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Abstract

The process of mineral formation following periods of growth interruption (growth bands) is described. Flat pearl implantation as
well as a new trepanning method are used to observe the transitory phases of calcium carbonate which nucleate and grow during this
process. An initial random nucleation of the aragonite polymorph is observed followed by a transition towards spherulitic growth. Dur-
ing this transition the animal forms the structure of the shell through both mechanical and chemical actions. About 6 weeks after implan-
tation a steady-state growth of aragonite tiles begins after shorter and more irregular tiles cover the outer surface of the spherulites. The
growth rate of aragonitic spherulite during this transition period was calculated to be approximately 0.5 um per day. An organic scaf-
folding is observed during the steady-state growth of tiled aragonite. Observations of mineral growth following the deposition of these
membranes confirm the presence of mineral bridges originating from subsurface tiles and extending through the organic matrix, confirm-
ing the growth model proposed by Schéffer et al. [Schiffer TE, lonescu-Zanetti C, Proksch R, Fritz M, Walters, DA, Almqvist N, et al.
Does abalone nacre form by heteroepitaxial nucleation or by growth through mineral bridges? Chem Mater 1997;9:1731-40]. Field emis-
sion scanning electron microscopy of fractured deproteinated nacre shows the presence of mineral bridges existing between individual

layers of tiles. Transmission electron microscopy provides further evidence of mineral bridges.
© 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Crystallization of inorganic materials in nature generally
occurs at ambient temperature and pressure. Yet the simple
organisms through which these inorganic materials form
are able to create extremely precise and complex structures.
Understanding the process in which living organisms con-
trol the growth of structured inorganic materials could lead
to significant advances in materials science, opening the
door to novel synthesis techniques for nanoscale compos-
ites [1-4].

The nacre from the shell of the abalone (Haliotis) has
become one of the more intensively studied biological
structures in materials science. The highly ordered micro-
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scale aragonite tiles separated by thin nanoscale organic
sheets along with a macrostructure of larger periodic
growth bands form a hierarchical composite [S]. Early
work by Jackson et al. [6] and Currey [5] showed that the
overall composite consists of only 5 wt.% organic material,
yet the work to fracture was increased by up to ~3000
times over inorganic CaCOj crystals as a result of the intri-
cate hierarchy of structural organization. Other studies
have shown impressive results (an eight-fold increase) for
the fracture toughness; similarly, the tensile strength is
increased significantly [7-11].

The process of biomineralization by which these shells
form involves the selective identification and uptake of ele-
ments and ionic molecules from the local environment and
their incorporation into structures under strict biological
mediation and control [12-16]. It is possible (and indeed
probable) that organic mediation accelerates the mineraliza-
tion process. This is presented by Mann [14]. The formation
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and deposition of steady-state nacre has been given consid-
erable attention in recent years. However, less work has been
done to examine the development of periodic growth bands
which exist throughout the shell. This study intends to reveal
the process of mineralization following these periods of
growth interruption.

2. Experimental methods

Both the “flat pearl” technique, pionecered by the UC
Santa Barbara group (e.g. [17]), and a new “‘trepanning”
technique were used to observe the various formations fol-
lowing steady-state growth interruption. Substrates were
implanted in live red abalone (Haliotis rufescens) for peri-
ods of 1-6 weeks and subsequently extracted weekly for
immediate observation. Adult-sized animals were collected
from both the culturing facility, Marine Bioculture in Leu-
cadia, CA, and their natural environment off the coast of
southern California, and then held in an open water facility
at the Scripps Institution of Oceanography. Constant cir-
culation of fresh seawater provided a natural environment
with steady pH and realistic temperature fluctuations
around a mean temperature of approximately 16 °C. The
holding tanks were curtained, limiting the exposure to exte-
rior lighting, creating a similar ambiance to the natural
habitat of both red and green abalone. All animals were
fed giant kelp (Macrocystis pyrifera) on a regular schedule.

Circular glass slides 15 mm in diameter were glued onto
the growth surface of adult-sized abalone. This surface was
exposed by gently pushing back the mantle layer in the
inside of the shell using a flat stainless steel scalpel with
round, dull edges. Up to six slides were implanted in each
animal. The epithelial layer of skin (mantle) repositioned
itself over the implanted glass slides over a period of a
few days. Slides were then extracted from the living animals
on a weekly basis and prepared for immediate SEM obser-
vation by applying a thin gold—palladium plating. Unlike
our previous experiments [8], the samples were not rinsed
with purified water before examination.

A second experiment was carried out simultaneously in
which a foreign substrate of abalone nacre was polished,
destroying its original growth surface, and implanted onto
the growth surface of a live abalone. Pucks of nacre, 3 mm
in diameter, were drilled from these shells using a diamond
coring drill. Holes slightly larger than 3 mm were then
drilled in the shells of live abalone, allowing a press fit of
the pucks into designated positions along the growth sur-
face. During this process the drilled area was continuously
irrigated and cooled with chilled seawater. This method of
trepanning provided a natural substrate on which growth
could restart. Although the implant surfaces were polished,
the surface activation energy of the implant and host nacre
is similar, being that they are the same material. The pucks
were then left for periods of 1-6 weeks before being
removed simultaneously with the above-mentioned flat
pearls. Fig. 1 shows both the flat pearl and the trepanning
techniques on the shell of an abalone.

Flat Pearl
Technique

" Trepanning (puck‘)\"“‘\\
Technique "
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J ~ «—— External layer
Rty /

Fig. 1. Implantation methods: trepanning and flat pearl.

Specimens were removed from animal growth surfaces
for a period of less than 1 h before examination with a FEI
X130 field emission scanning electron microscope (SEM),
with electron diffraction spectroscopy (EDS). SEM samples
were transported to the characterization facilities in a bath of
chilled seawater, and air dried for 5 min prior to gold plating.

A Renishaw Raman spectrometer was used to determine
the composition of the biomineralized material. Samples
which were not gold plated were placed under a 514.4 nm
wavelength laser with a beam energy of 1 mW.

To observe mineral bridges between individual tiles, nacre
was fractured in tension parallel to the direction of growth.
Cylindrical pucks with 3 mm diameters were drilled from
fresh nacre and glued onto tensile testing platents using J—
B weld epoxy resin and left to cure for 24 h. After fracture
by tension, a common deproteination technique was applied
to remove the organic component of the shell [18]. The frac-
ture surface was immersed directly into 10 ml of hydrazine
(98.5%) at room temperature for periods of 1, 2 and 9 h to
remove the organic component of the tiled structure. The
samples were then serially diluted with absolute ethanol
under 5 min increments of increasing concentrations of eth-
anol at 50%, 75%, 87.5% and then 100%. After air drying, the
samples were gold plated and observed by SEM.

Transmission electron microscopy was conducted on
nacre perpendicular to the direction of growth. Thin slices
of nacre were sectioned using a high-speed diamond saw,
then ground into 3 mm diameter slides by hand. They were
mechanically dimpled to a minimum thickness of 100 um
before ion milling and then polished to perforation using
an ion mill with a voltage of 5.5kV and a current of
0.5 mA. Observations were made using a FEI 200 kV
Sphera microscope.

3. Results and discussions
3.1. Restart of crystallization after mesolayers

The nacre within the shells of abalone is mostly com-
posed of tiles of crystalline aragonite that are interleaved



A.Y.-M. Lin et al. | Acta Biomaterialia 4 (2008) 131-138 133

with a 5 wt.% organic matrix in a structure rather crudely
described as a “brick and mortar” arrangement [5].
Growth bands, similar to the rings on a tree, which follow
seasonal feeding interruptions and separate larger regions
of the tiled microstructured nacre, are due to extended
interruptions of mineralization [7,8]. The separated sec-
tions of inorganic CaCOj3 undergo changes in morphology
preceding and following growth interruption. In both the
flat pearl and trepanning methods the transitory morphol-
ogies leading to steady-state tile growth after growth band
interruption were observed. Fig. 2a shows an SEM micro-
graph of a growth band in the fracture surface of an aba-
lone shell. Four regions can be identified: block-like
aragonite, an organic region, spherulitic aragonite and
finally the steady-state tiled aragonite, as indicated in
Fig. 2b and identified by Su et al. [19] through X-ray dif-
fraction. The morphology of the inorganic material created
in nucleation is controlled through the interaction of poly-
anionic proteins [20,21].

The flat pearl and trepanning techniques showed similar
results over the course of 6 weeks, indicating that transition
from initial mineral nucleation to steady-state mineral
growth was not greatly affected by the initial substrate
material. This could be due to the thin organic layer which
is first blanketed across the potential growth surface, as
described by Fritz et al. [17] and Zaremba et al. [22]. The
sequential morphologies of this growth sequence are pre-
sented in Fig. 3. An initial random nucleation of a precur-
sor mineral phase on the implanted substrates begins after

__ Regular layer emanating
from terraced cone growth

: — Initial (irregular) tile layer

Columnar (spherulitic) layer

T Mesolayer

" Block-like calcite

T
— == T == " Regular aragonite tiles

Fig. 2. Cross-sectional view of spherulitic to tile transition after growth
interruption: (a) SEM and (b) schematic diagram.

1 week of growth. As will be discussed later, this layer was
identified by Raman spectroscopy as aragonite. As
described by Weiner et al. [23], many organisms begin min-
eralization through amorphous precursor phases.

After 2 weeks of implantation, the precursor aragonite
has spread across the entire substrate. None of the original
implantation is left exposed. Seen in Fig. 3, the morphol-
ogy of deposited mineral transitions to spherulitic arago-
nite between the second and third weeks.

After 3 weeks of implantation, the tops of each spheru-
litic bundle appear flattened. This is thought to be the
result of a constant pressure or rubbing force exerted by
the mantle of the animal itself. Indeed, it is proposed that
the animal forms the structure of the shell through a
mechanical-chemical action. The self-assembly of arago-
nite in nacre does not translate into the overall architecture
of the shell; the animal continuously molds it. The animal
has the ability to apply a significant amount of binding
force to keep itself attached to virtually any surface.
This force translates to an approximately equal and oppo-
site force applied normal to the growth surface of the shell.
The epithelial layer of the mantle sits directly over the
growth surface. As the animal moves along a rock or a wall
it twists itself in a rotating manner. The epithelial skin
slides back and forth along the shell, producing a sanding
effect over the growing mineral structures. This mechanical
flattening of the growing surface occurs throughout the
nacre deposition region.

After 4 weeks of implantation, the spherulites are fully
formed as a result of the divergent growth of aragonite col-
umns along the fast-growing c-axis direction. The cross-
sectional view of a growth band, shown in Fig. 2, shows
the divergent growth of these columns. They spread apart
into a lower density as growth continues after 5 weeks of
implantation. Between 5 and 6 weeks of implantation the
aragonite morphology transforms towards the regular tiled
aragonite microstructure, as shown at the top of Fig. 3. It is
hypothesized that this transition may occur as the ends of
each spherulitic needle become nucleation sites for arago-
nite tiles. The intermittent deposition of the organic matrix
which is believed to inhibit crystal growth [24] molds the
spherulitic aragonite needles into an increasingly laminate
structure, eventually reaching the steady-state aragonite
tile formation. The “Christmas tree”-like growth fields
associated with tiled aragonite growth [17,22,26,27] can
be seen in Fig. 4. Lin and Meyers [8] observed that the ini-
tial spacing of the ‘““Christmas trees” following growth
interruption, approximately 4 pym, was smaller than the
10 um steady-state spacing. This is corroborated by the
irregular initial tile formation on top of the spherulitic
growth seen in Fig. 2. The first tiles are smaller since they
have to conform to a more irregular surface. The spacing
in Fig. 4, approximately 4.5 um, is still lower than the aver-
age steady-state 10 um value.

The first mineral layers formed after 1 week of implan-
tation and were identified by Raman spectroscopy as ara-
gonite. The position of the Raman bands shown in Fig. 5
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6 weeks

4 weeks

Fig. 3. Summary of sequential growth from flat pearl and trepanning experiments.

coincide with those reported by Urmos et al. [25] for bio-  ion. Further verification was provided through EDS. These

genic aragonite. The intense band, near 1086 cm ™' (Ajg)  results are in concurrence with those described by Su et al.
corresponds to the v; symmetric stretching of the carbonate [19].

From the cross-sectional micrograph of a growth band

and the data from the sequential growth images, we can
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Fig. 4. Tile growth through organic layers on flat pearl 6 weeks after
implantation; insert shows detail of the ‘terraced growth’ (or Christmas Fig. 5. Raman spectra of implanted flat pearl 1 week after implantation.
tree) pattern. Raman bands verify the material to be aragonite.
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estimate the growth rate of spherulitic aragonite between
the third and sixth weeks of implantation. The average
height of a spherulite bundle, 4, is 10 um from initiation
to tile growth. This growth occurred over a time, ¢, of 3
weeks. Thus, the average growth rate velocity of the spher-
ulitic calcite, Vg, is:

Vo =- (1)

The growth rate is found to be approximately 0.5 um per
day (5.78 x 10~ m s™'). These results are comparable to
the growth rate previously found through similar observa-
tions using the flat pearl technique [8]: (2.3x 107" to
1.5x107 " ms™).

3.2. Organic membranes

Six weeks after implantation, both the flat pearl and the
trepanning experiments showed steady-state growth of hex-
agonal aragonite tiles. The growth surface exhibited the
well-documented “Christmas tree” structure. The process
by which this structure is formed has been well described
[8,17,28-30], yet remains the subject of some debate. The
existence of mineral bridges connecting individual layers
was first demonstrated by Schéffer et al. [28] and later con-
firmed by others [29-31]. These bridges represent the con-
tinuation of mineral growth in the c-axis from a
preceding layer of tiles; thus, sequential nucleation is not
required. They protrude through the growth-arresting lay-
ers of proteins, creating sites on the covering organic layer
where mineralization can continue. These mineral bridges
are the base upon which the next tile forms. The sequence
in Fig. 6 shows, in schematic fashion, how tiles are formed
one on top of another. Here the growth sequence is as fol-
lows: (i) organic scaffolding forms as interlamellar mem-
branes between the layers of tiles arresting c-direction
growth; (i) a new tile begins growth through the porous
membrane; (iii) the new tile grows in every direction, but
faster along the c-axis; (iv) a new porous organic mem-
brane is deposited, arresting c-axis growth of the new tile
while allowing continued a- and b-axis growth, mineral
bridges begin to protrude through the second organic
membrane while sub-membrane tiles continue to grow
along the a- and b-axis. Sub-membrane tiles abut against
each other and a third tile begins to grow above the
membrane.

A detailed view of mineral bridges enabling growth
through a permeable organic membrane is shown in
Fig. 7. Holes in the organic nanolayer, which were identi-
fied by Schiffer et al. [28], are thought to be the channels
through which growth continues. Fig. 7 also shows how
mineral growth above the membrane is faster than growth
in the membrane holes, because of the increase in contact
area with surrounding calcium and carbonate ions. Cart-
wright et al. [32] described how pore size within the organic
matrix could influence the rate of mineral bridge growth.
Since these holes are small (30-50 nm diameter), the flow

o Porous organic layer
i l - Mineral

Fig. 6. Schematic representation of the steady-state growth of tiled
aragonite within organic scaffolding.
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Fig. 7. Detailed view of mineral bridges forming through holes in organic
membrane (V; < 1>).

of ions is more difficult, resulting in a reduction of growth
velocity to V<« V, (Fig. 7). V5 is the unimpeded growth
velocity in the c-direction. The supply of Ca®>" and CO.%*
ions to the growth front is enabled by their flow through
the holes in the membranes. This explains why the tiles
have a width to thickness ratio of approximately 20,
whereas the growth velocity in the orthorhombic c-direc-
tion is much higher than in the a- and b-directions.

The specimen surfaces after 6 weeks of implantation
(Fig. 8) shows the typical growth morphology character-
ized by “terraced cones”. Unlike previous washed speci-
mens [8], the organic scaffolding between growing tiles
(first observed and described by Nakahara et al. [33-35])
can clearly be seen. These sheets of protein form a contin-
uous covering over the entire surface of the shell. If mineral
growth was not dependent on the subsurface crystal tiles,
aragonite should form randomly across the protein mem-
brane. However, this does not occur. A clear continuity
of tiles above and below the membrane can be observed
through the cross-sectional view in Fig. 8. The stacks of
tiles protrude through the membrane, exposing only the
top few layers of aragonite to the calcium-rich epithelial
space. Yet all the tiles continue to grow below the mem-
brane, filling in the space along the a and b crystallographic
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Fig. 8. Side view of intermediate tile growth through organic layers on flat
pearl 5 weeks after implantation.

directions. This requires a permeable membrane to allow
calcium and carbonate ions to pass through and crystallize
on the surfaces below. Holes observed within the mem-
brane both through atomic force microscopy (AFM) and
SEM were ~50 nm in diameter; these are more than suffi-
cient for the permeation of the ~1 nm diameter molecules
[28]. As small crystal structures protrude through the mem-
brane in the form of mineral bridges, they provide both the
site on which subsequent tiles may form as well as a
mechanical system binding the layers of tiles together.
Fig. 9 provides a schematic diagram of the ion diffusion
and aragonite growth processes through these membranes.

3.3. Mineral bridges

Fig. 10 shows fracture surfaces exposed by tension tests
with the force application direction parallel to the c-axis.

FEEEETEE RV T TR e r e

e Epithelium —

Irregular features, the remnants of the organic layer and
mineral bridges, can be seen attached to these mineral sur-
faces of freshly fractured nacre in Fig. 10a. Fig. 10b shows
some regions (marked A) containing fabric of the organic
layer, where other regions (marked B) are characteristic
of the mineral. In order to ascertain that some of these fea-
tures are indeed mineral bridges, the organic component of
the nacre was removed through the hydrazine deprotein-
ation process described in Section 2. The fracture surfaces
after deproteination are presented in Fig. 10c and d. Trans-
verse to the a- and b-axes of growth, holes and subsequent
mineral bridges cover the (001) planes of the aragonite
tiles. These SEM images match what has been observed
by AFM by Schiffer et al. [28] and by transmission electron
microscopy (TEM) by Song et al. [29,30], Barthelat et al.
[31] and Feng et al. [36,37]. Song et al. [29,30] report a
higher concentration of mineral bridges around the center
than in the outer span of each tile. This may be the result
of the growth of each tile beginning from a central expan-
sion along the a- and b-axes. This process provides the cen-
ter of each tile a longer period existence, resulting in a
higher probability of mineral bridge formation in the mid-
dle. These mineral bridges may also play an important role
in the mechanical response of the system as described by
Song et al. [30] and Meyers et al. [38]. Evans et al. [39]
and Wang et al. [40] suggested that the rough nature of tile
surface asperities leads to inter-tile friction. They hypothe-
size that friction is the principal source of shear resistance
between tiles. However, there is a significant number of
mineral bridges between tile interfaces that were not con-
sidered by them. At the onset of plastic deformation, bro-
ken mineral bridges may play a role in forming the
asperities that subsequently resist shear [38].

Further evidence of these mineral bridges is provided
through transmission electron microscopy (TEM). A
TEM cross-section perpendicular to the direction of
growth is shown in Fig. 11. Interlamellar mineral bridges
are indicated by arrows. They are 20-30 nm in height and

Fig. 9. Schematic representation of Ca>" and CO§’ ion diffusion through organic scaffolding.
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Fig. 10. (a) Interface between tiles (before deproteination) with organic matrix surrounding mineral bridges; (b) tile surface (before deproteination) with
regions where organic matrix remains (A) and does not exist (B); (c) mineral bridges (marked by arrows) between aragonite tiles after 9 h of hydrazine
deproteination; (d) asperities, many of which are remnants of mineral bridges, concentrated at the center of a aragonite tile after 9 h of hydrazine

deproteination.

approximately 50 nm in diameter, confirming previous esti-
mates [28-38].

Fig. 11. Transmission electron micrograph of nacre cross-section showing
mineral bridges between tile interfaces.

4. Conclusions

A detailed examination of the growth process of abalone
nacre was conducted. The flat pearl and trepanning meth-
ods were used to observe the sequence of events following
interruptions during growth band formation. The results,
summarized in Fig. 3, and the observations of fractured
surfaces enable the following conclusions:

(a) The process in which crystallization restarts after

periods of mesolayer interruption was observed. Both
the flat pearl and trepanning technique showed simi-
lar results, in which steady-state growth of 10 pm ara-
gonite tiles was achieved after approximately 6 weeks
of precursor transitory phases. The majority of the
transitory phase occurred in the form of a spherulitic
aragonite polymorph, as shown through Raman
spectroscopy. The growth rate was estimated to be
~0.5 pm per day, which matches previous findings.

(b) It is proposed that the animal forms the structure of

the shell through both mechanical and chemical
actions. The self-assembly of aragonite does not
translate into the overall architecture of the shell;
the animal continuously molds with an applied rub-
bing force from its mantle.
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(¢) During steady-state formation of aragonite tiles, an
organic scaffolding was observed. Transmembrane
mineral growth bridges, approximately 50 nm in
diameter and 20-30 nm in height, exist between layers
of aragonite tiles.
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