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Structural and physiochemical properties contribute to the biological

adaptation of deep-sea animals to their harsh living environment but have

hardly been investigated systematically. In the present study, we for the first

time applied various material characterization techniques including

transmission electron microscopy (TEM), scanning electron microscopy

(SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD),

and Fourier-transform infrared (FT-IR) spectroscopy to investigate the shell

microstructures and chemical composition of a deep-sea limpet Eulepetopsis

crystallina collected from the Tiancheng hydrothermal vent field at a depth of

around 2,700 m in the Southwest Indian Ocean. Analyses of shell

microstructural morphology and diffraction patterns of E. crystallina explicitly

revealed the layered structures, exfoliation characteristics, and crystallographic

orientation of each layer’s unit cell which was tilted at a small angle

sequentially. In comparison with ordinary shallow-water limpet Cellana

toreuma shells, E. crystallina shells showed a unique chemical composition

and contained pure calcite of calcium carbonate polymorph and the trace of

phosphate originated from regional phosphatic sediments of the Southwest

Indian Ocean. The further microscopic analyses indicated that the shell of the

deep-sea limpet E. crystallina features integrated and untruncated layer

structures with a compressed width, possibly owning to the ultra-high

hydrostatic pressure, which confirmed the effects of the living environment

on the shell microstructure of deep-sea animals.
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Introduction

The microstructure and chemical composition of the deep-sea

limpet shells have been investigated, which serves as the first step

to investigate their formation mechanism and adaptation to the

deep-sea environment (Nakai et al., 2006; Suzuki et al., 2010;

Rodolfo-Metalpa et al., 2011; Li et al., 2015). The shell of limpet

(Gastropoda class: aquatic snails) features as a composite

biomaterial with multifunctional roles in providing mechanical

strength and protective support to sustain the life activities of

limpet (Denny, 2000; Harley et al., 2009; Johnson et al., 2019).

Shallow-water limpets normally gather on the rocky shores where

sea waves sweep over them. The flows exert a strong lift or drag

force on the shell structures, and thus, shell microstructures need

to withstand and adapt to the effects of water velocity in excess of

20 m/s (Denny, 2000). The main chemical composition of limpet

shells is composed of calcium carbonate polymorphs and potential

inorganic trace elements (Carroll and Romanek, 2008; Agbaje

et al., 2018). The morphology, size, color, transparency, and even

microstructures of the calcareous shells show remarkable

distinction at different depths of the sea (Checa et al., 2006).

Accordingly, compared with the common shallow-water limpet

shells, the deep-sea limpet shells are expected to be distinctive in

their microstructures and physicochemical characteristics because

the animals usually live in an environment with relatively slow

water velocity—but totally dark—and high hydrostatic pressure.

Information on the shell microstructure and physiochemistry will

provide insights into their functional properties and biomimetic

applications that allow selection as prospective biomaterials.

The formation of limpet shell has been determined as a

typical process of biomineralization (Weiner and Addadi, 2011;

Oliveira et al., 2020), in which calcium carbonate evolves in

different crystalline polycrystalline forms, such as calcite,

aragonite, and spheraragonite, under natural conditions (Song

et al., 2019). The various crystalline polycrystals of calcium

carbonate are arranged in layers with unique patterns to form

complex biomineral microstructures in limpet shells. In previous

studies, the shallow-water limpet Patella pellucida (depth<27 m)

featuring the blue-rayed translucent shell was proven to be an

embedded hierarchical photonic architecture which displayed

the light reflection from the exterior shell (Li et al., 2015).

Besides, the shallow-water limpet Patella vulgate shell showed

strong impact resistance, which depends on the two geometric

parameters: apex thickness and the ratio of apex height to rim

diameter (Harford et al., 2020). Up to now, the relevant research

on limpet shells has mainly focused on the shallow-water

species, and thus, there has been limited information on shell

microstructures and chemical composition of highly structured

biomineralized deep-sea animal shells.

In this study, we aimed to reveal the shell microstructures

and chemical composition of the deep-sea limpet E. crystallina

living at a depth of about 2,700 m of the Southwest Indian Ocean
Frontiers in Marine Science 02
Ridge using various material characterization techniques

including transmission electron microscopy (TEM), scanning

electron microscopy (SEM), energy-dispersive X-ray

spectroscopy (EDS), X-ray diffraction (XRD), and Fourier-

transform infrared (FT-IR) spectroscopy. The TEM

characterization is a proficient tool that allows scientists to

investigate microstructural images and crystallographic details

of nanomaterials (Suzuki et al., 2011; Suzuki et al., 2017; Wang

et al., 2018; Ying et al., 2020). The width difference in layered

structure between E. crystallina and C. toreuma shells due to

their living environment was determined by TEM images. The

SEM which scans a focused electron beam on the material

surface can provide information about the surface morphology

and layered microstructures of shells. Besides, the chemical

composition of deep-sea and shallow-water limpet shells was

explicitly determined. EDS is feasible for elemental analysis

which analyzes the characteristic X-ray emission spectra from

the individual element (Ying et al., 2021b). FT-IR detects the

infrared spectrum of absorption or emission of samples and

determines the bonding characteristics of inorganic materials.

Non-destructive XRD offers detailed information of

crystallographic structures, lattice parameters, and chemical

composition. By EDS and FT-IR, the trace of phosphate was

detected in shells of deep-sea limpet E. crystallina, but not in

shallow-water limpet C. toreuma. Therefore, these exhaustive

investigations on E. crystallina shells will give insight into shell

microstructures and chemical compositions of deep-sea limpets,

providing a wide range of possibilities for limpet living

environments, shell formation mechanism, origin of

invertebrate marine biomaterials, forced biomineralization,

and extreme biomimetics (Li et al., 2015; Ehrlich and

Nikolaev, 2017; Ehrlich, 2019; Lomovasky et al., 2020; Ehrlich

et al., 2021).
Materials and methods

Collection of deep-sea limpets from the
Southwest Indian Ocean and shallow-
water limpets from Hong Kong

Deep-sea limpets Eulepetopsis crystallina were collected

using the ROV Sea Dragon III onboard the R/V Dayangyihao

from the Tiancheng hydrothermal vent field in the Southwest

Indian Ocean during the COMRA DY52nd cruise in April 2019

(see details in Sun et al., 2020) (Sun et al., 2020). The deep-sea

limpet E. crystallina samples were stored at –80°C after

collections. Samples were directly fixed in pure ethanol

immediately after arrival onboard. Soft tissues were removed

from the shells with tweezers in the laboratory; the remaining

shells were immersed in 0.2% of bleach and gently shaken at a

rotation speed of 250 rpm at room temperature for 2 h to further
frontiersin.org
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remove the residual of soft tissues, and the shaking process was

repeated with 0.1% of bleach and rinsed with Milli-Q waters.

Shallow-water limpets Cellana toreuma were manually

collected from the shore of Clear Water Bay in The Hong

Kong University of Science and Technology, Hong Kong, in

October 2019. The shallow-water limpet C. toreuma samples

were stored at -80°C after collections. After arrival onboard,

samples were rinsed with water and fixed in pure ethanol

immediately on the collection site. Soft tissues were removed

from the shells with tweezers in the laboratory, the remaining

shells were immersed in 0.2% of bleach and gently shaken at a

rotation speed of 250 rpm at room temperature for 2 h to further

remove the residual of soft tissues, and the shaking process was

repeated with 0.1% of bleach and rinsed with Milli-Q water.

Besides, the limpet E. crystallina and C. toreuma samples

were stored at -80°C and then conducted for microstructure

characterization and chemical composition analysis after the

ROV Sea Dragon III arrived at the home port and treatments in

the laboratory (approximately 2 months later).
The microstructure characterization

For the samples characterized by TEM and SEM, the ultra-thin

lamella samples of shells of both the deep-sea limpet E. crystallina

and shallow-water limpet C. toreuma were prepared through the

milling and fabrication processes using the FEI dual-beam FIB/

FESEM system (Helios G4 UX, Waltham, United States), which

enabled cross-sectional milling and imaging to reveal

microstructures below the surfaces. The equipped drift

compensated frame integration (DCFI) and Thermo Scientific

SmartScan™ modes can realize integrated sample cleanliness

management and dedicated imaging modes, which offered

artifact-free imaging. The low-dose condition was applied in the

FIB process to eliminate the potential Ga+ beam-induced damage.

The selected area electron diffraction (SAED) and high-resolution

TEM (HRTEM) images that disclosed the crystallographic

information and layered microstructures of the deep-sea and

shallow-water limpet shells were captured by a JEOL 2010F field

emission gun transmission electron microscope working at 200 kV

with the point-to-point resolution of 1.2 Å. All TEM images were

captured under electron beam fux with a current density of less

than 20 pA/cm2, in order to protect the sample from electron

irradiation damage such as knock-on damage and thermal effect

(Ying et al., 2021c). The morphology images were provided by the

JEOL-6390 SEM and FEI dual-beam FIB/FESEM system (Helios

G4 UX, Waltham, United States) working at 20 kV.
The chemical composition analysis

The EDS spectra of the chemical compositions of deep-sea

and shallow-water limpet shells were characterized using the
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EDS system and using a 65-mm2 Oxford Silicon Drift Detector

(SDD, Abingdon, UK) – X-Max with the resolution of 133 eV

which was directly connected with HRTEM. The XRD spectra of

deep-sea and shallow-water shells were characterized using a

Powder X-ray PANalytical diffractometer (X’Pert Pro, Malvern,

UK) equipped with a Cu Ka1 X-ray emitting source, l = 1.5406

Å. The infrared spectra of deep-sea and shallow-water shells

were characterized using the Bruker Vertex 70 Hyperion 1000

FT-IR spectrometer over a range of 4000 cm−1 to 400 cm−1 at a

2-cm−1 resolution and averaging 64 scans.
Results

Optical microscope

The appearance, morphology, and exfoliation properties of

E. crystallina and C. toreuma shells were first investigated under

the optical microscope (Figure 1). The appearances of the E.

crystallina shell and the C. toreuma shell are shown in

Figures 1A, B where the E. crystallina shell exhibited a

semitransparent shell structure while the C. toreuma shell

featured a brown and opaque structure. Under the optical

microscope, the E. crystallina shell exhibited an uneven and

semitransparent lamellar structure (Figure 1C) while the C.

toreuma shell showed a smooth and dense surface

(Figure 1D). The interference in Figure 1C results from the

overlapped and uneven layer structures of E. crystallina shells.

The interference fringes shown in the optical image of E.

crystallina shell surface (Figure 1C) indicated that its distinct

layered microstructure has endowed it with this light reflection

property. In Figure 1D, the complete triangular shape is

attributed to cleavage which is the tendency preference of

crystalline materials to split along defined crystallographic

structural planes. The observed smooth repeating surfaces

under the optical microscope resulted from the regular

locations of atoms and ions in crystalline materials. When the

bonds in certain directions are weaker than those in others, the

crystal will tend to split along these weakly bonded planes, which

leads to the complete and smooth triangular shape of shallow-

water limpet C. toreuma shell. These flat breakages are termed

“cleavage.” Due to the resolution limit, the more detailed

microscopic structure cannot be observed by optical

microscopy; thus, further observation will be required with

electron microscopy. Besides, several-layer or even single-layer

lamella of the E. crystallina shell can be readily prepared by

mechanical exfoliation (pointed out by arrows in Figure 1E) in

which the fresh surface of layered shells was torn off using an

adhesive tape. This exfoliation phenomenon was attributed to

the very weak van der Waals interaction between the layers of

the deep-sea limpet E. crystallina shell. However, this unique

exfoliation availability was not achieved in C. toreuma shells

(pointed out by arrows in Figure 1F).
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TEM

The high-magnification morphology and microstructures of E.

crystallina shells shown in the TEM images at different

magnifications (Figure 2) explicitly revealed the microstructural

details and exfoliation availability of layered structures. In the
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plane-view TEM image (Figure 2A), a thin layer can be exfoliated

from the base and subsequently folded on the top layer (outlined by

yellow dot line), which can be confirmed by theMoiré patterns at the

overlaying area. TheMoiré patterns are the interference patterns that

are produced when the crystalline nanosheet pattern is overlaid on

the adjacent similar pattern, and thus they are the most direct
A B

D

E F

C

FIGURE 1

Optical images of (A) deep-sea limpet E. crystallina shell; (B) shallow-water limpet C. toreuma shell; (C) E. crystallina shell surface showing
evident interference fringes; (D) C. toreuma shell dense and smooth surface; (E) visible exfoliation property of deep-sea limpet E. crystallina
shell structure before and after exfoliation, and (F) shallow-water limpet C. toreuma shell structure before and after exfoliation. [Photos
Figure 1A courtesy of Dr. Chenggang Liu].
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features for exfoliation properties under microscopic imaging (Jiang

et al., 2014). In the cross-sectional TEM images (Figures 2B, C),

alternate inorganic–organic layers protected by the outermost

organic periostracum were clearly observed in the E. crystallina

shell. Due to mass-thickness contrast, the inorganic crystal parts

were observed as thicker and darker layers and separated by the

organic parts as thinner and brighter layers. In the TEM image of the

cross-sectional areas of the C. toreuma limpet shell (Figure S1), the

multilayered microstructure was clearly revealed, and the average

thickness (�T) of organic matrices of the C. toreuma limpet shell was

more inconspicuous andmuch thinner than those of deep-sea limpet

E. crystallina shells �TC : toreuma = 9nm < �TE : crystallina = 41nm) shown

in Figure 2C, Figure S1. In the high-resolution TEM inset image

(Figure 2D), some lattice fringes were found in interfacial organic

layers, indicating the presence of some inorganic nanometric crystals

in the organic layer of E. crystallina shells. However, the lattice fringes

of nanometric crystals were not found in the thin organic matrices of

shallow-sea limpet C. toreuma shells.
SEM

The cross-sectional view of the C. toreuma shell (Figures 3A, B)

exhibits a trilayered structure: the outermost thin organic matrix

(periostracum) and two calcified layers (the outer prismatic layer and

the inner nacreous layer). Compared with the E. crystallina shell, the

C. toreuma shell features the different microstructures of prismatic
Frontiers in Marine Science 05
layers. The crystal structures of the prismatic layers in the E.

crystallina shell (Figure 3E) exhibit the integrated and untruncated

layer structures without any cracks. In comparison, the prismatic

layers ofC. toreuma shells aremade up of elongated calcified crystals,

organized in the brick wall-like structures which feature interstitial

cracks between adjacent crystal blocks (Figure 3D) (Marie et al.,

2012). In Figures 3C, G, it is evident that the average width of

inorganic crystal structures in the prismatic layer of E. crystallina

shells (�wE : crystallina = 0:23mm) is far smaller than those of the C.

toreuma shell (�wC : toreuma = 1:60mm), which is attributed to the

ultra-high compressive force exerted by the hydrostatic pressure in

the deep-sea environment at a depth of 2,700 m.
SAED

The selected-area electron diffraction (SAED) pattern was

performed by TEM to determine the crystal structure and
FIGURE 2

TEM images of deep-sea limpet E. crystallina shells at a depth of
2,700 m in the Southwest Indian Ocean. (A) Plane-view image
showing the exfoliation property of the E. crystallina shell; (B–D)
cross-sectional images showing multilayered microstructures of
E. crystallina shells at different magnifications.
FIGURE 3

SEM images of the cross-sectional areas of shallow-water limpet
C. toreuma shells prepared by FIB: (A) morphology of the cross-
sectional layered structures. (B) The enlarged details of the
relative area pointed by white rectangular frame (upper) in panel
(A). (C) The enlarged details of the relative area pointed by white
rectangular frame (bottom) in panel (A). (D) The high-
magnification details of the prismatic structure layer in panel (C);
SEM images of cross-sectional areas of deep-sea limpet E.
crystallina shells prepared by FIB: (E) morphology of the cross-
sectional layered structures. (F) The enlarged details of the
interface between the periostracum and prismatic structure
layer. (G) The enlarged details of the prismatic structure layer.
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crystallographic orientation of the layered structure of E.

crystallina shells. Figure 4A exhibits a typical cross-sectional

TEM image of the inorganic phase of E. crystallina shell, and

the outermost inorganic structure of the prismatic layer outlined

by yellow lines is selected for SAED characterization. Figure 4B

shows the corresponding SAED pattern, where the diffraction

spots confirm that the prismatic layer of E. crystallina shell is

crystalline. The indexed SAED pattern verifies that the outermost

inorganic layer has a trigonal calcite-CaCO3 structure where the

spacing of reciprocal lattice in Figure 4B matches with the calcite-

CaCO3 structure and the longitudinal orientation of the elongated

outermost layer labeled by the white arrow is along the [0 0 0 6]

direction. The unit cells of calcite are aligned in a texturized

arrangement in the way that the c-axes are perpendicular to the

lamella surface and others are horizontal to the lamella surface.

Besides, the resulted lattice parameters are a = 4.98 Å, c = 17.07 Å,

which are consistent with literature values, and the calcite crystals

orient along the [�1 0 1 0] zone axis (shown by the schematic

model in the inset of Figure 4A) (Aizenberg et al., 1997). In

Figure 5, in addition to the outermost calcite layer (labeled 1), four

more SAED patterns of the inner layers (labeled 2–5) are recorded

as shown in Figures 5C–F to investigate crystal orientation in

these layers. Each diffraction spot in TEM images corresponded to

a specifically satisfied diffraction condition of the sample’s crystal

structure. If the crystal is tilted, different diffraction conditions will

be satisfied and diffraction spots will change. Here, for the layered

structures 1–5, they exhibit different SAED patterns, which

indicated that the crystal orientations of adjacent layered

structures 1–5 are not aligned and tilted at a small angle

sequentially. In addition, the information of SAED patterns of

the shallow-water limpet C. toreuma shell (Figures 5G–J) was

added and further compared with deep-sea limpet E. crystallina
FIGURE 4

(A) The TEM image showing the crystallography of the inorganic phase of the deep-sea limpet E. crystallina shell and (B) SAED pattern of the
marked area of the inorganic phase of the deep-sea limpet E. crystallina shell.
Frontiers in Marine Science 06
FIGURE 5

(A) The TEM image of the cross-sectional layered
microstructures of deep-sea limpet E. crystallina shell. (B–F)
Selected-area electron diffraction (SAED) patterns of the
corresponding numbered layers 1–5 of deep-sea limpet E.
crystallina shell in panel (A). (G) The TEM image of the cross-
sectional layered microstructures of shallow-water limpet C.
toreuma shell. (H–J) SAED patterns of the corresponding
numbered layers i–iii of shallow-water limpet C. toreuma shells
in panel (G).
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shells. In Figures 5H–J, SAED patterns verified that the crystal

orientations of adjacent layered structures 1–3 were not aligned in

a small tilt angle. For example, the diffraction patterns of layer 1

and neighboring layer 2 have no observable orientation

relationship because C. toreuma limpet shells consist of two

calcium carbonate crystal polymorphs and SAED patterns are

no longer single crystal diffraction patterns, which will be

discussed later together with the results of chemical composition.
EDS

The chemical composition refers to the chemical elements

that make up the target material, which would clarify the marine

living environment, cross-sectional layered structures, and

crystalline arrangements. In general, the main chemical

composition of marine animal shells is composed of carbonate
Frontiers in Marine Science 07
minerals and some inorganic trace elements (Islam et al., 2011;

Hamester et al., 2012; Wu et al., 2017). Regarding EDS

characterization, the characteristic energy distribution spectra

of X-rays can be obtained when samples are irradiated by

electron beam, and thus EDS can determine most of elements

in the sample qualitatively (Ying et al., 2021a). The elemental

analysis of E. crystallina and C. toreuma shells was detected by

energy-dispersive X-ray spectroscopy, and the EDS spectra

(Figure 6) confirmed the presence of carbon (C), oxygen (O),

magnesium (Mg), and calcium (Ca) in both E. crystallina and C.

toreuma shells. Compared with C. toreuma shells (Figure 6B), E.

crystallina shells uniquely obtained the trace of phosphorous (P)

which originated from the potential phosphorite and phosphatic

sediments in phosphorus-rich deep-sea vent ecosystems of the

Southwest Indian Ocean (Figure 6A) (Baturin, 1982; Martin

et al., 2018). Besides, the copper (Cu) signal originated from the

TEM copper grid that was used for EDS measurements.
A

B

FIGURE 6

The EDS spectra of (A) deep-sea limpet E. crystallina shells containing Ca, C, and O as the main components and P and Al as unique trace
elements and (B) shallow-water limpet C. toreuma shells containing Ca C, and O as the main components, where the Cu signal generates from
the TEM copper grid used for EDS measurements.
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FT-IR

The FT-IR spectra verified that E. crystallina shell and C.

toreuma shell powder were composed of both organic substances

and mineral compounds with characteristic bands from

4,000 cm−1 to 500 cm−1 (Kamalanathan et al., 2014). The

prominent absorption peaks attributed to the CO2−
3 of calcite-

CaCO3 were observed at 1,045 cm−1, 873 cm−1, and 712 cm−1 in

both E. crystallina and C. toreuma shells (Figure 7) (Cahya and

Marfuah, 2014). Besides, the organic functional groups

represented by the weaker absorption peaks were amide

(2,520 cm−1) and carboxylic acid (1,794 cm−1) (Islam et al.,

2011). E. crystallina shells contained unique phosphate (PO3−
4 )

which was assigned to the broad IR absorption band at 1,100–

1,200 cm−1 (Figure 7A) (Berzina-Cimdina and Borodajenko,

2012). In addition, the characteristic IR absorption peak of

aragonite-CaCO3 was observed at 1,082 cm−1 of CO2−
3 in C.

toreuma shells (Figure 7B), which meant that the shallow-water

limpet shell contained two type polymorphs of calcium carbonate

(Lee et al., 2011). Besides, the amorphous calcium carbonate
Frontiers in Marine Science 08
(ACC) was not found in TEM studies of both E. crystallina and

C. toreuma, and this result can be further verified by the obtained

FT-IR and XRD results of limpet powders (Figures 7, 8). In FT-IR

spectra, the ACC is expected to show an evident shoulder peak on

the main asymmetric n3 CO3 band at 1,460 cm−1 (Wang et al.,

2009), while this characteristic peak was not found in FT-IR

spectra of E. crystallina and C. toreuma shells (Figure 7). In XRD

spectra, the ACC is expected to feature two broad humps at

approximately 30° and 45° 2q (Rodriguez-Blanco et al., 2012),

while these broad characteristic peaks were not shown in the XRD

spectra of E. crystallina and C. toreuma shells (Figure 8).
XRD

The further powder XRD analysis (Figure 8) was conducted to

determine all possible crystalline phases of CaCO3 in the whole

deep-sea and shallow-water limpet shells. XRD is generally used

for phase identification of a crystalline material and can provide

information on unit cell dimensions, characterization of
A

B

FIGURE 7

The FT-IR spectra of (A) deep-sea limpet E. crystallina shells containing calcite-CaCO3 and unique phosphate (PO3
4) and (B) shallow-water

limpet C. toreuma shells containing two CaCO3 polymorphs, calcite-CaCO3 and aragonite-CaCO3.
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crystalline, and measurement of sample purity. According to the

XRD results shown in Figure 8A, the phase of the powders

obtained from E. crystallina shells was indexed to be a

rhombohedral calcite–CaCO3 structure which was consistent

with the previous study (Duquette et al., 2017). The calcite–

CaCO3 phase features a rhombohedral structure with the

calculated parameters of a = 4.98 Å, c = 17.07 Å, catalogized in

space group R-3c (JCPDS card no. 01-080-9776) (Wu et al., 2017).

The diffraction peaks of calcite were intense, and thus the powders

were proven to be highly crystalline. The characteristic calcite-

CaCO3 peak of E. crystallina shells at 2q of 29.4 ± 0.01°

(Figure 8B) corresponded to the (1 0 4) crystallographic plane

with the interplanar spacing d(E. crystallina-calcite) = 3.0351 ±

0.0003 nm which was consistent with the literature value of calcite

crystal, d(calcite) = 3.0350 nm (Yuan et al., 2016). Notably, no

diffraction peaks of other CaCO3 polymorphs are detected, which

confirmed the only high pure phase of calcite-CaCO3 as the main

composition in E. crystallina shells. In XRD spectra of C. toreuma

limpet shells (Figure 8C), two polymorphs of calcium carbonate,

i.e., calcite, aragonite, are detected as the crystalline phases. There

are some small peaks confirming the existence of orthorhombic

aragonite as a minor phase in C. toreuma shells with the lattice

parameters a = 4.97 Å, b = 7.96 Å, c = 5.75 Å, catalogized in space

group Pmcn (JCPDS card no. 01-075-9984) (Wu et al., 2017).
Frontiers in Marine Science 09
However, the (1 0 4) calcite-CaCO3 peak ofC. toreuma shells at 2q
of 29.5 ± 0.01° (Figure 8D) corresponded to the interplanar

spacing d(C. toreuma-calcite) = 3.0253 ± 0.0003 nm which is

lower than the literature value of calcite (Yuan et al., 2016). The

deviation of diffraction peaks resulted from the mixture of

different CaCO3 crystal polymorphs. The results from EDS, FT-

IR, and XRD will provide more detailed chemical composition

information on the demineralized isolation of molluscan

conchixes and their potential multifunctional applications in

pharmacy, cosmetics, and feed additives (Ehrlich et al., 2020).
Discussion

By using the TEM, SEM, FIB, EDS, and XRD techniques, the

microstructure, crystallography, and chemical composition of deep-

sea limpet E. crystallina shells living at a depth of 2,700 m of the

Southwest Indian Ocean Ridge and shallow-water limpet C.

toreuma shell were investigated and compared, which revealed

effects of the living environment of ultra-high hydrostatic

pressure on shell microstructures of deep-sea animals. Besides,

the distinctive layered structures and pure calcite component of

deep-sea limpet E. crystallina shells provided potential explanation

of the origin of invertebrate marine biomaterials and further offered
A B

DC

FIGURE 8

The XRD spectra of (A) deep-sea limpet E. crystallina shells containing pure calcite-CaCO3. (B) The detailed diffraction peak information of
deep-sea limpet E. crystallina shells which is consistent with the literature value. (C) Shallow-water limpet C. toreuma shells containing two
types of CaCO3 polymorphs, i.e., calcite and aragonite. (D) The detailed diffraction peak information of shallow-water limpet C. toreuma shells
deviated from the literature value.
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prospective applications in forced biomineralization and

extreme biomimetics.
Conclusions

In the present study, we conducted TEM, SEM, EDS, XRD, and

FT-IR for the first time to investigate the shell microstructural

features and chemical composition of the deep-sea limpet E.

crystallina collected at a depth of around 2,700 m in the

Southwest Indian Ocean Ridge. The results revealed the detailed

layeredmicrostructures, the exfoliation characteristics, and the tilted

crystallographic orientation of each layer’s unit cell at a small angle

sequentially. The microscopic results further revealed that the E.

crystallina shell exhibited untruncated and width-compressed

layered structures due to the ultra-high hydrostatic force in the

2,700 m deep-sea condition, which disclosed potential effects of the

living environment on the microstructure of deep-sea marine

animal shells. Compared with shells of shallow-water limpet C.

toreuma, E. crystallina shells were unique in containing pure calcite

as the only calcium carbonate composition and the trace of

phosphate originated from the phosphorus-rich deep-sea vent of

the Southwest Indian Ocean, which verified that the deep-sea living

environment potentially affected not only microstructures but also

the chemical composition of marine animal shells.
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and Hall-Spencer, J. M. (2017). Effects of ocean acidification on the shells of four
Mediterranean gastropod species near a CO2 seep. Mar. pollut. Bull. 124 (2), 917–
928. doi: 10.1016/j.marpolbul.2017.08.007

Ehrlich, H. (2019). Marine biological materials of invertebrate origin (Cham,
Switzerland: Springer).

Ehrlich, H., Bailey, E., Wysokowski, M., and Jesionowski, T. (2021). Forced
biomineralization: A review. Biomimetics 6 (3), 46. doi: 10.3390/biomimetics6030046
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