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The processes of aggregation of mineral and organic materials to the growing surfaces in red abalone (Haliotis

rufescens) are analyzed. The flat pearl implantation method is used to observe the transient stages of calcium

carbonate deposition, the structure of the organic interlayer, and the steady-state growth of aragonite tiles.

The morphology of the organic interlayer is characterized by scanning electron microscopy. These results

enable a realistic depiction of the formation of the terraced cones that comprise the principal biomin-

eralization mechanism in this gastropod. In all cases, the growth initiated through spherulites, followed by tile

formation. The transient stage with spherulitic formation was shorter at higher temperature; this is indicative

of a greater activity of the animal at 21 °C. The growth rate in a normally fed gastropod was found to be higher

compared with one provided with limited food. The effect of water temperature (seasonal) was also

established, with growth proceeding faster in the summer (T ~21 °C) than in winter (15 °C). The structures of

the organic interlayer and of the epithelium are revealed by scanning electron microscopy.

Published by Elsevier B.V.

1. Introduction

Understanding the process in which living organisms control the

growth of structured inorganic materials can inspire new and better

synthetic materials [1–5]. Indeed, there have been recent successes in

synthesizing a ceramic/polymer composite with outstanding tough-

ness inspired by the structure of nacre in the abalone shell [6–9].

The growth of nacre is a well studied subject characterized by

many researchers [10–35]. In particular, the growth and structure

relationship has been studied in detail [16,20–24,31]. Results show

that aragonite crystals first radiate from nucleation sites forming a

spherulitic pattern, and then, columnar aragonite crystals form

preferentially in the c direction (perpendicular to the growth surface).

This morphology is then replaced by the aragonite tile pattern. Lin

et al. [31] examined the structure during a period of 1 to 6 weeks. In

the third week, the columnar growth still dominated and by the sixth

week growth cones of the aragonite nacre became present. Further-

more, the role of the organic layer in the growth of the abalone

nacre has been studied by Belcher et al. [22,23,26], Zaremba et al. [27],

Sarikaya et al. [28–30], Lin et al. [15,31], Meyers et al. [16,17], and

Bezares et al. [34,35], which has led to proposed mechanisms of

growth.

However, little attention has been paid to factors that affect the

development of these transient phases. Changes in the feeding

patterns may limit the source of ions for mineral formation in the

abalone shell. Moreover, changes in its environment, such as

temperature of the sea water, might affect the nucleation rate and

growth rate of the transitory phases of calcium carbonate. Thus, the

environment may play an important role in the mineral formation.

Additionally, past studies suggest a large involvement of the mantle

and epithelial cell layer to form the intricate structure of the growing

front of the shell. Calcium radioisotope movement studies on the

oyster Crassostrea virginica show that movement of the 45Ca out of

the mantle correlated with the amount of 45Ca deposited on the shell

growth front. Additional mollusk ion transport studies on the isolated

mantle indicate ion movements from the mantle to the shell, while

other studies suggest that Ca2+ transport occurs by diffusion through

this mantle [38]. However, this process is not fully understood and

studies of this soft tissue can give insights into this biomineralization

process.

This study intends to investigate the process of mineralization

following periods of growth interruption, taking into consideration

important environmental factors (access to food and temperature)

and to employ high-magnification characterization techniques to

better understand how the soft tissue (e.g. epithelium and organic

membrane) influences the mechanism of growth.

2. Experimental techniques

Two labeled red abalone (Haliotis rufescens) were held in a 45 liter

fish tank in an open water facility at the Scripps Institution of

Oceanography. The tank had direct access to continuously circulating

sea water, providing a natural environment with steady pH. Animals

were fed giant kelp (Macrocystis pyrifera) at different schedules and

the mean temperature was controlled. Three experiments were

carried out, varying average temperature and feeding rate of the
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animal (Table 1). The ‘flat pearl’ technique, first used in the US by the

U.C. Santa Barbara group [20,21,25,27] and latter applied by Lin et al.

[31], was utilized to extract specimens for growth observations.

Circular glass slides (15 mm in diameter) were implanted in live

abalone for periods of 1–3 weeks and then extracted weekly for

examination. The mantle was pressed back (retracted) with a flat

scalpel and the slides were glued to the growing edge of the animal

(Fig. 1). The largest quantity of slides allowed by the size and surface

of the animal was implanted on each abalone. In Fig. 1, six slides were

implanted and are shown by arrows. Once securely adhered, the

mantle relocated itself over slides over the period of approximately

24 h. At least one slide from each of the abalone was removed weekly

and prepared for scanning electron microscopy (SEM) and atomic

force microscopy (AFM) characterization.

For SEM preparation, the slides where air dried and sputter coated

with gold-platinum. The specimens were observed both from top and

cross-sectional perspectives in the environmental and in the high

vacuum modes of the Phillips XL30 ESEM. The surface morphology of

abalone nacre was also examined by AFM (Veeco Scanning Probe

Microscope) in ambient dry condition.

The interpallial layer of mantle was also characterized. A small

slice (~1 cm) cut was made on two sections of live abalone (Fig. 2).

Then each section was re-sectioned into two parts. Samples were CO2

critical point dried and gold-platinum coated for observation in the

ESEM in high vacuum mode.

Sections from the growing edge of abalone shell were also cut,

washed in deionized water and demineralized in 0.6 N HCl at 20 °C for

1 week. Specimens were then dehydrated completely in a progressive

manner in ethanol and CO2 critical point dried so that the structure

was maintained. Sections were gold-platinum coated and observed in

the ESEM high vacuum mode.

3. Results and discussion

3.1. Characterization of growth surfaces

The investigation in warm water (21 °C) revealed that the

aragonite tiles formed after only 1 week (Fig. 3a). Furthermore, the

folding organic layers which are approximately 300 nm thick (marked

by arrows) can be observed. Conversely, in coldwater (15 °C) (Fig. 3b)

or with food limitation (20 °C) (Fig. 3c), observations after 1 week

showed only the slight start of the precursor aragonite spread across

the substrate and some of the deposited mineral transitioning to

spherulitic aragonite. Slides from the second abalone were also

observed and confirmed the same results. Moreover, week 2

demonstrated similar aragonite tiles (Fig. 4a) when the growth was

conducted in warm water (21 °C). In contrast, uniform spherulitic

aragonite was observed in cold water (15 °C) (Fig. 4b) or under no

feeding conditions (20 °C) (Fig. 4c). Interestingly, the spherulitic

aragonite observed when the animal was not fed tends to be less

radiated compared to the structure in colder water. After 3 weeks of

growth in warm water (21 °C), a uniform and high number of staked

aragonite tiles (terraced cones) were observed (Figs. 5a and b). It can

be noted from Fig. 5a that because the height of the terraced cones is

the same, an even terrain is formed. In addition, from this cross-

sectional view, a continuous membrane formed by the organic layer

can be observed. From Fig. 5b it can be noted that the top of the

terraced cones appears to be of a consistent diameter (~400 nm). On

the contrary, after 3 weeks of implantation, the tops of each

spherulitic bundle form a plateau for test at 15 °C (Fig. 5c) and test

without feeding (20 °C) (Fig. 5d). In addition, the thin organic

membrane can be observed (Fig. 5c).

AFM confirmed all the features observed by SEM. Fig. 6 shows

the growth surface in 21 °C. These mineral projections (terraced

cones) are approximately 2 μm high, depicting about four layers from

the top of the cones. This corresponds to the thickness of the tiles,

(~0.5 μm). One can also see in Fig. 6b, on the sides of the protrusion,

which represent terraced cones, the organic interlayer in a tent-like

formation. This is similar to the configurations seen in Figs. 3, 4 and 5,

in which a thin organic layer covers terraced cones and demonstrates

that the organic layer, in its fully hydrated condition, stretches under

its own weight. On the other hand, it acquires substantial strength

when it is dry [17]. In contrast to this, Fig. 7 demonstrates that only

the spherulite morphology is attained with growth in water at 15 °C.

Some distortion exists as the AFM tip does not capture very well the

lateral details.

It should be clarified that the rate of the transition from initial

randomly arranged CaCO3, a spherulitic transient phase, to final

aragonite tile growth reported here is not the growth rate of the

nacre, which is also affected by temperature and food availability

Table 1

Experimental conditions for sequential growth.

Condition Temperature of water Feeding schedule

1 ~21 °C Regularity

2 ~15 °C Regularity

3 ~20 °C Not fed

Fig. 1. Glass slides (depicted by arrows) embedded in abalone shell.

Fig. 2. Abalone mantle pushed back revealing epithelium (depicted by arrow) prior to

excision.
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[36]. Sequential growth results discussed by Lin et al. [31] demon-

strated that the shell growth required various transitory phases to

reach the steady-state growth of aragonite tiles. Aragonite tiles

formation was achieved after approximately 6 weeks of precursor

transitory phases (this previous study was performed at 15 °C and

the animal was fed regularly). The growth surfaces (Figs. 3b and 4b)

show dominating spherulitic pattern and columnar growth which is

comparable to the results for 3 to 4 weeks described by Lin et al.

[31].

In contrast, when the temperature was warmer (21 °C), the tran-

sitions occurred faster. At this temperature, the transitory phases

cannot be observed as the steady-state growth of aragonite tiles is

reached by week one. Additionally, when the animal was not fed, the

transitions occurred later. The columns observed in the limited food

Fig. 3. Sequential growth results 1 week after implantation. a) Growth at 21 °C with

abalone regularly fed; b) growth at 15 °C with abalone regularly fed; c) growth at 20 °C

without food available.

Fig. 4. Sequential growth results 2 weeks after implantation. a) Cross-sectional view of

growth at 21 °C with abalone regularly fed; b) growth at 15 °C with abalone regularly

fed; c) growth at 20 °C without feeding.
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conditions at 20 °C tend to be less radiated and the surface less

smooth when compared with the growth surfaces attained at 15 °C. It

is believed that the predominant columnar growth of the aragonite

mineral is interrupted by the deposition of thin organic intertile layer

[17]. The lack of nutrients and lower temperature may reduce the

production of the organic layer (chitin and proteins), which leads to

an unimpeded rapid columnar growth instead of the steady-state

growth of the aragonite tiles.

3.2. Epithelium observations

Inspection of the mantle reveals the secretory epithelium which

is in direct contact with the inner surface of the shell (Fig. 8). This

part of the animal is the critical component in the mineralization of

the shell, since it is only separated from the growing surfaces by the

small extrapallial space. SEM inspection (Fig. 8a) shows a top section

of the outer surface of the epithelium (labeled I) and an area where

the top surface is scraped off (labeled II). The relatively smooth outer

surface of the epithelium (Fig. 8b) suggests that the epithelium

mechanically flattens the growing surface by sliding over the shell,

producing a molding effect [31] analogous to a potter molding clay.

From the scraped surface one can observe that an array of channels

exists inside the epithelium (detailed view of the channels shown in

Fig. 8c). Some of these channels show fibrils (Fig. 8d). Lin et al. [31]

and Meyers et al. [17] proposed that ions are allowed to diffuse

through these channels. In addition, these channels may provide

support for the synthesis of chitin and its intermittent extrusion

onto the growth front (Fig. 9).

3.3. Demineralized shell and organic layer

The sectioned and demineralized shell samples from the growing

edge revealed areas of thin organic intertile layer (Fig. 10a) in

arrays of stretched holes. This organic intertile layer is believed

to be periodically deposited (every ~0.5 μm) by the epithelium

in the animal. It is composed of a thin biopolymer protein framework

secreted by epithelial cells [37–41]. This organic layer is an important

characteristic and has been studied successively [15–17,34,35].

Lin and Meyers [15] investigated the thicker regions (20 μm) of

organic layer that exist between the shell's mesolayers. These thick

layers are believed to be formed by seasonal fluctuations where

calcification is interrupted. Subsequently, Meyers et al. [16] further

noted the role of the organicmatrix (20–50 nm thick) interlayer in the

formation of the CaCO3 aragonite matrix into 0.5 μm thick tiles.

Moreover, Meyers et al. [17] showed further evidence of the chitin

network that forms the structural component of the intertile layer

and characterized it by SEM, AFM, and nanoindentation. Further-

more, Bezares et al. [34,35] described the structure of demineralized

tissue and examined its mechanical response. In addition to being

a key element in the excellent mechanical properties, it is also an

important component in regulating the growth of the aragonite.

This layer slows down the growth of the aragonite in the rapid growth

(c axis) direction.

These results are in agreement with the growth mechanism pro-

posed byMeyers and co-workers [17,31]. The growth of the mineral is

allowed to proceed through the orifices in the organic layer as the

transport of calcium and carbonate ions is permitted through the

Fig. 5. Sequential growth results after 3 weeks of implantation. a) Growth at 21 °C with abalone regularly fed (cross-section); b) detailed view of aragonite tile morphology;

c) growth in 15 °C with abalone regularly fed; d) growth in 20 °C without food available.
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holes in the organic layer (Fig. 10b). Fig. 11 shows randomly oriented

chitin macromolecule fibrils [1,17,33,42–44] considered to be the

structural component of the organic layer.

There are two hypotheses explaining the formation and growth of

the tiles:

(a) Organic scaffold, into which Ca2+ and CO3
2− ions penetrate,

combine, and precipitate [e.g. 34,35].

(b) Periodic deposition of organic layer with holes, retarding the

growth of aragonite crystals in the c direction (perpendicular to

the growth surface) [17,31].

The organic scaffold hypothesis requires intricate genetic engi-

neering. On the other hand, the periodic chitin deposition hypothesis

is directly regulated by the mantle. The results obtained by Lin et al.

[31], Meyers et al. [17], and here strongly support the periodic

deposition hypothesis, a mechanism well described by Schäffer et al.

[25] and Belcher et al. [22,26]. Especially significant is the fact that the

layers between laterally adjacent tiles are much thinner than the

horizontal ones (parallel to the growth surface), as shown in Fig. 10b.

Of importance also is the identification of chitin synthesis sites in the

cavernous channels within the epithelium; it is proposed that they are

extruded onto the growth surface by mechanical action from the

abalone foot.

4. Conclusions

In this study, the growth process of abalone nacre under different

environmental conditions (water temperature and food availability)

Fig. 6. Atomic force microscopy of growth surface in 21 °C showing the aragonite tile

growth. a) Top view; b) tridimensional view.

Fig. 7. Atomic force microscopy of growth surface in 15 °C showing the columnar

structure. a) Top view; b) tridimensional view.
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is investigated by the flat pearl technique combined with SEM and

AFM observations. Demineralization studies were also performed. The

major findings are:

1. The rate of the transition from an initial random nucleation to the

steady-state growth of aragonite tiles in abalone nacre is greatly

affected by water temperature and food availability. The aragonite

tile growth is achieved faster at warmer water temperature (21 °C)

compared with colder temperature (15 °C). The transition from

columnar to aragonite tile growth takes longer when the food

supply is limited. It is proposed that the lack of nutrients and lower

temperature may reduce the production of the intertile organic

layer, which leads to columnar growth of mineral instead of the

aragonite tiles.

2. An outer smooth surface and inner channels are observed in the

epithelium. These channels provide a path for ion and chitin

transport. The smooth outer surface is believed to mechanically

flatten the growing surface of the shell.

3. The demineralized shell showed sections of the intertile layer and

chitin network. This organic component is believed to influence

Fig. 8. a) Sectioned epithelium; surface in contact with growing edge of shell depicting flat outer surface (I) and area where surface scraped off (II); b) detailed view of flat outer

surface of epithelium. c) Array of channels within epithelium (channels depicted by arrows); d) fibrils within channels (marked with arrows).

Fig. 9. Schematic depiction of hypothetical mechanism by which epithelium generates chitin fibrils and ‘squeezes’ them onto growth surface.
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growth mechanism of aragonite tiles by retarding, periodically, the

growth in the c axis direction.

4. The results presented here strongly support the mechanism of

periodic chitin layer deposition, retarding the growth of aragonite in

the c direction and forming the organic intertile layers. Cavernous

channels within the epithelium are identified and proposed to be

sites for chitin synthesis.
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Fig. 10. a) Thin intertile organic layer showing holes; b) proposedmechanism of growth

of nacreous tiles by formation of mineral bridges as depicted by Meyers et al. [17];

organic layer is permeable to calcium and carbonate ions which nourish lateral growth

as periodic secretion and deposition of the organic intertile membranes restrict their

flux to the lateral growth surfaces. Arrows A designate organic interlayer imaged by

SEM; arrow B designates lateral boundary of tile (adapted from Meyers et al. [15]).

Fig. 11. a) Demineralized shell revealing randomly oriented chitin fibrils from intertile

layers; b) schematic representation of organic intertile layer composed of chitin fibrils.

c) Schematic structure of chitin.
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