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ABSTRACT: Biomineralized structures with intricate shapes and morphologies, such as sea
urchin skeletal elements, grow via the deposition of hydrated amorphous calcium carbonate
(ACC) particles that subsequently crystallizes into single-crystalline calcite. This process is
accompanied by volume changes due to density differences between the initial and final mineral
state as well as variations in hydration levels. For this reason, the presence of macroporosity in
synthetic systems was shown to be pivotal in the formation of large single crystals through ACC
precursors. However, the role of macroporosity down to nanoporosity in the formation of
biogenic minerals remains unknown. Here, we investigate the micro- and nano-porosity as well as
the evolution of internal interfaces in the spines and test plates of Paracentrotus lividus sea urchins
during the heat-mediated crystallization of remnant ACC and the destruction of intracrystalline
organic molecules, using SEM, FIB-SEM, and in situ heating synchrotron SAXS measurements. i o
We show the presence of nanopores likely filled with hydrated organics and visualize the evolution ' ——— = "
of nano- to micro-pores induced by heating, which may serve to accommodate the volume

changes between amorphous and crystalline phases. The obtained results analyzed using

thermodynamical considerations suggest that the growth in size of the nanopores is controlled by Ostwald ripening and is well
described in the framework of classical pore coarsening theories. The extracted activation energies manifest that nanopore coarsening
in the test plates is governed by surface diffusion, whereas in the spines by bulk diffusion. We suggest that such striking differences in
diffusion mechanisms are caused by dissimilar levels of macroporosity and distributions of nano- and micro-internal interfaces in
pristine biominerals.
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1. INTRODUCTION

Inspired by the unique morphologies as well as the exceptional
mechanical and optical properties of echinoderm biominerals,
novel concepts toward the design of artificial materials are under
intensive development for various applications. For example, by

star arms, the stereom “extends into a regular array of spherical
microstructures” that were suggested to have optical func-
tions.'¥**

Despite the complicated macromorphology of the stereom
structure, echinoderm skeletal ossicles in the form of a few

Downloaded viaMPI KOLLOID- GRENZFLAECHENFORSCHUNG on June 2, 2022 at 08:19:51 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

replicating the macrostructure of sea urchin skeletal plates,
porous solids with interconnected pores of well controlled sizes
and shapes,"”” as well as single crystals with complex
morphologies” were produced for potential prosthetic
biomaterials, lightweight structural ceramics, and catalyst
supports. Micropatterned single crystals and microlens arrays,
which are crucial components in electronic, sensory, and optical
devices, were fabricated by mimicking the brittle star arms, %
and elastic cements were developed inspired from the
nanostructure of sea urchin spines.”

The morphology of echinoderm skeletal calcitic ossicles is
characterized by a macroporous, three-dimensional arrange-
ment of mineralized trabeculae called stereom. During the
animal’s lifetime, the stereom macropores are filled with organic
tissues containing different cell types.'”'" These particular
lightweight structures reveal interesting mechanical character-
istics, such as limiting crack propagation in the sea urchin test
plates'” and spines."” In the case of the Ophiocoma wendtii brittle
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millimeter-wide plates or centimeter-long spines behave as
single crystals of calcite when observed under polarized light
microscopy'® or analyzed using X-ray and electron diffraction
techniques.'”~"? To understand the origin of this intriguing
characteristic, numerous research groups studied the mecha-
nisms controlling the in vivo and in vitro formation of large single
crystals of calcite with complex morphologies. Three main
findings in this field can be formulated as follows: (i) deposition
of an amorphous calcium carbonate (ACC) phase prior to
crystallization (for review, see refs 20—22); (ii) preferential
interaction of some organic molecules with specific crystal
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planes guiding crystal growth (for review, see refs 23, 24); and
(iii) presence of organic templates imposing crystal shapes (for
review, see ref 25).

Biomineralization pathways involving the crystallization of
ACC phases imply a substantial volume change and mass
transport”® once ACC crystallized, e.g., into calcite due to the
differences in the volumetric mass densities of hydrated ACC
(2.28 g/cm’ for CaCO4-H,0), anhydrous ACC (2.43 g/cm? for
CaC050.5H,0), and calcite (2.71 g/cm?).”” Inspired by the
stereom macrostructure, Aizenberg et al.> showed that
patterning a surface with carefully placed PDMS slabs (i.e., 3
um in size, with 8 ym spacing) allows an ACC film to transform
into millimeter-sized single crystals of calcite once an imprinted
nanoregion of self-assembled monolayers is used as a nucleation
site. Based on this seminal study, a kinetic model built on
thermodynamic considerations showed that the structural
features of the macropatterned ACC template (slab thickness,
size, and spacing between pores) can control the crystal
nucleation process and thus the probability of obtaining large
and porous single crystals of calcite.”® These works draw a link
between macroporosity and the crystallization mechanisms of
ACC into calcite. The crystallization of ACC in confinement was
further studied in vitro in diverse systems, such as porous
polycarbonate track-etched membranes,”® via polymer-induced
liquid-precursor processes,””*" liposomes,’** microfluidic
devices,”>** and microfluidic droplets.***

Therefore, it appears that the presence of macropores with
specific characteristics play an important role in accommodating
volume changes during ACC crystallization toward in vitro
growth of large single crystals. In order to further investigate the
role of porosity in biomineralization processes, we study here the
nanometer and micrometer structural reorganization occurring
during the heat-induced crystallization of biogenic ACC, initially
trapped within Paracentrotus lividus sea urchin skeletal elements
that present different levels of macroporosity. We propose to do
so by taking advantage of the unique characteristic of sea urchin
biominerals, i.e., the presence of remnant anhydrous ACC in
their mineralized structures.”’ >° Indeed, adult sea urchin
skeletal elements, in particular the spines, were shown to form
via hydrated ACC nanoparticles™ that later crystallize into
calcite through anhydrous ACC™"" as first evidenced in sea urchin
larval spicule.42’43 In addition, organic macromolecules are
entrapped within the calcite lattice during crystal
growth.””***~% Consequently, nanoinclusions of ACC and/
or macromolecules ranging in size from 5 to 400 nm were
observed in the spines of different sea urchin species
(Anthocidaris crassispina, Holopneustes porossimus, and Hetero-
centrotus trigonarius).37’49’50

By previously applying the heat-stimulated crystallization of
remnant ACC and destruction of intracrystalline organic
molecules in sea urchin skeletal elements, we observed the
evolution of calcite lattice distortions due to strong atomic
interactions at the organic—inorganic interfaces.*® Here, we
focus on the evolution of pores at different length scales, which
compensate the mineral volume shrinkage during ACC
crystallization and organics removal in these biominerals. For
this purpose, we use in situ heating synchrotron small-angle X-
ray scattering (SAXS) for the quantification of nanometer-sized
(from 2 to 100 nm) pores, scanning electron microscopy (SEM)
and focused ion beam (FIB)-SEM serial imaging techniques for
the visualization of 3D nanometer- and micrometer-sized (from
100 nm to S um) pores, and SEM and microcomputed X-ray
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tomography (CT) for the characterization of macrometer-sized
(from S to 25 um) pores.

2. EXPERIMENTAL SECTION

2.1. Materials and Sample Preparation. Sea urchin specimens of
P. lividus, collected in the Atlantic Ocean, were received from the
Roscoff biological station of Sorbonne University (France). They were
first dissected to remove the Aristotle’s lantern (echinoid mouthparts),
the coelomic fluid, and the internal organs.>" Second, they were soaked
in 200 mL of 5% sodium hypochlorite (NaClO) solution for 3 h,
allowing for the spines to detach from the test by destroying most of the
organic tissues (podia, muscles, epidermis, etc.). The spines and the
tests were rinsed with distilled water and air-dried. Spines and
individual interambulacral test plates were then suspended again in a
5% NaClO solution for S h under agitation to remove the remaining
external organic material, i.e,, the intercrystalline organic molecules.
They were finally rinsed five times with distilled water and air-dried.

Fifteen spines were annealed at fixed temperatures ranging from 100
to 400 °C in a Nabertherm 30-3000 °C oven equipped with a
controller P320. For ex situ heating SAXS measurements, the
preannealed spines were embedded in epoxy resin and cut with a
diamond saw under water to obtain ~250 ym sections having different
orientations (90 and 45°) with respect to the calcite c-axis of the spine.
For in situ heating SAXS experiments, S interambulacral test plates and
10 spines were measured. For SEM observations, in total 40 spines and
test plates were preannealed at different temperatures with a
temperature ramp of 2 °C/min in a Linkam heating stage used for
SAXS experiments (see below) and then cooled down at room
temperature before observation. They were then fractured, carbon
coated, and examined. Finally, for FIB-SEM measurements, two spines
were preannealed, respectively, at 350 and 450 °C for 1 h and one
interambulacral test plate at 450 °C for 1 h and then embedded in epoxy
resin, cut, and polished.

2.2. Synchrotron SAXS Measurements. SAXS measurements
were performed at the ySpot beamline of the BESSY II synchrotron
radiation facility (HZB, Helmholtz-Zentrum Berlin fiir Materialien und
Energie, Berlin, Germany), using an X-ray spot size of 100 ym and a
multilayered (MoBC) monochromator (wavelength of 0.82656 A).

The two-dimensional scattering patterns were recorded using a
MAR-detector (MARCCD 225, MAR USA, Evanston, USA) having
(3072 x 3072) px* and (73.24 um)” pixel size. The sample—detector
distance was 82 to 83 cm. Measurement times varied from 1 to 5 's. A
silver behenate powder standard was used for calibration. In addition,
the background due to air scattering and the closing window of the
Linkam FTIR600 (see below), as well as the X-ray transmission through
the samples, were measured for data analysis. X-ray transmission was
measured at room temperature before in situ heating and during heating
as its intensity slightly varies with temperature.

For in situ heating SAXS experiments, samples were glued at their
extremities on aluminum frames with an Epoxy-Kleber glue (Gluetec)
(Figure SI1A,B) and mounted on a Linkam (Linkam FTIR600, Linkam
Scientific Instruments, Surrey, UK). Temperature ramps of 2 and 3 °C/
min were applied. The test plates were oriented with the calcite c-axis
perpendicular to or aligned with the X-ray beam. However, due to the
elongated shape of the spines, with their c-axis aligned with it, it was
only possible to orient them with the c-axis perpendicular to the beam.
Therefore, in order to also measure the spines with their c-axis aligned
with the beam, transverse sections (cut at 90° to the c-axis) were
obtained (see 2.1.).

2.3. SAXS Data Analysis. Azimuthal integrations of the 2D
scattering patterns were performed using the software Fit2D (A.
Hammersley, ESRF, Grenoble, France). In this way, the averaged
scattering intensities, I(q), were obtained, as a function of the scattering
vector q = 47 sin(6)/4, with 20 being the scattering angle. Background
and transmission corrections were applied. At room temperature, the
corrected SAXS intensity profiles show a shoulder around 1.5 nm™ (see
3.3.). This shoulder shifts to lower g at higher temperatures, indicating
an increase in the average size of the scattering objects. This shift is
better revealed in the Kratky plots,” [I(q) — B]q® vs q, where B is the
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Laue constant, which is determined by calculating the averaged SAXS
intensity in the q range between 7 and 10 nm™" (Figure SI2). For a few
temperatures, the obtained Laue constants were verified by
constructing the Porod plot, [I(¢)g*] vs ¢.°* To quantify the increase
in size of the scattering objects, the SAXS data were analyzed to extract
the radius of gyration (Rg) and the Porod length (TP parameter).52’53
These parameters differ in averaging procedures, providing the
characteristic size of the scattering objects. For example, for spherical
particles with different radii, R, and for point collimation of incoming X-
rays, the radius of gyration is:>*

_ 3R
K= (R% (1)

In turn, the Porod length is defined by the ratio of the average pore
volume to the average surface area, and in the case of a small volume
fraction of spherical pores it is:>>

_ 4R
P 3 (RY)

2)

T, parameter analysis was done using the software DPDAK’® applied
to Porod plots®>** (Figure SI3A,B).

For the R, analysis, the SAXS intensity profiles were fitted with a
contribution from a Porod function and from a Guinier—Porod
function®® (Figure SI3C):
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where, d, and d, are the Porod exponents for the two Porod
contributions, while I, I,, and I, are the Porod and Guinier scale
factors. This expression allows extracting R, as a function of
temperature.

Finally, the total integrated scattering intensity was calculated, as I,
= Y {[I(g) — B]¢*}, to uncover potential changes in the total pore
volume as a function of temperature.

2.3.1. Streak Analysis. The [100]-like streaks of diffuse scattering,
appearing from 300 °C upward, were analyzed to evaluate the size and
the angular spread of the scattering objects responsible for such
streaks.”” First, the SAXS signals of the spines were rotated by 2° and
those from the test plates by 18° aimed at setting the streaks vertically
(Figure SI4A). A coordinate system was defined with g, perpendicular
to the streak and g, aligned with the streak (Figure SI4A). Second, a
custom-made Python script allowed extracting the scattering intensity
Lyess(qy) across several slices being perpendicular to the streaks and
therefore having different g, values (as an example see Figure SISA for
Ineas(qy) at g, = 0.583 nm™ for the spine and test plate samples annealed
at 450 °C). Third, the Imeas(qy) profiles were fitted with a Gaussian

A e—(x—xu)z/az
o\2n
boundaries of the data, and then with another Gaussian function,

_ V42
(a,) = %

function, ¥+ , in order to define the cropping

I.(qg)=y + b-e"V/#9Rie) where R is the two-
meas qy =n “ fit

meas(q,)
dimensional radius of gyration and kie.q,) is the half-width at half-
maximum (HWHM) of the scattering intensity Imeas(qy) across the
streak at a specific q,.*” As examples, see Figure SISB and SISC showing,

respectively, the I,..,(q,) profiles taken at g, = 0.583 nm™" from the

spine and test plate samples at 450 °C. In addition, R* = j In 22 , with ko
0~ Kres

= kineas(q, = 0), which can be determined by plotting and linearly fitting
Kness” VS g, Here, kpneo?(q,2) = K + kyee” + ki’q,%, where k. is the
HWHM of the resolution function, the parameter, k, is the corrected
HWHM, and k, is the angular spread.57 Thus, kyes(q, = 0), ie.,
K + k2, and k, are obtained as a function of temperature (Figure
SISD—F), and the sizes of the scattering objects, R, can be estimated.
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2.4. Laboratory SAXS Measurements. Laboratory SAXS
measurements were performed with a Bruker Nanostar equipment
and a Cu X-ray source (wavelength 1.5418 A for Cu Ka). 2D SAXS
signals were recorded with a 2D Vantec-2000 detector ((2048 X 2048)
px’, (68 um)? pixel size) (Figure SI1C). The beam size was 115 ym, the
sample—detector distance was 111 c¢m, the g-probe region was 0.04 to
3.25 nm™, and the measurement time was 6 h.

2.5. SEM and FIB/SEM Observations. SEM observations and
FIB/SEM serial imaging were performed, respectively, with a Gemini
1550 and a Crossbeam 540, Zeiss microscopes.

For FIB/SEM serial imaging, volumes from 100 to 340 ﬂm3 were
FIB-sliced and SEM-viewed in the galleried stereom (thin trabeculae)
of the test plates annealed at 450 °C and in the septa of the spines
annealed at 350 and 450 °C. The voxel volumes were (18.34 nm)> and
(9.3 nm)? for the samples annealed at 350 and 450 °C, respectively. The
SEM image stacks were corrected (destriped and aligned) using
custom-made Python scripts. After correction, the pores were
segmented using a deep learning approach with a simple U-Net.>®
The pores were further analyzed with a 3D analysis counter and viewed
with a 3D viewer tool FIJI. Finally, 3D Fourier transforms were applied
to the FIB/SEM volumes after thresholding and integrated with a
custom-made Python script (Figure SI9).

2.6. Computed Tomography. CT experiments were performed at
the Tomcat beamline of Swiss Light Source Synchrotron. Three
volumes, (1.7 X 1.7 X 1.4) mm? each, were probed at the tip, the base,
and in the middle of a spine. A 10X objective was used, which implies a
voxel size of (0.65 um)® 3D volume rendering and segmentation
allowing the quantification of macroporosity were performed automati-
cally with Amira 3D (FEI) software.

3. RESULTS AND DISCUSSION

3.1. Macroporosity of P. lividus Sea Urchin Test Plates
and Spines. The endoskeleton of sea urchins, the test, is
composed of individual plates, which are assembled in a five-
point radial symmetry.'® Each individual plate diffracts X-rays as
a single crystal of calcite, with its c-axis tanégent to the surface of
the test in the case of the P. lividus species.'® On the outer surface
of the interambulacral plates (Figure 1A, dashed curved lines),
numerous protuberant tubercles of different sizes (0.1 to 2 mm)
are observed; they are the attachment sites of the spines and are
polycrystalline.'®

By studying the interambulacral plates of about 30 different
sea urchin species, 10 distinct types of stereom have been
described and classified, which vary in terms of geometry and
dimensions of the struts and pores.”” In P. lividus, the labyrinthic,
galleried, and perforate stereoms were identified.”” They,
respectively, consist of a disorganized mesh of trabeculae, an
organized mesh of long parallel galleries running in a certain
direction, and a mesh of trabeculae thicker than the pore
diameters. These three types of stereom spatially vary
throughout the plate as shown by the SEM micrographs in
Figure 1B—F. The labyrinthic stereom is observed on the outer
surface (Figure 1C,B) as well as within the plate (Figures 1D,E
and SI6A) below the main tubercle. The galleried stereom is
located within the plate only (Figures 1D,F and SI7A), while the
perforate stereom is present both at the inner surface (Figure
1D,E) and within the plate (Figure SI6A). The pore and strut
diameters in the different types of stereom are documented in
Table SII. The labyrinthic and galleried stereom present slender
struts (8 to 12 yum in diameter) and are named hereafter “thin”
trabeculae, whereas the perforate stereom composed of thick
struts (20 to 30 um in diameter) is referred to as “thick”
trabeculae.

The test of sea urchins is surrounded by sacrificial appendages,
the spines that also diffract X-rays as single crystals of calcite and
have the calcite c-axis aligned with their long axes. In this study,

https://doi.org/10.1021/acs.cgd.2c00083
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Figure 1. Morphology of P. lividus interambulacral test plates whose organic tissues were removed by NaClO treatment. (A) Top: test of a sea urchin
with the interambulacral plates indicated by dashed curved lines, bottom: interambulacral plate with its c-axis parallel or perpendicular to the surface
(*tubercle) (photograph G. Laurent, Sorbonne Université); SEM micrographs of (B) outer surface of the plate indicated in bottom (A), showing the
labyrinthic stereom; (C) magnification of the labyrinthic stereom of (B) and (D) fractured section perpendicular to the c-axis indicated in bottom (A),
showing the galleried stereom (marked by yellow *), labyrinthic stereom (marked by yellow **), and perforated stereom (marked by yellow ***); and
(E, F) magnification indicated in (D). The orientation of the calcite c-axis is indicated by a white arrow or a crossed-circle.
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Figure 2. Morphology of P. lividus sea urchin spines whose organic tissues were removed by NaClO treatment. (A) Fully developed spine, specific
volumes for further CT investigation are marked by letters B and C; (B and C) CT images of virtual sections perpendicular to the c-axis and,
respectively, located closer to the tip and the base as indicated in (A), the septa and the two types of stereom (labyrinthic and laminar) are shown; (D)
SEM micrograph of a fractured spine close to the base; (E) CT image of a virtual section along the c-axis; (F and G) SEM micrographs of the laminar
inner stereom taken, respectively, with sections along and perpendicular to the long axis of the spine; (H and I) growing spine showing the laminar
stereom arranged in radial sheets aligned with the septa; and (J) laminar radial sheets connect through horizontal struts (yellow arrow) that split
vertically (green arrow), the laminar stereom is indicated by *, labyrinthic stereom by **, and septa by ***. The orientation of the calcite c-axis is

indicated by white arrow or a crossed-circle.

we investigate the spines, which are about 1 to 1.5 cm long presence of imperforate stereom in the spines. The imperforate
59

(Figure 2A). The main difference in terms of stereom stereom is described as “a solid layer of calcite with no pores”;

macrostructure between the spines and the test plates is the in other words, it is a continuous volume mainly composed of
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Stereom

Figure 3. SEM micrographs of the laminar stereom and the septa regions of fractured sections in the middle of the spines annealed at: (A) 170 °C; (B)
between 200 and 250 °C; and (C) between 300 and 400 °C. Dashed arrows show the outer layer with no observable pores.

Figure 4. SEM micrographs of the thin (labyrinthic or galleried) and thick (perforate) trabeculae of the stereom of fractured test plates annealed at:

(A) 200 °C; (B) 300 °C; and (C) 400 °C.

calcite. It constitutes the outer wedges of the P. lividus spines, the
septa, which are arranged radially around the center of the spines
(Figure 2). According to Smith’s terminology,59 the center of
the P. lividus spines is composed of a laminar stereom whose
lamellar sheets are radially oriented (Figure 2H,I). The lamellar
sheets are connected to each other through numerous
perpendicular struts that often split vertically (Figure 2J)
leading to a dense meshwork, which looks like a galleried
stereom when viewed on transverse sections (Figure 2G). The
struts of the laminar stereom are thinner than the “thin”
trabeculae of the test plates (Table SI1). Finally, a labyrinthic
stereom is also present in between the septa of the spines, with
struts and pores of similar diameters (Figure 2B—E and Table
SI1).

Computed tomography measurements performed at the tip,
the middle, and close to the base of one spine show that the
volume fraction of the septa and the macroporous stereom varies
along the spine. Virtual CT sections perpendicular to the long
axis of the spine reveal that close to the base, the septa become
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longer and wider, while the total diameter of the inner stereom is
smaller than that close to the tip (Figures 2B,C and SI7). The
segmentation of the CT volume measured in the middle of the
spine allowed quantifying the total volume fraction of the septa
(57 vol %), the stereom (9 vol %), and the macropores (34 vol
%).

3.2. Micropore Formation during ACC Crystallization
and Organic Degradation. 3.2.7. SEM Observations. The
presence of internal interfaces in biominerals formed after heat
treatments were previously identified”* and micropores were
reported in sea urchin spines annealed at 450 °C.*” Therefore, to
visualize the presence of micropores in the heat-treated samples,
we performed SEM observations on fractured surfaces,
previously annealed at temperatures characteristic for ACC
crystallization and organic molecule degradation®® (Figures 3
and 4). According to previously reported®® thermogravimetric
analysis (TGA) coupled either with differential scanning
calorimetry (DSC) or mass spectrometry (MS) measurements,
the crystallization of remnant ACC (Ca:0.1H,0) associated with
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Figure 5. Microporosity revealed by SEM and FIB-SEM. (A) SEM micrograph of the septa of a fractured spine; the location of the volumes milled for
FIB-SEM in the septa is marked by letters B and C; FIB-SEM 3D visualization of the pores of a septum of a spine annealed for 1 h at: (B) 350 °C and
(C) 450 °C; (D) SEM micrograph of the thin trabeculae of a fractured test plate annealed at 450 °C; the location of the volume milled for FIB-SEM is
marked by letter E; and (E) FIB-SEM 3D visualization of the pores of the thin trabeculae of a test plate annealed for 1 h at 450 °C. The orientation of

the c-axis is indicated by a red arrow.

water loss is maximal around 200 °C for both the spines and the
test plates, whereas organic destruction is maximal around 270
°C for the spines and 370 °C for the test plates. Under these
conditions, the characteristic sizes and spatial distributions of
pores with diameters larger than 20 nm (detection limit
estimated for the fractured sections) have been investigated in
the septa and the laminar stereom in the center of several spines
and in the galleried and perforate stereom of several test plates.

The spines were fractured roughly perpendicular to their c-
axes around the middle of the shaft length. The first pores
detectable by SEM are observed in samples heated at 170 °C
(Figure 3A). At this temperature, ACC crystallization begins™®
and likely initiates pore formation due to significant volume
change and mass transport within the biomineral. In addition,
water release due to ACC crystallization and possibly due to
organic dehydration may also contribute to pore evolution at
this temperature. Indeed, water present in the pristine samples
was shown to strongly bond to carbonates from ACC;*®
however, some water could also be associated with organics,
especially taking into account the close interrelation of ACC and
organics in these biominerals.”® The pores having diameters
from 20 to 100 nm are located in the center of the struts of the
inner laminar stereom. Small pores are spherical, while large
ones occasionally exhibit faceted edges (cubelike). ACC
crystallization in localized areas may lead to the formation of
pores developing shapes that geometrically resemble the
equilibrium crystal shape of calcite,”" suggesting the crystal-
lization of the new mineral to be coherent with the pre-existing
calcite.

Between 200 and 250 °C, when ACC crystallization rate is
maximal, the number of observable pores increases in the struts
of the inner laminar stereom: ~50 nm pores are spherical in
shape, ~250 nm pores are faceted (cube- and triangle-like
shapes), while ~450 nm pores present convoluted shapes
(Figure 3B, laminar stereom). The pores are located
preferentially in the middle of the struts, whereas an external
circumferential layer, ~1.3 ym wide, with no detectable pores is
also present. At these temperatures, some pores also appear in
the septa, but in limited areas. Some 30 to 80 nm round pores are
observed, as well as few 100 to 250 nm faceted pores (Figure 3B,
septa).

Between 300 and 400 °C, when ACC crystallization is
complete and organic molecule degradation is maximal, the size
and the number of pores increase slightly in the inner stereom
and more significantly in the septa (Figure 3C). In the septa,
small pores of 50 to 100 nm are observed together with
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elongated micropores (up to 1.3 ym long). In some fractured
sections, pores cover the whole septum area (Figure SIS8).
However, in most cases, a 7 to 10 ym wide outer region along the
septum length without detectable pores is visible (Figure 3C in
the septa panel and Figure SI8).

In the case of the test plates, where ACC crystallization also
occurs between 170 and 250 °C, pores start to be detected at 200
°C. They are only observed in some fractured struts of the thin
trabeculae of the stereom and are mainly located in the middle of
the struts (Figure 4A). Similarly to the spines, a circumferential
outer layer with no detectable pores is present in the test plates.
The 20 to 100 nm round pores and 100—300 nm elongated or
asymmetrical pores are observed together with few faceted
pores.

At 300 °C, pores are detected in all the examined thin
trabeculae of the stereom. More pores are visible in the middle of
the struts, the 150 to 650 nm pores are faceted (cubelike shape)
and the 30—100 nm ones are rounded (Figure 4B). Never-
theless, a 3 to 4 ym wide pore-free zone persists, and the thick
trabeculae does not show detectable pores. At 400 °C, the size
and the spatial distributions of the pores remain the same in the
thin trabeculae, whereas the pores are increasing in size in the
thick trabeculae (Figure 4C). In the latter, the 20 to 150 nm
rounded pores are homogenously distributed within the struts.

In summary, upon heating, micropores are observed with
heterogeneous spatial distributions in both samples and with
different temperature-dependent appearances. The micropores
form at the lowest temperature in the laminar stereom (170 °C)
of the spines, then in the thin trabeculae of the test plates and in
the septa of the spines (200 to 250 °C). At higher temperatures,
they are present all over the septa (300 to 400 °C), and only
above 400 °C, they appear in the thick stereom of the test plates.
Interestingly, the sequence of pore appearance with increasing
temperature correlates with the reported growth rates of the
different macromorphologies, i.e,, ~100 ym/day in length for
the laminar stereom of the spines, ~20 pum/day for the thin
trabeculae of the test plates, ~10 ym/day for the septa, and 4
um/day for the thick trabeculae of the test plates.®’

3.2.2. FIB-SEM Serial Imaging. FIB/SEM measurements
were performed at 350 and 450 °C for the spines and at 450 °C
for a test plate in order to investigate further the total volume of
micropores (with diameters >10 nm), their density, shape, and
orientation in 3D once formed after organics destruction
(Figures S and SI9 and Table SI2). The FIB/SEM volumes
(100—340 um®) were measured in a septum of the annealed
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Figure 6. SAXS intensity profiles for selected temperatures as a function of scattering vector g, in a loglog scale for: (A) test plates and (B) spines. (C)
Normalized total scattering intensity (to pristine state) for the spines and the test plates as a function of temperature. The temperature ranges for ACC
crystallization (heat flow, DSC data, and plain lines) and organics destruction (CO, emission, TGA-MS data, dashed lines) from ref 38 are indicated in
purple for the spines and in green for the test plates.

spines and in a thin trabecula in the galleried stereom of an mounted with their c-axes perpendicular to the X-ray beam, and
annealed interambulacral test plate. the SAXS measurements were performed in between the

The results show that organics degradation in the septum of tubercles of the test plates and in the middle of the spines.
the spines leads to the formation of larger pores (up to 2.6 ym) Therefore, the macrostructures probed were mainly the thin
at 450 °C than at 350 °C. The small pores appear spherical, trabeculae of the test plates and the dense septa of the spines.
whereas the large ones have clear ellipsoidal shapes. Taking Figure 6A,B displays the temperature-dependent SAXS profiles,
these shape variations into account, we conclude that the pore I(q)) obtained after azimuthal integration of the scattered
size varies between 20 nm and 1 #m in the spine annealed at 350 intensity of the 2D SAXS patterns presented in Figure SI1A,B
°C and between 30 nm and 2.6 ym in the spine annealed at 450 and recorded during in situ heating of the test plates and spines.
°C. The largest elongated pores are clearly oriented with their In addition, Figure 6C shows the total integrated SAXS
long axis perpendicular to the spine c-axis (Figure SB,C). intensities (over q and normalized to those in pristine samples),

Different pore densities of 40 and 10 ym™ were found in the
spines annealed at 350 and 450 °C, with however, similar total
pore volumes of 4 and S.5 vol %, respectively (Figure SI9D).
This might suggest an Ostwald ripening type coarsening
mechanism.®*

At 450 °C, the thin trabeculae of the test plate show smaller
and more spherical pores than the septum of the spine, with
diameters ranging from 10 to 350 nm (Figure SE). The pore
density is also higher in the test plate (285 #m™>) than that in the
spine (10 gm™>) but similar total pore volumes (8.3 vol % vs 5.5
vol %) were measured in agreement with similar amounts of
ACC (about 10 wt %) and intracrystalline organics (about 1.6 wt
%) present in both samples.’® We suggest that these variations in
the microstructure after annealing might be due to the different
inorganic—organic interactions present in both samples. Indeed,
we previously showed that organics preferentially attached to the
crystallographic planes parallel to the c-axis of calcite in the
spines, while they equally attached to the planes parallel and
perpendicular to the c-axis in the test plates.*®

Finally, 3D fast Fourier transform (FTT) analysis was applied
to the FIB/SEM volumes in order to determine the orientation
of the pores. The azimuthally integrated profiles report the

as a function of temperature for both samples, where the total
integrated SAXS intensity is proportional to the total pore
volume.”> The obtained data allow extracting quantitative
information on the nanopore evolution as follows.

The SAXS profiles of the samples annealed at 50 °C show a
shoulder at ~1.5 nm™" for the test plates and at ~2 nm™" for the
spines, originating in nanodomains (or nanopores) with
electron densities differing from that of the mineral. Pristine
samples contain anhydrous ACC*® for which the electron
density is comparable to that of calcite”” and cannot significantly
influence the SAXS signals. Therefore, we suggest that at the
pristine stage, the nanopores are filled with hydrated organics
rather than ACC as previously proposed.””

Upon heating, the shoulder shifts to lower q values for both
samples, manifesting an increase in size of the nanopores. This
shift is clearly seen in the Kratky plots, [I(q) — Bq*], with B being
the Laue constant (Figure SI2). The SAXS profiles can be
subdivided into three regions (I, II, and III) according to the
position of the shoulder: (I) the low q region, g < 0.3 nm™/,
which shows linear intensity decay with g; (II) the intermediate
region, 0.3 < g < 1.5 or2 nm™}, presenting a plateau; and (1)

intensity of the FFT as a function of the reciprocal space vector g the high g region, g > 1.5 or 2 nm™", with intensity asymptotically
(nm™!) (Figure SI9). The profiles show a shoulder around 0.03 approaching to zero. Upon heating, all three regions are shifted
nm™" for the spine at 350 °C and the test plate at 450 °C, which to lower g values. Above certain temperatures, T, regions (I)
is related to the real-space dimensions of the observed and (II) gradually disappear from the probed g range window,
microporosity. For the spine annealed at 450 °C, the shoulder indicating that at these temperatures the averaged nanopore size
shifts to lower g (0.003 nm™") indicating that on average, the becomes larger than 100 nm (the maximum size of the scattering
micropores indeed increase in size from 350 to 450 °C. objects measurable at the uSpot beamline®). These pores are
3.3. Nanopore Formation during ACC Crystallization. likely the micropores seen in the SEM and FIB/SEM
In situ heating SAXS experiments were performed to extend the observations for which the shoulder of the integrated Fourier
analysis of the nano- and micro-pore evolution into early stages transforms is at 0.03 nm™' (Figure SI9). Thus, the reciprocal
where pore size is smaller than 100 nm. The samples were space (q range) probed by the SAXS set up (0.3 to 10 nm™") is
3733 https://doi.org/10.1021/acs.cgd.2c00083
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extended to smaller q (i.e, larger real-space dimensions) with
the aid of FIB-SEM data.

The characteristic nanopore size was extracted from the SAXS
data by calculating the T,, parameter and radius of gyration, R,,
up to T, (see the Section 2 and Figure SI3A—C). For the spines,

= 270 °C and for the test plates, T, = 370 °C, which
correspond to the maximum weight loss due to organics
destruction in both samples, respectively.*®

Before annealing, the nanopores in the test plates and spines
are characterized by similar T}, and R; values equal to 1.23 and
1.0S nm, respectively (Figure 7A) With increasing temperature,
the nanopores become larger with the most substantial growth
observed above 250 °C for the test plates and 200 °C for the
spines, correlating with ACC crystallization temperatures.®

We stress that above ~280 °C for the test plates and ~230 °C
for the spines, the measured R, and T, parameters behave
differently: R, < T, in the test plates and R, > T}, in the spines
(Figure 7A). We relate these differences to the temperature-
mediated variations in the width of the statistical distributions of
the nanopore size. This statement can be illustrated using
Gaussian distribution of spherical nanopores characterized by

radius, R

()

where R, is the radius mean value, x = R — R,, and o is the
standard deviation, which defines the width of the Gaussian
distribution. Considering eqs 123, one can calculate the radius of

gyration, Rg:
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as a function of the width of distribution and parameter, R,, via
the ratio, w = Ri. The w-dependences of the normalized

parameters, R;/R, and T,/R,, are plotted as shown in Figure
7B. For w = 125 R /R = T,/R, (as observed in pristine
samples), for w < 1. 25 Ry/R, < T »/R, (as observed in the test
plates above ~280 °C), and for w > 1.25, R,/R, > T,/R, (as
observed in the spines above ~230 °C). We therefore suggest
that at the temperatures mentioned the nanopore size
distribution becomes narrower (w < 1.25) in the test plates
whereas broader (w > 1.25) in the spines. Note that this
temperature interval corresponds to the end of ACC
crystallization and the beginning of organic decomposition.*®

Most interesting finding, however, is the growth of the
nanopore size upon heating (Figure 7A), which manifests the
classical phenomenon of Ostwald ripening via pore coarsening.
The coarsening allows the reduction of the system’s free energy
because the surface to volume energy contribution scales as R*/
R® 0 1/R. For classical Ostwald ripening, the total nanopore
volume remains constant during the coarsening process, i.e.,
larger pores grow at the expense of smaller ones. The total
nanopore volume evolution upon in situ heating of the spines
and test plates can be appreciated by considering the total
integrated SAXS intensities (Figure 6C). The total SAXS
intensities and therefore the total nanopore volumes are nearly
constant up to T, for both samples. Nevertheless, some increase
is observed mainly in the spines (up to 1.8 at 270 °C), suggesting
the formation of new nanopores in addition to the coarsening
mechanism. Thus, the nanopore evolution occurs mainly via
coarsening in the macroporous test plates, whereas additional
nanopores are formed in the dense spines. After T, the total
SAXS intensities decrease for both samples since nanopores that
become larger than 100 nm are no longer detectable in the
probed g range window.

In order to further characterize the coarsening mechanism in
both samples and extract the activation energies, E,, of the
respective diffusion processes, the following procedure was
applied. Thermodynamic theories of Ostwald ripening”” predict
the growth with time, ¢, of the average pore radius, R, at constant
temperature from a starting value R,(0) at £ = 0, as:

R} =RJ(0) + Kt (6)

where K is some temperature-dependent parameter,”” which is

proportional to:
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Figure 8. 2D SAXS patterns of native and annealed samples. (A) Test plate oriented with its c-axis perpendicular to the beam, *orientation of the c-axis
and thus the [001] direction obtained with laboratory SAXS measurements (Figure SI1C); (B) test plate with its c-axis aligned with the beam; (C)
spine oriented with its c-axis perpendicular to the beam, “the scale of the intensity for this SAXS pattern is from 400 to 2000 counts (in Figure SIID
different scales are reported); and (D) transverse sections of different spines. The samples in (A—C) were annealed in situ (2 °C/min for the spine and
3 °C/min for the test plates) and in (D) spines were first annealed ex situ at 200, 250, 300, and 400 °C for 1 h, and second, transverse sections were
obtained. The position of the beam through the sample during measurement is symbolized by a white dot on the sample’s photographs. The hexagonal
dashed lines indicate the orientation of the {hk0} planes. The SAXS intensities are displayed in a log scale (photograph G. Laurent, Sorbonne

Université).
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Here, T is absolute temperature, kg is the Boltzmann constant,
and E, is the activation energy of the diffusion process
responsible for pore coarsening. The power index n depends
on the diffusion path of point defects (vacancies) moving
between the pores and thus mediating the coarsening.** Pore (or
void) formation via vacancy diffusion was known after the
discovery of the Kirkendall effect.®®
followed from Kirkendall’s diffusion mechanism is the presence
of pores formed during diffusion.®®
vacancies, and at some stage, vacancy accumulation become
substantial and further expand via Ostwald ripening to reduce
free energy of the system. The latter process is like the heat-

An important consequence

These pores act as sinks for

mediated grain growth in polycrystals and precipitate growth in
the binary (or multiphase) systems. In the case of bulk diffusion,

and for surface diffusion (or diffusion along two-
46468

n equals 3%
dimensional defects e.g,, grain boundaries), n =

For isochronous annealing (equal time durations for each
temperature), using eqs 6 and 7 leads to the following expression
for the growth of the average pore radius with increasing
temperature:

RXT + AT) — RX(T) = (k T) o ©
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where AT is the temperature increment and A is some
temperature-independent constant (proportional to the time-
step duration in the isochronous experiment).

Using experimental data for gyration radii (Figure 7A), we can
plot the increments, Ry(T + AT) — Ry(T), as a function of
temperature (Figures SI3D and 7C). Since thermodynamic
theories of Ostwald ripening require conservation of the total
pore volume, the fittings of experimental data to eq 8 were
performed for the increasing parts of Ry(T + AT) — Ry(T), i.e.,
up to 250 °C for the spines and up to 370 °C for the test plates
(see Figure SI3D for more details).

Best fits of experimental data to eq 8 are shown in Figure 7C.
For dense spines (composed mainly of imperforate stereoms),
successful fitting requires # = 3 and provides an activation
energy, E, = 2.61 eV, which is close to E = 2.81 eV, the latter
being characteristic for bulk self-diffusion of Ca in calcite.”” In
contrast, for the macroporous test plates, the best fit is obtained
for n = 4 and the resulting E, = 1.0 eV is almost three times lower
than that for the spines, indicating that the nanopore evolution is
governed by surface diffusion near the pore/calcite interfaces
rather than classical bulk diffusion.

In addition, dissimilar levels of microporosity in the test plates
and the spines are observed at 450 °C (Figure 7C). It appears
that the high pore density in the test plates exceeds some
“percolation threshold”, which makes surface diffusion a leading
factor in pore evolution. In contrast, pore density in the spines is
well below this “percolation threshold” and therefore the
respective activation energy is only slightly lower than that for
bulk diffusion in pure calcite. Therefore, we suggest that pore
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coarsening in sea urchin skeletal elements is regulated either by
surface or bulk diffusion depending on the specimens’
macroporosity and possibly the microinternal interfaces.

3.4. Organic—Inorganic Interfaces. Organic—inorganic
interfaces in biominerals are of great importance to the
improved mechanical properties of the latter since they facilitate
or hamper crack propagation. In this context, the interface
orientation regarding the main crystallographic directions in
calcite is especially important. Here, we used the 2D SAXS
patterns collected at different temperatures to determine the
orientation of the internal organic-inorganic interfaces with
respect to the calcite c-axis. Note that electron density of calcite
(0.815 e/A%) is almost twice that of intracrystalline organics
(0.42 ¢/A3)”° giving an orientation-dependent contrast in SAXS
measurements. Above 250 °C, the contrast is further enhanced
after ACC crystallization and organics removal.

At the native state (25 °C), the test plates and the spines show
anisotropic elongated diffuse scattering signals along the c-axis
when measured with their c-axis perpendicular to the X-ray
beam (Figures 8A,C and SI1A,D). However, when measured
with their c-axis parallel to the beam, both samples present
isotropic 2D SAXS patterns (Figure 8B,D). Above 200 °C for
the spines and 300 °C for the test plates, the SAXS signals show
striking modifications (Figure 8) as described below.

In the test plates, the scattered intensity for both orientations
increases between 250 and 300 °C, i.e., when ACC
crystallization is complete (Figure 8A).** Above 400 °C and
clearly at 450 °C, the diffuse scattering shows a streak in the
[001] direction for the sample oriented with its c-axis
perpendicular to the beam. When the c-axis is aligned with the
X-ray beam, a hexagonal-like pattern of diffuse scattering is
measured, reflecting the basal symmetry of calcite. These SAXS
signals originate from flat interfaces formed after the removal of
organic macromolecules. Their orientation therefore provides
information on the preferential localization of the organic
molecules, which form organic-inorganic interfaces in the
pristine biominerals. Thus, in the test plates, these molecules
are preferentially localized perpendicular and along the c-axis in
agreement with previous work.****”!

In the spines, the scattered intensity for both orientations
increases at 200 °C, i.e,, when ACC crystallization is maximal
and before the maximum level of organics degradation (Figure
8A). For the sample oriented with its c-axis perpendicular to the
beam, weak streaks in the [001] and [104] directions appear at
250 °C. The [104] streak, similar to that previously observed in
Pinna nobilis mollusk shells”" likely originates in the calcite
cleavage planes. The appearance of the streak in the [104]
direction is strongly dependent on the alignment of the sample
with respect to the beam. Indeed, it was not observed in few
other measurements (not shown). Therefore, we tested the
appearance of the [104] streak in a sample that was preheated at
400 °C for 1 h and then sectioned at 45° with respect to the c-
axis, which corresponds to the angle between the [104] and
[001] vectors in reciprocal space. In this orientation, the streak is
clearly seen along the [104] direction (Figure SI1E). The
intensity of both the [001] and [104] streaks increases above
300 °C; however, above 400 °C only the intensity of the [001]
streak increases further. Thus, the [104] streak likely results
from the ACC crystallization into calcite, producing microcracks
along the cleavage planes, whereas the [001] streak originates
from flat organic—inorganic interfaces preferentially oriented
perpendicular to the c-axis.
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When the calcite c-axis of the spines is aligned with the X-ray
beam, hexagonal-like SAXS patterns are observed in the
temperature range from 250 to 400 °C. For the 400 °C
annealed spine, a streak is also observed in one of the basal plane
crystallographic directions (Figure 8D). The appearance of this
streak is also very sensitive to the orientation of the sample with
respect to the X-ray beam. As already mentioned, these features
likely originate from the flat interfaces situated along the c-axis
and likely formed after degradation of organic macromolecules
initially localized on the respective planes.

To further characterize the interfaces responsible for the
appearance of the [001] streaks at high temperatures, we
analyzed the streak following ref 57 (see the Section 2 and
Figures SI4 and SIS). This analysis allows determining the
characteristic size, e.g,, the radius of gyration (Rg) of the
scattering objects responsible for the streak appearance, as well
as the angular spread, k,, of the characteristic surfaces that form
the objects (Figure SIS).

For the spines, the Imeas(qy) plots show Gaussian profiles with

~ 0.02 nm~" and \/k* + k2, ~ 0.015 nm™". In turn, the

res

values of \/k* + k2, do not vary significantly between 340 and

450 °C, suggesting that JE + krzes ~ k. and thus k < < k., and

Rg > 100 nm. Therefore, above 340 °C, the elongated
discontinuities like gaps in the calcite lattice outlined by flat
surfaces that are produced by the removal of organic molecules
are wider than 100 nm (the maximum size of the scattering
objects measurable at the uSpot beamline®). In addition, a
decrease in the angular spread, k,, from 8 to 1° was measured
with increasing temperature between 340 and 450 °C (Figure
SIS), suggesting that the flat surfaces responsible for the [001]
streak become better aligned (smoother) perpendicularly to the
c-axis with rising temperatures.

For test plates, the I,,(q,) profiles are broader than those in

the spines, with 0.1 <kp., <0.2 nm™' (Figure SIS). The

,/kz + krzes values decrease from 0.09 to 0.06 nm~! with

increasing temperatures from 400 to 450 °C. Taking k.., = 0.015
nm™, leads to 20 nm < Ry, < 30 nm. Finally, the angular spread
also decreases with increasing temperatures (from 10 to 6°)
suggesting that at 450 °C the gaps in the test plates also become
better aligned but the effect is less pronounced than in spines.

k

meas

4. CONCLUSIONS

Porosity is an essential part of biomineralization processes that
involve amorphous particle attachment and subsequent
crystallization. In this way, the system can tolerate the
differences in the specific volumes of the amorphous and
crystalline states, as well as related strains/stresses. In this study,
we investigated the heat-induced evolution of internal interfaces
in the skeletal elements—test plates and spines—of P. lividus sea
urchins. These two biominerals exhibit different stereomic
macrostructures, mainly galleried stereom comprising 5 to 10
um sized pores for the test plates and compact septa (without
macroporosity) for the spines. By using in situ heating
synchrotron SAXS measurements, SEM, and FIB-SEM visual-
ization techniques, we show that the kinetics and mechanisms of
nano- and micro-pore evolution upon the crystallization of
remnant ACC and the degradation of organic molecules, vary
significantly between the two samples, in a manner that relates to
their pristine macroporosity and internal organic-inorganic
interfaces.
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The obtained results show the presence of nanopores, likely
filled with hydrated organics in the pristine samples, and the
coarsening of these nanopores with temperature. Coarsening
follows the mechanisms predicted by classical Ostwald ripening,
which is thermodynamically driven toward the reduction of
surface contribution to free energy. The nanopore coarsening
can be well described in the framework of the known
thermodynamics-based theories, allowing the extraction of the
activation energies, E,, of the respective diffusion processes and
power indices, n, for the growth of the pore radius with time.
These parameters were found to be drastically different in the
test plates and spines, being equal, respectively, ton =4, E, = 1.0
eV and n = 3, E, = 2.61 eV. In other words, the nanopore
evolution in the spines is controlled by bulk diffusion opposed to
surface diffusion in the test plates.

In addition, the increase in size of the nanopores, which
occurs mainly via coarsening in the test plates, starts at higher
temperatures and is slower than in the spines where an
additional increase of the total pore volume is also observed.
We propose that the struts of the stereom are thin enough to
compensate for volume shrinkage upon heating possibly via
dilatation of the external surfaces whereas in the dense septa, an
extra volume should be stored within the material’s bulk.
Moreover, the microporosity observed at higher temperatures is
also very different, revealing smaller pores and much higher pore
density in the test plates than in the spines. We assume that the
micropore density in the test plates is high enough for allowing
continuous vacancy pathways via surface diffusion. In contrast,
in the spines, the micropore density is lower than such
“percolation threshold” and pore evolution is predominantly
controlled by bulk diffusion.

Overall, the obtained results shed new light on the processes
involved in ACC crystallization in sea urchin biominerals, which
allow for the growth of large single crystals of calcite with
meshlike macrostructures. In particular, these processes lead to
the formation of biominerals with nano-organic inclusions of
different densities and distributions within different skeletal
elements of the same species. Indeed, nanopore density in the
test needs to be significantly high in order to allow for surface-
mediated percolation of porosity. Moreover, our results suggest
that in vivo, ACC crystallization proceeds as far as organics can
serve as space-filling and accommodate for density changes
caused by the amorphous to crystalline transformation. Beyond
this point, crystallization is hindered and ACC is kinetically
trapped within the biominerals. A better understanding of the
atomic-level structure, the nano- and micro-architecture, and
porosity of the final ceramic mineral phase will allow efficient
harnessing of bioinspired design that can overcome the
challenges imposed by the mineralization processes of macro-
porous and large single crystals through amorphous precursors.
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