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Abstract

Fish-based collagen supplements have potential health benefits, including antioxidant, ACE inhibitory, and DPP-
IV inhibitory properties, which are expressed upon their digestion in the gastrointestinal system, thus releasing
bioactive peptides (BPs). This study evaluated the pre-digestion of fish collagen using papain as a pre-digestive
enzyme, which has broad specificity to enhance collagen breakdown and BPs release. Fish skin collagen was
extracted via acid solubilisation, confirmed as type-|, and subsequently hydrolysed using two methods: pepsin-
trypsin digestion (PTD) and pre-digestion with papain followed by PTD (PDPTD). The PDPTD-fish collagen
hydrolysates (FCH) exhibited IC50 values (mg/mL) of 0.088 for ACE, 1.67 for DPP-IV, as well as 2.38 and 0.026 for
antioxidant activities including DPPH and ABTS radicals scavenging, respectively, which were significantly lower
than that of PTD-FCH. The FCH (PTD and PDPTD) were identified using LC-MS/MS analysis, and molecular docking
studies showed lower binding energies for PDPTD-FCH peptides, particularly IGFPGFPG, against ACE (-11.2 kcal/
mol) and DPP-IV (-9.1 kcal/mol), suggesting better inhibitory ability exhibited by BPs. This study highlighted fish
collagen as a valuable source of BPs with enhanced bioactivity when pre-digested with papain, indicating its
potential for functional foods and nutraceutical industries.
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1 Introduction

Collagen is a fibrous structural protein with a molecular
weight of ~ 300 kDa and is regarded as the predominant
component of the animal structural matrix, account-
ing for ~ 30% of their total protein content [1]. Collagen
and its derivatives have a high commercial value in the
food, cosmetics, and pharmaceutical industries due to
their high biodegradability and biocompatibility [2-4].
Although bovine and porcine collagen sources are widely
used in various industries, health concerns (such as
bovine spongiform encephalopathy and foot-and-mouth
disease) along with religious and cultural restrictions
have driven demand for alternative collagen sources [5].
Marine-derived collagen has gained significant atten-
tion recently due to its abundance, biocompatibility, high
commercial value, and disease-free nature [6]. In addi-
tion, its alignment with diverse religious and cultural
practices has enabled its broad applications in various
industries [4, 7]. Interestingly, marine-based collagen
can be derived from fish waste such as skin, bones, and
scales, which is frequently thrown into landfills, a process
that has resulted in major environmental pollution and
unpleasant odours [8]. Hence, the efficient recovery of
collagen presents opportunities for upcycling fish waste
into value-added products with high bioavailability, bio-
degradability, and zero toxicity, thereby contributing to
cleaner production and sustainable resource manage-
ment [9]. Moreover, the extracted collagen can be broken

down to release bioactive peptides (BPs), thereby enhanc-
ing its functional and commercial potential [2, 10].

BPs are small protein fragments with 2—-20 amino acid
sequences that are known to exhibit various health-bene-
fiting properties, including antioxidant, antihypertensive,
and antidiabetic activities [11-13]. The biological activi-
ties of peptides derived from fish collagen vary with their
amino acid composition, thus influencing their func-
tional properties and potential health benefits [14]. Vari-
ous methods of generating these BPs have been reported,
including enzyme proteolysis and microbial fermenta-
tion [15, 16]. The enzyme hydrolysis process is extremely
efficient and rapid, and it has been noted to reduce aller-
genicity, improve the physicochemical, nutritional, and
functional properties of the hydrolysed proteins, and
generate hydrolysates containing conserved peptides [17,
18].

In mammals, dietary proteins get hydrolysed by a
highly specialised digestive system comprising major
proteases such as pepsin and trypsin. Interestingly, pre-
digestion of a protein with an exogenous protease, dis-
tinct from digestive proteases, may facilitate the release
of peptides with enhanced bioactivity. Considering this,
the current study evaluates the pre-digestion of fish col-
lagen before subjecting it to in vitro pepsin-trypsin
digestion. Since collagen has already been partially bro-
ken down by pre-digestion, this approach can produce a
greater number of BPs and allows for a higher efficiency
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in the digestibility process. In this regard, papain was
selected as the pre-digestive enzyme. Papain belongs to
the cysteine protease family and cleaves peptide bonds in
the middle of the protein chain, adjacent to amino acids
with aromatic or large hydrophobic side chains, such as
phenylalanine, tryptophan, and tyrosine [19]. In addition,
papain derived from Carica papaya offers several advan-
tages, including low cost, biodegradability, and a favour-
able safety profile. Furthermore, it operates efficiently
across a wide pH range (5.0-8.0) and possesses broad
cleavage specificity, making it highly suitable for pre-
digestion applications [20]. Papain, in combination with
other proteases, releases hydrolysates with an increased
degree of hydrolysis and enhanced bioactivity [21].
Papain also exhibits significant versatility, functioning
effectively within a broad pH range of 4.0 to 10.0 and at
temperatures of up to 80 °C. Therefore, papain, combined
with digestive enzymes such as pepsin (aspartic protease
with a broad cleavage specificity) and trypsin (serine pro-
tease that cleaves peptide bonds at the carboxyl side of
lysine and arginine), was employed to generate potential
BPs from fish collagen.

To the best of our knowledge, this is the first study
that evaluates the synergy of pre-digestion using papain,
together with pepsin-trypsin digestion to generate fish
collagen BPs with a wider range of potential bioactivities
such as angiotensin-converting enzyme (ACE) , dipepti-
dyl peptidase-IV (DPP-1V) inhibitory, and antioxidant
activities using in vitro assays. The potential BPs were
further identified using liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS), followed by in
silico assessments to confirm the most potent peptides.
This study hypothesises that pre-digestion of fish colla-
gen with papain, followed by sequential pepsin—trypsin
hydrolysis, will enhance the antioxidant, ACE inhibitory,
and DPP-1V inhibitory activities of the resulting peptides
compared to pepsin—trypsin digestion alone.

2 Materials and methods

2.1 Materials and reagents

Fresh snapper salmon (Otolithes ruber) was purchased
from a local seafood market in Durban, South Africa.
Sodium hydroxide, butyl alcohol, acetic acid, hydro-
chloric acid, papain (>3 U/mg; 76220), pepsin (=400 U/
mg; P7125), trypsin (1500 U/mg; T4799), commercial
calf skin collagen (CSC) (C9791), DPPH (2,2-diphenyl-
1-picrylhydrazyl), and ABTS [2,2'-azinobis(3-ethylben-
zothiazoline-6-sulfonic acid)] were all purchased from
Sigma-Aldrich (USA). All reagents used in this study
were of analytical grade.

2.2 Extraction and characterisation of fish skin collagen
The snapper salmon (Otolithes ruber) fish skin was pre-
treated according to Bhuimbar et al. [2]. Briefly, the fish

Page 3 of 15

skin was pretreated in 0.1 M NaOH (1:15 w/v) for 48 h,
washed twice with distilled water, and suspended in 10%
butyl alcohol (1:15 w/v) for 24 h. Thereafter, the fish skin
was washed twice with distilled water to remove the butyl
alcohol. The pretreated fish skin was further suspended
in 0.5 M acetic acid (1:30 w/v) for 72 h with continuous
stirring at 4 °C. The fish skin was then squeezed and fil-
tered using a muslin cloth, followed by centrifugation
(10,000 x g, 4 °C). The filtrate was precipitated by adding
1 M NaCl and placed at 4 °C overnight. Subsequently, the
solution was centrifuged at 10,000 x g for 15 min at 4 °C,
and the resulting precipitate was re-extracted in 0.5 M
acetic acid. The acid-soluble collagen was then dialysed
against distilled water for 48 h. The final dialysate was
freeze-dried and regarded as acid-soluble collagen (ASC).

2.3 Biochemical and biophysical characterisation of ASC
The extraction yield of ASC was calculated on a dry
weight basis according to Faralizadeh et al. [22]. Ultra-
violet-visible spectroscopy (200 to 400 nm) of the ASC
was determined using the Shimadzu UV-1280 spectro-
photometer following the method of Pal and Suresh [23].
Thereafter, the ASC was analysed using Fourier trans-
form infrared spectroscopy (FT-IR) (Agilent Cary 630
FTIR) at 4004000 cm™ ! range [2]. The thermal stability
of the ASC was calculated by estimating the endothermic
peak, denaturation temperature (Td), and melting tem-
perature (Tm) using a differential scanning calorimeter
(DSC) (DSC 25, Discovery series, TA Instruments, New
Castle, United States) [24]. The thermal stability analysis
was conducted at a temperature range of 30-250 °C and a
scanning rate of 10 °C/min. Thereafter, a circular dichro-
ism (CD) spectropolarimeter (Chirascan-Plus, Applied
Photophysics, Leatherhead, UK) was used to analyse the
secondary structure of the extracted ASC. The sodium
dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) pattern of extracted ASC was performed
according to Laemmli [25] using an 8% resolving and 4%
stacking gel. A high molecular weight protein marker
(11-250 kDa, Sigma-Aldrich, USA) was used to estimate
the molecular weight of the protein. The gel was stained
using 0.2% (w/v) Coomassie brilliant blue R250 followed
by destaining with 50% (v/v) methanol with 10% (v/v)
acetic acid. Additionally, amino acid analysis was con-
ducted by hydrolysing 100 mg of the ASC at 110 °C for 18
h in 0.5 ml of 6 M HClI, according to Kulkarni et al. [26].
Commercial CSC was used as a standard throughout the
characterisation of ASC.

2.4 Preparation of fish collagen hydrolysates (FCH) and
peptide fractions

2.4.1 Invitro pre-digestion and pepsin-trypsin digestion

The extracted fish skin collagen, ASC, was hydrolysed
using papain from Carica papaya. The pre-digestion step
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was performed according to Liao et al. [27] with slight
modifications. Briefly, papain (> 3 U/mg, 1%, w/w) was
added to the fish collagen solution (5%, w/v) and adjusted
to pH 6.0. The hydrolysis was carried out at 60 °C for 5 h,
and the enzyme was inactivated by heating at 100 °C for
20 min, cooled to room temperature and centrifuged at
6000 x g for 10 min at 25 °C. The resulting supernatant
was further subjected to in vitro pepsintrypsin digestion
(PDPTD). The simulated gastric juice was prepared with
0.2% (w/v) NaCl, 0.32% (w/v) pepsin from porcine gastric
mucosa, and 0.7% (v/v) HCl in distilled water (pH of 3.0),
and incubated for 4 h (37 °C at 150 rpm). Subsequently,
the digests were further adjusted to pH 6.8, followed by
the addition of 0.7% (w/v) trypsin and incubated for 6 h
under the same conditions. The pepsin and trypsin in the
digests were inactivated by boiling in a water bath for 10
min and centrifuged at 10 000 x g for 30 min. In addition,
a control group was set up using fish collagen without
pre-digestion, regarded as PTD (pepsin-trypsin digestion
only). The resulting supernatants were then subjected to
peptide fractionation.

2.4.2 Peptide fractionation

The FCH from both the test and control groups were
then fractionated into <3, 3—10, and >10 kDa peptides
using molecular weight cut-off membranes (Amicon®
Ultra Centrifugal Filter, Sigma-Aldrich, USA), freeze-
dried, and stored at -20 °C. Before fractionation, FCH
were also freeze-dried and used for further bioactivity
analyses with the peptide fractions.

2.5 Bioactivity analyses of FCH and peptide fractions

The freeze-dried peptide fractions and FCH were anal-
ysed for various bioactivities including antihypertensive
potential using ACE inhibition assay, antidiabetic poten-
tial using DPP-IV inhibition assay, and antioxidant poten-
tial using DPPH radical scavenging assay as well as ABTS
scavenging assay. ACE inhibitory activity was evaluated
using the ACE activity assay kit (CS0002 Sigma-Aldrich,
USA) by hydrolysing angiotensin I to produce active
angiotensin II. It employs a synthetic fluorogenic peptide
as the substrate, with the resulting fluorescence directly
proportional to ACE activity. Various concentrations
of freeze-dried FCH released during PDPTD and PTD
(1-10 mg/mL) were prepared, out of which 10 pL of the
respective concentration was added to the black 96-well
plates (Thermo Fisher, Waltham, MA, USA). Thereafter,
40 pL of ACE enzyme and 50 pL of fluorogenic substrate
were added. The reaction was carried out at 37 °C and
fluorescence was read every minute for 5 min in the Vari-
oskan Lux microplate reader (Thermo Fisher). In a sub-
sequent investigation, a DPP-IV inhibitor screening kit
(MAK203 Merck, USA) was used to conduct the DPP-
IV inhibitory activity assay of the peptide fractions and
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FCH. Similarly, various concentrations of freeze-dried
FCH released during PDPTD and PTD (0.1-10 mg/mL)
were prepared, out of which 25 uL of the respective con-
centration was added to the black 96-well plates (Thermo
Fisher). Thereafter, 50 uL of enzyme solution was added,
mixed, and incubated at 37 °C for 10 min, followed by
the addition of the DPP-IV substrate (25 uL). The fluo-
rescence (FLU, Aex=360 nm / Aem =460 nm) was mea-
sured at 37 °C with the Varioskan Lux microplate reader
(Thermo Fisher). The peptide fractions and FCH derived
from PDPTD and PTD were tested at various concentra-
tions of 0.1-10 mg/mL, and the relative DPP-IV inhi-
bition (%) was calculated as follows [(FLU; and FLU, =
fluorescence readings at times T; and T,, respectively; T,
and T, = time points (min)]:

(FLU2 — FLU1)

Slope = (T2 — T1)

= FLU/min (1)

RS T2 — T1 (Sample)
_ o7y —
DPP —1V inhibition (%) (T2 — T1) (Negative control) (2)

Furthermore, the DPPH radical scavenging activity was
determined according to Nurilmala et al. [12] with FCH
and peptide fractions (1-10 mg/mL) from both PDPTD
and PTD, which were suitably diluted. DPPH solution
(100 pL, 0.1 mM in 95% methanol) was mixed with 100
uL of FCH solution from PDPTD and PTD (0.01-0.1 mg/
mL) and incubated in the dark at room temperature for
45 min. The absorbance of the incubated solution was
read at 517 nm using the Thermo Scientific Multiskan
GO microplate reader (Thermo Fisher). The ABTS radi-
cal scavenging activity was determined according to the
method of Re et al. [28] with slight modifications. A 20 uL
aliquot of peptide fractions and FCH (PDPTD and PTD)
at various concentrations (0.01-0.1 mg/mL) was mixed
with 180 pL of the ABTS solution, and the free radical
scavenging capacity of the peptides was measured. The
antioxidant activity of the samples was calculated using
the following equations:

DPPH radical scavenging activity (%) =
Absorption of control — Absorption of sample
Absorption of control

x 100 (3)

ABTS radical scavenging activity (%) =
Absorption of control — Absorption of sample
Absorption of control

x 100

(4)
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2.6 LC-MS/MS and in silico analysis of FCH

2.6.1 LC-MS/MS analysis

Liquid chromatography of the FCH (PDPTD and PTD)
was performed on the Thermo Scientific Ultimate 3000
RSLC (Thermo Fisher, USA) as per the protocol devel-
oped previously in our laboratory [29]. The freeze-dried
PDPTD and PTD FCH were analysed to identify peptide
sequences at the Central Analytical Facilities (CAF), Stel-
lenbosch University, Stellenbosch, South Africa. Liquid
chromatography was carried out on a Thermo Scientific
Ultimate 3000 RSLC (Thermo Fisher) with a 5 mm x 300
mm C18 trap column (Thermo Fisher) and a charged sur-
face hybrid (CSH) 25 ¢cm x 75 mm, 1.7 mm particle size
C18 analytical column (Waters, Milford, MA, USA). The
analytical conditions were as follows: (A) 2% acetonitrile:
water; 0.1% formic acid and (B) 100% acetonitrile: water;
flow rate: 300 nl/min; gradient: 5.0-30% (B) over 60 min,
and 30-50% (B) between 60 and 80 min. Thereafter,
mass spectrometry was done using a Thermo Scientific
Fusion mass spectrometer (Thermo Fisher) together with
a Nanospray Flex ionisation source. The data were col-
lected in positive mode with spray voltage set to 1.8 kV
and ion transfer capillary temperature set to 275 °C. MS1
scans were performed using the Orbitrap detector set at
60 000 resolutions over the scan range 375-1500 with
automatic gain control (AGC) target set to the standard.
MS2 acquisitions were conducted using monoisotopic
precursor selection for ions with charges +2 - +7 with
error tolerance set to +/-10 ppm. Precursor ions were
identified and used for fragmentation in higher-energy
collisional dissociation (HCD) mode whilst ensuring
that the quadrupole mass analyser with HCD energy was
set to 30%. Fragment ions were detected in the Orbitrap
mass analyser set to 30 000 resolutions. The AGC target
was set to standard and the maximum injection time to
100 ms. The data were attained in centroid mode. There-
after, PeptideShaker v.2.2.2 was used for data analysis
with the following settings: enzyme: pepsin and trypsin;
peptide charges from +2 to +4; precursor mass tolerance
10 ppm and fragmentation ion types (b and y). There-
after, the peptide sequences were identified from the
LC-MS/MS analysis following the protocol of Farag et al.
[30], which were further subjected to in silico analysis.

2.6.2 PeptideRanker

The potential of the peptides released after PDPTD and
PTD of the FCH was predicted using PeptideRanker (h
ttp://distilldeep.ucd.ie/PeptideRanker/). Peptides with
the high and low bioactivity potential were represented
by the maximum score (> 0.5) and the minimum score
(< 0.5), respectively. The fish collagen peptides from
both PDPTD and PTD, with a peptide ranking of 0.5 and
above, were subjected to further analysis [31].
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2.6.3 Insilico analysis of potential antioxidant, ACE and
DPP-IV inhibitory activity

The profiles for the potential biological activity of the
FCH peptides were analysed using various prediction
software based on the desired bioactivity. First, AnOx-
PePred (http://services.bioinformatics.dtu.dk/service.
php?AnOxPePred-1.0) was used to analyse the peptide
sequences for potential antioxidant activity [32]. Thereaf-
ter, antihypertensive peptides were analysed using AHT-
pin  (https://webs.iiitd.edu.in/raghava/ahtpin/help.php)
[33], and for DPP-IV inhibitory activity, StackDPPIV (htt
ps://pmlabstack.pythonanywhere.com/StackDPPIV) was
used [34].

2.6.4 Physicochemical properties

Peptides with possible bioactivity, identified using Pep-
tideRanker, were screened for their physicochemical
characteristics using PepCalc (http://pepcalc.com/) [35].
The online peptide calculators were employed to assess
the physicochemical attributes of the potentially bio-
active peptides derived from FCH. Parameters such as
theoretical molecular weight, isoelectric point (pI), pep-
tide charge at pH 7.0, estimated solubility, and extinction
coefficient of the collagen peptides were evaluated.

2.6.5 Molecular docking studies

The binding properties of the predicted bioactive pep-
tides with the target proteins, viz., ACE, and DPP-1V,
were evaluated via rigid molecular docking. Based on
the potential bioactivity profiles predicted by AHTpin
and StackDPPIV, the top-scoring FCH peptides (ligands)
depicted by the prediction software were used for
molecular docking studies. The crystal structures of the
human ACE receptor (PDB ID: 108A) and DPP-1V (PDB
ID: 3KWF) were retrieved from the Protein Data Bank
(https://www.rcsb.org/). The ACE and DPP-IV enzyme
structure files were imported to the Discovery Stu-
dio Visualizer, where protein structures were prepared
manually by removing all water molecules. However, the
cofactors, zinc, and chloride were retained on the ACE
receptor due to the catalytic function and influence on
enzymatic activity. After the preparation of ligand and
receptor molecules, AutoDock Vina with Lamarckian
Genetic Algorithm was used for molecular docking [36].
The receptor and ligands were placed in a grid box of 40
x 40 x 40 xyz points with a spacing between points of
0.375 A. The three-dimensional (3D) coordinates of the
grid box were x = 40.57, y = 33.37, and z = 43.45 for ACE,
and x = 18.44, y = 36.73, and z = 55.18 for DPP-IV. In
addition, PyMOL 2.0 was used to visualise the 3D inter-
actions of the ligand and the receptor protein. The stan-
dard inhibitors used were captopril and linagliptin for the
ACE and DPP-IV enzymes, respectively [36, 37].
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Fig. 1 Ultraviolet-visible spectroscopy (a), FT-IR spectroscopy (b), DCS (c), and CD spectroscopy (d) of the extracted ASC and CSC

2.7 Statistical analysis

Statistical analyses were performed using GraphPad
Prism (version 10.4.2; GraphPad Software, Inc., San
Diego, CA). In addition, comparisons between two
groups were conducted using a two-tailed unpaired ¢-test
with Welch’s correction. All experiments were indepen-
dently repeated at least three times, and data were pre-
sented as mean +standard derivation (SD). A p-value <
0.05 was considered statistically significant.

3 Results and discussion

3.1 Biochemical and biophysical characterisation of ASC
The extraction yield of the ASC derived from the snap-
per salmon skin was 78.73 + 8.51% (dry weight basis).
The ASC extraction yield obtained in this study for fish
skin was higher than the previously reported values by
Ampitiya et al. [38] for yellowfin tuna (61.26% + 0.63),
seer fish (58.21% + 0.27), and Asian sea bass (59.31% =+
2.87). The UV-Vis absorption spectrum for ASC between
210 and 400 nm displayed a maximum absorption peak
for ASC at 232 nm (Fig. 1a), indicating the presence of
tyrosine, tryptophan, and phenylalanine. The absorp-
tion effect can be attributed to the peptide bonds such
as C=0, -COOH, and CONH,, which were present in
the triple helical polypeptide chain of the fish collagen.
In addition, there was a slight absorption peak between
250 and 280 nm, indicating the low aromatic amino

acid content such as tryptophan. Furthermore, the well-
defined peaks in the ASC and CSC samples indicated the
high purity of the collagen. These results also corrobo-
rated the Centrolophus niger skin collagen, in which a
prominent peak was observed at 232 nm [2]. The FT-IR
analysis of ASC revealed that the collagen structure con-
sisted of hydrogen bonding with a carbonyl group in the
peptide chain (Fig. 1b). The amide B bands of ASC (2928
cm™) indicated the asymmetrical stretching of CH,,
whereas the amide I band, with frequencies between
1600 and 1700 cm™, was characteristic of the stretch-
ing vibrations of the carbonyl group and the polypeptide
backbone. The amide I band was present in the 1540 cm™
range, confirming hydrogen bond formation between the
N-H stretch in the X position and the C=0O (glycine) of
the fourth residue, which was responsible for the triple
helix. The amide II and amide III bands represented the
N-H bending vibrations in combination with the C-N
stretching vibration and C-H stretching (Fig. 1b). Zhang
et al. [39] also observed similar FT-IR patterns in the
ASC extracted from waste Eel (Anguilla japonica) skin.
The DSC analysis depicted the thermal denaturation
of ASC, which disrupted the triple helical structure,
leading to the subsequent deterioration of the collagen
structural characteristics. The thermal denaturation of
both CSC and ASC was characterised by endothermic
peaks at 88.96 °C and 104.91 °C, respectively. Further,
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CSC and ASC depicted a second endothermic peak at
191.76 °C and 203.55 °C, respectively (Fig. 1c). The initial
peak corresponds to the temperature at which the colla-
gen and the water molecule bonds begin to denature. In
contrast, the second endothermic peak signifies the dif-
ferences in the structure of the cross-linked portion of
collagen, ultimately resulting in its complete breakdown
[24]. A study by Iswariya et al. [40] corroborated the cur-
rent results, where a denaturation temperature of 78.9
°C for ASC was observed for the collagen derived from
Pufferfish skin. Moreover, the CD spectra confirmed the
triple-helical conformation of ASC with a negative peak
at around 200 nm (Fig. 1d). In addition, Song et al. [41]
reported that the maximum and minimum CD spectra
for CSC were observed at 201 nm (negative absorption
band). This characteristic peak is an indication of the
triple helical collagen structure. Similarly, Zhang et al.
[42] also reported an extremely negative peak at 200 nm
for collagens extracted from Tilapia and Skate. Further-
more, the SDS-PAGE pattern depicted the characteristic
alpha chains (a-1 and a-2) and a dimer (B chain), with
a-1 having a double band intensity in the CSC and ASC
lanes (Figure S1). The a chain directly relates to colla-
gen primary structure and represents the interconnected
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components. Sousa et al. [43] also reported a similar
SDS-PAGE pattern for the collagen derived from Atlan-
tic cod. Subsequently, the amino acid profiling showed
311.67 glycine residues per 1000 amino acid residues
(Table S1). Glycine has been reported to be the most
abundant amino acid in the collagen chain and is pres-
ent in every third residue in the central a-chain region,
except for the N-terminus and C-terminus amino acid
residues [1]. In addition, alanine, proline, and hydroxy-
proline were also observed to be in relatively high quanti-
ties, which are essential for the structural integrity of the
collagen.

3.2 Composition and bioactivities of the collagen peptide
fractions

The molecular weight distribution of the peptide frac-
tions revealed distinct differences between the two
hydrolysates (PTD and PDPTD). In PTD, peptides were
predominantly present in the >10 kDa fraction (51.20%),
with comparatively lower yields in the <3 kDa (11.83%)
and 3-10 kDa (36.97%) ranges. In contrast, PDPTD
showed a more balanced distribution, with a marked
increase in the proportion of low-molecular-weight pep-
tides (<3 kDa, 33.30%), alongside comparable yields in
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the 3—-10 kDa (34.33%) and >10 kDa (32.37%) fractions.
This shift towards smaller peptides highlighted the effi-
ciency of papain in promoting extensive protein hydro-
lysis, leading to the generation of low-molecular-weight
peptides that are widely associated with improved bio-
availability and enhanced biological activity. Accordingly,
the bioactive potential of the different peptide fractions
(<3 kDa, 3-10 kDa, >10 kDa and FCH) was subsequently
evaluated through ACE inhibitory activity, DPP-IV inhib-
itory activity, and antioxidant activity assessed through
DPPH and ABTS radical scavenging assays.

3.2.1 ACEinhibitory activity

Hypertension is a prevalent and significant chronic medi-
cal condition which poses a substantial risk for the onset
of cardiovascular diseases. The ACE regulates blood
pressure by converting angiotensin-I to angiotensin-II
and deactivating bradykinin. The management of hyper-
tensive conditions can be achieved using various drugs,
including ACE inhibitors. The ICy, values of potential
ACE inhibitory peptides derived from the FCH, as well
as peptides released during PTD and PDPTD, were anal-
ysed (Fig. 2a). It was observed that the fish collagen pep-
tides released during PDPTD depicted lower IC;, values
than PTD, confirming more potent ACE inhibitory activ-
ity. In addition, the < 3 kDa fraction from PDPTD dis-
played a very low IC;, (0.089 + 0.01 mg/mL), suggesting
that low-molecular-weight peptide fractions may inhibit
the ACE enzyme more efficiently than high-molecular-
weight fractions. Similarly, the peptides released dur-
ing PTD also displayed a similar phenomenon. Overall,
for PDPTD, the FCH showed significant ACE inhibitory
activity with an IC,; of 0.088 + 0.01 mg/mL. The findings
indicated that the ACE inhibitory activity is dose-depen-
dent. Furthermore, Ishak et al. [44] reported an ICj, of
2.20 mg/mL for the < 3 kDa peptide fraction, which was
derived from the Shortfin scad (Decapterus macrosoma)
protein hydrolysate. The result obtained was higher than
the IC;, for the < 3 kDa peptide fraction in the current
study, hence lower inhibitory activity. ACE inhibitory
activity has also been reported for Nile tilapia collagen
hydrolysates by Thuanthong et al. [45] with an ICy, value
of 1.2 mg/mL, which is also higher than the ACE inhibi-
tory activity of the FCH derived from the current study.

3.2.2 DPP-IV inhibitory activity

DPP-IV functions as a dipeptidase, playing a role in
breaking down the incretin hormones, specifically glu-
cagon-like peptide-1 (GLP-1) and glucose-dependent
insulinotropic peptide (GIP). These incretins are essen-
tial in regulating insulin secretion and, consequently,
glycaemic control. DPP-IV inhibition results in extend-
ing the half-life of GLP-1 and GIP, leading to augmented
insulin production. The current study observed that the
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peptides released during PDPTD had the lowest IC5, and
hence displayed the highest DPP-IV inhibitory activity
compared to peptides released by PTD (Fig. 2b). FCH
released during PDPTD had an IC; of 1.67 + 0.06 mg/
mL; however, during PTD, FCH exhibited a half-max-
imal inhibition of 2.22 + 0.07 mg/mL. Furthermore, the
current study depicted higher DPP-IV inhibitory activ-
ity compared to that reported by Cao et al. [10], who
reported an ICy, of 545 + 0.24 mg/mL derived from
Eel protein hydrolysates. Additionally, Guo et al. [46]
reported that following simulated gastrointestinal diges-
tion, the DPP-IV potency of the Alaska pollock skin col-
lagen exhibited 2.59 + 0.04 mg/mL which was higher than
the IC;, exhibited by the FCH in this study. Furthermore,
the < 3 kDa fraction released during PDPTD possessed
a very low ICy, of 1.69 + 0.02 mg/mL, confirming effec-
tive DPP-1V inhibitory potential. In relation, Cheung and
Li-Chan [11] also reported that low-molecular-weight (<
3 kDa) peptides derived from the protein hydrolysates
of Steelhead (Oncorhynchus mykiss) exhibited the high-
est DPP-IV inhibitory activity. Hence, the peptide frac-
tions and FCH released during PDPTD could be superior
DPP-1V inhibitors.

3.2.3 DPPH radical scavenging activity

The antioxidant activity of any substance can be esti-
mated by its effectiveness in stabilising and scavenging
the DPPH radicals [47]. In this regard, neutralising the
stable DPPH radical is commonly employed for analysing
the free radical scavenging capability of various samples
including bioactive peptides. All the peptide fractions
including the FCH released by PDPTD, displayed lower
ICy, values than PTD (Fig. 2c). In other words, when
fish collagen was predigested with papain before PTD, it
demonstrated a higher efficiency in neutralising DPPH
free radicals. The FCH released during PDPTD exhibited
an ICg, of 2.38 + 0.31 mg/mL; however, the FCH from
PTD displayed DPPH scavenging activity only at higher
tested concentrations, indicating significantly higher
ICg, values beyond the experimental range. The IC;, of
the FCH was similar to the salmon protein hydrolysates
reported by Ahn et al. [48], where IC;, values of 4.76
+ 022, 495 + 0.31, 4.53 + 0.24 mg/mL were recorded
subsequent to alcalase, neutrase, and trypsin hydroly-
sis, respectively. The ICy, for FCH was also significantly
lower than the ICy of the Blue shark skin gelatine hydro-
lysates which was 13.0 mg/mL [49]. Nurilmala et al. [12]
also reported that the 3—10 kDa peptide fractions derived
from Yellowfin tuna exhibited the highest DPPH scav-
enging activity. The study was consistent with Nurdiani
et al. [50], who reported high antioxidant (DPPH) activity
for peptides (3—10 kDa) derived from flathead byprod-
ucts. It was also observed that mostly low-molecular-
weight peptides showed the highest antioxidant activity
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Table 1 In silico analysis of the bioactivity potential of top peptide candidates derived from FCH released by PTD
Peptide sequence/ ACE inhibitory DPP-1V inhibitory Physicochemical properties Binding affin-
PeptideRanker (FRS  activity activity ity (kcal/mol)
score) Score Prediction  Score Prediction Molecular  Extinction Iso- Net Water ACE DPP-IV
weight coefficient electric charge solubility
(g/mol) (1/M-cm)  point
(pD)
AGPPGPPGPS 092  AHT 0.85 DPP-IV 8329 0 3.79 0 Poor -10.1 -85
0.84 (0.59)
APGFQGLP 13 AHT 0.77 DPP-IV 785.89 0 3.88 0 Poor -108 -6.9
0.88 (0.48)
GEHGPPGPA 147  AHT 041 non-DPP-IV 817.85 0 5.1 -09 Good 19.7 -9.2
0.57 (0.59)
GPPGEPGPLG 042  AHT 0.95 DPP-IV 876.95 0 0.9 -1 Good -196 -9.8
0.9(0.56)
PGPPGPPSF 0.77  AHT 0.93 DPP-IV 851.94 0 415 0 Poor -10 -9.2
0.95(0.57)
*ND - Not detected
Table 2 In silico analysis of the bioactivity potential of top peptide candidates derived from FCH released by PDPTD
Peptide ACE-inhibitory DPP-IV inhibitory Physicochemical properties Binding affin-
sequence/ activity activity ity (kcal/mol)
PeptideRanker Score Prediction Score Prediction  Molecular  Extinction coef-  Iso- Net Water ACE DPP-IV
(FRS score) weight ficient (1/M-cm)  electric charge solubility
(g/mol) point
(p)
GPAGPHGPPGK 105  AHT 048 non-DPP-lV 971 0 101 1] Good 182
0.89(0.61)
GPSGPPGPPGS  0.53 AHT 0.87 DPP-IV 906 0 3.72 0 Good -104 -9
0.87(0.57)
GSAGPPGPPGP- 1.08  AHT 0.81 DPP-IV 1295 0 3.62 0 Poor -11.3 -88
PGPPG
0.92 (0.68)
IGFPGFPG 067  AHT 0.81 DPP-IV 791 0 3.63 0 Poor -11.2 =91
093 (0.51)
PDGPPGPM 043 AHT 0.85 DPP-IV 767 0 0.78 -1 Good -08 -94
0.93 (0.56)

*ND - Not detected

due to the presence of specific amino acids. For instance,
alanine, glycine, or glutamic acid are mostly exposed,
leading to increased interactions between peptides and
lipid substances, consequently enhancing the stability of
free radicals [51]. Antioxidant activity can also be influ-
enced by the presence of hydrophobic amino acids[52].
On the contrary, the intact collagen did not show any
DPPH scavenging activity. This suggested that antioxi-
dant peptides remained inactive within the sequences of
their parent protein but were released during enzymatic
hydrolysis [53, 54]. The results indicated that the peptide
fractions released during PDPTD exhibited higher DPPH
radical scavenging activity, suggesting a greater potential
to convert DPPH radicals into less harmful substances as
compared to the peptides released by PTD.

3.2.4 ABTS radical scavenging activity

The ABTS assay involves the oxidation of ABTS by potas-
sium persulfate, generating a blue-green ABTSe* radi-
cal cation, which has a peak absorption at 734 nm. The
peptides released during PDPTD depicted the lowest
IC, and, therefore, the highest ABTS scavenging activity
(Fig. 2d). The peptide fraction (3—10 kDa) displayed the
lowest ICy, value of 0.017 + 0.00 mg/mL. The increase in
ABTS activity could be attributed to specific amino acids
in the peptide chain, notably tyrosine and phenylalanine
[55]. Besides these amino acids, glutamine, asparagine,
glycine, and aspartate may augment antioxidant activity
by providing surplus electrons to neutralise free radicals
[52]. Similarly, Park and Jo [3] reported that low-molecu-
lar-weight peptide fractions have the highest antioxidant
activity from collagen extracted from fish byproducts.
The FCH released during PDPTD depicted an IC;, value
of 0.026 = 0.004 mg/mL, whereas FCH released during
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PTD had an ICy; value of 0.046 + 0.003 mg/mL. There-
fore, the peptides released during PDPTD demonstrated
the ability to neutralise ABTS radicals, effectively halt-
ing the radical chain reaction and thereby preventing
lipid oxidation through a chain-breaking mechanism. All
these results corroborated the significant contribution of
the pre-digestion of collagen with papain before in vitro
pepsin-trypsin digestion, where peptides generated from
PDPTD had significantly lower ICy, values than those
generated by PTD. The significantly lower bioactivities
observed in this study could be attributed to digestion, as
this is the first study to report collagen protein digestion
with papain first, followed by pepsin-trypsin digestion,
whereas previous studies only tested the effect of indi-
vidual enzymes.

3.3 Identification of potential bioactive peptides from FCH
LC-MS/MS analysis was used to identify the peptide
sequences in the FCH derived from PDPTD and PTD.
The FCH was selected since the hydrolysates displayed
comparable antioxidant, ACE and DPP-IV inhibitory
activities to the peptide fractions. Results showed that the
FCH of PTD contained 25 unique peptide sequences out
of a total of 47 detected, while the FCH of PDPTD con-
tained 54 unique sequences out of 116 detected (Tables 1
and 2, Tables S2 and S3). It was observed that the num-
ber of peptides released was higher in PDPTD than in
PTD, which can be attributed to the number of addi-
tional enzymes used during PDPTD. In addition, it can
also be noted that a higher number of released peptides
increases the likelihood of enhanced bioactive properties.
Therefore, the identification of the peptides prompted
additional in silico analyses to better understand their
physicochemical properties and potential bioactivities
that may be exhibited solely by the peptides.

3.4 PeptideRanker analysis of BPs

The peptides identified from the FCH released after
PDPTD in vitro using LC-MS/MS analysis were further
screened using PeptideRanker (Tables 1 and 2, Tables S2
and S3). For example, the top-ranked peptides released
during PDPTD were IGFPGFPG, PDGPPGPM, PQGYP-
GIGKPGMPGMP, and GPPGPMGPPGLPGLK with
scores of 0.93, 0.93, 0.93, and 0.96, respectively. Similarly,
during PTD, GPAGPPGNPGPPGPPGP, PDGPPGPM,
GPPGPPGPAG, and PGPPGPPSF depicted scores of
0.93, 0.93, 0.94, and 0.95, respectively. The peptides with
scores greater than 0.5 were considered potential BPs;
however, if less than 0.5, they were not regarded as bioac-
tive [36]. In addition, most peptides that depicted poten-
tial bioactivity had glycine and proline in abundance, as
they are known to serve as potential precursors for BPs
[23]. This type of analysis draws its conclusion based on
the structure-function analysis by evaluating how the
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peptide structure influences the biological activity exhib-
ited. Liu et al. [31] reported 24 peptides from Yak bone
collagen, which were potentially bioactive. These results
also corroborated the PeptideRanker analysis for the fish
collagen, in which 25 and 54 peptides were also derived
from PTD and PDPTD, respectively. PeptideRanker does
not test for specific bioactivity; however, it provides an
overall prediction of the probability that a specific pep-
tide sequence will exhibit any biological activity. There-
fore, these BPs were further screened for their specific
bioactivities using AnOxPePred, AHTpin, and StackDP-
PIV software.

3.5 Potential bioactivities exhibited by FCH after PDPTD
and PTD

The potential antioxidant activity of the peptides was
analysed using the AnOxPePred software. In other words,
the higher the score is, the more likely the peptides are
to have free radical scavenging activity. For example,
PTD action showed the release of peptide GPAGPPGN-
PGPPGPPGP (0.63), with good free radical scavenging
(FRS) potential, whereas PDPTD treatment showed the
release of peptide GSAGPPGPPGPPGPPG (0.68), with a
better FRS potential (Tables 1 and 2, Tables S2 and S3).
Subsequently, the AHTpin software was also used to
analyse the potential ACE inhibitory activity exhibited
by the peptides. For instance, PTD released 24 potential
ACE inhibitory peptides and 21 potential DPP-IV inhibi-
tory peptides, while PDPTD released 48 and 20, respec-
tively. The peptides released after PTD and PDPTD were
abundant in amino acids, glycine and proline. The amino
acids possibly influenced the potential bioactivities they
exhibited. For instance, Ayati et al. [7] suggested that the
DPP-1V inhibitory activity of peptides derived from fish
collagen can be significantly influenced by amino acids,
including phenylalanine, proline, leucine, isoleucine,
and glycine, because they promote hydrophobic interac-
tions with the DPP-IV active site. Furthermore, the pyr-
role ring found in proline is crucial in inhibiting ACE and
helps peptides digest more steadily in the gastrointesti-
nal tract [4]. The potentially BPs were then subjected to
physicochemical property analysis to further understand
how these properties enhance the efficiency of these
peptides.

3.6 Physicochemical properties

Physicochemical properties provide an overall under-
standing of the peptide sequences, which is essential
for optimising the mechanisms to further comprehend
the applications of the potential BPs derived from Pep-
tideRanker. The in silico platform, PepCalc, was utilised
to determine molecular properties such as molecular
weights, pl, and extinction coefficients of the peptides
released by the FCH after PTD and PDPTD (Tables 1
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and 2, Tables S2 and S3). For PTD, the molecular weight
observed ranged from 0.76 to 1.41 kDa, whereas 0.76 to
2.26 kDa was observed for PDPTD. Similarly, Wardani
et al. [56] also reported molecular wight ranging from
0.26 to 1.45 kDa of peptides derived from yellowfin skin
tuna collagen. It was observed that the range of molecu-
lar wight exhibited greater antioxidant activity. The cur-
rent study indicates that most of the ACE and DPP-IV
inhibitory peptides have a low-molecular-weight profile.
In addition, the in vitro results mostly showed that low-
molecular-weight peptides exhibited better bioactivity
than high-molecular-weight peptides, aligning with the
physicochemical properties. Pal and Suresh [23] also
reported that peptides with low-molecular-weight had
good antioxidant activity. The net charge of a peptide
indicates the balance between its positively and nega-
tively charged amino acids, determining whether a pep-
tide is overall positively charged, negatively charged, or
neutral. Auwal et al. [57] suggested that peptides with
pl in the acidic and basic points depicted higher ACE
inhibitory activity than those separated at neutral points.
For instance, for PTD, the pI ranged from 0.68 to 10.84;
similarly, for PDPTD, the plI ranged from 0.62 to 10.9. In
addition, Munawaroh et al. [58] reported that the charges
of peptide sequences can reveal the relationship between
receptor binding affinity and ionic interactions, which
can be further explored through molecular docking
analyses. Additionally, the molar extinction coefficient
measures how much light a peptide absorbs at a certain
wavelength, generally 280 nm for proteins. When a chro-
mophore is present, such as tryptophan or tyrosine, the
molar extinction coefficient becomes an important tool
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for assessing the peptide content [59]. For example, HSL-
PHYLG and PQGYPGIGKPGMPGMP were the only
two sequences derived from PDPTD, which depicted an
extinction coefficient of 1280 M~ cm™ due to tyrosine.
However, peptides derived from PTD did not display
an extinction coefficient. In addition, tyrosine and tryp-
tophan are frequently targets for enzymatic alteration,
such as phosphorylation or oxidation, which can result
in deterioration or altered function [60]. Therefore, since
the peptides did not constitute these residues, they might
have the potential to be resistant to peptide modifications
and, ultimately, enzymatic digestion. Overall, the physi-
cochemical features of peptide sequences determined
their potential bioactivity, and molecular docking was
then used to investigate the impact of these properties on
peptide sequences and their inhibitory actions.

3.7 Molecular docking studies

Molecular docking is a widely employed approach for
exploring the interaction dynamics between molecules,
predicting their binding patterns, and estimating their
binding strength. The peptides displaying potential ACE
and DPP-IV inhibitory activity after screening with the
predictive software AHTpin and StackDPPIV were fur-
ther analysed using molecular docking for confirma-
tory purposes. The molecular interactions between the
enzymes and peptides included conventional hydro-
gen bonds, carbon-hydrogen bonds, pi-cation, pi-pi
T-shaped, alkyl and pi-alkyl bonds, which further played
a significant role corresponding to the described bioac-
tivities (Figs. 3 and 4, Figure S2 and S3). Additionally, the
energy interactions are stable when the binding affinity
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Fig. 4 2D diagrams of docked poses and interactions of DPP-IV receptor with standard inhibitor linagliptin (a) and peptides GEHGPPGPA (b), GPPGEPG-
PLG (c), PGPPGPPSF (d) released after PTD; and IGFPGFPG (e), PDGPPGPM (f), and GPSGPPGPPGS (g) released after PDPTD

between the target protein and ligand ranges from -5 to
-15 kcal/mol [61]. A more negative score meant that the
peptide (ligand) was more likely to bind strongly to the
protein (target), thus facilitating more favourable interac-
tions [62]. For the ACE enzyme, the binding energy of the
standard inhibitor captopril (-5.6 kcal/mol) was higher
than that of the peptides evaluated in this study. This
was an indication that the selected peptides derived from
PTD and PDPTD displayed promising ACE activity. The
main interacting residues at the ACE active site are sepa-
rated into three pockets (S1, S2 and S1’). The S1 pocket
comprises alanine354, glutamic acid384, and tyrosine523
residues; S2 pocket includes glutamine281, histidine353,
lysine511, histidine513, and tyrosine520 residues; while
S1’ is made up of glutamic acid162 residues [63]. In
addition, the cofactor Zn (II) at the ACE active site also
plays a critical role and is bound to ACE residues of his-
tidine383, histidine387, and glutamic acid411. It was
observed that inhibitors with binding affinity towards
these pockets or zinc tetrahedral coordination might
have a high inhibitory capacity for the ACE enzyme [64].
Similarly, Li et al. [65] also reported the significance of Zn
in naked oat bran albumin hydrolysates and the efficiency
in zinc chelating activity and ACE inhibitory activity.

In the current study, the top three peptides, APG-
FQGLP, AGPPGPPGPS, and PGPPGPPSF, released
after PTD displayed the lowest binding energies of -10.8,
-10.1 and -10 kcal/mol, respectively. Furthermore, APG-
FQGLP (-10.8) kcal/mol interacted with amino acids
such as alanine354, glutamic acid384, tyrosine523, glu-
tamine281, histidine353, histidine513, tyrosine520, and
depicted conventional hydrogen bonds. Additionally,

the peptide sequences, GSAGPPGPPGPPGPP (-11.3
kcal/mol), IGFPGFPG (-11.2 kcal/mol), GPAGPHGP-
PGK (-10.4 kcal/mol), released after PDPTD, displayed
comparatively better binding energies than the peptides
released after PTD. It was also observed that there were
no interactions between the zinc ion and the peptides
released after PTD. These peptides (PDPTD) interact
with the ACE enzyme by mostly conventional hydrogen
bonds and with the zinc ion, hence improving the ACE
inhibitory ability of the peptides. In addition, hydrogen
bonding also improves the stability between the peptide-
ligand complex and the ACE enzyme [58].

Besides ACE inhibition, the need for peptides, which
can depict DPP-IV inhibitory activity to combat type-2
diabetes is also essential. DPP-IV comprises a concave-
shaped active site and potential inhibitors frequently
engage in competitive binding within this active site by
targeting subsites S1 and/or S2 nestled within the cav-
ity. The hydrophobic S1 subsite consists of the catalytic
triad serine630-aspartate708-histidine740 along with
hydrophobic amino acids (tyrosine631, tryptophan659,
tyrosine662, tyrosine666, valine711, and valine656). The
charged S2 subsite comprises glutamic acid205, glutamic
acid206, argininel25, serine209, arginine358, valine207,
and phenylalanine357 [58]. The present study depicted
the interacting residues of DPP-IV with linagliptin (stan-
dard inhibitor), which were histidine740, tyrosine662,
tyrosine666, argininel25, and serine630. The peptides
GPPGEPGPLG (-9.8 kcal/mol), PGPPGPPS (-9.2 kcal/
mol), and GEHGPPGPA (-9.2 kcal/mol) released after
PTD, as well as PDGPPGPM (-9.4 kcal/mol), IGFPG-
FPG (-9.1 kcal/mol), and GPSGPPGPPGS (-9.0 kcal/
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mol) released after PDPTD depicted the strong binding
energies to the DPP-IV enzyme. Like the ACE enzyme,
hydrogen bonds were predominant between the peptides
and amino acid residues at the active site of the DPP-IV
enzyme. The peptides which showed potential inhibitory
activity were mostly composed of glycine and proline.
In this context, Xu et al. [66] reported that glycine-pro-
line-type peptides enhanced the affinity to DPP-IV when
interacting with the protein’s S2, S2’ subsites. Moreover,
it was observed that the peptide sequence IGFPGFPG
released after PDPTD was the only peptide to bind with
both the ACE and DPP-IV and to depict comparatively
lower binding energies. Furthermore, IGFPGFPG’s suit-
ability for ACE inhibition was reinforced by strong
binding energy, zinc coordination, and the presence of
multiple hydrogen bonds, all of which enhanced its inter-
actions with the enzyme. The strong bioactivity of IGFP-
GFPG can be attributed to its structural features. Its high
content of hydrophobic amino acids, such as isoleucine,
phenylalanine, and proline promotes interactions with
hydrophobic pockets of ACE and DPP-IV. Aromatic resi-
dues like phenylalanine also contribute to antioxidant
activity through electron donation and radical stabilisa-
tion. The presence of IGFPGFPG among the PDPTD-
released peptides likely contributed to the enhanced
bioactivities of the FCH. The study highlighted the pep-
tides’ potential to act as suitable inhibitory peptides and
exhibit potential bioactivity towards ACE and DPP-IV.

4 Conclusion

This study demonstrated that using papain as a pre-
digestive enzyme for releasing collagen peptides from
fish waste enhanced their potential ACE inhibitory, DPP-
IV inhibitory, and antioxidant activities. These peptides
possessed various bioactive properties that could be con-
sidered a cost-effective and health-promoting alternative
to synthetic ones. In addition, the FCH from PDPTD
exhibited lower ICj, values of 0.088 + 0.01 mg/mL (ACE),
1.67 £0.06 mg/mL (DPP-1V), 2.38 +0.31 mg/mL (DPPH),
and 0.026 +0.004 mg/mL (ABTS), which were compa-
rable to the low-molecular-weight fractions. This is an
indication that the peptides released during PDPTD
demonstrated improved ACE inhibitory, DPP-IV inhibi-
tory, and antioxidant activity compared to PTD. It was
observed that the FCH displayed comparable activity to
the low-molecular-weight peptide fractions, making it a
suitable source of BPs and reducing purification costs. It
is important to note that utilising papain as a pre-diges-
tive enzyme exhibited significant bioactive properties
compared to in vitro pepsin-trypsin digestion of col-
lagen. The study also confirmed that the peptide IGFP-
GFPG, released from PDPTD, depicted relatively high
binding energies to the ACE and DPP-IV enzymes, which
demonstrated the peptide’s significant inhibitory activity

Page 13 of 15

and multifunctional bio-efficacy, thereby highlighting
its potential as a candidate for further development in
therapeutic applications targeting hypertension, diabetes,
and oxidative stress-related disorders. However, further
studies should be conducted to explore the potential of
synthesised peptides and their bioactivities. The study
concluded that fish waste can serve as a valuable source
of BPs, whose bioactive potential can be enhanced by
pre-digesting it with the papain enzyme.
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