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A B S T R A C T

Collagen fibers (CFs) are essential in maintaining the structural integrity of sea cucumber body wall tissues. 
Addition of Ca2+ to meat products improves tenderness and modulates the levels of chemical interactions in CFs. 
In this study, we investigated the effects of Ca2+ (ranging from 0 to 40 mM) on the structural organization and 
thermal stability of CFs. The dissolution of protein and polysaccharide of sea cucumber collagen fiber was less 
under low concentration of Ca2+ (2.5 mM–10 mM), and the dissolution amount corresponding to high con
centration of Ca2+ (20 mM, 40 mM) increased. FTIR, XRD, DSC, TGA and SEM analyses revealed that low 
concentrations of Ca2+ (2.5 and 5 mM) increased the intermolecular binding of CFs, enhanced stability of triple 
helix structure, maintained the structural integrity of CFs, and inhibited the degradation of CFs. This study 
provides insights into enhancing the quality of sea cucumber through low-temperature tenderization.

1. Introduction

Sea cucumber (Apostichopus japonicus) is a member of the phylum 
Echinodermata and the class Holothuroidea, and is primarily found in 
Northeast Asia, including China, Korea, and Japan. There are nearly 
1400 species of sea cucumbers globally, with more than 40 edible spe
cies (Shakouri et al., 2009; Xu et al., 2015). The main edible component 
of A. japonicus is the body wall (AJBW), which is a mutable collagenous 
tissue (MCT) mainly composed of collagen, proteoglycans and glyco
proteins (Thurmond & Trotter, 1996). Collagen molecules are connected 
at the head and tail, quarter-staggered, and arranged in parallel ac
cording to specific rules. Collagen molecules are helically entangled 
through covalent cross-linking, forming stable collagen fibrils. These 
fibrils are further assembled into collagen fibers (CFs) through the 
linkage of proteoglycan bridges (Tian et al., 2020). Consequently, CFs 
play a significant role in maintaining the structural integrity of the body 
wall tissue. Low-temperature heating has been applied to the tenderi
zation of beef and pork to improve the eating quality of meat products. 
Low-temperature tenderization technique is often used to moderately 
degrade the structural proteins in muscle tissue that maintain the 

integrity of myofibrillar (Dong, He, et al., 2020). Similarly, in order to 
obtain the most desirable products, a low-temperature treatment tech
nology can be applied to sea cucumber processing.

Numerous studies demonstrated that addition of Ca2+ enhances meat 
tenderness by activating calcium-activated enzymes and altering the 
structure and conformation of myofibrillar proteins (Li et al., 2017; 
Wang et al., 2020). Furthermore, Ca2+ affects the degree of bonding 
between the chemical interaction of CFs. Moreover, Ca2+ is significantly 
associated with the mechanical and structural properties of CFs, 
enhancing the degree of cross-linking of CFs mainly through the for
mation of chelating rings by binding to the carboxyl groups in collagen 
amino acid residues (Pang et al., 2017). Ca2+ promotes protein 
unfolding by inducing protein conformational changes and weakening 
intramolecular hydrophobic interactions, ultimately exposing hydro
phobic amino acid residues and enhancing protein cross-linking (Jia 
et al., 2015; Wang et al., 2020; Zhou & Yang, 2019). Previous findings 
indicate that Ca2+ concentration has a bidirectional effect: at low con
centration (1 mM) Ca2+ promotes collagen self assembly, resulting in 
stabilization of collagen protein structure. Conversely, at higher con
centration of Ca2+ (14 mM), the degree of collagen self-assembly 
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decreases, whereas the mineral crystallinity remains optimal (Niu et al., 
2017). These findings indicate that Ca2+ has a beneficial effect on 
improving the tenderness of meat products and influencing cross-linking 
of CFs. However, the mechanism underlying the effect of Ca2+ on the 
structure of CFs is yet to be elucidated.

Collagen fibers are a good model for the study of AJBWs. They are 
extracted from the AJBW, and both water-soluble and acid-soluble 
components are removed and they lack endogenous enzymes (Dong 
et al., 2021). In this study, we evaluated the effect of CaCl2 on dissolu
tion of soluble proteins, polysaccharides, and TCA-soluble oligopeptides 
in sea cucumber CFs under low-temperature tenderization conditions. In 
addition, we explored the primary and secondary structural changes 
using FTIR and XRD techniques and characterized the thermal proper
ties through DSC and TGA analysis. The aim of the study was to elucidate 
the effects of Ca2+ on the structure of CFs and to enhance the theoretical 
understanding of improving the quality of sea cucumber products.

2. Material and methods

2.1. Materials

Live sea cucumbers (AJ) weighing 70 ± 10 g each were purchased 
from the Qingdao Kai Ping Road Fish Market (Qingdao, Shandong 
Province, China), and promptly transported to the laboratory in cold 
seawater protected from light.

2.2. Preparation of CFs

Collagen fibers were extracted according to a previously described 
method (Dong, Shen, et al., 2020). Live sea cucumbers were eviscerated, 
washed with distilled water and weighed. AJBWs were cut into small 
pieces (5 mm × 5 mm × 1 mm), homogenized and then incubated in 
distilled water (w:v = 1:5) at 4 ◦C for 1.5 h. The samples were centri
fuged and the precipitates were washed twice with distilled water. 
Subsequently, the precipitate was mixed with 0.5 M acetic acid (w:v =
1:5) and stirred for 72 h. The mixture was then washed with distilled 
water to obtain purified CFs as CON group.

2.3. Experimental design

The extracted CFs were mixed with 0, 2.5, 5, 10, 20, 40 mM CaCl2 in 
the ratio of 1:10 (w:v) and incubated at 37 ◦C for 12 h to explore the 
effect of different Ca2+ concentrations on the structural characteristics 
of CFs. The thermal treatment conditions were optimized to achieve the 
most intense tenderization as described in previous research (Dong 
et al., 2018). After incubation with different concentrations of CaCl2, the 
samples were centrifuged at 13,500 ×g for 15 min at 4 ◦C. Subsequently, 
the precipitate after centrifugation was subjected to dialysis to remove 
salt and was then lyophilized. The lyophilized powder was reconstituted 
with the same volume of distilled water to obtain a solution. The intact 
fragments of CFs and solution were stored for subsequent experiments.

2.4. Assessment of chemical compositional changes in the soluble 
component of CFs

2.4.1. Chemical analysis
The lyophilized powder sample was reconstituted with distilled 

water and the soluble protein content of the samples was assessed using 
the BCA protein assay kit (Epizyme Biotech, Shanghai, China). The 
amount of soluble polysaccharide was measured using the phe
nol‑sulfuric acid method (DuBois et al., 1956). TCA-soluble oligopeptide 
content of the samples was evaluated as described in previous studies 
(Wu et al., 2013; Yang et al., 2015).

2.4.2. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS- 
PAGE)

SDS-PAGE was conducted to explore the protein patterns using a 
method described in a previous study (Laemmli, 1970) with 10 % 
separating and 5 % stacking gels. Samples after reconstitution of 
lyophilized powder in distilled water were mixed with SDS-PAGE sam
ple buffer containing 5 % β-mercaptoethanol at a ratio of 4:1 and boiled 
for 5 min. The samples (10 μL) and markers were loaded into wells. 
Electrophoresis was performed at a constant current of 15 mA for the 
stacking gel and 30 mA for the separating gel. After electrophoresis, the 
gels were stained sequentially with 0.05 % Coomassie Brilliant Blue R- 
250 and 0.5 % Toluidine blue in 0.5 % formic acid.

2.5. Structural changes in intact fragments of CFs

2.5.1. Fourier transform infrared spectroscopy (FTIR)
The freeze-dried intact CFs fragments, both before and after incu

bation with different Ca2+ treatments, were mixed with KBr (1 mg/100 
mg) and the structural changes were evaluated using a FTIR (IS50, 
Thermo Fisher Scientific CO., Waltham, MA, USA). The scanning range 
was 4000 to 1000 cm− 1 with 64 scans per sample.

2.5.2. X-ray diffraction (XRD) analysis
The lyophilized samples were cut into small pieces and analyzed 

using an X-ray diffractometer (SmartlabSE, Rigaku Ltd., Tokyo, Japan) 
equipped with Cu-Kα radiation. The data was collected in a scanning 
range of 2θ from 5 to 90

◦

and a scanning speed of 10 ◦C/min. The d value 
was calculated using the Bragge’ equation (He et al., 2021) as shown 
below (Eq. (1)): 

d (nm) = λ/2sinθ (1) 

where λ represents the wavelength of the radiation source (λ =
0.15418 nm), and θ denotes the angle of the diffraction peak.

2.5.3. Differential scanning calorimetric (DSC) analysis
Thermal stability analysis of freeze-dried intact CFs fragments before 

and after incubation with different Ca2+ treatments was conducted using 
differential scanning calorimetry method (DSC1, Mettler toledo, Co
lumbus, OR, USA). The heating temperature ranged from 20 to 80 ◦C 
with a steady increase of 1 ◦C /min and a constant nitrogen flow, ac
cording to a previously described method (Song et al., 2022; Yan et al., 
2022).

2.5.4. Thermogravimetric (TGA) analysis
TGA analysis was conducted as described in a previous study (Yu 

et al., 2018). A freeze-dried powder sample weighing 5 mg was trans
ferred into a thermal analyzer (STA4495F5, NETZSCH Ltd., Bavaria, 
Germany) and heated from 40 to 640 ◦C at a rate of 10 ◦C /min under a 
protective nitrogen atmosphere.

2.5.5. Scanning electron microscopy
The freeze-dried intact CFs fragments, both before and after incu

bation with different Ca2+ treatments were mounted on a metal stub, 
coated with Pb, and then the images were produced using a S-4800 
scanning electron microscopy (HITACHI Ltd., Tokyo, Japan) with the 
acceleration voltage set at 2 kV(Dong et al., 2020b).

2.6. Statistical analysis

All experiments were performed with at least three replicates. Data 
are presented as mean ± standard deviation (SD). SPSS 26.0 software 
(SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Differ
ences between means were assessed using a one-way analysis of vari
ance, followed by S-N-K post hoc test. P values <0.05 indicate 
statistically significant differences.
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3. Results

3.1. Composition analysis of dissolved content

3.1.1. Changes in soluble components of CFs
The contents of proteins, polysaccharides and TCA-soluble compo

nents released from CFs after incubation with different Ca2+ concen
trations were determined (Fig. 1A-C). The dissolution rates of proteins, 

polysaccharides and TCA-soluble components in the group that was 
treated with 0 mM CaCl2 were 0.418 ± 0.023 mg/g CFs, 0.181 ± 0.003 
mg/g CFs and 0.764 ± 0.001 mg/g CFs. The contents of proteins, 
polysaccharide and TCA-soluble component decreased with increased 
Ca2+ concentrations and then increased. Protein solubilization was 
lowest at 5 mM CaCl2. In contrast, polysaccharide solubilization was 
minimum at 2.5 mM CaCl2 and TCA-soluble solubilization was lowest at 
10 mM CaCl2, which were 0.45-fold, 0.47-fold, and 0.57-fold compared 

Fig. 1. Changes in proteins (A), polysaccharide (B), soluble oligopeptides (C) of collagen fibers (CFs) dissolution. Values of different groups with different lower-case 
letters are significantly different at P < 0.05.

Fig. 2. Ca2+-treated protein distribution pattern of sea cucumber CFs model. (A) Coomassie Brilliant Blue R-250 protein staining; (B) Toluidine blue sugar staining. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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to the 0 mM group, respectively. However, the protein and poly
saccharide solubilization at 40 mM CaCl2 was lower than in the 0 mM 
group by 0.19-fold and 0.29-fold, respectively. The content of TCA- 
soluble oligopeptides increased by 1.079-fold after treatment with 40 
mM CaCl2 relative to the control. These findings show that Ca2+ affected 
the dissolution of soluble components, therefore, we evaluated the effect 
of Ca2+ treatment on the primary and secondary structure and thermal 
degradation properties of CFs.

3.1.2. Effect of Ca2+ on the degree of degradation of proteins and 
polysaccharides in CFs

SDS-PAGE electrophoresis was performed to determine the relative 
molecular weight, size and distribution of sulfated polysaccharides and 
proteins (Li et al., 2024; Liu et al., 2019). The results of staining of 
proteins using Coomassie Brilliant Blue R-250 are presented in Fig. 2A. 
Three main bands, a, b, and c, were observed in each group. After the 
addition of Ca2+, the gray scale of the a and c bands decreased, and the 
decrease of 40 mM was the most significant. The findings showed that 10 
and 20 mM Ca2+ gradually degraded macromolecular proteins in 
collagen to form small peptides. A band observed between the sepa
rating gel and 235 kDa represented the most extensively distributed 
protein region. The bands appeared darkest when Ca2+ concentration 
was 5 mM and became lighter as larger proteins were degraded with 40 
mM Ca2+ concentration. The treatment with 40 mM resulted in disso
lution of protein to predominantly small molecule oligopeptides corre
lating with the TCA-soluble oligopeptide results (Fig. 1C). Proteolysis 
involves the degradation of the bridging structure of collagen and the 
polymerization between collagen fibrils, leading to loss of internal sta
bility of CFs, disappears and the dispersion of collagen fibrils.

The SDS-PAGE electrophoresis results of the dissolved material re- 
stained with toluidine blue are presented in Fig. 2B. A substantial 
amount of polysaccharide solubilization in the 0 mM Ca2+ group likely 
resulted in a significant decrease in the stability of CFs during heat 
treatment. The intensity of band a and d decreased with an increase in 
Ca2+ concentration, whereas band b and c exhibited insignificant 
change in intensity. The intensity of band d increased at 5 mM and 
decreased after treatment with 40 mM Ca2+. This finding indicates that 
the structure of CFs was not significantly damaged at 5 mM Ca2+, as it 
still existed in the form of proteoglycan. However, the intensity of band 
d gradually decreased with an increase in Ca2+ concentration, indicating 
that some proteins separated from the polysaccharide molecules, 
thereby increasing the relative content of small molecular weight 

polysaccharides (Wang et al., 2020). SDS-PAGE analysis confirmed the 
observed alterations in soluble components.

3.2. Microstructure characterization of CFs

3.2.1. Fourier transform infrared spectroscopy of CFs treated with different 
concentrations of Ca2+

FTIR spectroscopy was conducted to assess further the effect of 
different Ca2+ concentrations on the conformation of proteins within 
CFs (Fig. 3A). Each sample exhibited four similar characteristic peaks. 
The peak of amide A, resulting from N–H stretching vibrations, was 
observed at 3300 cm− 1. Amide I band, indicated by the stretching vi
bration of C––O in the protein polypeptide backbone and sensitive to 
changes in the three-stranded helical structure, exhibited a character
istic absorption peak at 1640 cm− 1. The amide II band, arising from 
C–N stretching vibrations and N–H bending vibrations appeared at 
1535 cm− 1. The characteristic absorption peak of the amide III band was 
observed around 1235 cm− 1, caused by a combination of C–N 
stretching vibrations and N–H bending vibrations, sometimes accom
panied by a small amount of C–O in-plane bending vibrations and C–C 
stretching vibrations. Higher peaks of amide bands indicated low 
structural stability and weakened hydrogen bonds (Li et al., 2024; 
Thongchai et al., 2020; Zou et al., 2023). The amide A band and amide I 
band of the samples treated with 20 mM and 40 mM Ca2+ exhibited red 
shifts compared with the CON (Fig. 3A). This phenomenon can be 
attributed to the formation of hydrogen bonds between the carbonyl 
group in the three-stranded helical structure of collagen and N–H and 
O–H on adjacent amino acid chains, and the formation of ligand 
bonding through the complexation of Ca2+ with C––O. These in
teractions weakened the role of non-covalent bonding and hydrogen 
bonding. The weakening of the interactions among the three strands of 
collagen led to an increase in the diameter of the molecules and a 
reduction in their stability. The amide II and amide III bands of CF 
exhibited a blue shift after treatment with Ca2+ compared with the CON.

3.2.2. X-ray diffraction of CFs treated with different concentrations of Ca2+

The spatial structure of collagen, including the three-stranded helical 
conformation of collagen molecules and the axial arrangement of 
collagen protofibrils, was determined by X-ray diffraction analysis 
(Zheng et al., 2022). In the XRD pattern, the peak position indicates the 
diffraction angle, the peak height represents the diffraction intensity, 
and the peak width indicates the crystallization level of the substance 

Fig. 3. Microstructure characterization of CFs models for at 37 ◦C for 12 h. (A) Fourier transform infrared radiation (FTIR) spectra of Ca2+ with different con
centrations; (B) X-ray diffraction (XRD) diagram of Ca2+ with different concentrations.
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(Gao et al., 2020). Each group of samples exhibited two distinct 
diffraction peaks (Fig. 3B). The first diffraction peak, observed between 
7◦ and 8◦, indicated the distance between the molecular chain of CFs and 
the relatively regular part of the CFs internal structure that generated 
the diffraction peak. The value of d corresponding to each peak was 
calculated using Bragg’s equation based on the wavelength of the X-rays 
and the θ angle. The d value of peak A represented the distance between 
CFs chains and was calculated as shown in Table 1. The d value for the 
CON group was 1.14 nm, indicating an intact structure of CFs. The in
crease in d value after heat treatment for 12 h at 37 ◦C compared with 
the CON indicated that heat treatment disrupted cross-linking between 
CFs. Peak a shifted slightly after addition of Ca2+. Peak a shifted to a 
higher angle in the 2.5 Ca2+ and 5 mM Ca2+ groups, decreasing the 
d values by 0.002 nm and 0.003 nm, respectively. The d values of the 
groups treated with 10, 20 and 40 mM at Ca2+ concentrations increased 
to 1.152, 1.155 and 1.156 nm, respectively, compared with the 0 mM 
group. Low concentrations of Ca2+ reduced the spacing between the 
molecular chains of CFs and resulted in tighter binding of CFs, whereas 
high concentrations of Ca2+ had the opposite effect. The second peak 
observed was the amorphous diffraction peak near 22◦, characterized by 
a broader peak shape, representing the diffraction of X-rays by the 
numerous structural layers within CFs. Peak B in the 20 mM and 40 mM 
groups gradually shifted towards higher diffraction angles compared 
with the 0 mM group, whereas this peak shifted towards lower diffrac
tion angles in the 2.5 mM and 5 mM groups. This indicates a specific 
alteration in the crystallinity of CFs. The third peak, around 31–32◦, 
exhibited a small and broad peak shape, reflecting the spacing between 
adjacent amino acid residues on the helix center axis in the CF three- 
stranded helix structure. However, none of the seven groups of sam
ples showed significant diffraction peaks at 31–32◦. We hypothesized 
that only a small fraction of Ca2+ penetrates the three-stranded helix 
structure to alter its microstructure. Instead, the Ca2+ potentially 
aggregate more between the collagen molecular chains and bind with 
certain groups of collagen, forming a more stable chemical bond to 
replace the weaker hydrogen bonding and van der Waals forces (Gao 
et al., 2020).

3.3. Thermal stability analysis of CFs

3.3.1. Differential scanning calorimetry of CFs treated with Ca2+ at 
different concentrations

DSC analysis was conducted to explore variations in CFs primary 
structure (Ge et al., 2022; Guo et al., 2024). Intact collagen is composed 
of three polypeptide chains intertwined with each other, and exposure to 
heat breaks hydrogen bonds, destroying the natural conformation. The 
lyophilized powder was subjected to DSC analysis after incubation with 
Ca2+, as shown in Fig. 4A. All samples showed a characteristic absorp
tion peak attributed to the disruption of the helical structure and co
valent bonds between collagen molecules caused by the damage of the 
tertiary structure of collagen (Bu et al., 2020). The lowest peak repre
sented the thermal denaturation temperature (T max) of CFs. The T max of 
the CON group was 58.41 ◦C, consistent with previously reported find
ings (Liu et al., 2017). The T max (56.53 ◦C) of 0 mM decreased by 1.88 ◦C 
compared with the CON group. These findings indicate that heat treat
ment significantly reduced the stability of CFs. The T max initially 
exhibited an increasing trend followed by a decrease with an increase in 
Ca2+ concentration. The thermal degradation temperature increased 
under low concentrations of CaCl2, whereas the T max shifted to the left 
for the 10 mM, 20 mM, and 40 mM Ca2+ groups.

3.3.2. Thermogravimetric analysis of CFs treated with different 
concentrations of Ca2+

The TGA of CFs following incubation with different concentrations of 
Ca2+ are presented in Fig. 4B. The TGA curve of the CFs exhibited two 
distinct stages. The first stage extended from room temperature to 
approximately 170 ◦C. This stage was characterized by loss of mass, 
which was mainly attributed to the evaporation of adsorbed water and 
small molecules (Liu et al., 2016). The maximum weight loss rate for the 
groups treated with Ca2+ shifted to the left compared with CON. This 
shift was mainly attributed to the CFs losing their stabilizing structure 
after undergoing heat treatment, leading to an increase in the rate of 
water evaporation. The second stage, spanning from 170 to 500 ◦C, 
involved the degradation of the primary structure of collagen into small 
peptides and amino acids. The Td of the 0 mM Ca2+ group shifted to the 

Table. 1 
Values of θ and d corresponding to the diffraction A-peak of CFs treated with Ca2+ of different concentrations.

Ca2þ concentrations(mM) CON 0 2.5 5 10 20 40

2θ(◦) 7.74 7.66 7.67 7.68 7.67 7.65 7.64
d value (nm) 1.142 1.154 1.152 1.151 1.152 1.155 1.156

Fig. 4. Thermal stability of CFs models for at 37 ◦C for 12 h. (A) Differential scanning calorimetry (DSC) of Ca2+ with different concentrations; (B) Derivative 
thermogravimetry (DTG) chart of Ca2+ with different concentrations.
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left compared with the CON. However, when a low concentration of 
Ca2+ was added, the CFs structure was preserved, leading to a gradual 
recovery of the Td value. The characteristic decomposition temperatures 
of the 20 mM Ca2+ and 40 mM Ca2+ groups (309.61 ◦C and 309.51 ◦C, 
respectively) were slightly lower than that observed in the other groups 
(311.12 ◦C). This difference in decomposition temperatures indicated 
that high concentrations of Ca2+ reduced the stability of peptide bonds 
and promoted the degradation of CFs. This finding is consistent with the 
disruption of the crystal structure reported in previous sections.

3.4. Microstructure of intact fragments

The effect of different concentrations of Ca2+ on the microstructure 
of CFs is shown in Fig. 5. In the blank group, although some collagen 
fibers were depolymerized, the collagen fiber structure remained intact 
with a distinct D-band pattern(Dong et al., 2020b; Liu et al., 2018). The 
Ca2+ concentration is 5 mM, robust collagen fiber bundles with a rope- 
like texture were observed, consisting of parallel-arranged collagen fi
brils. The addition of 40 mM Ca2+ led to a loose conformation of the 
collagen fibers, with noticeable collagen fiber filaments, which conse
quently reduced the structural stability of the collagen fibers.

4. Discussion

Collagen fibers primarily consist of collagen, with a small proportion 

of glycoproteins and proteoglycans. Under the low-temperature 
tenderization conditions, the group not treated with Ca2+ exhibited 
the highest dissolution of proteins and polysaccharides. XRD analysis 
showed that the d value in the group without Ca2+ increased by 0.012 
nm compared with the CON group, indicating that the low-temperature 
conditions partially disrupted the proteoglycan bridges between 
collagen fibrils. Proteoglycan bridges maintain structural integrity by 
binding to adjacent collagen fibrils to form CFs (Puxkandl et al., 2002; 
Shoulders & Raines, 2009). Protein and polysaccharide dissolution 
decreased and then increased with an increase in Ca2+ concentration. 
This indicated that the addition of a low concentration of Ca2+ effec
tively reduced the solubility of the molecules. Although the dissolution 
increased with further increase in Ca2+ concentration, the extent of 
damage remained lower than that caused by low-temperature tenderi
zation. TCA-soluble peptide levels are commonly used to evaluate the 
degree of degradation of all proteins (Wu et al., 2013). TCA solubility 
exhibited a similar trend, with higher solubility observed for the group 
treated with 40 mM Ca2+ relative to the CON group, indicating the 
presence of more dissolved small peptide molecules.

The shift of the amide I band and A band towards higher wave
numbers and the shift of the Amide I peak towards higher wavenumbers 
at 40 mM indicated a decrease in intermolecular interactions and a 
reduction in structural order (Liu et al., 2017). This result is consistent 
with previous findings on the effects of 1 mM, 7 mM, and 14 mM Ca2+ on 
collagen self-assembly (Niu et al., 2017). Collagen thermal denaturation 

Fig. 5. Observation of microstructure in the collagen fibers(CFs) models. Scanning electron micrographs of CFs models after incubation with 0 mM Ca2+ (A), 5 mM 
Ca2+ (B) and 40 mM Ca2+ (C) by magnified ×20 k for at 37 ◦C for 12 h. Graph showing collagen fiber filaments (▴).
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is an irreversible process that results in unfolding of the natural triple 
helix structure (Makhatadze & Privalov, 1995). The results in the pre
sent study showed that the group with untreated CFs exhibited the 
highest stability (T max = 58.41 ◦C), consistent with 55.79 ◦C reported by 
Liu et al., 2017. The group treated with 5 mM Ca2+ had the second 
highest stability (T max = 58.211 ◦C), whereas the tenderized CFs had the 
lowest stability (T max = 56.53 ◦C). Although the group treated with 40 
mM Ca2+ had a lower denaturation temperature, it was still higher than 
the 0 mM group. TGA results showed a decrease in the characteristic 
decomposition temperature of CFs under high Ca2+ concentrations, 
whereas XRD analysis indicated an increased distance between CFs at 
20 mM and 40 mM Ca2+ concentrations. These results demonstrate that 
low concentrations of Ca2+ consistently bind to CFs through hydrogen 
bonding and charge effects, enhancing the triple helical structure of 
collagen protein and improving its thermal stability. Conversely, high 
concentrations of Ca2+ infiltrate the collagen molecules and form co
ordination bonds with C––O groups, weakening the interactions formed 
by hydrogen bonding and van der Waals forces between the molecules. 
Consequently, the helical structures become loose or partially disinte
grate, and the distances between collagen chains increase (Jia et al., 
2021; Liu et al., 2023). Additionally, strong interactions between Ca2+

and the binding sites affect the charge stability during the self-assembly 
process of collagen proteins. In summary, low concentrations of Ca2+

promote collagen self-assembly and aid in stabilizing the collagen 
structure. Conversely, high concentrations of Ca2+ impede the self- 
assembly process of collagen proteins and accelerate tenderization. 
This conclusion is consistent with the findings reported by Niu et al., 
2017.

The principal mechanism of CFs- Ca2+ interaction was elucidated 
based on these findings (Fig. 6). Ca2+ affects the structure and function 
of CFs by interacting with specific regulatory proteins. This interaction 
involves Ca2+ binding to collagenase, activating downstream signal 
transduction pathways, ultimately regulating the synthesis and degra
dation of CFs (Khan et al., 2020; Liu et al., 2019, 2017). However, this 
regulatory function was eliminated when CFs were isolated from AJBW 
and purified by removing endogenous proteinase. Additionally, Ca2+ is 
implicated in the cross-linking of CFs through interaction with other 
molecules. In this study, FTIR results revealed a red shift in amide A 
band and amide I band after the addition of Ca2+, indicating the for
mation of coordination bonds between Ca2+ and the C––O group. CFs 
have several charged and polar groups, with carboxyl groups (-COOH) 
accounting for the charged groups in approximately 9.5 % of the amino 
acid residues (Pang et al., 2017). Carboxylic acid ionizes into -COO−

form under neutral conditions. Ca2+ chelates -COO− to form calcium salt 
bridges through electrostatic interactions, resulting in a cross-linked 
network and enhancing the stability of CFs. When the two types of 
bonding reach saturation, the addition of Ca2+ only fills the gaps, 
resulting in the stretching of molecules and an increase in the inter
molecular spaces. Ca2+ concentration that exceeds a certain threshold 
can adversely affect the cross-linking of CFs. Additionally, Ca2+

influences the structure of CFs. The presence of Ca2+ induces the for
mation of distinct structures in CFs, such as triple helical structures or 
other folding conformations. These structural alterations can affect the 
stability and mechanical properties of CFs. In this study, the DSC results 
revealed that CFs treated with high concentrations of Ca2+ exhibited 
lower T max values. Moreover, changes in the d value of the peak A in the 
XRD results after the addition of Ca2+ indicated that Ca2+ modulated the 
triple helical structure and partially affected the self-assembly of CFs. 
Ca2+ directly binds to specific structures on collagen molecules, 
enhancing interactions between fiber molecules and promoting their 
assembly and alignment. Alternatively, Ca2+ can facilitate the aggre
gation of collagen molecules in specific spatial locations, thereby pro
moting the regular assembly of fibers.

5. Conclusion

In this study, acid-soluble and water-soluble components and 
endogenous enzymes were eliminated from AJBWs, and the intact CFs 
structure was retained. Subsequently, the effect of Ca2+ on the compo
sition and structural stability of CFs lysate under low-temperature 
tenderization conditions was evaluated. Soluble proteins, poly
saccharides, and small molecule peptides exhibited reduced dissolution 
in the groups treated with 2.5 mM and 5 mM Ca2+, and increased 
dissolution was observed in the groups treated with 20 mM and 40 mM 
Ca2+, compared to the group without Ca2+. FTIR, DSC, TGA, and XRD 
analyses showed that high concentration of Ca2+ caused a decrease in 
crystallinity and weakening of the interactions across the three chains of 
collagen. These changes increased the distance between the molecular 
chains and led to a decrease in thermal stability. Conversely, low con
centrations of Ca2+ exhibited a protective effect, promoting the self- 
assembly of CFs. These results provide a theoretical reference for 
elucidating the effect of Ca2+ on the CFs structure of sea cucumber and a 
basis for enhancing the quality of sea cucumber through low- 
temperature tenderization.
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