixture of calcite and vaterite at around 350-400s.

It was observed that with the addition of naphthazarin, the ACC crystallization into calcite and
vaterite is delayed by 30-the 50s. The pH and [Ca?*] were monitored for 50000s and at around
33000s the mixture of calcite and vaterite gets converted to calcite only. This change
corresponds to a small decrease in pH and [Ca®*] on the profiles(fig.3). Importantly the effect
of naphthazarin addition on the ACC phase stability does follow a linear trend. It was observed
that the addition of naphthazarin up to 0.02mg/ml concentration stabilizes the | ACC phase and
any concentration greater than 0.03mg/ml naphthazarin has an opposite effect on the stability

of the ACC phase meaning that the crystallization into vaterite and calcite mixture occurs faster.

The presence of different polymorphs of CaCOs at different time intervals of the reaction was
confirmed by carrying out PXRD measurements. The CaCOjs collected at the plateau of the pH
profile showed no Bragg’s peak in the diffractogram. ACC was also characterized by the FT-
IR spectroscopy which showed a characteristic band i.e. -OH bending around 1650 ¢m™! and
asymmetric CO3% at 1540 cm™!. The XRD diffractograms of CaCO3 powder filtered at around
700s, predicted the presence of a mixture of vaterite and calcite (SI). The conversion of the
mixture of calcite+vaterite into calcite was confirmed by XRD on powder filtered after 48hrs

(SI).

The effect of naphthazarin on ACC crystallization temperature was studied by performing DSC
measurements. In the DSC profile of ACC (fig.X), the peak around 100°C corresponds to the
loss of water which is an endothermic process, and the peak at ~150°C is for ACC
crystallization which is an exothermic process. The enthalpy of hydration for ACC: 179.2 J/g,
ACC+0.02mg/ml naphthazarin: 186.7 J/g, ACC +0.1mg/ml naphthazarin: 242.8 J/g. The
crystallization temperature for ACC, ACC+0.02mg/ml naphthazarin, and ACC +0.1mg/ml
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naphthazarin were 152°C, 160°C, 200°C respectively, and enthalpy of crystallizations were
29.3)/g, 36.8)/g, 48.38J/g respectively. Comparing the ACC DSC profile with
ACC+naphthazarin, it can be observed that with an increase in naphthazarin concentration, the
ACC crystallization temperature increases suggesting that the addition of naphthazarin
stabilizes the ACC phase. The trend in the effect of naphthazarin on the stability of the ACC
phase against crystallization by heating is linear in comparison with the trend obtained in
solution i.e with an increase in naphthazarin concentration the ACC phase stability against
crystallization increases. Zou et al. demonstrated that the stability of the ACC can also be
affected by the size of the ACC nanoparticles. ACC with smaller nanoparticles has greater
stability in air as compared to larger nanoparticles. To confirm that the stability of ACC was
not increasing because naphthazarin was affecting the ACC particle SEM-FEG micrographs
were obtained for ACC, ACC+0.02mg/ml naphthazarin, and ACC+0.1mg/ml naphthazarin. It
revealed that the average size for ACC particles was between 95-110 nm which was very close

to the particle size for ACC+ naphthazarin 95-105 nm.

and nanoparticles were observed under SEM-FEG with a relative broad size distribution with

an average size of 142 42 nm for pure ACC and of 144+45 nm for ACC-0.53 mM Naphtha.

These results suggest that the naphthazarin does not affect the size of the ACC nanoparticles
suggesting stabilization of the ACC phase by naphthazarin is not related to the size effect of
ACC nanoparticles(Zou_2014).

Heat-assisted crystallization of ACC was carried out to mimic the solid-state crystallization
mechanism occurring in vivo. To evidence small local ordering during the heat-induced ACC
crystallization, dPDF/dT maps were generated (Fig X). In the dPDF/dT maps the blue color
corresponds to negative change and the red color represents positive change. The most
important changes in the dPDF/dT maps are related to the crystallization which corresponds to
the sudden increase in the PDF intensities. The structural rearrangement before the
crystallization is accompanied by the loss of water from the ACC phase. The crystallization of
ACC varies in terms of onset temperature and length according to different samples. In the
dPDF/dT maps, crystallization starts at 180°C and last 30°C for pure ACC, whereas with the
addition of naphthazarin, ACC crystallization onset temperatures increases to 200°C and last
for more than 30°C. Regarding the local rearrangements, the ACC+naphthazarin show small
differences in the degree of SRO rearrangement from pure ACC, and significant differences

are observed in the MRO around 6-7 A which corresponds to the interatomic distances for Ca-
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O/Ca-Ca pairs (2nd shell). However, we did observe a naphthazarin peak at around 0.8A, which
might be appearing due to the presence of crystalline naphthazarin deposited on the ACC
powder. During the in-situ heating, the peak belonging to the naphthazarin moves and
ultimately disappears at higher temperatures suggesting naphthazarin undergoes structural
change due to heating and at high temperatures, it decomposes leading to the disappearance of
the naphthazarin peak. Here we say naphthazarin adsorbed on the ACC because, at the end of

the in-situ heating cycle, the ACC powder is still colored meaning naphthazarin is still present.

2.3. Protonation state of naphthazarin and color changes during ACC formation and

crystallization in solution and in air

The protonation state of the naphthazarin was also analyzed using UV-Vis spectroscopy (figure
X). Naphthazarin in an aqueous solution can exist in the fully protonated form or other forms
i.e. singly deprotonated or doubly deprotonated form (Land 1983). Protonation to naphthazarin
might occur in very acid solutions. The color of the naphthazarin varies depending upon the
pH, the solution is blue-violet in dilute alkali (~pH 8.5), deep blue in strong alkali (~pH 11)
rose-red at mildly acid (~pH 5), and neutral pH. To get the complete picture of the behavior of
the naphthazarin molecules in aqueous solution absorption spectroscopy was performed on a
naphthazarin solution prepared at different pH. It can be evidenced that with an increase in pH
on going from acidic to alkaline or as each hydroxy group ionizes the visible absorption band
shifts further into the red and there is an increase in the extinction coefficient. The interplay
between the intensity of the two bands in the visible region corresponds to the protonation state
of the naphthazarin. For singly protonated species the band around 570 nm has higher intensity
whereas when the intensity of the band at 630 nm becomes higher it corresponds to the doubly
deprotonated species. This study provides evidence of the molecular state of naphthazarin
incorporated within the calcite could be a mixture of single and double-deprotonated

naphthazarin as the synthesis occurs between pH 11.4 and pH 9.5.

To confirm the incorporation of naphthazarin into calcite polymorph bleaching experiments
were carried out. It was concluded that in the case of calcite, the color did not degrade. The
UV-Vis measurements also confirmed the degradation of naphthazarin as for the bleached ACC

there was no absorbance band in the visible region.

We measured cross-polarization *C NMR for pure naphthazarin. The proton exchange between

the hydroxyl and keto groups generates three chemically different carbons. In the NMR

303



Appendices

spectra, we observed three distinct peaks at 112 (9,10), 173 (2,3,6,7), and 137 (1,4,5,8) ppm

corresponding to carbons in three chemical enviro nments.

To study how naphthazarin interacts with calcite, 13C ss NMR was measured on
calcite+0.1mg/ml naphthazarin system. We evidenced the characteristic peak for carbonate at
168ppm, coming from hydrated and disordered CaCO3 domains. Interestingly, the peak from
2,3,6,7 was now composite. But the more important change in the spectrum was the splitting
of the 1,4,5,8 peak in two resonances: 1) at 180 ppm (C=0) and 2) at 170 ppm (=C-OH) seen
as a shoulder on the left of the carbonate peak. The exchange between hydroxyl and keto groups
not happening anymore. There could be two explanations for the above phenomenon, 1) the
naphthazarin molecules in the calcite system are rigid and the system is stopping or making it
difficult for this exchange to occur, 2) the naphthazarin molecules in the calcite system are
deprotonated which generates more chemically different Carbon atoms resulting in the splitting

of peaks on the spectra.

To confirm the molecular state of naphthazarin incorporated within the calcite, we measured
cross-polarization 3C NMR on naphthazarin_basic. We observed the characteristic peak for
carbonates at around 168ppm and for bicarbonates at around 164ppm which appear due to the
presence of NaxCO3 and NaHCO; respectively. Interestingly We evidenced the characteristic
peak for carbonate at 168ppm, coming from hydrated and disordered CaCOs domains.
Interestingly, the peak from 2,3,6,7 naphtha carbons is in a very similar position to that of
calcite_naphthazarin. We also evidenced the same splitting of the 1,4,5,8 naphtha peak in two
resonances: 1) at 180 ppm (C=0) and 2) at ~170 ppm (=C-OH). The results obtained suggest
that the second explanation regarding the nature of the naphthazarin molecules incorporated in
the calcite system is more likely to be true i.e., deprotonation of naphthazarin generates more

chemically different carbon atoms resulting in the splitting of peaks on the spectra.
3. Discussion
5. Experimental Section

6. Figures
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Fig. 1. A) Powder photographs of naphthazarin, pure ACC and ACC synthetized in the presence
of 0.53 mM naphthazarin, B) diffuse reflectance spectra of naphthazarin powder in red, pure
ACC powder in black and ACC powder with 0.53 mM naphthazarin in blue, C) DSC
measurements (solid line) and TGA (dashed line) of ACC synthesized without (in black) and
with (in blue) 0.53 mM naphthazarin and D) PDF of ACC synthesized without (in black) and
with (in blue) 0.53 mM naphthazarin.
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Fig. 2. A) pH profiles as a function of time (s) during the addition of CaClz into a Na;COs
solution having different naphthazarin concentrations ranging from 0 to 0.53 mM, the
formation and the plateau of stability of ACC as well as its crystallization into a mixture of
calcite and vaterite are indicated, B) SEM micrographs of the resulting CaCO3 powders
synthesized in the absence (0 mM) and presence (0.53 mM) of naphthazarin recovered at 700s
and 18h of the reaction, C) DSC measurements of ACC powders synthesized in the presence
of different naphthazarin concentrations from 0 to 0.53 mM, exothermic peaks due to ACC
crystallization are detected between 150°C and 275°C, D) SEM micrographs of the ACC
powders synthesized in the absence (0 mM) and presence (0.53 mM) of naphthazarin at 25°C
and after heat-treatment at 200°C for 1h.
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Fig. 3. A) pH profiles as a function of time (h) during CaCO; formation in the absence (in
black) and presence (in green) of 0.11 mM naphthazarin, the first plateau corresponds to the
crystallization of ACC into a mixture of calcite and vaterite and the second one to the complete
conversion into calcite only as confirmed by B) XRD laboratory measurements taken at 700s,
Sh, 8h and 10h, the vaterite (v) and calcite (c) reflection peaks are indicated, C) differential
dPDF/dT maps of ACC with D) selected PDFs at 50°C, 140°C and 170°C and E) differential
dPDF/dT maps of ACC + 0.11 mM naphthazarin with F) selected PDFs at 50°C, 140°C and

170°C.
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Fig. 4. A) UV-visible spectra of 0.53 mM naphthazarin in water at different pH from 11.5 to
4.8 adjusted with HC1 and NaOH, B) speciation diagram of NH,, NH- and N? forms, color
changes according to pH of a 0.11 mM naphthazarin solution and the CIE 1931 diagram
obtained based on the spectra shown in A), C) pH and [Ca?*] profiles as a function of time (s)
during the precipitation of ACC in the presence of 0.53 mM naphthazarin and its crystallization
into a mixture of calcite and vaterite and D) UV visible spectra of the titrant taken at different

times of the reaction indicated by colored arrows in C).
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Fig. 5. A) UV-visible diffuse reflectance spectra of CaCO3-0.53 mM naphthazarin powders, X-
ray photoemission spectra for carbon, C Is, and fitted components (COs*, C sp?, C-OH and
C=0) of B) ACC-0.53 mM naphthazarin powder and C) Calcite-0.53 mM naphthazarin
powder, 3C CP-MAS NMR spectra of D) naphthazarin and Na-naphthazarin salts prepared at
pH 9 and 13 and of E) CaCOs; powders synthesized in the absence and presence of 0.53 mM

naphthazarin.
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Fig. SI1. A) Characteristic XRD profile of ACC acquired with a laboratory D8 instrument (top)
and at ID15A beamline (ESRF, France) (bottom), B) TGA (solid line) and DSC (dotted line)

measurements of naphthazarin powder.
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Fig. SI2. A) Photographs of the ACC powder synthesized in the presence of naphthazarin from
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0 to 0.53 mM, B and C) series of pH and Ca?" profiles as a function of time (s) during the

addition of CaCl; into a Na>COs solution having different naphthazarin concentrations ranging

from 0 to 0.53 mM and acquired in two different days respectively.
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Fig. SI3. A-D) SEM micrographs obtained after heat-treatments at 200°C and 400°C of ACC
powders synthesized in the absence (0 mM) and presence (0.11 mM and 0.53 mM) of

naphthazarin, E) XRD profiles acquired at ID15A beamline (ESRF) around the temperature of
ACC crystallization (200°C) of pure ACC and ACC — 0.11 mM naphthazarin and F) differential

dPDF/dT maps of ACC-0.53 mM naphthazarin sample.
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Fig. SI4. UV-visible spectra of 0.53 mM naphthazarin solution at different pH from 11.5 to
~4.5 adjusted with HCl and NaOH A) in Na,COs and B) in NaOH, and UV-visible spectra of
naphthazarin in NaOH before and after the addition of 2 mM Ca?* C) at pH 10.5 and at different
time points from 40 to 580 s and D) at different pH from 10.5 to 4.5 right after 2 mM Ca**

addition.
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Fig. SI5. UV-visible diffuse reflectance spectra of A) ACC-naphthazarin samples, B) Calcite-

naphthazarin samples obtained by direct precipitation with naphthazarin concentrations from 0

to 0.53 mM and by physical mixing with 0.5wt% naphthazarin, C) ACC- 0.53 mM

naphthazarin at 25°C and after heat-treatments at 100°C — 400°C for 1h, D) Naphthazarin

before and after heat-treatment at 200°C for 1h.
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Fig. SI6. X-ray photoemission spectra for carbon, C 1s, and fitted components (CO3*, C sp?,
C-OH and C=0) of A) pure naphthazarin, B) ACC and C) Calcite. D) comparison of the

different spectra.
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Fig. SI7. Cryo-sonde NMR measurements in solution of naphthazarin solution prepared at pD

6.5,9 and 11. HSQC and HMBC maps at 25°C and 37 °C to increase naphthazarin solubility.
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