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Abstract: Because of their high nutritional value, the demand for scallops is increasing year by
year. In the process of improving people’s living standards, the ready-to-eat characteristics and
dry sales characteristics of this product make its shelling process particularly important in the
production process. However, the mechanism of ultra-high pressure shelling has not yet been
clarified. Therefore, in-depth study of the structural change of the scallop connection interface is
of vital importance to explore the mechanism of ultra-high pressure shelling and the development
of intelligent equipment from the mechanical point of view. The obturator muscle fibers and the
inner surface materials of the shell at the obturator muscle scar of the scallop at 100, 200 and 300 MPa
were obtained for Raman spectrum, Fourier-transform infrared spectrum and scanning electron
microscopy analysis. The results showed that under the pressure of 200 MPa, the degree of protein
denaturation of scallop adductor muscle increased, the elasticity disappeared, and the fiber was
stretched; The deformation of the organic plasma membrane connected by the inorganic–organic
interface weakens the binding force of the interface material and increases the possibility of the
composite interface failure. To sum up, ultra-high pressure can effectively weaken the interface
adhesion of scallop organic-inorganic composite materials, and is one of the effective ways of shelling.
The research results can provide a basis for the in-depth analysis of ultra-high pressure mechanisms
and the development of intelligent equipment, and provide technical support for the realization of
ultra-high-pressure industrial production.

Keywords: scallop; ultra-high pressure; adductor muscle; shell; composite materials; structural changes

1. Introduction

The scallop is a member of Pectinidae, Anisomyaria, Lamellibranchia and Mollusca, and
constitutes one of the main shellfishes cultivated in coastal regions in China. Total scallop
production in China in 2019 was 1.8 million metric tons (t) [1,2]. The shell and nacre
of scallops are characterized by high value in use, and its meat, especially the adductor
muscle (dried scallop) is known for its delicious and savory tastes, and abundant nutrients
needed by human bodies [3–5], such as amino acids and micro-elements [6,7]. As people’s
living standards increase, an increasing number of consumers prefer scallops [8,9]. As
an economically important marine-cultivated shellfish in China, scallops are commonly
distributed alive, while certain parts are distributed in forms of processed products cen-
tering on the adductor muscle [10]; under such circumstances, more and more scientific
research personnel work on the hot research direction of the parameters of the scallop
shelling process and how to industrialize the production.

The adductor muscle of scallops is the key part to connect the shell and control the
opening and closing of the shell. The adductor muscle exerts a large force concentrated
on the adductor muscle scar between the shells, which has posed a great problem for
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the development of scallop shelling technology [11,12]. Therefore, the study of the struc-
tural changes of the adductor muscle and shell material at the position of the adductor
muscle mark under ultra-high pressure can provide technical support for the subsequent
elaboration of the ultra-high pressure (UHP) shelling mechanism and the development of
intelligent equipment.

In recent years, the research on the connection mechanism and interface structure char-
acteristics of the shell and shell meat has gradually attracted the attention of researchers.
The main component of the closed shell muscle of scallops is protein, which belongs
to the muscle tissue. The shell is composed of more than 95% of calcium carbonate
(CaCO3)crystals. The connection of these two levels can be regarded as a biological com-
posite material of inorganic and organic matter. The connection structure between the shell
and interface and the inner surface structure of shell are shown in Figure 1.
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Figure 1. Connection structure between scallop shell and adductor muscle and internal surface
structure of shell: (a) connection structure, and (b) internal surface structure.

Through research on the bonding interface of the shell and adductor muscle of shellfish
food, previous researchers [13] consider shellfish food as a product combining mineral
facies and organics. Meanwhile, interface observations show that the bonding interface
between adductor muscle and interface fibers of the shell are connected with the shell at
multiple points. The uniform distribution of pectinate muscle fibers reduces the stress
concentration to a certain extent. Certain fibers of the adductor muscle are bonded to
the shell by growth, and characterized by high strength. Moreover, based on research on
structural characteristics of the adductor muscle interface, prior research found that there
was an organic plasma membrane between the posterior obturator muscle and the surface
of the muscle prism layer of the Mediterranean mussel, and there was a fibrous material
connection between the muscle tissue and the membrane, forming a muscle–membrane–
shell connection system [14]. The results of a study on the microstructure of shells by
Luping Zhao [15] from Zhejiang University showed that shells are a highly ordered natural
nanocomposite composed of CaCO3 crystals and organic matter. Organic membranes in
the shell connect the muscles to the shell calcium carbonate crystals. To sum up, scallops
connect shells on two sides through the adductor muscle, so that the elasticity disappears
and the fiber extends as the protein of the scallop shell and adductor muscle denatures
during the UHP [16–18]. Therefore, it is of great significance to analyze the structural
changes of the adductor muscle and shell at the connection interface of scallops under the
action of UHP to reveal the influence of the structure on mechanical properties and explain
the shelling mechanism of scallop based on elastoplastic mechanics.



Processes 2023, 11, 521 3 of 15

2. Materials and Methods
2.1. Experiment Materials
2.1.1. Experiment Raw Materials

The experiment uses bay scallops that are abundant in coastal regions in Liaoning as
the research object. The scallops were purchased at the seafood market of Bohai University,
Jinzhou, Liaoning. Constrained by the entrance diameter of the UHP chamber, scallops
of moderate and similar size were selected, with an average weight of 48 ± 5 g and the
longest axis diameter of about 97 ± 5 mm.

2.1.2. Sample Pretreatment and Experimental Equipment

The scallops whose surfaces had been cleaned were put into a packaging bag made of
polyethylene (PE), and 2% dilute salt water was injected into the packaging bags in order
to distribute the pressure evenly; 100, 200, and 300 MPa were applied to the pretreated
samples, respectively, and the muscle fibers and shell surface substances at the muscle
scars of the shell were taken after UHP treatment. The pretreated sample was treated
according to the requirements, and 2.5% glutaraldehyde solution, 0.2 mol/L phosphate
buffer solution, ethanol and other regents were used after the sample treatment process.
Ultra-high voltage equipment, a field emission scanning electron microscope, a Raman
spectrum analyzer, and additional experimental equipment such as a Fourier-transform
infrared spectrometer and a freeze dryer were used for our research.

2.2. Experiment Methods
2.2.1. Raman Spectrum Analysis

The adductor muscle of scallop was taken after ultra-high pressure treatment 1 mm
above the connection interface and the isolated adductor muscle tissue of the shell was
used as the sample. The excitation wavelength of 515.4 nm was set, and the slit was set
at 200 µm. The Raman spectrum analyzer with a power of 129 mW and an exposure time
of 60 s was used for three determinations [19], and the average value of the three results
was taken to draw the Raman spectrum. The processed data were fitted by peaks to obtain
the changes of the characteristic functional groups of the protein in the interface adductor
muscle of the scallop treated by ultra-high pressure, and the mass fraction of the secondary
structure of the protein was calculated.

2.2.2. Scanning Electron Microscopy Analysis

The adductor muscle at the contact surface of the scallop after ultra-high pressure
treatment was fixed with 2.5% glutaraldehyde solution for 24 h, then rinsed with 0.2 mol/L
phosphate buffer three times for 10 min each time, and then eluted with 50%, 60%, 70%, 80%,
90% and 100% ethanol gradient for 10 min, and then freeze-dried into powder. The surface
of the shell was cleaned with deionized water for ultrasonic treatment, and the treated
and dried adductor muscle and shell samples were observed and imaged at 20 thousand
magnification after ion gradient gold plating.

2.2.3. Fourier-Transform Infrared Spectrum Analysis

We scraped the surface of the closed shell scar of the scallop shell treated by ultra-high
pressure, and ground the powder in an agate mortar to obtain Φ ≤ 200 mesh powder
samples. This was mixed with refined potassium bromide powder in a 1:100 ratio in
the mortar, put into the mold to make a tablet, put in the Fourier-transform infrared
spectrometer, with the scanning range of the spectrometer set to 400–4000 wave/cm, and
the scanning frequency to 4 wave/cm, and scanned each sample 32 times to obtain the
infrared spectrum of the shell, and analyze the spectral data obtained [20].
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3. Results
3.1. Impacts on the Adductor Muscle Structure at the Bonding Interface of Scallops Produced by
Ultra-High Pressure

Since scallops connect with the shell directly through the main muscle tissue, that
is, the adductor muscle, it is required to break the connection between the shell and the
adductor muscle to shell scallops. Therefore, the change of structure and characteristics of
the adductor muscle is of extremely important significance for shelling scallops under ultra-
high pressure. A great number of studies have shown that the adductor muscle mainly
consists of fibrillin and a small amount of collagen. The protein denatures under ultra-high
pressure. To this end, through analyzing the adductor muscle protein structure of scallops
processed under UHP with Raman spectrum, we can obtain the change rule of adductor
muscle elasticity under UHP and the influence of the scallop shucking mechanism, which
lays a certain foundation for in-depth analysis of the scallop shucking mechanism.

Effect on the Structure of Adductor Muscle Interface

Raman Spectrum Analysis

Separate shells and adductor muscles of scallops were processed under different ultra-
high pressures. According to the sample requirements of the Raman spectrum analyzer, we
first cut the adductor muscle of the shell, then tested the adductor muscle at the interface
position, and finally obtained the Raman spectrum data of the adductor muscle under
different experimental pressure conditions. The Raman spectrum of adductor muscle
changes at the interface under different experimental pressure is as shown in Figure 1.

Figure 2 shows that 11 characteristic peaks emerging in the Raman spectra of the
adductor muscle at the bonding surface of scallops obtained under different UHP are
mainly concentrated in two bands. The first is commonly known as the fingerprint
area, the 500~1800 wave/cm, which mainly reflects the micro-environmental changes
of amino acid residues existing in the adductor muscle and the spatial conformation of
the protein. Ten characteristic peaks emerge in this band of the Raman spectra. Another
characteristic peak refers to the hydro-carbon bond (-C-H-) stretching vibration area of
2800~3050 wave/cm [21]. Through analyzing parameters such as peak shapes and peak
intensity of the characteristic peaks of the adductor muscle at the interface in the two
Raman bands, the effects on structural changes of the adductor muscle at the interface
brought by different ultra-high pressure may be explained.
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Figure 2 shows that the adductor muscle of scallops at the interface has an obvious
peak in the amide III bands (1335 wave/cm) and the amide I band (1657 wave/cm) [22–24].
Both the characteristic peak intensities increase firstly and then decrease as the experimental
pressure increases. The band at these two positions mainly manifests the vibration situation
of the protein backbone [25], including the nitrogen–hydrogen bond (-N-H-) in-plane
bending vibration, carbon–nitrogen bond (-C-N-) vibration stretching, carbon–oxygen
bond (-C=O-) in-plane bending vibration, carbon–carbon bond (-C-C-) stretching vibration,
and other vibration forms. Meanwhile, as pressure increases, the two peaks maintain
their position while the peak intensity changes. The peak intensity increases under an
experimental pressure of 100 MPa, which demonstrates that the α-helix of the protein
increases for the hydrogen bonds formed, promoted by the experiment pressure of 100 MPa.

However, as the pressure increases continuously, the peak intensity decreases, which
demonstrates that hydrogen bonds are opened and the helix is extended and transformed
into the β-sheet when the α-helix is affected under the pressure. Therefore, it can be
concluded that the UHP changes hydrogen bonds existing between protein molecules,
and triggers the secondary structure change of the protein, so that the original spatial
conformation is damaged. Moreover, a C-C stretching vibration absorption peak is shown
at 942 wave/cm.

As shown in Figure 1, the peak intensity at this point increases significantly under
the pressure compared with the unprocessed adductor muscle of scallops. Meanwhile, it
decreases as the pressure increases. The absorption peak at this point manifests another very
important characteristic peak of α-helix in the Raman spectrum. The peak intensity change
rules manifest that α-helix is sensitive to pressure changes. Low pressure promotes the
formation of α-helix, and high pressure reduces α-helix by damaging the hydrogen bonds.

Changes in Secondary Structure

In the Raman spectrum, rich information related to the secondary structure of the
protein [26] is shown in 1600–1700 wave/cm, the amide I band, including C=O stretching
vibrations between protein molecules, C-N stretching vibrations within peptide chain,
and in-plane bending vibration of C-N and N-H. Meanwhile, changes occurring to the
secondary structure will also significantly affect the shelling of scallops. Current anal-
ysis results obtained related to the Raman spectrum show that the secondary structure
quantification and backbone conformation of protein are closely connected with the band
information of the Raman spectrum in the amide I band. Under ultra-high pressure, the
complexity that changes the hydrogen bond between polypeptide molecules changes the
protein molecular conformation, as well as the Raman spectrum information in the amide I
band [27]. Therefore, it plays a vital role in analyzing the secondary structure of the protein
following the Raman spectrum for research on the protein conformation and shelling mech-
anism of scallops. The Raman spectra obtained under different experimental conditions
were analyzed by deconvolution method and second derivative solution method to analyze
the Raman spectra of the amide I band at the interface of adductor proteins. The curve of
peak segmentation and iterative fitting is shown in Figure 3.

Figure 3 shows the peak split and iterative fitting curve of the adductor muscle at the
interface of unprocessed scallops and scallops processed under experimental pressures of
100, 200, and 300 MPa in the amide I band. By comparing the peak area corresponding to
the α-helix, β-sheet, β-turn, and random coil in the protein, the relative content of each
secondary structure covered by the adductor muscle protein at the interface of scallops
was obtained. The relative content of the main secondary structure of the protein under
different experimental pressure is as shown in Figure 4.
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Figure 4 shows that α-helix is the main component constituting the secondary structure
of scallops’ adductor muscles. Compared with the adductor muscle of unprocessed scallops,
the content of α-helix reduces to a certain extent as pressure on scallops increases. Especially
when the pressure reaches 200 MPa, the α-helix structure reaches its minimum content
of 52.81%. Hydrogen bonds between protein molecules are damaged when the pressure
reaches an ultra-high level of 200 MPa. As a result, the content of the α-helix structure
decreases. However, the content of the α-helix structure increases again to 69.22% when
the pressure increases to 300 MPa. This increases the content of α-helical structure, which is
consistent with the results of Raman spectroscopy. Under ultra-high pressure, the content
of the β-sheet is negatively correlated with the content of the α-helical structure. Such a
situation may be affected by the re-production of hydrogen bonds for reversible changes
after the UHP and pressure relief process.

As pressure increases the content of β-turn increases firstly and then decreases. Mean-
while, as the pressure reaches 200 MPa, the content of β-turn reaches 15.57% of the highest
content. However, when the pressure reaches 300 MPa, the content of the β-turn structure
decreases slightly, indicating that protein molecular polypeptide chains have formed more
spatial conformations of 180◦ rotation under the experiment pressure, which changes the
spatial conformation of adductor muscle protein at the interface of scallops [28,29].

Under an experimental pressure of 100 MPa, the content of random coil reduces by
6.06% to 8.53%, which indicates that under such an experimental condition, the protein
shows a more regular structure instead of denaturing. However, when the pressure
increases to 200 MPa, the content of the random coil experiences an obvious change, that is,
increases to 10.42%, which indicates that more regular structures existing in the protein
have transformed into a disordered and crumbly peptide chain, resulting in a decrease
in protein activity and increase in solubility. In addition, when the experiment pressure
increases to 300 MPa, the content of the random coil slightly drops to 9.41%. The possible
reason is that the protein structure undergoes a reversible change during the pressure relief
process, which promotes the formation of new hydrogen bonds in the original crumbly
peptide chain, and equips the protein with a new regular structure [30,31]. Therefore, it
is concluded that the protein becomes the most sensitive when the experiment pressure
reaches 200 MPa, under which the protein denatures significantly.

Scanning Electron Microscopy Analysis

To better research the effects on the adductor muscle at the interface of scallops pro-
duced by different UHP, the adductor muscle morphology at the interface of unprocessed
scallops and scallops processed under different experimental pressures were scanned and
analyzed. The results are as shown in Figure 5.

Figure 5 shows that the adductor muscle at the interface of unprocessed scallops
manifests a relatively continuous and complete even fibrous dispersion. Meanwhile,
the fibers are basically distributed parallel to each other, and characterized by a certain
regularity in shape. When the experiment pressure reaches 100 MPa, no huge changes
are found in the adductor muscle fibers of scallops and in those of unprocessed scallops.
However, the fiber distribution is slightly messy. As the experiment pressure increases to
200 MPa, a small amount of spherical loose structure emerges on the protein fiber surface,
and the adductor muscle fibers are intricately distributed. As the experiment pressure
continues to increase to 300 MPa, the protein fiber shortens, the fiber becomes thick and
uneven, and the original columnar cross-section fibers become flat sheet in cross-section.
The possibility is that the α-helix structure is damaged and hydrogen bonds are opened
under the experiment pressure, so that the helix is extended and transformed into the
β-sheet structure.
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3.2. Structural Changes of Organic–Inorganic Composites at the Interface of Scallop Shells under
Ultra-High Pessure
3.2.1. Infrared Spectroscopic Analysis

In order to analyze the structural changes of the inorganic and organic matter in the
scallop interface shell under the action of ultra-high pressure, the inner surface materials of
the scallop closed shell muscle scar were scraped under different treatment conditions to
make powder. After the powder was extracted and made into tablets, Fourier-transform
infrared spectrum analysis was carried out. The Fourier-transform infrared spectra under
different ultra-high pressure conditions were obtained as shown in Figure 6.

Figure 6 shows that different changes are found in the FTIR spectrum intensity of
scallop shells. FTIR analysis found eight obvious characteristic peaks in the infrared
spectra of the scallop shells. Previous studies found that the free-state CO3

2− anion
refers to the symmetrical regular triangle configuration of the D3h point group [32–34].
Moreover, four vibration peaks can be observed in the infrared spectrum, including the
anti-symmetric stretching vibration v3 at 1473 wave/cm, symmetric stretching vibration
v1 at 1074 wave/cm, out-of-plane bending vibration v2 at 864 wave/cm, and shear-type
in-plane bending vibration v4 at 707 wave/cm, which indicates that the main inorganic
phase of scallop shells consists of calcium carbonate crystals [35,36]. In addition, the v3
characteristic peak at 1473 wave/cm is the widest in shape and strongest in intensity.
Compared with absorption peaks at other positions, it is less sharp, which indicates that
the absorption peak at 1473 wave/cm is probably generated by the overlapped vibration
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of both organic and inorganic substances [37]. The v2 vibration peak at 864 wave/cm is
relatively sharp, while the v4 at 707 wave/cm and v1 at 1074 wave/cm, characteristic peaks
are characterized by relatively small values and peak widths. Under different ultra-high
pressures, the number and position of infrared spectral characteristic peaks of scallop shells
do not change, which indicates that the structure of the scallop shell remains intact under
ultr-high pressures. However, the same characteristic peak has changed in absorption
intensity to a certain extent.
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Except for the four obvious peaks possessed by calcium carbonate crystals that are
manifested in the infrared spectrum of scallop shells, the emergence of protein and chitin
characteristics peaks at 3435, 2927, 2519, 2355, and 1789 wave/cm indicates that a small
number of organic substances exist in scallop shells. Each infrared characteristic peak,
functional groups, and corresponding structures [38] are as shown in Table 1.

Table 1. Comparison table of infrared spectrum characteristic peak and corresponding structure.

Serial Number The Wavelength of
Characteristic Peak/Wave/cm Functional Group Corresponding Structure

1 3435 N-H Stretching vibration
2 2927 -CH3- Symmetric stretching vibration of anti -CH3-
3 2519 -SH- Stretching vibration of -SH-
4 2355 O=C=O Antisymmetric stretching vibration
5 1789 C=O Stretching vibration of C=O
6 1473 O=C=O Antisymmetric stretching vibration of CO3

2−

7 1074 O=C=O Symmetric stretching vibration of CO3
2−

8 864 O=C=O Out-of-plane bending vibration of CO3
2−

9 707 O=C=O In-plane bending vibration of CO3
2−

The two absorption peaks shown at 3435 and 2927 wave/cm in the infrared spectrum
in Figure 5 represent N-H stretching vibration and -CH3 anti-symmetric stretching vibration.
Such a fact indicates that scallop shells also contain a small amount of protein except for
calcium carbonate. Moreover, the other two absorption peaks representing N-H stretching
vibration and -SH- anti-symmetric stretching appear at 2927 and 2519 wave/cm. The
possible causes are that these two peaks are triggered by the small amount of chitin
contained in the shell [39]. As the experiment conditions change, the absorption peak keeps
intact, but the intensity of absorption peaks undergoes significant changes as processing
conditions change. Figure 5 shows that when the experiment pressure reaches 100 MPa,
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the intensity of the absorption peaks changes greatly, especially the v3 characteristic peak
at 1473 wave/cm and the v2 absorption peak at 864 wave/cm, which shows that CO3

2−

out-of-plane bending vibration and anti-symmetric stretching vibration [40–44] undergo
the greatest changes, while the intensity of the absorption peaks basically keeps intact under
experimental pressures of 200 and 300 MPa. Meanwhile, the organic substances contained
in scallop shells also changed to different degrees. As pressure increases, the intensity of the
characteristic peak that represents the cumulative double-bond vibration at 2355 wave/cm
increases accordingly. The increase in absorption peak intensity implies corresponding
increases in vibration intensity. Furthermore, the fact that no obvious changes are found in
the absorption peak intensity at other positions indicates that the UHP only brings a little
effect on the polarity of matrix protein molecules contained in scallop shells [45].

To sum up, the peak shape, half-width of the peak, and peak intensity shown in the
Fourier-transform infrared spectra of the shell at the scallop interface can be significantly
changed under different experimental pressures and dwell times. Such a fact is probably
affected by changes that occurred in the interaction between the aragonite calcium carbonate
crystals and organic substances in the shell, as well as changes that occurred in the inorganic
phase under UHP conditions. As the pressure reaches 300 MPa, the characteristic map of
the organic phase exists continuously, as well as the organic substances, which indicates
that the interaction between the inorganic–organic phase in the shell is characterized by a
certain stability and high-pressure resistance.

3.2.2. Secondary Structure Changes

Scallop shells also contain small amounts of organic matter, mainly proteins and matrix
proteins, which, although not high in the shell, play a regulatory role in the formation
and growth of CaCO3 crystals and also give the shell excellent mechanical properties [46].
The “sandwich” formed by matrix proteins in the shells with the matrix proteins, and the
“sandwich” lattice structure formed by titin and matrix proteins in shells form the basis
for the structural framework of shells [47]. Matrix proteins in shells can be divided into
soluble matrix proteins and insoluble matrix proteins, and through analysis, the effect
of ultra-high pressure on the polarity of protein molecules is more obvious, which can
improve the solubility of proteins and thus combine with inorganic substances in calcium
carbonate crystals to form new hydrogen bonds, thus controlling the directional growth
and conversion of CaCO3 crystals in scallop shells, while the insoluble proteins become the
framework of shells.

To further attribute and analyze the FTIR spectrograms of scallop shells, we refer to
the method of Surewica et al. (2012) [48]. C=O vibrational stretching, which is sensitive to
changes in protein secondary structure, occurs at 1689 wave/cm in scallop shells, therefore,
by using deconvolution and second-order derivative methods for subpeaks in the amide
I band and fitting them with Gauss functions, it is possible to calculate the area of each
subpeak and the content of protein secondary structures in scallop shells. According to the
results of the study on the attribution of each subpeak in the absorption band of protein
amide I, 1650–1658 wave/cm is the absorption band of α-helix, 1610–1640 wave/cm is
β-folding, 1660–1700 wave/cm is β-turning, 1640–1650 wave/cm is irregularly curled [49].
Based on the experimentally measured infrared spectra of the scallop–shell interface, the
infrared spectral data under different UHP treatment conditions were analyzed, and the
changes of the organic matter secondary structure of the scallop–shell interface under UHP
were obtained as shown in Figure 7.

As can be seen from Figure 7, the content of β-fold and irregular curl in the shells
increased, while the content of α-helix and β-turn decreased, compared with the untreated
specimens. When the experimental pressure increased, the contents of α-helix, β-fold
and irregular curl in scallop shells increased and then decreased, while the contents of
β-turn angle decreased and then increased, which was related to the change of vibrational
intensity of shell protein functional groups under the action of ultra-high pressure. When
the pressure was 100 MPa, the content of α-helix decreased by 9.72%, the content of β-fold
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increased by 11.93%, and the irregular curl increased by 7.21%; when the pressure increased
to 200 MPa, the content of α-helix, β-fold, and β-turn angle structures also increased; when
the pressure increased to 300 MPa, the ultra-high pressure force changed the molecular
force between peptide chains, so the α -helix and β-fold structures were destroyed, and
the loose peptide chain structure continued to increase. In conclusion, compared with
the untreated scallop shells, the decrease of the α-helical structure and the increase of
the β-turned structure of the proteins on the inner surface of the interfacial shells under
ultra-high pressure made the structure of protein molecules more stretchy, which could
improve the interaction between organic matter and inorganic matter and improve the
compatibility of molecules.
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3.2.3. Micro-Structure Analysis of the Inner Surface

After removing the adductor muscle from the shells of scallops processed under
different ultra-high pressures, the inner surface of the scallop shells was cleaned with
deionized water and ultrasound to ensure the inner surface cleanness of the scallops.
Meanwhile, once gold plating and conductive measurements were carried out on the
inner surface of scallops, samples were observed under a field emission scanning electron
microscope. Next, these were compared with the inner surface structure of unprocessed
scallops to obtain the micro-structure of the inner surface of the scallop under different
experiment conditions, which is as shown in Figure 8.

Figure 8a shows that the scallop shell is not that smooth due to the scattered uneven
structures. These structures may refer to the organic membrane structure used to connect
the shell with the adductor muscle. Meanwhile, such an uneven surface has increased the
surface friction for the connection between the shell and the adductor muscle, and increased
the interface strength. Moreover, a small number of small holes with a diameter of about
0.7 µm are macroscopic on the inner surface of the shell, which will be left over when the
adductor muscle fibers that grow inside the shell are pulled out. These small holes have
decentralized the connection stress between the shell and the adductor muscle fibers to a
certain extent, by which means stress concentration is avoided. As a result, the connection
strength between the scallop shell and the adductor muscle interface is greatly enhanced.
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Figure 8b–d show that when the pressure reaches 100 MPa, the concave–convex
structure units scattered on the inner surface of the shell become smaller compared with
those of unprocessed scallops. Meanwhile, as the pressure continues to increase, the
original continuous, uneven structures scattered on the inner surface of the shell concentrate
gradually to form an obvious discontinuous blocky structure. The possible reason is that
under ultra-high pressure, the protein of the organic membrane existing on the inner
surface of the shell denatures, which brought changes to the connecting medium that is
used to connect the adductor muscle with the shell. Meanwhile, as the pressure continues
to increase, the pores existing on the inner surface of the scallop shell fade, which may
possibly be caused by the protein deformation under high-pressure conditions, so that the
fluidity increases. As a result, the originally remaining small pores are filled. In conclusion,
changes occurring to the organic membrane protein structure that connects the adductor
muscle and the shells change the inner surface morphology of the shells, which definitely
changes the interface bonding force, and affects the shelling effect of scallops.

To sum up, under different UHP conditions, the inner surface structure of the shell
at the adductor muscle undergoes quite significant changes, especially in the organic
membrane structure of the inner surface of the shell that exists between the inorganic
and organic phases, because changes that occurred to this transparent organic membrane
structure change the mechanical characteristics of the scallop interface and weaken the
bonding force. As the protein denaturation of the organic membrane intensifies, the
originally evenly distributed stress on the interface is gradually concentrated. As a result,
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stress concentration emerges at one or even several parts. As more stress concentrations
appear, the more significant the effect grows, and the greater the interface failure expands.

4. Discussion and Conclusions
4.1. Contrasts to Previous Studies

The paper investigated the structural changes of the closed-shell muscle and shell at the
scallop linkage interface under different ultra-high pressures, and the results showed that
the action of ultra-high pressure promoted the formation of protein intermolecular forces,
and the intensity of the characteristic peak of the main chain of the closed-shell muscle
protein increased, and the organic matter was denatured under the 200 MPa experiment, but
a reversible reaction occurred at 300 MPa, and some of the hydrogen bonds were repaired,
and the intensity of the characteristic peak converged to that of the untreated closed-shell
muscle. This result is consistent with the subsequent secondary structure calculations and
microstructural observations, and is in agreement with the results obtained by Choi and
Ma (2007) [50] and Zhang et al. (2019) [27]. Under ultra-high pressure, the CaCO3 crystal
structure of the scallop–shell interface changed relatively little, and the organic matter
on the inner surface of the shell was denatured under ultra-high pressure, and combined
with the microstructure, and we found that the originally homogeneous stress was at the
organic–inorganic interface. This trend is consistent with the change of protein structure
under the action of ultra-high pressure.

4.2. Research Implications

According to the results of the study, the organic–inorganic composite interface struc-
ture of scallops changed under ultra-high pressure, which weakened the interfacial bonding
force, and it is one of the effective ways to deshell the scallops, and it can protect the nutri-
tional value and improve the texture of scallops. However, the energy consumption, low
efficiency and high cost of UHP processing have limited the upscaling of UHP processing.
From the interface structure of composite materials, we can explore the interface failure
caused by its mechanical properties, which can lay the foundation for the subsequent
establishment of mathematical models and provide the basis for the development of intelli-
gent equipment. The UHP technology can change the interaction force between inorganic
and organic matter organisms, and has a greater fit in the research fields of toughening
and mechanical property improvement of biocomposites, and human compatibility and
mechanical properties of bionic organs. Therefore, the UHP technology can be applied not
only to aquatic deshelling, but also to medical and biological research on the mechanical
properties of inorganic–organic composites.
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