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This study aimed to investigate the characteristics and bioinformatics identification of peptides in sandfish
(Holothuria scabra) protein hydrolysate from natural and cultured sources, with the hypothesis that different
sources of sandfish and enzymatic treatments would result in distinct peptide profiles. Sandfish from both sources
were subjected to double enzymatic hydrolysis using neutral protease-alcalase (NA), papain-neutral protease
(PN), and papain-alcalase (PA) to obtain protein hydrolysates. The hydrolysates were analyzed for amino acid
composition, protein molecular weight distribution, functional groups using FTIR spectroscopy, LC-MSMS
analysis coupled with bioinformatics for protein and peptide identification, and mineral profile. The resulting
hydrolysates exhibited similar amino acid profiles, characterized by high levels of glycine, alanine, glutamic acid,
and aspartic acid. The functional groups of the sandfish protein hydrolysates were primarily found at wave-
numbers 1658 cm ™! (amide 1), 1541 cm™! (amide II), and 1246 cm™! (amide IID). Peptides with molecular
weights below 500 Da predominated in every sample, highlighting their small molecular size. LC-MSMS analysis,
coupled with bioinformatics database comparisons, indicated that sandfish from natural and cultured sources, as
well as different enzymes used in the hydrolysis process, significantly affect protein and peptide pattern. Of the
2132 identified proteins, 1258 exhibited significant differences (p < 0.05, FDR < 0.05). This study provides
insights into how source and enzymatic treatment influence peptide profiles, which could be applied in the
development of functional ingredients or bioactive peptides from sandfish.

1. Introduction

Sea cucumber has been consumed for its nutritional and health
benefits, including its use in traditional medicine and culinary practices
(Doungapai et al., 2022; Li et al., 2021). It contains valuable compounds
such as peptides, collagen, saponins, phenolics, glycoprotein, and
chondroitin sulfates (Bordbar et al., 2011). These bioactive compounds
exhibit various functional properties including anti-inflammatory
(Kareh et al., 2018), anti-cancer (Janakiram et al., 2015), antioxidant
(Althunibat et al., 2009), antifungal (Kumar et al., 2007), antidiabetic
(Wang et al., 2020), anti-obesity (Guo et al., 2015), and anticoagulant
effects (Popov et al., 2013), while also contributing to immune system
support (Janakiram et al., 2015). Given its multifunctionality, sea
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cucumbers are promising candidates for applications in functional foods
and nutraceuticals, owing to their bioactive compounds and nutritional
value.

Holothuria scabra (Jaeger, 1833), commonly known as the sandfish,
is a species of sea cucumber that is recognized as one of the most
valuable marine invertebrates animal (Munprasit, 2009). Sandfish
command high commercial value among tropical sea cucumbers used in
food processing and consumption (Agudo, 2006). Sandfish is renowned
for its high-quality protein content, rich in amino acids like glycine,
proline, and glutamic acid (Sroyraya et al., 2017), while being relatively
low in calories and fat. Currently, sandfish can be sourced from both
natural and cultured environments, which may lead to differences in
their characteristics due to various external factors, such as

E-mail addresses: zhaoxue@ouc.edu.cn (X. Zhao), ffiswak@ku.ac.th (W. Klaypradit).

https://doi.org/10.1016/j.fochms.2025.100242

Received 20 September 2024; Received in revised form 26 January 2025; Accepted 1 February 2025

Available online 2 February 2025

2666-5662/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:zhaoxue@ouc.edu.cn
mailto:ffiswak@ku.ac.th
www.sciencedirect.com/science/journal/26665662
https://www.sciencedirect.com/journal/food-chemistry-molecular-sciences
https://doi.org/10.1016/j.fochms.2025.100242
https://doi.org/10.1016/j.fochms.2025.100242
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

P. Daopa et al.

environmental conditions and diet. Cultured sandfish can be raised in
specific locations with controlled farming practices, including dietary
management (Agudo, 2006). In contrast, natural sandfish are typically
found benthically along coastlines (Junus et al., 2018) or at depths not
exceeding 20-30 m, where external factors cannot be controlled. To
ensure comparability in this study, we selected sandfish samples that
were matched based on specific criteria, such as age, size, and origin
(natural or cultured). The cultured samples were sourced from a
controlled aquaculture farm known for consistent farming practices,
while the natural samples were collected from a coastal environment
with minimal human influence. These criteria were chosen to minimize
the variability introduced by environmental factors, ensuring that the
observed differences in bioactive properties are primarily due to the
differences between natural and cultured origins.

Protein or peptides constitute the crucial components in sandfish
responsible for its functional properties, such as antioxidant (Doungapai
et al., 2022), immune properties (Gowda et al., 2008), and anti-
inflammatory effects (Rod-In et al., 2020). However, there remains
limited information regarding the differences in these properties,
particularly in the protein and peptides, between sandfish obtained from
cultured and natural sources. Enzymatic hydrolysis is a widely employed
process to enhance the biological or functional properties of proteins
from various sources. Double enzymatic hydrolysis involves using two
different enzymes, each targeting distinct bonds within the substrate.
This dual approach leads to a more efficient and specific breakdown of
the molecule, resulting in a more thorough and controlled hydrolysis
process. By enhancing peptide bond cleavage and improving bioactivity,
double enzymatic hydrolysis offers advantages over the use of a single
enzyme (Schlegel et al., 2019). Schlegel et al. (2019) demonstrated that
this method not only increases the effectiveness of the hydrolysis but
also enhances antioxidant and antihypertensive activities compared to
single enzyme hydrolysis.

Bioinformatics is a highly efficient tool for analyzing protein and
peptide identification, characterization, and predicting bioactivities.
According to Doungapai et al. (2022), their study used LC-MS/MS
combined with bioinformatics to identify and characterize antioxidant
and UV-B protective peptides from sea cucumber hydrolysate fractions
obtained through gel filtration chromatography. Phetchthumrongchai
et al. (2022) investigated the potential bioactivities of the identified
peptides in protein hydrolysates of skipjack tuna roe using bioinfor-
matics tools.

Currently, information on the differences in peptide characteristics
between natural and cultured sources of sandfish is limited. Therefore,
this research aims to study the effect conditions of double enzymatic
hydrolysis for the production of sandfish peptide obtained from natural
and cultured sources. Three commercial proteases (papain, alcalase, and
neutrase) were used. The properties including amino acid composition,
protein molecular weight distribution, FTIR spectroscopy, LC-MSMS
analysis coupled with bioinformatics for protein and peptide identifi-
cation, and elemental composition were investigated.

2. Materials and methods
2.1. Materials

Sandfish (Holothuria scabra) from both natural and cultured sources
were treated in accordance with standard ethical procedures, with
approval for animal care and use for scientific research obtained from
Kasetsart University (ID no. ACKU66-FIS-001). Natural sandfish (Hol-
othuria scabra) were collected from Yao Noi Island, Phang Nga Province,
in the coastal regions of the Andaman Sea, Thailand. The natural
sandfish population typically resides in coastal areas where environ-
mental conditions such as water quality, temperature, salinity, and
natural food sources are subject to natural variation. Cultured sandfish
were obtained from the Coastal Fisheries Research and Development
Center, Prachuap Khiri Khan Province, Thailand. These sandfish were
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raised in a controlled environment, where factors such as stocking
density, water temperature, salinity, and artificial diet were carefully
regulated to ensure optimal growth conditions. The sandfish were
dissected, and the viscera were removed. The bodies were scrubbed to
eliminate spicules, then cut into 1 x 1 cm pieces, dried. These pieces
were dried and ground into powder using a grinding machine (CF-500 K,
Jiangsu Yongli Machinery Co., Ltd., Yangzhou, China). The sandfish
powder from each source were subjected into three treatments: NA, PN,
and PA. For each treatment, the powder (30 g) was used for the enzy-
matic hydrolysis experiments.

2.2. Preparation of peptide from sandfish

The dried sandfish powder was hydrolyzed using double enzymatic
hydrolysis. The powder was mixed with distilled water at a ratio of 1:20
(w/v), which facilitated the hydrolysis of protein molecules through the
enzymatic treatment and subjected to further hydrolysis with double
enzymatic treatment. The enzymes used were papain (Sigma-Aldrich, St.
Louis, Missouri, USA), alcalase (Novozymes, Bagsveaerd, Denmark), and
neutral protease (Labogene, Lynge, Denmark). Three conditions were
tested: 1) NA (neutral protease, pH 6.0 - alcalase, pH 8.0), 2) PN (papain,
pH 5.0 - neutral protease, pH 6.0), and 3) PA (papain®, pH 5.0 - alca-
lase, pH 8.0). For each treatment, the first enzyme was applied at 55 °C
for 6 h, followed by the second enzyme at 55 °C for an additional 6 h.
HCl was used to adjust the pH, while NaCl was used to maintain the ionic
strength of the solution. The hydrolyzed solution was centrifuged using
a centrifuge (SUPREMA 21, Tommy Seiko, Tokyo, Japan) at 4 °C,
10,000 xg for 15 min. The resulting supernatants (peptide solutions)
were then lyophilized using a freeze dryer (Coolsafe 95-15, Labogene,
Lynge, Denmark). The hydrolysates were pre-frozen at —20 + 1 °C
overnight and subsequently freeze-dried under vacuum at —40 + 1 °C
for 24 h. The resulting peptide powder samples were labeled as N-NA, N-
PN, N-PA, C-NA, C-PN, and C-PA, where ‘N-’ and ‘C-’ represent natural
and cultured sandfish, respectively, followed by the specific enzyme
combinations used. The dried peptide powders were transferred to glass
bottles and stored in a desiccator for further analysis. The dried peptide
powders were analyzed for peptide yield: N-NA (67.72 %), N-PN (75.58
%), N-PA (77.20 %); C-NA (68.49 %), C-PN (63.00 %), C-PA (71.24 %).

They were also analyzed for protein content, resulting in the
following values: N-NA (94.35 g/100 g), N-PN (91.24 g/100 g), and N-
PA (90.97 g/100 g); C-NA (94.29 g/100 g), C-PN (94.07 g/100 g), and C-
PA (92.94 g/100 g).

2.3. Analysis of properties of the peptide powder

2.3.1. Amino acid profile

The amino acid composition of peptide measured by HPLC (1260
infinity series, Agilent, California, USA), equipped with TSKgel
G3000SWXL column (5 pm, 7.8 mm ID x 30 cm) at 35 °C and detected
for excitation at 230 nm and emission at 450 nm using Evaporative light
scattering macromolecular characterization instrument (DAWN®
HELEOS® II) detection.

Briefly, sample (30 mg) was hydrolyzed using 5 mL of 6 M HC] with
5 % 2-Mercaptoethanol (2-ME). The extract was added with solvent
0.02 M of HCI. The final volume of extracted samples was 50 mL. The
extracted sample (1 mL) was transferred into a new tube and nitrogen
was blown over it. The sample was diluted with 0.02 M HCI to a final
volume of 2 mL. All samples were filtered through 0.22 pm syringe filter
membrane. Mobile Phase A consisted of 10 mM di-sodium hydrogen
phosphate (NagHPO4), 10 mM sodium tetra-borate (NaB407 ¢ 10H,0),
and 5 mM sodium azide (NaN3). Mobile Phase B consisted of acetoni-
trile, methanol, and water in the ratio (45:45:10 [v/v/v]). The flow rate
was 1.0 mL/min. The content of amino acid was reported as g/100 g
protein.



P. Daopa et al.

2.3.2. Molecular weight

The peptide sample (1 mg) was mixed with 1 mL of mobile phase
consisted of acetonitrile, trifluoroacetic acid, and water in a ratio of 30/
0.1/69.9 (v/v/v). The solution was then filtered through a 0.22-pm
nylon membrane filter. For calibration of the HPSEC - High Pressure Size
Exclusion Chromatography (1260 infinity series, Agilent, California,
USA), five molecular mass markers were utilized: bovine serum albumin
(66,000 Da), Cytochrome C (12,384 Da), bovine insulin (5733 Da),
Bacitracin (1422 Da), and Glutathione (307 Da).

The peptide solution was injected with a volume of 20 pL into an
HPLC system equipped with a UV detector set at 225-nm wavelength.
Separation was achieved using a TSKgel 9200SWXL column (300 x 7.8
mm; AIT France, Paris, France) at 35 °C, employing the same mobile
phase conditions as in sample preparation, at a flow rate of 0.5 mL/min.
Peak areas were calculated using a standard curve equation to determine
the average molecular weight.

2.3.3. FTIR

Fourier transform infrared (FTIR) spectroscopy was used to deter-
mine the functional groups and investigate the molecular vibrations of
the peptide. Each functional group is associated with specific infrared
absorption bands that correspond to its fundamental vibrational fre-
quencies (Berthomieu & Hienerwadel, 2009). The FTIR spectra were
obtained from KBr-discs that contained 1 mg of peptide sample in
approximately 200 mg potassium bromide (KBr). A mixture of the
sample and KBr was ground and well blended, then placed in a palletizer
hydraulic press (RIIC-Beckmann, Glenrothes, Scotland) to form a mini-
ature thin disc. The disc was then inserted in the FTIR Spectrometer
(Invenio S, Bruker, Billerica, Massachusetts, USA). Spectra from 4000 to
400 cm-1(mid-IR region). The signals were automatically gathered and
background deduction was accomplished with Opus software

2.3.4. LC-MSMS

Ultra-high performance liquid chromatography coupled with multi-
ple mass spectrometry (UPLC-MS/MS) was used to analyze the peptide
fingerprints of the peptide samples. The peptide (1 mg/mL dissolved in
dH,0) was added to acetonitrile (200 pL) and all samples were filtered
through a 0.22 pm syringe filter membrane. Peptide solution was loaded
onto a manually packed reverse phase C18 column (1.0 m x 150 mm
1.7 pm) coupled to ULTIMATE 3000 UPLC system chromatography
(Thermo Fisher Scientific, Massachusetts, USA). The column tempera-
ture was set to 40 °C; the injection volume was 10 pL; and the injection
time was 50 min. Mobile Phase A consisted of 0.1 % formic acid-
acetonitrile and mobile Phase B consisted of 0.1 % formic acid-water.
Peptide were eluted from 5 % - 80 % solvent B in solvent A at flow
rate 0.15 mL/min. Mobile phase for gradient 0-2 min (Phase A: 2-27
min; Phase A eluted from 5 % to 80 %: 5 %-27-37 min; 10 %- 37-39 min;
20 %- 39-42 min; 80 % 42-43 min; 5 % 43-50 min). The eluted peptide
was analyzed by Q-Exactive quadrupole-orbitrap ultra-high resolution
mass spectrometer (Thermo Fisher Scientific, Massachusetts, USA). Pa-
rameters were as follows: For full MS spectra, the scan range was m/z
200-1500 Da with a resolution of 70,000. MS/MS acquisition was per-
formed in top speed mode with cycle 20, the resolution was 17,500;
collision energy 20 eV, 35 eV, 45 eV; sheath gas (nitrogen) flow rate was
40 Arb; auxiliary gas flow rate was 10 Arb; The auxiliary gas heating
temperature was 300 °C. Extracted ion current mass spectrometry was
used to analyze the peptide content. Each sample underwent 3 repli-
cates, and the average intensity was used as the final measurement to
detect differences in protein pattern between groups using the web-
based tool MetaboAnalyst (version 5.0; RRID: SCR_015539). Protein
quantities obtained from LC-MSMS data in each sample were analyzed
using MaxQuant (version 1.6.6.0; RRID: SCR_014485). MS/MS spectra
were submitted to a database search against the UniProt Holothuria
familiaris database for protein identification and using the Andromeda
search engine with a significance threshold of p < 0.05. The ANOVA test
with Tukey’s post hoc analysis was used to compare different groups.

Food Chemistry: Molecular Sciences 10 (2025) 100242

The database was downloaded from UniProt on May 06, 2024. The MS
proteomics data from this study have been submitted to the Proteo-
meXchange Consortium (http://www.proteomexchange.org/) via
jPOSTrepo partner (https://repository.jpostdb.org/entry/JPST003277)
and can be found under the dataset identifier PXD054884.

2.3.5. Mineral profile (ICP-MS)

The peptide sample (0.5 g) was digested and mineralized by adding
65-68 % concentrated HNO3 (10 mL). The mixture was heated in a
water bath at 60 °C for 2 h. The digest was diluted with ultrapure water
(100 mL) and filtered by 0.22 pm syringe filter membrane before the
ICP-MS analysis.

The selected elements were measured using an Inductively Coupled
Plasma Mass Spectrometer (ICP-MS, 8800 Triple Quadrupole ICP-MS,
Agilent, Santa Clara, California, USA). Calibration curves were created
using five different concentrations to perform a quantitative analysis of
each peptide sample.

2.4. Statistical analysis

Sandfish powder from both natural (N) and cultured (C) sandfish was
digested with three enzymes: NA, PA, and PN, resulting in six treatment
groups: N-NA, N-PA, N-PN, C-NA, C-PA, and C-PN. Each sample was
analyzed for properties in triplicate as technical replicates. Data are
presented as the mean + SD. Statistical analyses were performed using
one-way ANOVA (p < 0.05), followed by Duncan’s New Multiple Range
Test (Duncan, 1955) to compare the means of the treatment groups.

3. Results and discussion
3.1. Amino acid composition

The amino acid composition of sandfish protein hydrolysate, pep-
tides, is shown in Table 1. Among the sixteen identified amino acids,
there are eight essential amino acids (EAAs) and eight non-essential
amino acids (NEAAs). The ratio of EAAs to NEAAs is approximately
1:3. The peptide samples are rich in glycine, alanine, glutamic acid, and
aspartic acid (Gly, Ala, Glu, and Asp, respectively). Glycine was iden-
tified as a major amino acid in all samples, ranging from 32.39 to 34.62
g/100 g protein, and is particularly abundant in structural collagen
(Gonzalez-Ortiz et al., 2001), which has been recognized as the primary
protein source in many sea cucumber species, including those from the
genera Holothuria, Parastichopus, Thelenota, Actinopyga, and Bohadschia
(Bordbar et al., 2011; Roggatz et al., 2018; Wen et al., 2010). This
finding is consistent with our experimental results, which also showed
high protein content. Alanine is one of the most abundant free amino
acids found in aquatic animals and contributes significantly to their
flavor and taste. Glutamic acid, together with ribonucleotides, contrib-
utes to the umami flavor, which is one of the five basic tastes. Umami is
often described as a savory or meaty taste, and it plays a key role in
enhancing the overall flavor profile of foods (Prescott, 2001). Aspartic
acid can also contribute to the flavor profile of foods, although its impact
is generally less pronounced than other amino acids like glutamic acid. It
may enhance the overall taste experience in protein-rich foods.

Our study aligns with previous research by Doungapai et al. (2022)
who reported that the H. scabra hydrolysate was rich in Glutamic acid +
glutamine and cysteine that showed 8.32 and 8.22 g of amino acids per
100 g of hydrolysate, respectively. Garcia et al. (2019) investigated the
amino acid profile of a two-step hydrolysate (Protamex/Pepsin) derived
from whole H. forskali organisms. The most abundant amino acids
identified were glycine, glutamic acid, and aspartic acid. Mildenberger
et al. (2021) studied the amino acid composition of P. tremulus hydro-
lysate, glutamic acid was present in the highest concentration, with
glycine and followed by lysine. Our study is also related to reports on the
amino acid content in dried sandfish without hydrolysis. Sroyraya et al.
(2017) identified glutamic acid, arginine, and aspartic acid as the
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Table 1
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Amino acid profile of peptides from natural (N-) and cultured (C-) sandfish (Holothuria scabra) using two-step enzymatic hydrolysis.

Amino acid Amino acid content (g/100 g protein)

N-NA N-PN N-PA C-NA C-PN C-PA
Essential amino acids (EAA)
Histidine (HIS) 0.48 + 0.00° 0.65 + 0.00° 0.51 + 0.01° 0.52 + 0.01° 0.52 + 0.01° 0.48 + 0.00°
Isoleucine* (ILE) 1.55 + 0.00% 1.45 + 0.01° 1.47 + 0.00° 1.48 + 0.0.1° 1.44 + 0.00° 1.42 + 0.00°
Leucine* (LEU) 2.34 + 0.00f 2.78 +0.02¢ 2.86 + 0.00° 2.96 + 0.00% 2.76 + 0.01° 2.92 + 0.00°
Lysine (LYS) 1.35 + 0.01f 1.94 + 0.00% 1.68 + 0.01¢ 1.72 + 0.01° 1.77 + 0.01° 1.62 + 0.00°
Methionine* (MET) 1.52 +0.01% 1.05 + 0.01° 0.98 + 0.02¢ 0.97 + 0.01¢ 0.76 + 0.00° 0.94 + 0.01¢
Phenylalanine* (PHE) 1.58 + 0.02° 1.61 + 0.02° 1.40 + 0.00¢ 1.39 + 0.01¢ 1.46 + 0.01° 1.34 + 0.00°
Threonine (THR) 5.09 + 0.00° 4.94 + 0.00¢ 5.02 + 0.01° 4.86 + 0.00° 4.98 +0.01° 4.83 + 0.01f
Valine* (VAL) 5.83 + 0.04° 4.22 + 0.01° 3.92 + 0.01¢ 3.81 + 0.00° 4.16 + 0.02° 3.76 + 0.00
Non-essential amino acids (NEEA)
Arginine* (ARG) 5.45 + 0.01f 5.65 + 0.00¢ 5.74 + 0.02° 5.80 + 0.02* 5.69 + 0.01° 5.80 + 0.01%
Alanine (ALA) 13.16 + 0.00° 13.38 + 0.02° 13.50 + 0.01¢ 13.47 +0.01¢ 13.52 + 0.02° 13.57 + 0.00°
Aspartic acid (ASP) 7.79 + 0.01¢ 7.86 + 0.01¢ 8.00 + 0.01° 7.87 + 0.01° 7.97 + 0.01° 7.84 + 0.01¢
Glutamic acid (GLU) 12.81 + 0.02° 12.44 + 0.00¢ 12.58 + 0.01¢ 12.75 + 0.01° 12.82 + 0.00° 12.76 + 0.00°
Glycine (GLY) 32.39 + 0.01° 33.87 + 0.00¢ 34.24 +0.01° 34.24 + 0.01° 33.98 + 0.02° 34.62 + 0.01°
Serine (SER) 5.09 + 0.03° 4.69 + 0.01° 4.75 + 0.01¢ 4.72 +0.024 4.84 + 0.00° 4.63 + 0.00
Tyrosine* (TYR) 1.90 + 0.00% 1.63 + 0.04° 1.49 + 0.02¢ 1.47 + 0.01° 1.56 + 0.02° 1.43 + 0.00°
Proline* (PRO) 1.83 + 0.00¢ 2.00 + 0.01° 2.00 + 0.01° 2.10 + 0.02* 1.93 + 0.01° 2.10 + 0.00*
EAA (%) 25.20 24.29 23.60 23.54 23.54 23.11
NEEA (%) 74.99 75.89 76.58 76.64 76.64 76.96
HPB* (%) 32.04 30.90 30.50 30.63 30.34 30.41
HPL (%) 70.94 72.68 73.03 73.01 73.10 73.04

Values are presented as mean + SD (n = 3). Means in the same row with different superscripts are significantly different (p < 0.05). EEA = Essential amino acid, NEEA
= non-essential amino acid, HPB = hydrophobic amino acids, HPL = hydrophilic amino acids.

predominant free amino acids in both the whole body and body wall of
dried sandfish, with glutamic acid present in the highest concentrations.
The high glutamic acid content likely enhances the taste of sea cucum-
ber, contributing to its umami flavor, which is produced by glutamic
acid and ribonucleotides and is recognized as a basic taste (Prescott,
2001). Rahael et al. (2019) found that glycine, glutamate, aspartic acid,
alanine, and arginine had the highest amino acid content among the
amino acids analyzed in dried sandfish. Additionally, Ardiansyah et al.
(2020) reported that glycine, proline, and glutamic acid were the most
abundant amino acids in dried sandfish from various coastal areas.

In the present study, the hydrolyzed sandfish samples contained

approximately 70.94 % to 73.10 % hydrophilic amino acids and 30.34 %
to 32.04 % hydrophobic amino acids. This results in a hydrophilic to
hydrophobic amino acid ratio of 7:3, indicating a higher proportion of
hydrophilic amino acids. Typically, the hydrophilic amino acids in-
crease charge density, which enhances solubility (Berti et al., 2007). In
addition, polar and non-polar amino acids affect antioxidant activity,
with greater hydrophobicity leading to increased antioxidant activity
(Zou et al., 2016).

Overall, the main types of amino acids did not differ significantly,
though there were slight variations in their quantities. The types of
enzymes and sources of sea cucumbers generally maintained a
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Fig. 1. Percentage of peptide in the molecular weight ranges from natural (N-) and cultured (C-) sandfish (Holothuria scabra) using two-step enzymatic hydrolysis;
NA: neutral protease-alcalase, PA: papain-alcalase, and PN: papain-neutral protease. The standard deviation of the mean (n = 3) is represented by the error bars.
Different lowercase letters indicate significant differences in the range of protein molecular weight within the same sample (p < 0.05). Different uppercase letters
indicate significant differences between samples within the same range of protein molecular weight (p < 0.05).
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consistent amino acid composition, with only minor differences in
amounts. Additionally, all samples contained a higher percentage of
hydrophilic amino acids, which may enhance peptide solubility (Trevino
et al., 2007). This increased solubility is attributed to the hydrophilic
nature of these amino acids, which interact effectively with water
molecules. This property is extremely important in various biological
processes and applications, including pharmaceutical formulations,
cosmetic ingredients, and functional food, where solubility affects the
absorption and function of proteins and peptides. Structural character-
istics like molecular weight, hydrophobicity, amino acid composition,
and peptide sequence are generally thought to be indicators of a pep-
tide’s bioactive potential (Zou et al., 2016).

3.2. Protein molecular weight distribution

The molecular weight distribution of sandfish protein hydrolysate
was analyzed by HPSEC, and the results are presented in Fig. 1. Sandfish
protein hydrolysate has a low molecular weight, comprising mostly
peptides with Mw below 500 Da, followed by peptides with Mw between
500 and 1000 Da, and peptides with Mw greater than 1000 Da. Peptides
vary in structure and function based on their molecular weight (Mw).
Peptides with Mw below 500 Da, such as dipeptides and tripeptides,
have simple linear structures, making them highly bioavailable and
effective in basic functions like antioxidant and antimicrobial activities.
Their small size allows for rapid absorption and quick biological effects,
which is particularly beneficial in functional foods. In contrast, peptides
in the 500-1000 Da range exhibit more complex structures, enabling
interactions with specific biological targets such as enzymes and re-
ceptors, and demonstrating bioactivities like ACE inhibition. Larger
peptides, with Mw above 1000 Da, have intricate tertiary or quaternary
structures, contributing to food texture, gelation, and serving as carriers
for bioactive compounds. Thus, peptide size directly influences their
structural complexity, bioavailability, and functional potential.

The study results demonstrate a similar pattern. Mw below 500 Da
showed the highest percentages: N-NA (89.60 %), N-PN (49.40 %), N-PA
(78.85 %), C-NA (89.70 %), C-PN (48.50 %), and C-PA (77.60 %). For
Mw between 500 and 1000 Da, the percentages were: N-NA (8.50 %), N-
PN (28.40 %), N-PA (18.31 %), C-NA (9.00 %), C-PN (31.70 %), and C-
PA (18.80 %). The peptides with Mw greater than 1000 Da showed the
lowest percentage compared to those with Mw below 500 Da and be-
tween 500 and 1000 Da. It is noteworthy that the use of the NA enzyme
resulted in a higher percentage of peptides with Mw below 500 Da
compared to the use of PA and PN enzymes for both sources of sandfish.
The main factor influencing the molecular weight distribution might
relate to the type and mechanism of the enzymes used for the hydrolysis
process. The mechanism of action of neutral protease enzymes closely
resembles that of alcalase. Both enzymes are serine proteases that break
down proteins by forming an acyl-enzyme intermediate through a cat-
alytic triad consisting of serine, histidine, and aspartate or glutamate
residues to catalyze the hydrolysis of peptide bonds within protein
substrates (Tacias-Pascacio et al., 2020). This process releases smaller
peptides and amino acids, which are often more biologically active. The
results indicate that the use of alcalase predominantly produces smaller
peptides compared to when alcalase is not used. e Silva et al. (2017)
confirmed that alcalase digested mostly small peptides, with 70 % of the
peptides in the range of 500-1500 Da, and total sizes less than 4000 Da.

Sea cucumber peptides tend to be found as small molecules, as in our
study, the highest percentage peptides molecular weights were deter-
mined to be below 500 Da. Wang et al. (2022) reported sea cucumber
(Cucumaria frondosa) gonad hydrolysates are mainly composed of pep-
tides with Mw below 3 kDa (98.84 %), and peptides below 500 Da
accounted for 32.53 %. The molecular weight of the peptide can affect
its biological activity. In a study by Mildenberger et al. (2021), the
molecular weights of the Norwegian sea cucumber (P. tremulus) frac-
tions ranged from 103 kDa to below 1 kDa. The fractions exhibit anti-
oxidant activity and are suitable for hydrogel production.
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There have been reports that peptides with a molecular weight below
1 kDa from sea cucumber exhibit many bioactivities, such as ACE
inhibitory effect, antioxidant activity, immunomodulatory effect, and
inhibition of the growth of MCF-7 tumor cells in zebrafish (He et al.,
2016; Li et al., 2019; Wei et al., 2021; Zhong et al., 2018). Sun et al.
(2017) reported that as the molecular weight decreased, the ability of
sea cucumber (Stichopus japonicus) ovum hydrolysates to bind iron
increased significantly from 55.7 % to 92.1 %. Furthermore, the per-
centage of the small fraction between 200 and 1000 Da showed a pos-
itive association with iron-binding activities, using correlation analysis.
According to their structural properties, amino acid composition,
charge, and sequence, these low molecular weight molecules exhibit a
range of biological properties. The molecular weight of these molecules
plays a crucial role in determining their specific biological activities and
interactions (Korhonen & Pihlanto, 2006).

3.3. FTIR spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) was employed to
provide more details regarding the functional groups and examine mo-
lecular vibrations of the peptides. The FTIR spectra of the six samples are
shown in Fig. 2. The functional groups of peptides from both sources
were mainly observed at wavenumbers 1658 cm ! (amide 1), 1541 cm !
(amide II), and 1246 em! (amide IIT). The ranges of amide I, I, and III
are important for determining the structure of the peptide (Ji et al.,
2020). The most crucial aspect of analyzing the structure of proteins is
the amide I wavenumber, which ranges from 1600 to 1660 cm™!. This
wavenumber is associated with the carbonyl (C=0) stretching vibration
of the peptide chain. Amide II (1550-1480 em™ 1) is associated with
C—N stretching and N—H bending, whereas amide III (1320-1220
em™ 1) plays an important role in the triple helix structure, this infor-
mation can be used to predict that the material may originate from a
starting substance with a triple helix or collagen structure. It is related to
C—N stretching and N—H bending (Berisio et al., 2002; Nalinanon et al.,
2011). The functional groups identified in our samples coincide with
those found in sea cucumbers. Po-Hsien Li et al. (2020) reported that
collagen from the body wall of the sea cucumber H. cinerascens exhibited
similar results: 1656 cm ™! (amide 1), 1534 cm~! (amide 1), 1237 cm ™!
(amide III), 3400 cm~! (amide A), and 3084 em ™! (amide B). Fitri et al.
(2024) investigated the FTIR analysis for functional groups between
fresh and dried sandfish (H.scabra). FTIR spectra of sandfish extracts
reveal strong absorptions at 3000-3500 em ! for carbonyl (C=0) and
hydroxyl (OH), with a distinct peak at 1700 cm ™! for carbonyl. The
2800-2900 cm ! range shows methylene (CHy) stretching vibrations,
while 1600 cm ™! indicates olefinic groups (alkene). Fresh sandfish ex-
tracts exhibit additional peaks at 1400 cm ™! for aromatic groups, 1100
cm ! for C—N stretching amine, and 600 cm ™! potentially for hydrogen
bending in hydroxyl groups (Fitri et al., 2024).

However, the side chains of amino acids are also crucial for analyzing
FTIR results, as they can help predict amino acid composition. While the
exact wavenumbers may not match perfectly, they can still provide
comparable information when considered within a range. Specifically,
the amide II region is effective in determining the profiles of glutamic
acid and asparagine at wavenumbers 1570 cm™ ! and 1559 cm ™},
respectively. These are the main amino acids found in sandfish protein
hydrolysates. In addition, the contribution of the arginine side chain is
more accurately identified in the amide I region, with bands at 1673 and
1646 cm ! (Meutter & Goormaghtigh, 2021). The results indicated that
the functional groups identified in sea cucumber peptides signify the
presence of amino acids, carboxyl groups, and peptide bonds.

3.4. Proteomic analysis of the sandfish protein hydrolysate by LC-MSMS
Proteomic techniques that utilize data from LC-MS/MS to analyze

protein identification have been developed and applied to identify po-
tential biomarker candidates, without requiring prior knowledge of the
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Fig. 2. FTIR spectra of protein hydrolysates from natural (N-) and cultured (C-) sandfish (Holothuria scabra) using two-step enzymatic hydrolysis; NA: neutral
protease-alcalase, PA: papain-alcalase, and PN: papain- neutral protease.
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Fig. 3. A. Heat map of all identified proteins of protein hydrolysates from the natural (N-) and cultured (C-) sandfish (Holothuria scabra) using two-step enzymatic
hydrolysis; NA: neutral protease-alcalase, PA: papain-alcalase, and PN: papain- neutral protease. The identified proteins are shown in rows, whereas the groups are
organized in columns. Protein intensity is represented by colour, ranging from very low (deep blue) to extremely high (red), with the colour scale on the right
indicating the range of expression value; B. Partial least squares-discriminant analysis (PLS-DA) was conducted on all identified proteins, with samples clustered
according to groups: N-NA, N-PA, N-PN, C-NA, C-PA, and C-PN; C. The Analysis of Variance (ANOVA) plot illustrates the comparison among the six sample groups of
sandfish for significantly identified proteins. The purple dots indicate significantly expressed proteins with p < 0.05, while the grey dots represent proteins without
statistical significance. (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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Fig. 4. The PLS-DA score plot of the proteomics dataset of protein hydrolysates compares sea cucumbers sourced from the same origins but subjected to different
enzymes in natural (N-) and cultured (C-) sandfish (Holothuria scabra) using a two-step enzymatic hydrolysis; NA: neutral protease-alcalase, PA: papain-alcalase, and
PN: papain- neutral protease. The samples clustered according to groups: A. The cultured sandfish and C. natural sandfish. The Analysis of Variance (ANOVA) plot
illustrates the comparison among the sample groups of B. cultured sandfish and D. natural sandfish for significantly identified proteins. An ANOVA test exhibited
significant differences among the groups. The purple dots indicate significantly expressed proteins with p < 0.05, while the grey dots represent proteins without
statistical significance. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

target proteins. These methods allow for the identification of a wide
range of proteins from samples (Wheelock et al., 2013) and can also
provide valuable information. Fig. 3-5 demonstrated the comparisons of
identified protein based on the source of the samples and the enzymes
used in the hydrolysis process. A total of 2132 proteins were identified,
as shown in the heat map (Fig. 3A). The partial least squares-
discriminant analysis (PLS-DA) was conducted on all identified pro-
teins, with samples clustered according to groups: N-NA, N-PA, N-PN, C-
NA, C-PA, and C-PN (Fig. 3B). The PLS-DA results demonstrated a good
separation of identified proteins between groupings. There was no
overlap between cultured sandfish and natural sandfish. Similarly, there
was no overlap between natural and cultured samples digested with
different enzymes. Based on the database search, 1832 peptides were
detected as part of identified proteins, meanwhile the remaining 300
peptides exhibited uncharacterized proteins. The ANOVA test with
Tukey’s post hoc analysis revealed that 1258 out of 2132 proteins
showed significant difference (p < 0.05, FDR < 0.05) among the natural
and cultured sandfish groups (Fig. 3C).

To underline the point that different enzymes produce various pro-
teins patterns, Fig. 4. shows significant support. The overall count of
recognized proteins was 1582 (Fig. 4B) and 1406 (Fig. 4D) for the
cultured and natural sandfish, respectively. Sandfish from the same
source but treated to different enzymes, were compared using a PLS-DA
score plot on a proteomics dataset. The samples divided into two groups,
cultured sandfish (Fig. 4A) and natural sandfish (Fig. 4C). The Analysis
of Variance (ANOVA) plot illustrates the comparison among the sample
groups of cultured sandfish (Fig. 4B) revealed that 386 out of 1582
identified proteins and natural sandfish (Fig. 4D) revealed that 431 out
of 1406 identified proteins showed significant difference (p < 0.05, FDR

< 0.05) among the groups. The results indicated that enzymatic modi-
fication of proteins depends significantly on the specific enzyme
employed during hydrolysis, as mentioned by Senadheera et al. (2021).
However, each enzyme has limitations in achieving optimal peptide
fragmentation through the cleavage of peptide bonds. Papain, cleaves
peptide bonds within polypeptide chains, works poorly in alkaline
conditions and may cause over-hydrolysis at higher concentrations,
reducing peptide functionality (Yuan et al., 2018). Alcalase, while se-
lective for hydrophobic residues, produces a narrow peptide profile and
its activity decreases at higher concentrations, limiting its ability to
effectively cleave bonds and thus reducing bioactivity (Bun et al., 2020).
Neutral protease, although efficient at neutral pH, often leads to
incomplete hydrolysis, resulting in less control over peptide size, espe-
cially at higher concentrations (Sarmadi et al., 2015). To address these
limitations, combining these enzymes in double enzymatic hydrolysis
helps mitigate these drawbacks by enhancing the efficiency and di-
versity of peptide fragmentation, thus improving bioactivity through
complementary actions (Schlegel et al., 2019).

To emphasize that different sandfish sources result in different pro-
teins pattern, Fig. 5. demonstrates the PLS-DA results for identified
protein of sandfish hydrolysates hydrolyzed with the same enzymes: NA
(Fig. 5A), PN (Fig. 5C), and PA (Fig. 5E). The identified proteins were
well-separated among the various groups, with no overlap between
samples in each group. The Volcano plot based on proteomics data sets
identified the protein exhibited significant differences among the groups
of NA (Fig. 5B), C-NA illustrated that 95 identified proteins showed
significant difference (p < 0.05, FDR < 0.05), while N-NA indicated that
122 identified proteins exhibited significant difference (p < 0.05, FDR <
0.05). For the PN group (Fig. 5D), C-PN and N-PN revealed 210 and 8
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Fig. 5. The PLS-DA score plot, based on the proteomics dataset of protein hydrolysates, compares sandfish sourced from different origins but subjected to the same
enzyme in natural (N-) and cultured (C-) sandfish (Holothuria scabra) using a two-step enzymatic hydrolysis; NA: neutral protease-alcalase, PA: papain-alcalase, and
PN: papain- neutral protease for significantly identified proteins. The samples clustered according to groups: A. The NA; C. PN; and E. PA groups. The Volcano plot
identified the protein exhibited significant differences among the groups of B. NA; D. PN; and F. PA. The blue dots demonstrate significantly expressed proteins with
p < 0.05 of cultured sandfish, while the red dots demonstrate significantly expressed proteins with p < 0.05 of natural sandfish, and the grey dots represent proteins
without statistical significance. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

identified proteins, respectively, with significant difference (p < 0.05,
FDR < 0.05). For the PA group (Fig. 5F), C-PA and N-PA revealed 50 and
193 identified proteins, respectively, showing significant difference (p
< 0.05, FDR < 0.05).

The protein identification results indicate that peptide patterns in
sandfish is influenced by various factors, including habitat, feed, water
quality, farming conditions and other environmental conditions. Addi-
tionally, genetic factors, such as different genotypes or species variants,
also play a role. Ninwichian and Klinbunga (2020) studied the popula-
tion genetics of sandfish from four locations in the Andaman Sea,
Thailand. Their findings reveal that the gene pool of H. scabra in this
region is genetically divided into two groups: Group A, consisting of
samples from Phang Nga, and Group B, comprising samples from Krabi,
Satun, and Trang. This suggests that sandfish from different sources can
express distinct genes. Genetic differences affect the sequence of pep-
tides. Different genes can code for proteins with varying amino acid
sequences, resulting in peptides produced by hydrolysis having different
sequences. Therefore, variations in gene sequences can lead to changes
in both the sequence and nature of the resulting peptides (Harris &
Wang, 2015). For the sandfish obtained from aquaculture can control

the farming conditions. Currently, many countries have successfully
cultivated sandfish. Purcell and Wu (2017) report the Large-scale
sandfish aquaculture in multitrophic polyculture ponds in southern
China. Serang et al. (2016) demonstrated that density stocking signifi-
cantly effected on sandfish growth and survival. Broom et al. (2021)
investigated alternative sources other than the use of macroalgal powder
for formulating sea cucumber feed, fed with three diets containing
different amounts of nutrients. The results of the experiment indicated
that feeding different foods affects the growth of sandfish differently
(Broom et al., 2021). Previous studies have identified various factors
related to farming conditions that affect the growth of sandfish. How-
ever, there is currently limited proteomic research on sandfish in rela-
tion to these conditions. Therefore, it can only be speculated that
farming conditions impact protein pattern. Meanwhile, the experi-
mental results in our study clearly demonstrate that sandfish from
different sources exhibit variations in factors affecting protein pattern
and peptide sequences, as well as differences in the enzymes used for
hydrolysis.

The results indicate a relationship between the analyzed factors of
the experiment, showing that the amino acid composition had high
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levels of glycine, alanine, glutamic acid, and aspartic acid, which are
commonly associated with bioactive peptides. The molecular weight
distribution suggested that enzymatic treatments reduced peptide size,
thereby enhancing bioactivity. FTIR spectra confirmed structural
changes in the hydrolysates, while LC-MS/MS analysis identified pep-
tides and proteins, revealing differences between natural and cultured
sandfish. Furthermore, the mineral profile may support these findings,
as essential minerals could play a role in enhancing peptide bioactivity,
which is why the mineral profile was analyzed, as discussed further.

3.5. ICP-MS

Eleven elements were demonstrated in the sandfish raw materials
and sandfish protein hydrolysate by ICP-MS as shown in Table 2.
Comparing sandfish raw materials and sandfish protein hydrolysate,
hydrolyzed sandfish showed significantly different results with raw
materials. All sandfish samples showed the following main minerals:
sodium (Na), calcium (Ca), and magnesium (Mg). It found that sodium
was the major component, which is consistent with previous research
that studied the mineral composition of various types of sea cucumbers,
Song et al. (2016) examined the sea cucumber (Apostichopus japonicus),
and Haider et al. (2015) examined the sea cucumber (Actinopyta maur-
itiana). Rasyid et al. (2020) reported that in H. scabra without hydro-
lysis, calcium was the predominant element, with the order of
abundance being Ca > Na > Mg > P > Fe. Haider et al. (2015) reported
on minerals from H.arenicola, Actinopyta mauritiana, both species are
rich sources of calcium, magnesium, sodium, and potassium. Gacia et al.
(2019) examined the nutritional composition and peptide profile of two-
step protein hydrolysate from whole H. forskali organisms and reported
high value of the minerals calcium, potassium, and magnesium (exam-
ined 3 minerals).

In our study, we observed that the sodium elemental composition
doubled after the hydrolysis process. This increase in sodium content
may be attributed to the addition of NaCl used to adjust the pH during
enzymatic hydrolysis. Potassium content showed a slight increase,
magnesium and calcium, along with all other remaining elements,
showed a decrease. The reduction in calcium content can be attributed
to the presence of spicules, primarily composed of calcium carbonate, in
the sandfish body wall. After scrubbing, some spicules may remain and
contribute to the high calcium levels. However, the enzymatic hydro-
lysis process removes these spicules, leaving only the calcium naturally
present in the body, which leads to the observed reduction in calcium
content. Information on the mineral profile of sea cucumbers, particu-
larly in sea cucumber protein hydrolysate, is limited. Gocer et al. (2018)
investigated the mineral content in sea cucumbers, identifying key ele-
ments such as sodium, calcium, and magnesium.

4. Conclusions

Using double enzymatic hydrolysis to produce peptides from both
natural and cultured sandfish resulted in similar amino acid profiles,
characterized by high levels of glycine, alanine, and glutamic acid.
Approximately 70 % of the composition consisted of hydrophilic amino
acids, indicating excellent water solubility. Peptides with molecular
weights below 500 Da predominated in every sample, highlighting their
small molecular size. LC-MSMS analysis, coupled with bioinformatics
database comparisons, confirmed that enzymatic hydrolysis with
different enzymes and sources of sandfish significantly affects protein
and peptide pattern. The analysis also revealed the presence of elements
such as sodium (Na), magnesium (Mg), potassium (K), and calcium (Ca).
These findings emphasize the importance of considering variations in
source and hydrolysis conditions when evaluating the functional prop-
erties of sandfish peptides. Given their amino acid composition and
small molecular size, these peptides show potential as functional in-
gredients in food products, with possible in enhancing nutritional value,
improving texture, and promoting health benefits.
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Table 2
Elemental composition of peptides from natural (N-) and cultured (C-) sandfish
(Holothuria scabra) using two-step enzymatic hydrolysis.

Element Correlation N-RAW C-RAW N-NA C-NA
Y = 1185.5720x
Na (g/ +202.0533 (R = 2572+ 3172+ 5046+  60.57 +
kg) 0.9997) 0.97¢ 0.47¢ 0.35° 0.18°
Y = 542.8598x -
Mg (g/ 40.0067 (R = 1727+ 2113+ 1216+ 1379+
kg) 0.9997) 0.44° 0.28° 0.744 0.27¢
Y = 179.2798x +
Al (g/ 4.6633 (R = 0.30 + 0.23 + 0.18 + 0.23 +
kg) 0.9997) 0.71° 0.72° 0.27¢ 0.27¢
Y = 275.3318x +
2456.3700 (R = 2.34 + 3.43 + 2.68 + 414 +
K(g/kg)  0.9997) 0.67¢ 0.45° 0.64° 0.37°
Y = 4.8685x +
Ca (g/ 1.6700 (R = 3687+ 5031+ 1378+ 122+
kg) 0.9996) 0.18° 0.37° 0.74° 0.18¢
Y = 5102.6194x
Cr(mg/  +101.6833 (R = 1049+  9.81 + 3.49 + 5.94 +
kg) 0.9992) 0.27° 0.20° 0.18¢ 0.18°
Y = 2671.6035x
Mn (mg/  + 45.0100 (R = 4020+  76.05+ 2228+ 6270+
kg) 0.9993) 0.74¢ 0.27% 0.204 0.18°
Y = 4657.8761x -
Fe(mg/  20.7067 (R = 465.49 326.81 191.25 337.05
kg) 0.9994) +0.35°  +0.38° + 0.45¢ +0.21°
Y = 1218.2328x -
Zn (mg/  199.0333 (R = 127.33 175.89 88.60+  187.50
kg) 0.004) +0.62¢ +0.18° 0.454 +0.18°
Y = 36.9354x -
Se(mg/  2.9967 (R = 2765+ 1665+  9.11+ 14.08 +
kg) 0.9996) 0.67% 0.45° 0.27¢ 0.27¢
Y = 1311.0954x
Ba(mg/  + 175.6933 (R = 2594+ 1168+ 242+ 8.78 +
kg) 0.9999) 0.37° 0.47° 0.18¢ 0.18°

NA: neutral protease-alcalase, PA: papain-alcalase, and PN: papain-neutral
protease. Values are presented as mean + SD (n = 3). Different lowercase let-
ters indicate significant differences between samples within the same row (p <
0.05).
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