Morphogenesis of nacreous aragonite tablets: lessons from domed sheet nacre
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Abstract:
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It has been generally accepted that the nacreous tablets are transformed from the amorphous calcium
carbonate (ACC) nanoparticles. However, how these nanoparticles are organized and transformed in
three-dimensional (3D) space has not been well elucidated. Here, for the first time, we discovered a new type of
immature tablets called “dendritic tablets” in domed sheet nacre of green mussels, which exhibits a dendritic
surface texture in top views. By comparing their growth morphology with that of the granular tablets, we found that
the ACC nanoparticles are always self-assembled into vertical clusters and then transformed into vertical
crystallites of aragonite, each of which exhibits an equilibrium shape of abiotic aragonite. Most importantly, we
found that the apparent contact angle between the tablet and substrate (i.e. the interlamellar membrane (ILM)) is
unusually high (990 - 1260), which indicates that the ILM is non-wetting (or partial wetting) to the ACC
nanoparticles. Therefore, we concluded that the non-wettability of the ILM may have great effects on the
morphogenesis of the nacreous tablets.
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Introduction
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Nacre is an iridescent material present in the inner part of some mollusk shells. It consists of about 95 wt%
aragonite tablets (2 – 10 µm wide and 0·4 – 2 µm thick) and a small fraction of biopolymers. In most shells, a
mature tablet behaves as a single crystal when probed by x-ray or electron diffraction and looks like a flat
hexagonal prism with small {010} and {110} facets and large {001} facets (Fig. 1b) (Taylor et al., 1969; Wada,
1972; Blackwell et al., 1977; Yoshimi et al., 2004; Yao et al., 2009; Mukai et al., 2010). For this reason, it is
commonly called “flat tablet” (e.g. Feng et al., 2000; Gower, 2008). Interestingly, the {010} and {110} facets also
appear in abiotic aragonite (Fig. 1a) (de Leeuw and Parker, 1998; Sekkal and Zaoui, 2013), indicating that they are
stable. Therefore, both the abiotic aragonite and flat tablet appear as a pseudo-hexagon when viewed from the
c-axis (Fig. 1c). In contrast, the {001} facets are absent and replaced by {011} facets in abiotic aragonite,
indicating that the former are less stable than the latter. Previously, the formation of the less stable {001} facets in
the tablet has been explained by assuming that the tablet grows in a confined space (i.e. compartment) of the
interlamellar membranes (ILMs), which are flat and horizontal (Nakahara, 1991; Rousseau et al., 2005; Addadi et
al., 2006). Therefore, it is these ILMs that shape the {001} facets. In summary, the morphology of the flat tablets
seems quite simple and has received little attention.

Figure 1. (a) Equilibrium morphology of abiotic aragonite (orthorhombic symmetry with space group Pmcn)
(adapted from Sekkal and Zaoui, 2013). (b)-(c) Observed morphology of the flat tablet in nacre (adapted from Yao
et al., 2009 and Mukai et al., 2010). (c) Two-dimensional (2D) shape of (a) or (b) viewed from the c-axis
Although the flat tablet is widespread in most shells, it coexists with the domed one in some shells such as
Perna viridis (Xu and Zhang, 2015). In addition, the domed tablet has the {010} and {110} lateral facets similar to
those of the flat tablets. However, it has unusual domed top or bottom facets. Recently, we showed that this domed
tablet undergoes a complex morphology and structure transition during growth (Zhang, 2016). Most importantly,
we confirmed that it is transformed from the transient amorphous calcium carbonate (ACC) nanoparticles (Zhang,
2013, 2016). However, how these nanoparticles are organized and transformed in three-dimensional (3D) space has
not been well elucidated.
Here, on the basis of our previous results, we first defined the term “domed sheet nacre”. Then we investigated
the immature tablet with a granular surface texture, which we named “granular tablet”. Next, we focused on a new
type of immature tablet with a unique dendritic surface texture in top view, which we named “dendritic tablet”. For
the first time, we found that this dendritic tablet is composed of crystallites with the equilibrium morphology of
abiotic aragonite. This finding provides important information for understanding nacre biomineralization.
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Materials and methods

The green mussel (Perna viridis) samples with length 2-10 cm were collected alive on the coast of Beibu Gulf
in Guangxi and Zhanjiang in Guangdong, southern China. They were processed as follows: (1) the soft tissues were
removed from the shells with a scalpel; (2) the shells were cleaned with tap water followed by distilled water and
air-dried at room temperature for 2 h; (3) shell fragments, about 5 mm × 5 mm in size, were mechanically broken
away from the shell margin; and (4) some fragments were treated by immersion in 6 vol.% NaClO solution for 10
min. Finally, the as-prepared shell fragments, including the pristine and NaClO-treated, were sputtered with gold
and then observed with a field emission SEM (Hitachi, SU8020) operated at 8–10 kV.

3

Results
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3.1 Growth mode of domed sheet nacre
As mentioned above, the nacre in P. viridis shells contains both the domed and flat tablets, between which the
boundary is gradual (Xu and Zhang, 2015). The former are only deposited near the shell edge and arranged into
horizontal lamellae (Fig. 2a, where three lamellae are seen). At the front of each lamella called growth front (GF),
the tablets usually nucleate on the top peripheries of the underlying tablets (circles in Fig. 2a) and gradually
increase in size until merging with the already-formed lamella. In addition, in side views (Fig. 2b), the domed
tablets firstly grow as pyramids until reaching a maximum height. Then they transform into frustums and finally
into dome-caped prisms.
In summary, the domed nacre in P. viridis shells shows a growth mode typical of classical sheet nacre which
has been defined to always consist of flat tablets (Taylor et al., 1969; Carter et al. 2012). Moreover, in mature
domed nacre, the tablets are vertically stacked like a brick wall (Fig. 2c). Based on these facts, the domed nacre
was strictly defined as “domed sheet nacre”.
Importantly, the domed tablets exhibit different surface textures depending on their positions in the shell and
growth stages, which will be discussed in detail later.

Figure 2. (a)-(b) Top and side views of the inner surface of the Perna viridis shell, respectively. Some initial
tablets (nuclei) were highlighted with circles. (c) Cross-sectional view of mature domed nacre, where the c-axes of
all tablets are vertical to the HP (Zhang, 2016). GF: growth front; P: pyramid; F: frustum; DP: dome-caped prism;
HP: anatomical horizontal plane.
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3.2 Morphology of the granular tablets
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Close to the shell edge, the immature tablets usually consist of ACC nanoparticles, as detailed previously
(Zhang, 2013, 2016), which thus exhibit a granular surface texture. For convenience, they are named granular
tablets. Nevertheless, it should be noted that they are usually covered with the biopolymers and so display smooth
surfaces (Fig. 3a).
The early tablet, namely, the pyramidal tablet, looks like a falling water drop obliquely situated on the
substrate (corresponding to the ILM covering the underlying tablet) (Fig. 3a-3c). Strikingly, the apparent contact
angle (θ) between the tablet and substrate is unusually high (990 - 1260) (Fig. 3b), which results in that the pyramid
tends to separate from the substrate in order to minimize their contact area. Obviously, the ACC nanoparticles are
preferentially deposited on the periphery of the preformed tablet (called core here) and suspended from the
substrate (arrows in Fig. 3b and 3c).
As growth progresses, the nanoparticles are preferentially deposited on the top part of the lateral facets,
resulting in that the lateral facets become upright and the top facet increases in size (Fig. 3d and 3e), the reason for
which has been detailed previously (Zhang, 2016). Importantly, the nanoparticles (down to 10 nm in diameter) are
organized into unfaceted clusters of arbitrary shape (such as oval and cylindrical) and size (height: h = 31-240 nm;
width: w = 35-180 nm). Particularly, from the class II facets, which are oblique to the paper plane, one can clearly
observe that the clusters are vertically oriented (arrows in Fig. 3e).

Figure 3. (a)-(e) Side views of the representative granular tablets with increasing size. (f) Top view of a pyramidal
tablet. (g) Perspective view of a frustum-shaped tablet. Please note that: (1) all scale bars are 500nm; (2) θ is the
apparent contact angle between the tablet and substrate; (3) for a better view, some tablet facets are highlight with
yellow dashed lines, and some nanoparticle clusters are highlighted with blue dashed lines; (4) the number I and II
denote two classes of lateral facets, which are nearly parallel or oblique to the paper (projection) plane, respectively;
(5) all samples are pristine except those in (b) and (f) which are immersed in 6 vol.% NaClO solution for 10 min.
It should be emphasized that the SEM images are two-dimensional (2D) projections of the 3D objects on the
5

paper (projection) planes. Therefore, the class I facets (Fig. 3d and 3e), which are nearly parallel to the paper plane,
are flattened. This leads to the misconception that the nanoparticles are deposited layer-by-layer on these facets, as
we previously predicted (Zhang, 2016). In fact, both the class I and II facets are similar in characters, as evidenced
from the perspective view of the tablets (Fig. 3g). They are made of lateral surfaces of the nanoparticle clusters. In
contrast, the top facet is made of the top surfaces of the nanoparticle clusters (Fig. 3d).
Interestingly, for the early tablets, their bottom facets in top views have a hexagonal outline, whose interior
angles are measured to be about 1140-1250 (Fig. 3f). These are nearly identical to those of abiotic aragonite (Fig.
1c). As growth advances, their top facets also show a similar hexagonal outline (Fig. 3g). These facts indicate that
the tablets are consistent with the crystallography of abiotic aragonite. In other words, the ACC nanoparticles must
be self-assembled in a way that is consistent with the crystallography of aragonite. However, how the nanoparticles
are assembled in 3D space cannot be answered by only observing the granular tablets.
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3.3 Morphology of the dendritic tablets
On the inner surface of the shell, slightly far away from the shell edge, the immature tablets are usually
crystalline with a few remaining ACC clusters. They are named dendritic tablets, whose morphology will be
discussed in detail below.
The earliest identifiable tablets, corresponding to the nuclei of the tablets, have rounded outlines in top views
with diameter < 110 nm (circles in Fig. 4a and 4b). In side views (inset in Fig. 4e), they look like beaded fibers
where the ACC clusters are vertically stacked but slightly displaced from each other. In addition, in larger tablets,
some rounded clusters are also observed (white circles in Fig. 4d-4e). Since these clusters show no faceted surfaces,
they are predicted to be ACC clusters.
As the dendritic tablets increase in size, they sequentially appear as pyramids (Fig. 4e-4g), frustums (Fig. 4h),
and dome-caped prisms (Fig. 4i-4j), similar to those of the granular tablets. However, surprisingly, they mainly
consist of faceted crystallites, which have following features:
(1) In top views, the crystallites appear as incomplete hexagons around and attached to the periphery of the
preformed tablets (or cores) (Fig. 4a-4d). Moreover, these hexagons have interior angles of about 1100-1250 (inset
in Fig. 4a), which are similar to those of abiotic aragonite (Fig. 1c). In addition, all hexagons in a same tablet have
nearly identical orientations, which leads to that the tablet behaves as a single crystal and exhibits a dendritic (or
snowflake-like) growth pattern.
(2) In side or perspective views (Fig. 4e-4h), the crystallites appear as incomplete short prisms with shape
similar to that of abiotic aragonite (Fig. 1a). Importantly, all crystallites are vertically oriented, similar to the ACC
clusters (as mentioned above).
(3) The crystallites have arbitrary size (height: h = 90-264 nm; width: w = 50-150nm), which is consistent with
that of the ACC clusters (height: h = 31-240 nm; width: w = 35-180 nm).
(4) The crystallites around the periphery of the cores are usually suspended from the substrate (arrows in Fig.
4e-4f and 4h-4j), also similar to the ACC clusters.
Based on above observations, we can infer that the crystallites should be transformed from the ACC clusters
and inherit their 3D shapes, which are similar to the equilibrium shapes of abiotic aragonite.
Finally, it should be noted that the top facet of the tablet is not a classical crystallographic facet, which in fact
are corrugated and made of top facets (probably {011}) of numerous crystallites (circle in Fig. 4h). With growth,
the top facet is covered with the ILM which inhibits the vertical growth of the tablet. Interestingly, the ILM is
composed of nanospheres of about 15-50 nm in diameter (Fig. 4j), which is worth further exploration.
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Figure 4. (a)-(d) Top views of the dendritic (pyramidal) tablets with increasing size. (e)-(j) Side or perspective
views of the dendritic tablets with increasing size. Please note that: (1) all scale bars are 500nm; (2) for a better
view, some crystallites are highlight with blue dashed lines; (3) w and h indicate the width and height of the
crystallites, respectively; (4) d means the diameter of the ACC nanoparticle clusters; (5) all samples are pristine.
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Discussion

It is well known that, for nacreous tablets, their deposition rate (along the inner surface) decreases from the
shell edge to the interior (Mao Che et al., 2001). Therefore, if we assume that the lifetime (i.e. transformation time)
of the ACC nanoparticles is constant in different positions of the inner surface, they will not be observed as the
deposition rate of nanoparticles decreases to a certain critical value. Therefore, from the shell edge to the interior,
the tablets sequentially exhibit granular and dendritic surface textures, between which the boundary is gradual.
Recently there is increasing evidence that the nacre biomineralization proceeds via the ACC precursor phase,
(for review, see Wolf et al., 2016). However, the detailed process has not been observed because ACC is often
transient and quickly transformed. Fortunately, the dendritic tablet fills the gap between the granular and mature
tablet, which allow us to observe the full biomineralization process of nacre, as schematically shown in Fig. 5. The
most important is that the ACC nanoparticles are self-assembled into 3D vertical clusters and then transformed into
7

aragonite crystallites with the equilibrium morphology of abiotic aragonite. In this regard, the morphology of the
tablets is not only controlled by the organic biopolymers but also by the crystallography of aragonite.
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Another interesting finding is that the apparent contact angle (θ) between the early tablet and substrate (or
ILM) is unusually high (990 - 1260). According to Young–Dupré's equation (Henry, 2005)
βAB = γA (1 + cosθ) = (1/2) βAA (1 + cosθ)
(1)
where βAB means the adhesion energy (bond strength) between the ACC nanoparticles and ILM, and γA means
the surface energy of the ACC nanoparticles (equivalent to the half of βAA , the adhesion energy between the ACC
nanoparticles themselves), we can deduce that βAB is much smaller than βAA . This is to say, the ACC

nanoparticles are more strongly bound to each other than to the ILM. In other words, the ILM is non-wetting (or
partial wetting) to the ACC nanoparticles. This unusual non-wettability of the ILM may have following effects on
the morphogenesis of the tablets:
(1) It probably controls the morphology of the nucleus of the tablet, which is observed to occur as a fiber of
the ACC clusters (inset in Fig. 4e). This is understandable because once the first nanoparticle is deposited on the
ILM, the succeeding nanoparticles will be preferentially deposited on its periphery and not on the ILM. That is, the
nanoparticles are forced to be organized vertically (Fig. 5a).
(2) The non-wettability of the ILM probably limits the morphology of the tablet after nucleation, namely, it
drives the nanoparticles to be attached on the periphery of the nucleus (or core) of the tablet, which therefore is able
to template the self-assembly of the former. This ensures that each nanoparticle cluster is co-oriented with the
nucleus (or core) of the tablet after transformation (Fig. 5b and 5c).
(3) The non-wettability of the ILM probably limits the morphology of the top facet of the tablet. That is to say,
it inhibits the nanoparticles from depositing near the ILM (Fig. 5d), so that the succeeding ACC cluster (crystallite)
becomes gradually lower in level, thus forming a domed top facet.
On the other hand, it should be noted that, although the newly-deposited ACC clusters (or crystallites) are
observed to be suspended from the ILM (such as in Fig. 3b and 4e), they will come in contact with the latter with
time, as schematically shown in Fig. 5d.
Finally, both the granular and dendritic tablet show a similar size-dependent shape, which in turn appears as a
pyramid, frustum, and dome-caped prism. This complex shape transition results from the strain energy accumulated
in the tablet, which has been detailed previously (Zhang, 2016) and will not be repeated here.

Figure 5. Schematic diagrams of cross sections showing the growth process of the domed tablets. (a) Nucleation of
the tablet, in which the ACC nanoparticles are self-assembled into vertical clusters on the ILM (interlamellar
membrane) and then transformed into an aragonite nucleus with the equilibrium morphology of abiotic aragonite,
which serves as a template for the subsequent assembly of the ACC nanoparticles. (b)-(d) Growth of the tablet by
addition of ACC clusters (crystallites), during which the tablet sequentially appears as a pyramid (b), frustum (c)
and dome-caped prism (d). Please note that: (1) the formation process of each crystallite is similar to that of the
nucleus except that it is formed on the periphery of the nucleus or core and not on the ILM; (2) the ILM is
composed of nanospheres of about 15-50 nm in diameter, and is non-wetting (or partial wetting) to the ACC
nanoparticles; (3) the final mature tablet is an aragonite single crystal (not shown).
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Conclusion
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The domed nacre in P. viridis shells shows a growth mode typical of classical sheet nacre, where the mature
tablets are vertically stacked like a brick wall. Therefore, this domed nacre was defined as domed sheet nacre.
From the shell edge to the interior, the tablets sequentially exhibit granular and dendritic surface textures,
which are named granular and dendritic tablets, respectively. The former is characterized by containing ACC
nanoparticles while the latter by containing aragonite crystallites.
The nanoparticles are organized into vertical clusters attached to the periphery of the preformed nuclei or
cores of aragonite. These clusters are then transformed into aragonite crystallites with the equilibrium morphology
of abiotic aragonite. Moreover, in the same tablet, each crystallite has nearly identical orientation, which leads to
that the tablet behaves as a single crystal and exhibits a dendritic growth pattern.
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