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Marine sponges were among the first multicellular organisms on our planet and have survived to this day thanks to
their unique mechanisms of chemical defense and the specific design of their skeletons, which have been
optimized over millions of years of evolution to effectively inhabit the aquatic environment. lanthella basta (Pallas,
1766) is one of the largest, fan-shaped marine demosponges that can reach up to 2.5 m both in height; and the
body of which is a micro-reticular, durable structure that determines the ideal filtration function of this organism.

Calcite biomineral is responsible for nano-tuning the chitinous skeletal fibers of this sponge species.
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Micro X-ray Fluorescence NEXAFS

| 1. Introduction

Biominerals in unicellular and multicellular organisms serve many functions in both their survival and active
metabolic existence. It is not surprising that in a multi-million years of evolutionary process, organisms have
developed the ability to use a wide range of different chemical elements to create biominerals. Thus, a variety of

organisms sequester not only Ca and Si, but also Au, Zn, Mn, Cr, Ni, V, Fe, into biominerals (see for an overview
[l]).

Biomineralization in sponges (Porifera), which were the first multicellular organisms on the planet, remains a focus
of modern biomineralogy and bioinspired materials chemistry. Such poriferan classes as Hexactinellida,
Demospongia, and Hexascleromorpha include species with silicified skeletal constructs (spicules and frameworks).
In some cases, representatives of hexactinellids, or glass sponges, possess nanophases of calcite within their
siliceous skeletal structures [&. Unique silica-aragonite-chitin biocomposites are examples of multiphase
biomineralization that have been discovered in selected verongiid demosponges [Bl. However, sponges that belong
to the Calcarea class are known to construct their hard tissues only from calcium carbonates 4B, While evidence
for the presence of the aforementioned biominerals in sponges' skeletons is numerous and indisputable, debate
still revolves around understanding the principles of biomineralization and corresponding mechanisms at the
molecular level. Particular attention is paid to the identification of proteins (i.e., silicateins, glassin, cathepsins,
collagens) BIIEIR and polysaccharides (i.e., chitin) L1 that act as templates for the formation of silica-based
mineral phases. The forehead sponge body is a soft and elastic organic matter resting on the mineral skeleton of a

particular physical form. This functional biological 3D construct is designed to extract appropriate feed from the
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aquatic environment by filtration using micro- and macropores with maximum efficiency. Accordingly, the
mineralization of the sponge skeleton contributes to an increase in the total area of the filtering surface and the
adoption of an optimal position for the sponge body in water, being attached to a solid substrate. At the same
time, the ability of this sponge to maintain a vertical position in water space, being firmly attached to
the substrate (Figure 1), logically suggests the presence of some kind of “cementing” component
inside this structure. Appearance of micro-bubbles after insertion of this sponge into acidic solutions
can be regarded as indication of existence of calcium carbonate within the sponge body. Indeed, this
visual observation has been backed up by spectroscopic and microscopic imaging methods.

Figure 1. Marine verongiid demosponge lanthella basta possess a huge chitin-based, a network-like skeleton that

is stiff enough to withstand underwater currents due to its natural rigidity.

2. Identification of Ca and Br Localization Using Three-
Dimensional Confocal Micro X-ray Fluorescence (CuXRF)
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Micro X-ray Fluorescence (CuXRF) is a revolutionary method that can be used to identify the chemistry of spongin-
based skeletal fibers 12, Using 3D CuXRF analysis, the distribution of bromine (as the main element in skeletal
structures of verongiids 13) and calcium have been visualised up to an absolute analysis depth of 1500 pm
(Figure 2).

Ca-Ka Br-Ka

Figure 2. CuXRF analysis results of selected /. basta skeletal samples after treatment with distilled water (a), 3 M
HCI (b), and 10% NaOH at 40 °C (c). The 3D distribution of Ca (red) and Br (green) is illustrated in the figure for an
analyzed sample volume of 1.5 x 1.5 x 1.5 mm® (and locations with both elements are shown in a yellow
coloration). By HCI treatment the Ca is removed from the skeletal structure (b), whereas by NaOH treatment both
elements, Ca and Br, remain within the demosponge, however thin proteinaceous tissue layers between the
sponge’s skeleton are dissolved (c) and characteristic 3D chitinous construct remains present 4, In figures (d,e)
the sponge structure of (a,b) is depicted without the above-mentioned thin tissue layers, which was obtained by

omitting the regions with very low signal intensity from data processing.

3D-CuXRF visualization of the samples demonstrated that the maximum Ca-Ka signal intensities of the original /.
basta skeleton fragment treated with water and that after alkali treatment was 40 and 19 cps (counts per second),
respectively. After the treatment of the same specimen with 3M HCI, the calcium in the skeletal scaffold was
dissolved away and nearly no calcium was observed, resulting in a drastically reduced signal intensity of 2 cps,
which is more than an order of magnitude lower compared with the calcium signal values of the two samples listed
above. However, it seems that the different solution treatments have no significant effect on the absolute Br-Ka
signal intensity with 38.0 cps (Figure 2a), 34.0 cps (Figure 2b), and 32.0 cps (Figure 2c), indicating, that each

element is bound in different ways in the skeletal scaffolds.
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Since the high fluorescence energy of the Br-Ka fluorescence lines allows obtaining signals from 1500 um depth,
the 3D visualization obtained from Br analysis does not only represent the surface morphologies but also the in-
depth architecture of the sponge scaffolds. Thus, the 3D-CuXRF visualisation has been particularly useful to reveal
the structural complexity of the I. basta skeletal scaffolds. However, in comparison to bromine, Ca is a much lighter
element and therefore the energy of the Ca-Ka fluorescence lines appear with significantly lower energy. This
results in a bigger cross-section dimension of the probing volume of Ca (28 um for Ca-Ka, 16 um for Br-Ka) and a
much more limited measurement depth due to a more intensive absorption of the Ca fluorescence radiation by the
sponge matrix. Consequently, the actual I. basta skeletal structure seems to be encircled by a Ca-containing
“shell”. This suggestion has been confirmed by observations of the same structures using scanning electron
microscopy (SEM) (Figure 3a—d).

a)

Figure 3. SEM images of the selected fragment treated with a distilled fragment of /. basta sponge skeletal fiber (a)

show the presence of sphere-like nanoparticles (b—d).

3. Visualization of the Presence of Mineral Phase Using
Electron Microscopy Methods

The micro-and nano-architecture of the /. basta skeleton (see Figure 2a), which consists of water-insoluble
nanoparticles covering the surface of the skeletal fibers, have been revealed by energy dispersive spectroscopic
(EDS) analysis carried out along with SEM imaging. The presence of Ca together with other elements typical for

skeletal structures of verongiid sponges have been confirmed by this particular method @ (Figure 3a). Similarly,
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further investigations carried out using EDS analysis along with transmission electron microscopy (TEM) on the
isolated nanoparticles also confirmed the localization of Ca within them (Figure 4b,c). These nanoparticles were

found to be in nanocrystalline form (Figure 5).
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Figure 4. (a) EDS analysis of the I. basta skeletal fiber washed with distilled water demonstrating the atomic
composition of this structure; (b) bright-field image of corresponding TEM image and (c) Ca distribution within the
corresponding sample visualized in green color (colorization provided by the software to highlight electron

diffraction signals of Ca atoms).
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Figure 5. (a) low-resolution TEM image of the selected micro-fragment of the /. basta skeletal fiber-containing

nanoparticles and (b) high-resolution TEM images showing their crystalline nature.

| 4. Identification of Calcite within I. basta Skeletal Fibres

The classical analytical methods such as X-ray diffraction (XRD), Fourier transforms infrared (FTIR), and Raman
spectroscopy have been known to be useful for the identification of the mineral phases, such as calcium carbonate
of biomineral origin EEISIIE Correspondingly, the presence of calcite in the studied /. basta samples revealed
by the XRD method (CaCO3, ICSD PDF# 00-005-0586, space group R3c) (Figure 6). The lattice parameters of
calcite were determined as a = (4.976 + 0.002) A and ¢ = (16.981 + 0.009) A.
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Figure 6. Diffraction pattern of the mineral phase isolated from chitinous skeletal fibers of I. basta demosponge.

Dots are measured data points, the solid lines result from a Rietveld- (Pawley)-fit of the data. The contribution of
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calcite to the total diffraction pattern is highlighted in green color. Calcite is the main component in the sample.
Along with calcite, quartz (SiO,, ICSD PDF# 00-046-1045, space group P3,21) was found in the /. basta samples.

In addition to the XRD analysis, the calcite within the nanocrystalline mineral phase were identified infra-red and
Raman spectroscopies. The FTIR band at 712-713 cm™, which was well visible in the investigated specimens
which are characteristic for calcite standard (Figure 7) but also in agreement with the data reported previously for
biogenic calcite 1.
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Figure 7. Comparative FTIR spectra of calcite standard (blue line) with that of nanocrystalline phases isolated from
skeletal fibers of I. basta demosponges collected near Guam (USA) (red line) and in coastal waters of Australia
(green line).

The data obtained using FTIR spectroscopy also correlated well with results from Raman spectroscopy analysis
(Figure 8); which is in agreement with the Raman spectra of calcium carbonate phases 181119
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Figure 8. Comparative Raman spectra of calcite standard (blue line) with that of nanocrystalline phases isolated
from skeletal fibers of /. basta demosponges collected near Guam (USA) (red line) and in coastal waters of

Australia (green line).

5. Near Edge X-ray Fine Structure (NEXAFS) Features of
Identified Mineral Phase

In order to gain insight into the nature of the structural components, the building-block picture for the ionic crystal of
calcium carbonate was used. It is know that, a preliminary analysis of complex structures can be
obtained within a building-block model, by which the structure is seen as an assembly of smaller
pieces [37]. Those building blocks contribute independently to the total spectrum. In this way,
specific spectral features can be correlated with contributions arising from individual functional
groups. The convincing evidence that skeletal fibers of I. basta demosponge contains calcium
carbonate as a mineral was obtained for the first time from NEXAFS Cls and Ca2p experiments.
The NEXAFS in the regions of the Cls and the Ca2p edges are diagnostic for the identification of
the calcium carbonate mineral.

In the mineral calcite, and its polymorphs (vaterite and aragonite), there is an ionic bond between the calcium
cation and the planar anion [CO3]%". Inside the anion, carbon and oxygen atoms are in a covalent bond. Thus, a
stable flat group [CO3]%” is a necessary element of calcite. Moreover, in calcite, calcium is in the immediate

environment of 6 oxygen atoms which are close to octahedral. In vaterite, the calcium environment is also
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consisting of 6 atoms and is similar to octahedral, which determines the strong similarity of the fine structure of Ca

2p spectra of these minerals 29,

In aragonite, the calcium environment is completely different and amounts to 9 oxygen atoms, and, accordingly, the
fine structure of its Ca 2p spectrum is different from vaterite and calcite 29, It is important to note that in calcium
oxide CaO, the environment of calcium with oxygen is the undistorted octahedron and the fine structure of the Ca
2p spectrum of CaO is the same as of the calcite. The Ca 2p spectra themselves reflect only the symmetry of the
nearest oxygen environment; therefore, the [CO5]?~ anion availability is evidence for the presence of calcite and its
polymorphs. The narrow 1t * resonance (290.1-290.3 eV) in the NEXAFS Cls absorption spectrum demonstrates

the presence of the planar group [COg]?~ [24[22],

The NEXAFS in the regions of the Cls and the Ca2p edges are used for the identification of the calcium carbonate
mineral (Figure 9). In calcite, the carbon atoms are in a planar CO3 group, and the Ca atoms are in an octahedral
coordination environment of the oxygen atoms. The presence of a carbonate peak at 290.28 eV in the C K-edge
NEXAFS spectrum of the I. basta before and after treatment (Figure 9 left) indicates that this peak is closely

associated with carbonates (290.2 eV) [21],
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Figure 9. NEXAFS C1s (left) and Ca2p (right) spectra of I. basta skeletal fibers before and after NaOH treatment in

comparison with calcite standard.
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