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Abstract

Dried abalones are precious products, in which candy abalone is the most treasured one, owing to its unique taste. After
rehydration and simmering, the core part tastes extraordinarily tender and viscoelastic, just like a soft candy which may
almost melt in mouth. However, the reason for this has yet to be elucidated. The purpose of this study is to research the
formation mechanism of the candy-like core in candy abalone. First of all, we characterized the viscoelasticity, microstruc-
ture and protein changes of candy abalone during the simmering process. The texture results indicated that the springiness
and adhesiveness of candy abalone showed an increase. Scanning and transmission electron microscopy suggested that
myofibrillar protein in candy abalone formed a dense three-dimensional network hydrogel structure. Sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis revealed such a hydrogel structure might be derived from the degradation of the
myofibrillar protein during the drying process. Also, we identified degraded peptides mainly stemmed from paramyosin by
mass spectrometry. Moreover, molecular dynamics simulation revealed that the hydrogen bonds and hydrophobic interac-
tions are mainly responsible for the self-assembly of peptides during the rehydration and simmering stages. Different from
reported protein hydrogels, the rheological and morphological properties of the formed peptide hydrogels in candy abalone
have significant changes. In this study, we found that the myofibrillar protein of fresh abalone degraded into peptides dur-
ing the drying process, which further cross-linked to form a peptide hydrogel during the rehydration and simmering stages,
thereby producing a unique viscoelastic candy-like core in candy abalone.
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Introduction

Abalone, a typical marine shellfish, has been regarded as a
great delicacy ever since ancient times in Asian countries,
owing to its unique taste. In the last 40 years, advanced cul-
tivating technique has increased the global production of
abalone fivefold, reaching 22,000 tons in 2020 [1]. Abalone
is rich in a series of nutrients such as essential amino acids,
bioactive peptides, long-chain polyunsaturated fatty acids,
vitamins, and minerals [2, 3]. Thus, abalone can be a source
of bioactive substances with anti-thrombotic, anti-coagulant,
anti-inflammatory, and antioxidant activities [1].Besides,
the abalone provides plenty source of bioavailable proteins,
mainly including myofibrillar proteins and collagens. These
two types of proteins not only support the nutritional value,
but also play key roles in the textural characteristics of aba-
lone [3].

Besides fresh consumption, a great number of abalo-
nes are processed into canned, frozen, and dried products
to avoid spoilage and develop organoleptic properties of
abalones [4]. Therein, dried abalone has a long history, in
which candy abalone is the most popular product due to its
excellent taste. After rehydration and simmering, the core
part of candy abalone, namely the adductor muscle, tastes
extraordinarily tender and sticky, just like a soft candy that
may almost melt in the mouth. It is also one of the most
expensive foods, because of the rare source and complicated
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preparation. Firstly, the size of the abalone is a prerequisite
for the formation of candy abalone, in which bigger abalones
are preferred to be chosen. Secondly, it is a long process-
ing process for candy abalone, including cleaning, pickling,
boiling, drying, and rehydrating. Then the cooking of candy
abalone is also of great essence for its organoleptic charac-
teristics, in which long-time simmering is necessary. As the
physical and chemical properties, especially the tissue struc-
tures of candy abalone, undergo significant changes during
preparation, the adductor muscle exhibits a soft, chewy and
viscoelastic texture in the mouth after cooking, which is con-
siderably different from dishes made by fresh abalone. Thus,
the formation of a candy-like core is considered to be the
most typical characteristic of top dried abalone. However,
the drying and simmering process of candy abalone is quite
traditional and empirical, and has no theoretical or scientific
basis yet.

Abalone muscle consists mainly of myofibrillar proteins
(300-500 g.kg™1), collagenous tissue protein (100-300 g.
kg™!), and some other water-soluble proteins (100-200 g.
kg™!) [5]. Heat treatment is commonly used to reduce micro-
bial problems before the consumption of seafood while
improving palatability. During heat treatment, the majority
of proteins undergo denaturation, aggregation and gel for-
mation, which lead to changes in microstructure and texture
[6-8]. Myofibrillar protein is mainly found in the adductor
muscle in the center of abalone, accounting for about 420 g.
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kg~! of the total protein [9]. Paramyosin is a vital myofi-
brillar protein in molluscan muscle. It is a kind of fibrous
structural protein that accounts for 380-480 g.kg™! of the
myofibril [10]. It is highly conserved in structure and usu-
ally contains two identical subunits with a molecular weight
of approximately 200 kDa. Besides, it has been shown that
paramyosin is an a-helical fiber with a coiled-coil struc-
ture. On the one hand, paramyosin plays a key role in thick
filament structure. On the other hand, it has been suggested
that it is related to the maintenance of “catch” state [11]. In
the “catch” state, the filaments made up of paramyosin fuse
with each other, generating high tensions with low energy
consumption [12]. It has been reported that some structural
changes, such as modification of amino acid side chains,
breakage and structural unfolding of peptide chains, protein
degradation, and polymer generation, happen upon myofi-
brillar proteins along with heat processing [13—15]. Such
structural changes in muscle proteins have a strong influence
on the texture of abalone, which may be pivotal in the forma-
tion of candy-like core in dried abalone.

Gelation is a common behavior of myofibrillar protein,
which is responsible for the cohesive structure and firm
texture of abalone products [16]. It involves denaturation
and irreversible aggregation of the protein, culminating
in the formation of a three-dimensional network. Thermal
treatment is generally applicated to induce the gelation of
myofibrillar proteins in aquatic animals [17, 18]. Besides
processing temperature, pH is also a crucial factor for pro-
tein gelation. Le et al. compared abalone gels prepared at
different pH [19]. In their report, a progressively denser
network was observed in the gel with pH increasing, which
may be caused by the changes in tertiary structure. In our
recent work, a kind of sol-gel phase-reversible hydrogel has
been constructed by paramyosin in the adductor muscle of
abalone. Zinc ions play a key role in tuning the assembly
and disassembly of paramyosin, during which process, the
mechanical property changes. After the sol—gel transition,
the mechanical strength showed a significant increase. More-
over, due to the highly conserved structure of natural par-
amyosin, the mechanical property of the paramyosin hydro-
gel could be fine-tuned by non-covalent interaction with
small molecules [20]. It spired us that the unique property
of candy abalone may be a result from the discrete assembly
behavior of myofibrillar proteins within adductor muscles,
compared with fresh abalones.

The purpose of this study is to investigate the characteristics
of candy abalone on the one hand and to research the forma-
tion mechanism of the candy-like core during the simmering
process on the other hand. Upon characterizing the viscoe-
lastic, microstructure and protein changes of dried abalone
during the simmering process, we identified the peptides in the
candy abalone gel by mass spectrometry and studied the self-
assembly feature of peptides. It was found that the unique taste

of the candy abalone was most likely due to the degradation
of paramyosin into peptides during the drying process, which
were further cross-linked to form a peptide gel in the follow-
ing process of rehydration and simmering, as shown in Fig. 1.
This study reveals the scientific mechanism of the formation
of candy abalone, which also enhances our understanding of
how gelation affects the texture of foods.

Materials and methods
Materials and reagents

Dried abalones (Kippin Abalone) were imported from Japan
and purchased on the market. Fresh abalones (Haliotis dis-
cus hannai) were purchased from the local market. The
weight of a dried abalone was 10+ 1 g (excluding the shell
and viscera), and the fresh abalone was 32 + 3 g (excluding
the shell and viscera).

Glutaraldehyde (CsHg0O,), uranyl acetate (C,H,,04U),
sodium chloride (NaCl), tris (hydroxymethyl) aminometh-
ane (Tris) and maleic acid (C,H,O,) were obtained from
Solarbio (Beijing, China). Sodium dodecyl sulfate (SDS),
polyacrylamide, f-mercaptoethanol, bromophenol blue and
Coomassie Brilliant Blue R-250 were acquired from Beijing
Biodee Biotechnology Co., Ltd. (Beijing, China). Ethanol
(CH;CH,O0H), acetic acid (CH;COOH) and urea (CH,N,0)
were purchased from Lanyi Biotechnology Co., Ltd. (Bei-
jing, China). All other chemicals and solvents were analyti-
cal grade or purer.

Preparation of candy abalone

The dried abalone was rehydrated in ultrapure water, and
the ultrapure water was changed daily. The rehydration was
completed after approximately 3 days and ready for use.
The fresh abalone used as a control was shelled, rinsed with
coarse salt and then placed in sodium chloride solution for
12 h at 4 °C. The abalones were taken out and washed to
remove the black mucus on the surface. After that, the dried
and fresh abalones were firstly boiled quickly on high heat
until the water boiled and then simmered (90 °C) for O h, 5 h,
7.5 h and 10 h for the sampling of dried and fresh abalones
respectively. After the preparation of the candy abalone,
some of them were characterized. Other samples were stored
at — 20 °C for further analysis.

Characterization of viscoelastic properties of candy
abalone

Textural measurement

The textural properties were determined with reference to the
following method [21]: the adductor muscles of dried and
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Fig. 1 Schematic diagram of the formation of tender and viscoelastic textural characteristics of candy abalone

fresh abalones were cut into rectangles of 302020 mm
and then cut longitudinally in the middle, and next evaluated
for hardness, springiness, adhesiveness and chewiness of
candy abalone and fresh abalones along the vertical sections
with a Texture Analyzer (TA-XT2i, Stable Micro Systems,
Co., Ltd, UK). The measurement mode was selected as tex-
ture profile analysis (TPA). The measurement probe was a
P/35 cylinder. The equipment was set as follows: pre-test
speed, test speed and post-test speed were all of 1.0 mm/s,
compression degree of 15%, and trigger force of 5 g. Each
sample underwent 2 cycles of compression analysis, with
a 5 s relaxation time between the 2 cycles. Each group of
samples was measured in three parallels, and each parallel
was repeated twice.

Rheology test

The adductor muscles of candy abalone at 0, 5, 7.5 and
10 h were mixed with deionized water (w: v=1:1) and then
homogenized with a homogenizer, and fresh abalone at the
above-mentioned different times were used as controls. The
oscillatory rheology of abalone homogenate was carried out
on a rotated theometer (DHR TA Instrument) equipped with
a parallel steel plate (40 mm diameter). The strain oscillation
scans were performed at 1 Hz where a continuous change
of the oscillatory strain between 0.1-1000% at 25 °C. The
gap of the tests was 100 pm. The dynamic frequency sweep
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was carried out at 1% strain, and the frequency was between
0.1 and 100 Hz.

Scanning electron microscopy (SEM)

Sample preparation for SEM observation was performed
according to the method of Urbonaite et al. [22] with slight
modifications. Briefly, the adductor muscles of dried and
fresh abalones were cut into 3 X2 X 1 mm rectangles and pre-
pared in 1.5 mL Eppendorf tubes. They were then immersed
in 0.1 M phosphate buffer (pH="7.4) containing 2.5% (v/v)
glutaraldehyde at 4 °C overnight, followed by three washes
with 0.1 M phosphate buffer (pH="7.4). Then, the samples
were dehydrated twice in ethanol with serial concentrations
of 25%, 50%, 70%, 85%, 95% and 100% (v/v), with each
concentration lasting for 15 min. After dehydration, the sam-
ples were dried at the critical point using CO, as a transi-
tion fluid. Finally, the samples were mounted on SEM stubs,
coated with gold and observed at an accelerating voltage of
3 kV (SU8020, Hitachi, Tokyo, Japan).

Transmission electron microscopy (TEM)

A volume of 10 pL filaments from the center of abalone
adductor muscles dispersed in deionized water was depos-
ited on a carbon-coated copper grid for 5 min incubation.
The excess solution was then carefully removed with filter
paper and stained with 2% uranyl acetate for 5 min. After
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the removal of the excess staining solution, the copper grids
were air-dried under light conditions for at least 30 min.
Transmission electron micrographs were imaged with a
Hitachi H-7650 transmission electron microscope at 80 kV.

Protein extraction and sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE)

The extraction method of proteins from candy and fresh
abalones were mainly based on the method described by
Tadpitchayangkoon et al.[23] with slight modifications. The
adductor muscle (2 g) of abalone was minced and mixed
with 30 mL cold deionized water. The mixture was then
homogenized at 3200 x g for 2 min. To avoid overheating,
the sample was placed on ice and homogenized intermit-
tently (30 s followed by a 10 s rest interval). After centrifu-
gation at 10,600 X g for 15 min, the supernatant and precipi-
tate were collected separately. Then, 30 mL of NaCl (3 g.
kg™!) was added to the precipitate, and the above steps were
repeated to collect the precipitate. The supernatant of two
centrifugations was combined as water-soluble protein. The
precipitate was added to 30 mL of cold 0.6 M NaCl-20 mM
Tris-maleic acid buffer (pH="7.0), homogenized at 3200 x g
for 1 min, and the protein was solubilized overnight at 4 °C.
After centrifugation at 10,600 x g for 15 min, the superna-
tant was collected as salt-soluble protein and precipitate as
insoluble protein.

SDS-PAGE was performed with 5% stacking gel and 15%
separating gel according to the method of Laemmli [24]. The
volume ratio of sample-to-buffer was 1:1. Each sample was
heated at 100 °C for 5 min. Electrophoresis was carried out
at 180 V for approximately 45 min. Afterward, the gels were
stained with Coomassie Brilliant Blue R-250 and destained
with deionized water, ethanol and acetic acid (6:3:1). A
protein standard ranging from 10 to 100 kDa was used to
estimate the molecular weight of the proteins.

Preparation and rheology test of dried abalone
peptide gel

The rehydrated dried abalone was mixed with deionized
water at 1:2 (w: v). Then it was homogenized by a homog-
enizer at 2200 x g for 2 min (30 s followed by a 10 s rest
interval), the same procedure for fresh abalone as a control.
The mixtures were adjusted to the target pH values (5.0 to
7.0) using 0.5 M HCl or NaOH. Afterward, they were heated
in a water bath from 25 to 80 °C at 1.5 °C/min increments
and held at 80 °C for 20, 40 and 120 min. Next, they were
immediately cooled with ice water and stored at 4 °C over-
night before the rheology test. Then, the effect of different
concentrations (w: v=1:1, 1:2 and 1:4) on the rheologi-
cal properties of gels formed by self-assembly of peptides
derived from dried abalone was investigated based on the

above experiments to derive heating time for the maximum
of G'and G".

The oscillatory rheology of abalone homogenates was
carried out on a rotated rheometer (DHR TA Instrument)
with a parallel steel plate (40 mm diameter). The strain oscil-
lation scans were performed at 1 Hz, where a continuous
change of the oscillatory strain between 0.1 and 3000% at
25 °C. The gap of the tests was 100 pm.

Identification and analysis of possible peptides
in candy abalone

The insoluble protein in 2.6 was solubilized with 8 M urea
(w: v=23:20) and stirred overnight at 4 °C. After centrifuga-
tion at 10,600 X g for 30 min, the supernatant was aspirated.
It was transferred to a 10 kDa ultrafiltration tube to remove
proteins larger than 10 kDa. Then the filtered solution was
sent to the Protein Research and Technology Center, Tsing-
hua University (Beijing, China) for sequencing.

Molecular dynamics (MD) simulation

The molecular dynamics simulation was performed using
GROMACS. The minimum distance between any solute
and the edge of the periodic box was 1.0 nm. The box was
filled with extended single-point charge water molecules and
a solvation system. And then, adding counter ions to neu-
tralize the overall charge of the complex. After minimizing
the energy, the system was balanced in two steps: firstly,
canonical ensemble (NVT, 0.1 ns) and secondly, isothermal
isobaric (NPT, 0.1 ns). Finally, 250 ns MD simulation was
performed at 1 bar and 300 K, and the atomic coordinates
were recorded in the trajectory file at every 0.2 ps. Sub-
sequently, the molecular dynamics simulation results were
analyzed using GROMACS (version 19.5).

Statistical analysis

All results were expressed as mean values + standard devia-
tion (SD) from three independent measurements. One-
way analysis of variance (ANOVA) of the data was con-
ducted using IBM SPSS Statistics 26.0. The Tukey’s test or
unpaired t-test was used, with a P-value <0.05 considered
statistically significant. Furthermore, Origin 8.0 was used
for graphing.

Results and discussion
The textural characteristics of candy abalone

In terms of the edible quality of muscle foods, the tex-
ture is one of the most essential sensory attributes and
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an important aspect in evaluating the quality of candy
abalone. Various factors affect the texture changes, which
can be mainly classified into physical, chemical and bio-
logical factors, among which the composition of protein,
structural morphology of muscle fibers, moisture content
and distribution are more influential. Generally, the texture
can be measured by puncture, compression, shear and ten-
sion to obtain a force—deformation curve. The force values,
deformation, slope and peak area shown in the curve are
calculated as texture indicators. At present, the TPA mode
is the most commonly used method to determine the qual-
ity of aquatic products, and it is a double-compression
determination mode. Thus, the results are more accurate
and reliable.
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The value of hardness was the maximum peak at the first
compression. The changes in the hardness of the adduc-
tor muscle of candy and fresh abalones with simmering
time are shown in Fig. 2a. Overall, the hardness of candy
abalone showed a decrease after 10 h of simmering, with
a decrease of 15% and a hardness value of only 7.05 N.
The hardness of the fresh abalone served as a control, had
an initial hardness value of 5.25 N, lower than the candy
abalone. The hardness of the fresh abalone decreased with
increasing simmering time (P < 0.05). It has been shown
that there was a strong relationship between the hardness
of abalone muscle and collagen [5, 25]. The decrease in
hardness of candy and fresh abalones was probably due
to the change in collagen structure during heating, which
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Fig.2 The textural changes of candy and fresh abalones under different simmering times. a The changes of hardness. b The changes of springi-
ness. ¢ The changes of adhesiveness. d The changes of chewiness. Different small letters mean significant differences (P <0.05)
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caused some collagen to be converted into soluble gelatin,
resulting in increased solubility and loosening of muscle
fibers. All through the heating process, the hardness of
the candy abalone adductor muscle was higher than that
of fresh abalone. On the one hand, this was due to the
higher degree of aggregation and cross-linking of myofi-
brillar proteins in the candy abalone. On the other hand,
during the simmering process, the protein underwent a
carbonylation reaction, and the hydrophobicity of the pro-
tein surface increased. Also, the process tended to form
disulfide bonds. The cross-linking formed by protein oxi-
dation enhanced the structure of the myofibrillar protein of
candy abalone, resulting in a greater hardness [26].

The springiness reflects the deformation of the food
when an external force is applied and the degree of recov-
ery after the force is removed [27]. As shown in Fig. 2b,
candy abalone' s springiness showed a fluctuating increase
after simmering for 7.5 h (P <0.05), which increased by
310%. In contrast, during the simmering process, the
elasticity of fresh abalone remained basically the same.
Overall, the springiness of fresh abalone was significantly
lower than the candy abalone (P <0.05). Herrero et al. [28]
showed that B-folding and turning were positively corre-
lated with changes in hardness and springiness, while the
specific gravity of a-helix was negatively correlated with
changes in hardness and springiness. Therefore, this result
suggests that the simmering process may cause changes in
the secondary structure of the myofibrillar protein in the
candy abalone, resulting in the unique elastic texture of
candy abalone.

As shown in Fig. 2c and d, the adhesiveness and chewi-
ness properties of candy abalone varied with simmering
time increasing. The adhesiveness of candy abalone pre-
sented a slightly increase (P> 0.05) with increasing sim-
mering time. Meanwhile, the adhesiveness property of
fresh abalone showed a fluctuant increasing trend. More-
over, it was significantly different from the initial value
after 5 h of simmering (P <0.05). During the simmering
process, the adhesiveness of candy abalone maintained
higher than fresh abalone.

On the whole, the chewiness of candy abalone signifi-
cantly decreased (P <0.05), similar to the hardness trend.
Therefore, there is a positive correlation between chewiness
and hardness. Also, a study indicated that the decrease in
chewiness might be caused by water loss and deterioration
of muscle tissue [29]. However, the chewiness of fresh aba-
lone slightly increased after 7.5 h of simmering (P> 0.05)
and subsequently slightly declined. After boiling for 5 h,
candy abalone was less likely to be chewed compared with
fresh abalone. As the simmering time increased, the candy
abalone became easier to chew. But the chewiness value of
candy abalone was always greater than that of fresh abalone
throughout the process.

The rheological characteristics of candy abalone

The rheological behavior can reflect the gel properties
of candy abalone. On the one hand, it can quantitatively
assess the mechanical properties of the candy abalone gel;
on the other hand, it can also sensitively reflect the pro-
cesses of sol—gel and gel-sol transformation. In amplitude
oscillatory shear measurements, the storage modulus (G')
and loss modulus (G") are the critical hydrogel proper-
ties monitored according to time, frequency, and strain
[30]. G' represents the deformation energy stored in the
material during the shear test, which is the material’s stiff-
ness. G” represents the energy dissipated of the material
during shear, which is the flow or liquid-like response of
the material. Therefore, we used the typical oscillatory
shear rheology to characterize the rheological proper-
ties of candy and fresh abalones at different simmering
times, as shown in Fig. 3. Strain-dependent oscillatory
shear rheology of candy abalone and fresh abalone with a
fixed frequency of 1 Hz were presented in Fig. 3a and b.
The storage modulus (G') of candy abalone fluctuatingly
decreased with increasing simmering time in the oscilla-
tory strain range of 0.1%-1000%. The initial value of the
G' of dried abalone was 2 times higher than its value after
10 h of simmering. This indicated the decrease in stiffness
of the candy abalone, which was consistent with the tex-
ture analysis. The loss factor (tand) is the ratio of the loss
modulus (G") to the storage modulus (G"”) of the sample.
Loss factor is the ratio of the viscous and the elastic com-
ponent in the dynamic deformation, showing the quotient
of the lost and the stored deformation energy. The larger
the loss factor indicates that the material is more viscous,
and the smaller the loss factor indicates that the material
1s more elastic, which can indicate the state of the material
within a certain range. The loss factor for candy and fresh
abalone in the linear viscoelastic region at 1% strain was
shown in Table 1. The loss factor of candy abalone kept
small and increased slightly during the simmering process,
which demonstrated that the energetic elastic behavior was
more dominant in comparison to the viscous behavior in
1% strain. Meanwhile, the loss factor increased in candy
abalone indicated that the more energy was dissipated
after simmering for 10 h (P <0.05), the more the solid-like
character gradually decreased, and the lifetime of the gel
network bonds were gradually shortened [31, 32]. Moreo-
ver, with the increase of oscillatory strain, the intersection
of storage modulus and loss modulus appeared, indicating
the disruption of the three-dimensional gel of the candy
abalone, which transited to the sol state. The strain of its
transition from gel-sol fluctuatingly decreased with the
increase of simmering time, from 118 initially to 11%
eventually, which explained the characteristic of the candy
abalone that melted in the chewing process. In contrast, the
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Fig.3 Strain-dependent oscillatory shear rheology of a the candy abalone gel and b fresh abalone gel with a fixed frequency of 1 Hz at
25.0+0.1 °C. Dynamic frequency sweep rheology of ¢ the candy abalone gel and d fresh abalone gel with a fixed strain of 1% at 25.0+0.1 °C

Table 1 Loss factor (tand)

Strain-dependent oscillatory shear rheology

Dynamic frequency sweep rheology

Fresh abalone Candy abalone Fresh abalone

Time (h)
of candy and fresh abalone
at different simmering times Candy abalone
under 1% strain of oscillatory
shear rheology and dynamic 0 0.231+0.001°
frequency sweep rheology at 5 0.226 +0.006"
I Hz 7.5 0.2340.001°
10 0.245+0.001*

0.240+0.001* 0.220+0.003* 0.215+0.002*
0.240+0.007* 0.203+0.001° 0.208 +0.005%
0.234+0.001%° 0.217+0.005* 0.220+0.003*
0.231£0.005° 0.224 +0.002* 0.214+0.002*

Different letters in each column mean significant differences (P < 0.05)

storage modulus of fresh abalone mildly decreased after
7.5 h of simmering, and a significant decrease occurred
after 10 h of simmering. The strain of gel-sol transition
gradually decreased after 7.5 h of simmering, which may
be related to the decrease in hardness and storage modu-
lus of fresh abalone. In general, the dynamic frequency
sweep suggested that both G" and G” depended slightly
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on frequency while the gel state remained at various fre-
quencies (Fig. 3c and d). The loss factor remained small
and steady at 1 Hz from Table 1, demonstrating the time-
stability of the gel networks [33]. Although boiling might
refold or denature the myofibrillar proteins, the rheological
properties were steady in medium frequency, showing the
high quality of the candy abalone gel.
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The Changes in microstructure of candy abalone
adductor muscle

The above experiments described the textural characteristics
of simmered candy abalone. To get more detailed insights
into the microstructures of the candy-like core, scanning
electron micrographs were conducted to detect the adduc-
tor muscles of dried and fresh abalones at different sim-
mering times. At low magnification, the three-dimensional
morphology of the dried abalone surfaces gradually became
inhomogeneous and rough as the simmering time increased.
After 10 h of simmering, a dense gel network structure was
formed. This may be due to the fact that the denaturation
rate of myofibrillar proteins was higher than the aggrega-
tion rate during the simmering process, which resulted in a
dense gel network of dried abalone after 10 h boiling [34].
Figure 4a, b, c and d show that the diameter of dried abalone
myofibrils decreased slightly, and fibers began to generate
around the myofibrils after 7.5 h (Fig. 4c and d). They cross-
linked together in spherical aggregates. Thus, the network
was denser in the small aggregation areas compared with the
large aggregation areas. During the simmering process, the
structures of the proteins gradually unfolded, and the inter-
nal hydrophobic groups were exposed, which increased the
hydrophobic interactions of the proteins. At the same time,
oxidation of the proteins led to the formation of disulfide
bonds, which together caused aggregation and cross-linking
of myofibril proteins. The muscle fiber diameter of fresh
abalone gradually decreased, and the pore size also slightly
decreased, but the changes were not obvious (Fig. 4e, f, g
and h). Overall, the muscle fibers of fresh abalone did not
change significantly during the simmering process.

It is a typical phenomenon that when the simmered candy
abalone is cut, silk-like materials are easily observed adher-
ing to the knife. While such a phenomenon may not appear

on the fresh abalone after simmering treatment (Fig. S1). It
corresponds to the above textural and rheological results.
In order to further observe the microscopic morphology of
the "silk", we conducted transmission electron microscopy
with higher resolution, and the results are shown in Fig. 5.
Before simmering, the dried abalone showed short and thin
filaments with some cross-linking (Fig. 5a). After 5 h of
simmering, the short and thin nanofibrils intertwined to
form thicker nanofibrils (Fig. 5b). After 7.5 h of simmer-
ing, gelation further cross-linked the nanofibrils, resulting
in a denser three-dimensional network structure (Fig. 5c¢).
However, when the simmering time was further increased,
the samples showed partial breakage of the cross-linked net-
work and increased pore size (Fig. 5d). Overall, the dried
abalone showed the best gelation state after 7.5 h of cook-
ing, with dense and uniform characteristics. Nevertheless,
fresh abalone initially displayed a small nanoparticles aggre-
gate, eventually forming a large protein aggregate (Fig. Se,
f, g and h). Therefore, the formation of network structures
observed by transmission electron microscopy could account
for the tender and stickier properties of the candy abalone
after simmering.

The changes of water-soluble proteins, salt-soluble
proteins and precipitate on SDS-PAGE

In addition to water, protein occupies the highest content in
the adductor muscle of the abalone. Therefore, the structural
change of protein is an important reason for the “candy”
formation. We used SDS-PAGE to investigate the protein
changes of abalone after drying and simmering to study the
forming mechanism of candy abalone. The abalone adductor
muscle contains mainly water-soluble proteins, salt-soluble
proteins and insoluble matrix proteins (collagen). Water-
soluble proteins mainly include some enzymes related to

Fig.4 Scanning electron micrographs of candy and fresh abalones under different simmering times. a—d Candy abalone simmered for 0, 5, 7.5

and10 h. e-h Fresh abalone simmered for 0, 5, 7.5 and 10 h
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Fig.5 Transmission electron micrographs of candy and fresh abalones under different simmering times. a—d Candy abalone simmered for 0, 5,

7.5 and 10 h. e-h Fresh abalone simmered for 0, 5, 7.5 and 10 h

glycolysis, protein kinases, phosphorylases, transferases and
cytochrome C. Salt-soluble proteins are based on myofibril-
lar proteins, which consist of thick and thin filaments. The
thick filaments include myosin and paramyosin, and the thin
filaments contain actin, tropomyosin and troponin.

The changes in each protein fraction during the simmer-
ing process of dried and fresh abalones are shown in Fig. 6a,
b and c. In the electrophoretograms of water-soluble and
salt-soluble proteins (Fig. 6a and b), the number and inten-
sity of protein bands of fresh abalone gradually decreased
as the simmering time increased. However, in the insoluble
protein electrophoretogram (Fig. 6¢), the fresh abalone had
more kinds of proteins with higher content. This indicates
that the water-soluble proteins and salt-soluble proteins of
fresh abalone were denatured and crosslinked into a gel
during simmering. However, in figures a and b, little pro-
tein banding was seen throughout the simmering process
of candy abalone, speculating whether the proteins were

(a) (b)

denatured and crosslinked together after simmering like
fresh abalone and thus in insoluble proteins. However, in
Fig. 6¢, it was found that there were no visible bands in
the candy abalone sample, suggesting that peptides rather
than intact proteins formed the crosslinking in the candy
abalone gel.

The rheological characteristics of the peptides
from candy abalone at different simmering
times and concentrations

The rheological behavior of hydrogels can reflect their phys-
ical properties. We conducted an in vitro heating experiment
to simulate the gel formation process to further investigate
the self-assembly ability of peptides derived from dried aba-
lone. Crude protein (w: v=1: 2) was obtained by homog-
enizing candy and fresh abalones with cold deionized water
respectively, to investigate the changes in storage modulus

(c)

(kbpa)Mm 1 2 3 4 5 6 7 8

97.4
66.2

45.0
31.0

21.5
14.4

(kbagmMm 1 2 3 4 5 6 7 8

Fig.6 SDS-PAGE analyses of a Water-soluble proteins, b Salt-soluble proteins, and ¢ Precipitate. Lane M, protein markers and their corre-
sponding molecular masses. Lane 1-4, the 0, 5, 7.5 and 10 h of fresh abalone. Lane 5-8, the 0, 5, 7.5 and 10 h of candy abalone
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(G") and loss modulus (G") under different simmering times.
It can be observed from Fig. 7a that at low strain, the crude
protein gel of candy abalone was in the linear viscoelastic
region, and the modulus remained constant. With the gradu-
ally increasing strain, the storage modulus and loss modulus
gradually decreased in the nonlinear viscoelastic region. In
the linear viscoelastic region, the storage modulus of the
candy abalone gel was larger than the loss modulus, indicat-
ing its elastic dominant behavior and solid-like nature. How-
ever, above the critical strain value, both the storage modulus
and loss modulus started to decrease, but the storage modu-
lus was smaller than the loss modulus (G'<G"), implying
that the hydrogels had a shearing-thinning property and
transformed to the solution state. Figure 7b demonstrated
the variation of the loss factor of candy abalone peptide gels
with heating time at this concentration. In the range of 0.1%-
10% small strain, the loss factor remained stable with the
increase of strain. As the degree of strain increased, the loss
factor increased sharply, which indicated an increase in the
energy dissipation of the peptide gel, a weakening of the
solid-like properties, and a shortening of the lifetime of the
bonds in the gel network. And the loss factor increased when
the simmering time from 40 to 120 min, showing an increase
in their viscosity. Therefore, its assembly capacity gradually
improved. Overall, the rigidity and adhesiveness of candy
abalone gel were higher than that of fresh abalone gel (Fig.
S2a). Fig. S2b shows the variation of storage modulus and
loss modulus of the mixture of crude protein and peptides
from dried abalone at different concentrations heated for
120 min. It can be seen that the storage modulus and loss
modulus of candy abalone gel increased significantly with
increasing concentration, which was approximately 17.0
times the initial value. The rheological tests showed that the
modulus of candy abalone gel was related to the simmering

time and concentration, and the concentration had a signifi-
cant influence on it. Consistent with our result, Kim et al.
found that silk fibroin can result in a hydrogel with higher
compressive strength and modulus at a higher concentration
[35]. Furthermore, the G” can increase as the concentration
of sunflower protein hydrolysate increases from 1.7 to 2.5%
in the oscillatory mode [36].

Identification of possible peptides in candy abalone
hydrogel and MD simulation analysis for the typical
peptide

The possible peptides that formed the candy abalone
hydrogel were detected by mass spectrometry, shown in
Table S1. According to the results, about fifteen peptides
were mainly involved in forming the candy abalone gel.
Nine peptides, sharing similar amino acid sequences, were
derived from paramyosin and had the highest score of 4789,
more than ten times higher than other identified peptides
from actin and myosin. Figure 8 shows the secondary mass
spectra of the typical peptide derived from paramyosin
(RKAQQLIEEADHRADMAEKNLVAVR), which is high-
lighted in the amino acid sequence of paramyosin. Further-
more, the distribution of amino acid residues on the outer
surface of abalone paramyosin has been analyzed. It was
found that the His and Glu residues located at positions i,
i+4 were distributed through the a-helix. Three amino acid
residues formed a helix between His-Glu, which allowed
the side chains of His and Glu residues to be exposed in the
same direction on the a-helix [20]. Thus, if the appropriate
conditions were provided, such as zinc ions, self-assembly
of abalone paramyosin into hydrogels was induced. Suzuki
et al.[37] reported that paramyosin in abalone was relatively
unstable under heat treatment and disappeared after 10 min
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=120 min G'
. 1000- Q=120 min G"
]
o) 1-
e 7=
s =
&) 8
© 1004
10 . . - . . ; 5 .
0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000

Strain (%)

Strain (%)

Fig. 7 Strain-dependent oscillatory shear rheology of the peptide hydrogel from candy abalone at different simmering times with a fixed fre-

quency of 1 Hz at 25.0+0.1 °C
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Fig.8 Secondary mass spectra of a a typical paramyosin-derived peptide and b its two-dimensional structure and three-dimensional structure of

paramyosin subunit predicted by trRosetta

of heating in boiling water. Therefore, paramyosin is closely
related to the changes in properties of dried abalone gel dur-
ing simmering.

In order to further investigate the formation possibility
and process of candy abalone hydrogel, we used molecular
dynamics simulation to study the self-assembly of the typical
peptide from paramyosin. In the molecular dynamics study,
we evaluated the system using the root mean square devia-
tion (RMSD), the radius of gyration (Rg), solvent accessible
surface area (SASA) and the results are shown in Fig. 9 and
Fig. S3. The RMSD of the molecular dynamics simulated
protein backbone is shown in Fig. 9a. The result indicated
that the RMSD of the whole simulated system remains sta-
ble after 220 ns with fluctuations less than 0.1 nm, which
illustrated that the whole simulated system had reached
equilibrium [38]. The result of the radius of gyration for
peptide self-assembly is displayed in Fig. S3a. The result
showed that Rg decreased, indicating that the whole system
was more compact and had better stability [39]. The SASA
(Fig. S3b) also showed that the system was more stable with
a longer simulation time. The above results were then ana-
lyzed using the Free Energy Landscape (FEL), and shown in
Fig. S3c. Only one energy minimum in the FEL during the
250 ns molecular dynamics simulation stated that a stable

@ Springer

conformation existed for the peptide self-assembly. In com-
bination with the FEL result, dihedral angle analysis was
performed, and a Ramachandran plot was generated. The
results showed (Fig. 9b) that 95% of the amino acid residues
fell within the allowed and maximum allowed regions, sug-
gesting that the conformation of the model conformed to the
rules of stereochemistry and could be used for subsequent
analysis. Subsequently, the number of hydrogen bonds was
counted and gradually increased during the self-assembly
of the polypeptides, showing that hydrogen bonds had a
positive effect on the formation of the structure (Fig. S3d).
Finally, the force analysis of the hydrogen bonds surface and
the charged surface of the self-assembled peptides revealed
that hydrogen bonds mainly mediated the self-assembly of
the peptides during the rehydration phase and hydrophobic
interactions with partial involvement of electrostatic interac-
tions during the simmering stage (Fig. 9c, d and Fig. S3e).
Specific carboxyl, guanidyl, and amino groups in
Glu, Asp, Arg, and Lys readily form hydrogen bonds
[40]. These amino acids account for approximately 28,
24 and 21% of the total amino acids in peptides derived
from paramyosin, actin, and myosin heavy chain (frag-
ment), respectively. This facilitates the self-assembly of
dry abalone peptides. Amphiphilic peptides presented
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Fig.9 Molecular dynamics results of the self-assembly of peptides. a RMSD, b Ramachandran plot, ¢ Hydrogen bonds, and d Hydrophobic
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alternating hydrophobic (X) and hydrophilic (Z) residues,
called (XZXZ)n sequence, and had a strong ability to self-
assemble into hydrogels by hydrophobic aggregation [41].
In the possible peptide sequences that form the candy aba-
lone, hydrophobic and hydrophilic amino acids alternate,
accounting for approximately 50% of the total amino acids.
This explains that the formation of candy abalone hydro-
gel in molecular dynamics simulation is mainly due to
hydrogen bonding and hydrophobic interactions. Moreo-
ver, amino acids with high helicity in these peptides, espe-
cially Leu and Ala, can improve the stability of the three-
dimensional network structure of peptide hydrogels [42].
In addition, the hydroxyl group of glutamic acid promotes
peptide chain interactions through hydrogen bonding. The
guanidine side chain of arginine increases peptide-peptide
interactions through hydrogen bonding and electrostatic
interactions, which influence the network topology and the
mechanical properties of the hydrogels [43]. These results
suggest that the composition and sequence of amino acids
in dried abalone peptides conform to the rules of peptide

self-assembly to form hydrogels, which also explain the
formation mechanism of the viscoelastic candy abalone.
In food hydrogels, the 3D network superstructures are
commonly constructed by cross-linking protein filaments at
branch point linkages. Paramyosin is a high-ordered thick
filament that widely exists within invertebrate muscles. It
exhibits a coiled-coil structure, thus interacting with each
other to form hydrogels under some conditions. In our previ-
ous work, metal ions and organic molecules can participate
in cross-linking, strengthening the mechanical property [20,
44]. While when the filamentous protein degraded during
processing, the mechanical, rheological, and morphological
properties of paramyosin peptides have significant changes.
A few reasons may contribute to the results. Firstly, the side
chains were totally exposed, leading to more chances to form
a network. Moreover, the loss factor of the candy abalone
gel was greater than fresh abalone gel after 10 h simmering
in the linear viscoelastic range (Table 1). This may also be a
key factor in why the candy-like core is more viscous. Sec-
ondly, the control of peptide gelation is multi-dimensional,
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which is not so stable as coiled-coil interactions existed
between paramyosins. This may be the reason of easily gel-
sol transition of candy abalone.

Conclusions

This study found that myofibrillar protein in the adductor
muscle of dried abalone could form a dense three-dimen-
sional network hydrogel structure. The formation of such a
hydrogel structure might be derived from the degradation of
the myofibrillar protein during the drying process. By using
the mass spectrometry, we identified degraded peptides in
candy abalone, which mainly stemmed from paramyosin.
Moreover, molecular dynamics simulation revealed that
these peptides possessed self-assembly properties, leading
to the formation of the hydrogel through hydrogen bonds
and hydrophobic interactions during the rehydration and
simmering stages, thereby producing a unique viscoelas-
tic adductor in the candy abalone. This study revealed the
mechanism of the formation of candy abalone that the pro-
duction of peptide hydrogel contributed to the tender and
viscoelastic textural property of candy abalone.
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