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Marine-derived collagen, particularly from blue shark (Prionace glauca) skin, represents a sustainable resource for
the nutraceutical industry, yet its effective utilization remains underexplored. This study aims to optimise the
enzymatic hydrolysis of blue shark skin collagen using alcalase and bromelain to enhance the bioactive prop-
erties of the resultant hydrolysates. We employed a multifactorial experimental design to determine the optimal
hydrolysis conditions, assessing factors including enzyme concentration, pH, and temperature. The alcalase-
treated hydrolysates demonstrated superior antioxidant and anti-inflammatory activities compared to those
treated with bromelain, with increased solubilised proteins and a higher degree of hydrolysis. Notably, peptide
profiles indicated that alcalase hydrolysates favoured the production of smaller peptides, suggesting enhanced
bioavailability and digestive stability. In vitro gastrointestinal simulations demonstrated the functional stability
of these peptides, indicating that while they undergo structural changes during digestion, their potential for
gastrointestinal health remains significant. Our findings highlight the feasibility of converting blue shark skin, a
commonly discarded by-product, into valuable nutraceutical ingredients, thus contributing to marine sustain-
ability and waste reduction This research advances the biotechnological application of marine collagen and

opens avenues for developing functional foods and pharmaceuticals.

1. Introduction

Marine-derived collagen has attracted substantial interest recently
because of its distinctive characteristics and prospective uses across
various industries, such as food, health, nutraceuticals, and cosmetics
(Karim & Bhat, 2009; Markets and Markets, 2021). Collagen, a primary
structural protein found in skin and other connective tissues, is pivotal in
providing strength and structure (Bisht et al., 2021; Coscueta, Brassesco,
& Pintado, 2021; Jafari et al., 2020). In the past, bovine and porcine
sources have been the primary sources of collagen, but due to religious
beliefs and infectious disease risks, other sources are under study
(Espinales et al., 2023; Jafari et al., 2020). Marine collagen is gaining
interest for its biocompatibility, environmental benefits, and lack of
disease or religious concerns (Espinales et al., 2023; Jafari et al., 2020).
Recent advancements in marine biotechnology have emphasized the
potential of collagen hydrolysates and peptides derived from
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cartilaginous fish (shark, sturgeon, red stingray, skate, etc.) by-products
as important bioactive compounds in nutraceutical, pharmaceutical,
and cosmetic industries (Chi et al., 2014; Pan et al., 2023; Sheng et al.,
2022). Studies such as those by Nikoo et al. (2022) and Costa et al.
(2023) have elucidated the processes through which marine-derived
collagen, particularly from aquaculture by-products, can be hydro-
lysed using autolytic methods to enhance their nutritional and func-
tional properties, thereby promoting sustainable practices in marine
waste utilization. Furthermore, the research highlighted by Coscueta,
Brassesco, and Pintado (2021) has demonstrated that specific enzymatic
treatments, such as the use of bromelain on salt-cured cod skin, can
significantly enhance the antioxidant activity of collagen hydrolysates,
suggesting their broader applicability in health-related sectors. These
findings align with the growing interest in exploring underutilised ma-
rine resources to develop environmentally friendly and economically
viable products, providing a promising avenue for our study on blue
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shark (Prionace glauca) skin collagen.

Recent advances in marine biotechnology have spotlighted the po-
tential of enzymatically hydrolysed collagen for various applications,
yet the specific utilization of blue shark skin collagen remains signifi-
cantly underexplored. This study seeks to fill this gap by detailing the
enzymatic hydrolysis of collagen derived from blue shark skin, a sus-
tainable by-product of the fishing industry. While previous studies have
begun to recognize the cosmetic potential of blue shark collagen (Lu
etal., 2022), the broader applicability and optimal enzymatic conditions
for maximizing bioactive peptide yields are not well-defined. Similarly,
Rodriguez-Diaz et al. (2011) have addressed the technical optimisation
of hydrolysis conditions. Nevertheless, a substantial need remains to
explore how specific enzymes such as alcalase and bromelain interact
with this unique collagen source to enhance its functional properties in
the health, nutraceuticals, and cosmetics industries. Integrating the
valorisation of discarded blue shark skin could have a relevant impact,
considering the significant volumes of waste generated in the blue shark
fishing industry. For example, some estimates indicate that tens of
thousands of metric tonnes of blue sharks are caught yearly (Porcher &
Darvell, 2022), resulting in a considerable amount of fish waste, up to
30% of which can be skin and bones (Sotelo et al., 2016). By repurposing
the skin that would otherwise be thrown away or underutilised, an
enormous amount of biological material can be redirected into valuable
streams of bioactive compounds like collagen hydrolysates (Coscueta,
Brassesco, & Pintado, 2021). Fish skin mainly comprises over 70% of
collagen (Sotelo et al., 2016). This could provide fisheries with a
lucrative revenue stream and significantly reduce the ecological foot-
print of these operations. Such a shift would be highly beneficial for
marine ecosystems by reducing waste, and it would simultaneously offer
new, sustainable raw materials for industries like pharmaceuticals, food,
and cosmetics. Therefore, valorising blue shark skin could be a
game-changer in both economic and environmental terms, harmonising
industrial demands with ecological responsibility.

In enzymatic hydrolysis, alcalase and bromelain are particularly
notable for their distinct catalytic capabilities and applications (Auwal
et al., 2017; Coscueta, Brassesco, & Pintado, 2021; Ugwuodo et al.,
2021; Vasquez et al., 2022). Alcalase, a protease derived from Bacillus
licheniformis, is known for its broad substrate specificity and high effi-
ciency in hydrolysing proteins into bioactive peptides, making it valu-
able in the food and pharmaceutical industries. Though less potent,
bromelain is mainly extracted from pineapple stems and is prized in
nutraceutical applications for its unique specificity (Xu et al., 2021).
These enzymes have shown effectiveness across various collagen sour-
ces, including marine and freshwater fish, highlighting their potential in
processing unique substrates like blue shark skin collagen (Coscueta,
Brassesco, & Pintado, 2021; Jafarpour et al., 2020; Ren et al., 2008; S.
Sun et al., 2022; Zamora-Sillero et al., 2018). This comparative effi-
ciency is crucial as it informs their suitability for specific industrial uses
and innovation in sustainable marine by-product use.

This research aims to delve deeply into the enzymatic hydrolysis of
collagen extracted from blue shark skin, employing alcalase and
bromelain to discern the optimal conditions for hydrolysis. The primary
objective is to optimise hydrolysis conditions to maximize the yield and
enhance the bioactive properties of the resulting collagen hydrolysates.
Furthermore, this study seeks to characterise the hydrolysates’ molec-
ular size distribution and peptide profile, investigating how these
properties influence the peptides’ bioactivity and bioavailability.
Another key aim is to assess the antioxidant and anti-inflammatory
properties of the hydrolysates, including their stability and function-
ality throughout the digestive process. By exploring these aspects, the
work intends to contribute to the sustainable use of marine by-products
and to advance our understanding of marine collagen’s potential,
particularly from underutilised sources such as blue shark skin, thereby
addressing the existing knowledge gap and suggesting practical appli-
cations in the nutraceutical industry.
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2. Materials and methods
2.1. Materials and reagents

We selected blue shark (Prionace glauca) skin, a by-product from
Brasmar - Trade Food S.A. (Guidoes, Portugal) fillet processing for
human consumption, as the raw material for this study. The frozen
samples were ground using an industrial grinder and stored for subse-
quent processing. Later, ETSA - SGPS, S.A. (Empresa Transformadora de
SubProdutos Animais, Sao José da Lamarosa, Portugal) processed all the
samples under confidential industrial conditions. The skin was pre-
treated using sodium hydroxide sourced from VWR Chemicals via
Fisher Scientific. PROZIS collagen concentrate 90 (Prozis.Com, S.A.,
Machico, Funchal, Portugal), with the following formulation, as
described by the producer: Peptan® Hydrolysed Collagen (from fish,
143 mg/dose), chondroitin sulphate (from fish, 270 mg/dose), methyl-
sulphonylmethane (MSM, 300 mg/dose), hyaluronic acid (143 mg/
dose), anti-caking agent (magnesium salts of fatty acids), anti-caking
agent (silicon dioxide). Pepsin was from porcine stomach mucosa
(P7012, 500 U/mg), pancreatin from porcine pancreas (P7545, 8 trypsin
U/mg), alcalase (EC 3.4.21.14), angiotensin-I-converting enzyme (ACE;
EC 3.4.15.1; 5.1 U/mg), and bile salts (B863) from Sigma-Aldrich (St.
Louis, MO, USA). This company provided the non-essential amino acid
solution for MEM and sodium tripolyphosphate. Pineapple bromelain
1500 GDU was from AgroGrIN Tech (Porto, Portugal). Dulbecco’s
Modified Eagle Medium (DMEM) high glucose and the Penicillin-
Streptomycin mix were from Lonza, while Biowest (Nuaillé, France)
supplied the fetal bovine serum (FBS). Dialysis membranes, having a
molecular pore size of 3 kDa, were procured from Spectra/Pro (Spec-
trum Lab, Breda, Netherlands). All other analytical grade reagents were
used as received without further modification.

2.2. Multifactorial optimisation

Following the Box Behnken model, a multifactor experimental
arrangement was designed to optimise hydrolysis, considering 4 factors
(Table 1) and 3 responses (Table 2). Concerning the enzyme/substrate
ratio, the enzyme ratio g/100 g skin (wet basis) was considered after
pretreatment of non-collagenous protein extraction. In the case of
bromelain, this mass was a solid product. At the same time, alcalase was
liquid, which the manufacturer provided. Concerning the responses:
Oxygen radical absorbance capacity (ORAC) for antioxidant capacity,
the % of solubilised proteins as an efficiency indicator, and the degree of
hydrolysis (DH), where the higher DH, the better enzymatic hydrolysis.
A higher ORAC value highlights superior antioxidant properties essen-
tial in sectors like food and health to combat oxidative stress.

The skin pretreatment followed the methodology already applied by
us (Coscueta, Brassesco, & Pintado, 2021). Shredded blue shark skin was
mixed with 0.1 M NaOH at 25 °C to remove non-collagenous proteins
and pigments at a sample/solution ratio of 1:10 (w/v) for 4 h at 25 °C.
The mixture was centrifuged at 3857 RCF for 15 min at 4 °C. The
resulting solid residue was washed with distilled water 3 times and then
pH adjusted (with acid or base as needed) at 25 °C.

Each experimental design consisted of 54 individual randomised
experiments. Each of the three responses considered was optimised
separately and then optimised together to obtain the best conditions.

Table 1
Levels of factors evaluated on the hydrolysis process optimisation.
Factor Alcalase Bromelain Units
Low High Low High
A: pH 7 8 4 7
B: Temperature 45 55 27 37 °C
C: Time 15 135 15 135 min

D: Ratio E/S 0.1 1.5 0.1 1.5 %
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Table 2
Responses evaluated on the hydrolysis process optimisation.
Response Units
ORAC pmol Trolox Equivalents (TE)/g protein in the skin (DB)

Protein (BCA) mg BSA/g protein in the skin (DB)
DH (TNBS) %

The following joint optimal conditions were determined from optimi-
sation (within the tested conditions) of multiple responses with Der-
ringer’s ‘desirability’ function.

2.3. Soluble protein content

Bicinchoninic acid (BCA) methodology (Pierce BCA Protein Assay
Kit) determined the soluble protein concentration in mucus samples.
Briefly, working reagent was prepared by mixing 50 parts of Reagent A
with 1 part of Reagent B. Aliquots of 25 pL of each sample or protein
standard were added to 200 pL of the working reagent in a 96-well
microplate. The plate was then incubated at 37 °C for 30 min.
Following incubation, the absorbance at 562 nm was measured using a
Synergy H1 microplate reader (Biotek Instruments, Winooski, VT, USA)
with Gen5 Biotek software version 3.04. Protein concentrations were
calculated based on a standard curve generated using bovine serum al-
bumin (BSA) standards.

2.4. Degree of hydrolysis

The trinitro-benzene-sulfonic acid (TNBS) method was adapted from
(Hsu, 2010) for a 96-well microplate to measure the DH. Both free amine
groups and those in peptide bonds were assessed using acid hydrolysis at
high temperatures. Specifically, 10 mg of each freeze-dried sample was
hydrolysed in 1 mL of 6 N HCl at 110 °C for 20 h. Afterwards, the hy-
drolysate was neutralised with 1 mL of 6 M NaOH. A ten-point L-Leucine
standard curve was used, diluting a 10 mM r-Leucine solution with 0.1 M
HCI. A 0.025% TNBS working solution was prepared daily by diluting a
5% commercial TNBS stock. 50 pL of the standard or sample solution
was added to a 96-well microplate in duplicate, along with a blank
containing 50 pL of water. Then, 125 pL of a sodium phosphate buffer
(pH 8.2, 75 mM) and 50 pL of the TNBS solution were introduced to each
well. The sealed microplate underwent incubation in the dark for an
hour at 50 °C. The absorbance at 340 nm was read using a Synergy H1
microplate reader (Biotek Instruments, Winooski, VT, USA) with Gen5
Biotek software version 3.04. From this, the DH was calculated:

hy

x 100
tht

DH (%) = (Eq. 1)
where hg represents the number of amino groups (as 1-leucine equiva-
lents) of each sample and h¢y. The original sample contains the total
number of amino groups (as r-leucine equivalents).

2.5. Antioxidant activity

2.5.1. ORAC assay

ORAC was measured using the method described by Coscueta et al.
(2019). Measurements took place in a black polystyrene 96-well
microplate (Nunc, Denmark) using a Multidetection plate reader (Syn-
ergy H1, Biotek Instruments, Winooski, VT, USA) operating on Gen5
Biotek software version 3.04. The fluorescence was monitored at 1 min
intervals for 80 min. Each sample, standard, blank, or control analysis
was performed in duplicate.

2.5.2. 2,2-Azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
radical scavenging assay

The ABTS radical activity assesses an antioxidant’s ability to
neutralise the oxidised state of ABTS. The method described by Coscueta
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et al. (2020) was set out to measure this activity. The measurements
were performed using a black polystyrene 96-well microplate (Nunc,
Denmark) and a Multidetection plate reader (Synergy H1, Biotek In-
struments, Winooski, VT, USA) with Gen5 Biotek software version 3.04.
Before the assay, the ABTS radical absorbance to 0.70 (+0.02) was
adjusted at 734 nm. A volume of 180 pL of ABTS radical were added to
each 20 pL sample in the wells. Ultrapure water was used for controls
alongside seven calibration solutions with Trolox (ranging from 25 to
175 pM). Each type of analysis of the sample, standard or blank, was
done in duplicate.

2.6. Peptide size profile

High-Performance Size Exclusion Chromatography (HPSEC) fol-
lowed the methodology described by Fernandez Cunha et al. (2023).
Briefly, an Agilent AdvanceBio SEC column (Agilent Technologies,
London, UK), 2.7 pm particle size, 130 A pore size, and 7.8 inner
diameter x 300 mm length was used. The column was eluted isocrati-
cally with a phosphate buffer (0.15 M NaH2PO4 pH 7) at a flow rate of 1
mL/min. The injection volume of each sample was 10 pL, and all samples
were previously run through PTFE/L 0.22 pm filters. The instrument
used was Waters 2690 with a photodiode array detector (PDA 190-600
nm). The software Empower 3 was used for the data collection. To
determine molecular weights of the resulting chromatogram peaks, a
calibration curve was made with the following protein standards:
Ovalbumin (44,300 Da); Myoglobin (17,600 Da); Cytochrome C (12,
327 Da); Aprotinin (6511 Da); Neurotensin (1672 Da); Angiotensin-II
(1040 Da); Tyr-Phe dipeptide (328.4 Da); and i-tryptophan (204 Da).

2.7. Functional properties

2.7.1. Foaming properties

Foaming capacity represents the volume increase due to forming a
foam relative to the original volume. Foaming stability measures the
foam’s ability to be maintained over a certain period. The foaming
properties of the pilot-scale hydrolysates were determined according to
the method of Jamil et al. (2016) with slight modifications. About 10 mL
of 0.5% hydrolysate solution was adjusted to pH 4, 7, and 10, followed
by sonication for 10 min. The whipped sample was immediately trans-
ferred into a 25 mL measuring cylinder, and the total volume was read
after 30 s (Dinakarkumar et al., 2022; Vasquez et al., 2022). The
whipped sample was allowed to stand at 20 °C for 3 min, and the volume
of the whipped sample was then recorded. Foaming capacity and sta-
bility were expressed as a percentage (%).

2.7.2. Emulsifying properties

The emulsifying activity index (EAI) provides insights into how
emulsification evolves over a set duration, such as 10 min, and is typi-
cally measured in m?/g. Emulsifying stability, often quantified as the
emulsion stability index (ESI) in minutes, signifies the duration before
phase separation begins or the resilience of the emulsion against disin-
tegration over time. To assess the emulsifying characteristics of the
pilot-scale hydrolysates, the procedure outlined by Jamil et al. (2016)
was adopted, albeit with some alterations. Approximately 5 mL of
vegetable oil was blended with 5 mL of a 1% hydrolysate solution at
varying pH levels: 4, 7, and 10. This concoction was then sonicated.
Roughly 50 uL of the resulting emulsion was sampled at the initial stage
and 10 min post-sonication. Each sample was combined with 5 mL of a
0.1% sodium dodecyl sulphate (SDS) solution. The absorbance of this
diluted blend was measured at 500 nm (Asgg) right away at the start (A0)
and again after 10 min (A10) of emulsion formation (Alahmad et al.,
2022; Dinakarkumar et al., 2022; Hemker et al., 2020; Vasquez et al.,
2022). Subsequently, the EAI and the ESI were calculated:

2 x 2.303 x A
EAI (m?/g) =~ X 2500

~0.25 x sample weight(g) (Eq. 2)
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AQ x At

ESI (min) = (A0 —A10)

(Eq. 3)

where A500 is the absorbance at 500 nm, AA is AO — A10 and At is the
time at 10 min.

2.7.3. Oil-holding capacity

The oil-holding capacity (OHC) represents the amount of oil that can
be held or retained by a certain amount of the substance. The OHC of the
pilot-scale hydrolysates was determined using a method by Razali et al.
(2015), incorporating some modifications. About 0.5 g of hydrolysate
was added to 10 mL soybean oil in a 50 mL centrifuge tube and vortexed
for 30 s in triplicates. The sample was thoroughly mixed and kept for 30
min at 25 °C with intermittent mixing every 10 min. Then, the content
was centrifuged at 1928 RCF for 25 min at 25 °C (Alahmad et al., 2022;
Dinakarkumar et al., 2022). The OHC was expressed as mL of water
retained per gram hydrolysate (mL water/g hydrolysate).

2.7.4. Water-holding capacity

The water-holding capacity (WHC) indicates the amount of water
that can be held or retained by a certain amount of the substance under
specific conditions. The WHC of the pilot-scale hydrolysates was deter-
mined by the method described by Baharuddin et al. (2016), along with
some slight modifications. Triplicate samples of 0.5 g of hydrolysate
were dissolved in 10 mL of distilled water in centrifuge tubes and vor-
texed for 30 s. The mixture was kept at room temperature (25 °C) for 30
min and then centrifuged at 3857 RCF for 30 min at 25 °C. The super-
natant was filtered with Whatman No.1 filter paper, and the volume
retrieved was accurately measured (Alahmad et al., 2022; Dinakarku-
mar et al., 2022). Like OHC, the WHC was expressed as mL of water
retained per gram hydrolysate (mL water/g hydrolysate).

2.8. Cell lines growth conditions

Human Caucasian colon carcinoma epithelial cells, Caco-2 (ECACC
86010202), were obtained from the European Collection of Authenti-
cated Cell Cultures (Salisbury, UK). These cells were maintained in
DMEM high glucose, enriched with 10% FBS, 1% penicillin-
streptomycin, and MEM non-essential amino acid solution. Then, the
culture was incubated at 37 °C under a humidified atmosphere of 95%
air and 5% CO».

2.9. Metabolic inhibition on Caco-2

The cytotoxicity of the hydrolysates was tested in vitro on Caco-2.
The cells were separated using TrypLE Express (Thermo Scientific,
Waltham, MA, USA). These separated cells were seeded into 96-well
Nunc Optical Btm Plt PolymerBase Black microplates at a density of 1
x 10° cells per well and were left to incubate for 24 h. After this period,
the filtered culture media was replaced with sample aliquots and incu-
bated for another 24 h. Then, the metabolic inhibition was assessed
using the Presto Blue™ HS Cell Viability assay (ThermoScientific,
Waltham, MA, USA) per the manufacturer’s guidelines. The fluorescence
was measured with a multi-detection microplate reader (Synergy H1,
Biotek Instruments, Winooski, VT, USA) at excitation and emission
wavelengths of 560 nm and 590 nm, respectively. The wells without
cells were treated as blanks; cells in just culture media acted as controls.
The metabolic inhibition was calculated:

Feontrol — Fsample)

Metabolic inhibition (%) = ( x 100 (Eq. 4)

Fcontrol

where Feongrol and Fanple are the fluorescence intensities (blanked data)
at 590 nm of the control and sample, respectively (Coscueta, Sousa,
et al., 2021).
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2.10. Caco-2 immunomodulation

Based on the method described by Machado et al. (2022), Caco-2
cells were seeded in 24 well microplates at a density of 2.5 x 10°
cells/well and left to incubate for 24 h. After this period, the culture
media was carefully replaced with media enriched with the hydrolysates
at concentrations of 15 mg/mL and 10 mg/mlL, and the plates were
incubated for an additional 24 h. IL-1f at 10 ng/mL was used as an
inflammation control (Control+), while plain media was used as the
control for basal activity (Control-). After the assay period, the super-
natants were collected, centrifuged to remove debris, and stored at
—80 °C for subsequent analysis. To detect Interleukin 6 (IL-6), the ELISA
MAX™ Standard Set Human IL-6 (BioLegend, Inc., San Diego, CA, USA)
was used according to the manufacturer’s guidelines.

2.11. Gastrointestinal tract simulation

The INFOGEST protocol by Brodkorb et al. (2019) was adapted for
the gastrointestinal simulation. This simulation aimed to detect changes
in the size of collagen peptides during digestion and to observe any
structural alterations due to enzyme activity. The procedure consisted of
three stages: i) a 2 min oral phase using simulated salivary fluid (SSF) at
pH 7; ii) a 120 min gastric phase with simulated gastric fluid (SGF) at pH
3; iii) a 120 min intestinal phase employing simulated intestinal fluid
(SIF) at pH 7. Although this simulation incorporated digestive enzymes,
it excluded amylase and lipase because the samples mainly comprise
peptides. Before initiating the digestion simulation, all simulated fluids
were pre-warmed to 37 °C and every sample to pH 7. Then, 1 mL of each
hydrolysate or a control (distilled water) was introduced into the
designated containers. The digestion began by introducing oral phase
components and a 2 min vortex mixing. Subsequently, the pH was
adjusted for all samples to 3 using 1 N HCI. Initiating the gastric phase,
SGF, water, CaCls, and pepsin solution were added, and then the sam-
ples were shaken using an orbital shaker set at 37 °C and 130 rpm. After
2 h, the intestinal phase started by readjusting the pH value to 7 with 1
M NaOH and adding SIF, water, CaCly, and the pancreatin solution. The
shaking speed was reduced to 45 rpm 500 pL aliquot was collected from
each simulation stage for further analysis. To halt the reaction, these
aliquots were subjected to a heat shock of 80 °C for 15 min, following the
method of Brodkorb et al. (2019). The simulation of intestinal absorp-
tion was gauged by examining an aliquot sourced from within the
dialysis membrane, shaken overnight using an orbital shaker set at 37 °C
and 150 rpm.

2.12. Potential antihypertensive activity

The ACE inhibition (iACE) assay was followed according to Coscueta
et al. (2019). Black polystyrene 96-well microplate (Nunc, Denmark)
was used, and the measurement (fluorescence monitored for 80 min in
intervals of 1 min) was done in a multi-detection microplate reader
(Synergy H1, Biotek Instruments, Winooski, VT, USA) controlled by
Gen5 Biotek software version 3.04. Every sample, blank, or control
analysis was done in triplicate. The percentage of ACE activity inhibited
was used to express the antihypertensive activity (Coscueta et al., 2019).

2.13. Statistics

The optimisation process yielded results that were presented as mean
values and their standard deviations (SD). The responses (Y) were
modelled using the following quadratic polynomial equation:

Y =By + BaXa + BpXs + BcXc + PoXp + PanXa + PapXaXs + PacXaXe
+ BapXaXp + PppXj + PocXeXc + PopXeXp + PecXE + PepXcXp
+PppXp + €
(Eq. 5)
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where Xu, Xg, Xc, and Xp represent the levels of the independent vari-
ables, while Bo, f;, Pyi, and Byj denote the regression coefficients for the
independent term, linear, quadratic, and binary interaction effects,
respectively. The residual error is denoted as e (Coscueta et al., 2018;
Gunst, 1996). The significance of each experimental factor’s effects on
the response model was estimated, considering only the significant ef-
fects to derive regression models that best explained the data variability
(with the best adjusted R?). Finally, multicriteria optimisation based on
Derringer’s desirability function (Derringer & Suich, 1980) was applied
to the experimental design results, expressing the desirability of each
response value on a scale ranging from 0 to 1. The complete statistical
analysis of the optimisations can be found in Annex 1.

To evaluate the antioxidant activity, ACE inhibition activity, and IL-6
release, a one-way analysis of variance (ANOVA) was applied with a
confidence level set at 95.0%. The post-hoc tests were done using
Tukey’s Honestly Significant Difference (HSD) method to pinpoint
specific distinctions between the means, maintaining the same 95.0%
confidence level.

A multifactorial ANOVA was employed to study foaming and emul-
sifying properties, focusing on two main factors: the sample type and pH
level. Again, a 95.0% confidence level was adopted. Tukey’s HSD
method was used in post-hoc tests to identify differences between the
group means. Through this approach, we aimed to understand the
combined influence of sample type and pH value on the foaming and
emulsifying properties of the materials examined.

Lastly, the t-test was used to compare the means and contrast the oil-
holding and water-holding capacities.

The primary statistical analysis was carried out using Rstudio v
2023.06.0.

3. Results
3.1. Optimisation

We explored the enzymatic hydrolysis of collagen from blue shark
skin using the enzymes alcalase and bromelain to enhance its antioxi-
dant potential by generating bioactive peptides and other valuable
products.

Alcalase’s final adjusted model fit well (lack of fit P = 0.598) and
explained 75.5% of ORAC’s variability (R?). The best results for alcalase
were at pH 7.3, 55.0 °C, 135 min, and an E/S ratio of 1.46, predicting an
ORAC of 35.7611 pmol TE/g skin protein. In contrast, bromelain had a
R? of 44.8%. Considering R? is a measure of explanatory power, not fit
(lack of fit of this model P = 0.618), it is worth noting that a lower R? at
this level, is not necessarily a limitation (Fig. 1A), given the intricacies of
biological processes. Bromelain’s optimum value was at pH 4.0, 37.0 °C,
135 min, and an E/S ratio of 1.07, forecasting an ORAC of 5.5659 pmol
TE/g skin protein.

Regarding solubilised protein, alcalase’s model fit well (lack of fit P
= 0.714) and cleared up 57.8% of the variance. The optimal conditions
were pH 7.8, 50.5 °C, 100 min, and an E/S ratio of 0.51, predicting
145.5 mg/g skin protein. Bromelain, with a significant fit (lack of fit P =
0.147) and with an R? of 79.9%, showed its best performance at pH 4.0,
37.0 °C, 135 min, and an E/S ratio of 0.45, anticipating 36.6 mg/g skin
protein.

For DH, alcalase’s model fit well (lack of fit P = 0.959) and covered
72.3% variance. Ideal conditions were pH 8.0, 47.3 °C, 106 min, and an
E/S ratio of 0.16, projecting a DH of 15.7%. Bromelain showed low DH
variability with a good fit (lack of fit P = 0.591) but an R? of 18.9%, too
low to predict (Fig. 1B). This might be because, in all conditions tested,
shallow values of DH were observed with practically no appreciable
variation. Its optimum was at pH 4.3, 36.7 °C, 135 min, and an E/S ratio
of 1.50, estimating a DH of 1.1%. Given bromelain’s low R? for DH, we
excluded it from combined optimisation.

Using the ‘desirability’ function, modelled in Fig. 1C, alcalase
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achieved peak desirability of 0.70 at pH 7.7, 51.8 °C, 103 min, and an E/
S ratio of 1.46. The predicted responses were 28.098 pmol TE/g skin
protein (ORAC), 145.5 mg/g skin protein, and 13.2% (DH). Bromelain’s
desirability (modelled in Fig. 1D) reached its optimum (1.00) at pH 4.0,
36.9 °C, 135 min, and an E/S ratio of 0.54. Predicted responses were
5.540 pmol TE/g skin protein (ORAC) and 36.3 mg/g skin protein.

In tests near optimal conditions, the skin digestion yield varied. After
the whole process (pretreatment followed by hydrolysis), alcalase left 13
+ 3% of the initial skin mass (dry basis) and bromelain 35 + 5% (dry
basis). It is crucial to remember that the skin contains 75.6% moisture
and 86.1% protein when dry. The pretreatment extracted non-
collagenous proteins, constituting 31.2% of the skin’s total protein.

3.2. Pilot-scale hydrolysis and characterisation of blue shark skin
collagen hydrolysates

Considering our previously optimised conditions, ETSA tailored
them to two pilot-scale processes, each corresponding to a specific
enzyme. The blue shark skin collagen hydrolysates (BSCH) resultant
from these processes allowed for a comprehensive assessment and
characterisation of their molecular and functional properties.

3.2.1. Hydrolysates’ molecular size distribution profile

We characterised the collagenous hydrolysates (BSCH with alcalase
and bromelain) by their molecular size profiles. Fig. 2A displays these
profiles comparatively, detailing the percentage distribution of size
ranges, specifically less than 1 kDa, between 1 kDa and 3 kDa, between
3 kDa and 5 kDa, between 5 kDa and 10 kDa, between 10 kDa and 50
kDa, and greater than 50 kDa.

The results highlight how peptide fractions vary in molecular size
across samples, offering insights into the composition and properties of
the hydrolysates. The highest ratio for the alcalase-BSCH falls within the
3-5 kDa range (44.5%). Meanwhile, the bromelain-BSCH has its most
significant ratio in the 5-10 kDa range (38.0%).

These findings highlight that the alcalase-BSCH predominantly
contained smaller peptides. In contrast, bromelain-BSCH had a signifi-
cant presence of larger peptides.

3.2.2. Hydrolysates’ antioxidant capacity

Fig. 2B and C illustrate the antioxidant activities of the optimised
hydrolysates using ORAC and ABTS assays. Alcalase-BSCH showed an
ORAC value of 155 £+ 14 pmol TE/g, while Bromelain-BSCH had a
slightly higher ORAC of 196 + 5 pmol TE/g, with no significant statis-
tical difference between them (P = 0.0572). Conversely, the ABTS assay
revealed significant differences: alcalase-BSCH recorded 109 + 1 pmol
TE/g, markedly higher than Bromelain-BSCH’s 48 + 3 pmol TE/g (P =
0.0013). These results suggest that alcalase hydrolysates possess stron-
ger antioxidant activities and are potentially more effective for man-
aging oxidative stress than bromelain hydrolysates’ lower antioxidant
properties.

3.2.3. Hydrolysates’ foaming and emulsifying capacities and stabilities
The foaming and emulsifying properties of BSCH obtained -using
both enzymes at varying pH levels were assessed. As depicted in Fig. 2D,
the foaming capacity is a critical indicator of the protein’s ability to
reduce surface tension and stabilise air bubbles within a solution. Our
analysis revealed significant differences between the enzyme treat-
ments, with bromelain demonstrating a superior ability to maintain and
stabilise foam as pH increased. Our statistical findings highlight this,
which showed a pronounced variance (P = 0.0000) between the two
treatments and across different pH levels. These results suggest that the
enzymatic cleavage patterns, which possibly affect the resulting pep-
tides’ molecular size, surface hydrophobicity, and pH-induced in-
teractions, are critical determinants of the foaming capacity (van der
Ven et al., 2002). Further analysis into foam stability (Fig. 2E) reinforced
these observations, with both enzyme type and pH showing significant
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Fig. 2. Characterisation of blue shark skin collagen hydrolysates. A) Peptide profile rate derived from HPSEC chromatograms; B) antioxidant capacity assessed by
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oil-holding capacity; J) water-holding capacity; K) metabolic inhibition of alcalase-BSCH at concentrations of 1, 5, and 10 mg/mL compared with a cytotoxic control
(grey square indicates cytotoxic region); L) metabolic inhibition of bromelain-BSCH at concentrations of 1, 5, and 10 mg/mL compared with a cytotoxic control (grey
square indicates cytotoxic region); M) immunomodulation on Caco-2 shown as a percentage rate of IL-6 release relative to the inflammation control (Control+) at a
hydrolysate concentration of 5 mg/mL ns denotes P > 0.05; **** denotes P < 0.0001. (For interpretation of the references to color in this figure legend, the reader is
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effects (P = 0.0000 for pH, P = 0.0002 for enzyme type), and their
interaction also proving impactful (P = 0.0000). Notably,
bromelain-BSCH displayed enhanced stability compared to those treated
with alcalase, particularly at higher pH levels. This superior stability
underlines bromelain’s potential in applications requiring robust and
enduring foam, particularly food and cosmetic products, where pro-
longed foam integrity is crucial. The emulsifying properties of hydro-
lysates at different stability phases showed clear distinctions in
performance between enzyme treatments. Initially, at time zero (T = 0,
Fig. 2F), both enzymes demonstrated significant influences on emulsi-
fying activity, with enzyme type and pH displaying statistically signifi-
cant effects (P = 0.0000 for enzyme type and P = 0.0008 for pH) and a
significant interaction between these factors (P = 0.0000).
Bromelain-BSCH exhibited superior emulsifying properties immediately
after solubilization compared to alcalase, suggesting that bromelain’s
enzymatic action produces peptides with better surface-active proper-
ties at this initial stage.

As the test progressed to T = 10 (Fig. 2G), examining longer-term
stability, the results continued to favour bromelain. Both enzyme type
and pH remained significant factors (P = 0.0000 for enzyme type, P =
0.0001 for pH), with their interaction again significant (P = 0.0000).
The better performance of bromelain-BSCH underscores their ability to
maintain emulsion stability over time at higher pH levels, likely due to
the peptides’ favourable balance of hydrophilicity and hydrophobicity,
which bromelain tends to produce.

Further exploration into emulsifying stability (Fig. 2H) reinforced
these observations. Significant effects were again noted for enzyme type
and pH (P = 0.0002 for enzyme type, P = 0.0001 for pH), with their
interaction showing a notable impact, though less pronounced than in
earlier tests (P = 0.0076). Bromelain’s ability to consistently outperform
alcalase in maintaining emulsion stability suggests that its hydrolysates
are better suited for applications requiring durable and stable emulsions.

3.2.4. Hydrolysates’ oil-holding and water-holding capacities

Fig. 21 and J compare the water-holding and oil-holding capacities of
the optimised bromelain-BSCH and alcalase-BSCH.

The ability of hydrolysates to retain oil, termed oil-holding capacity,
provides insights crucial for sectors like food processing, cosmetics, and
pharmaceuticals. The bromelain-BSCH showed an oil retention value of
2.0 + 0.0 (Fig. 2I). The alcalase-BSCH exhibited a slightly reduced ca-
pacity at 1.8 & 0.3 (Fig. 2I). This variation in the alcalase-BSCH’s per-
formance might stem from differences in peptide sequences or the
molecular makeup of the sample. Nevertheless, statistical analysis
revealed no significant difference between the two samples, with a P of
0.373901.

On the other hand, the water-holding capacity sheds light on a hy-
drolysate’s capability to absorb and hold water, which is vital for in-
dustries that manufacture moisture-sensitive products. Interestingly,
both hydrolysates displayed a consistent water retention measure of 1.0
+ 0.0 (Fig. 2J), implying that their water interaction behaviours are
similar regardless of the hydrolysing enzyme.

The statistical insignificance suggests there is no practical difference
between the samples.

3.2.5. Hydrolysates’ metabolic inhibition in Caco-2 cells

Fig. 2K and L displays the metabolic inhibition results (cytotoxicity)
of BSCHs and control with 30% DMSO using the Caco-2 cell model (a cell
line derived from human colorectal adenocarcinoma). The analytical
method used was PrestoBlue.

We assessed cytotoxicity using each hydrolysate’s different concen-
trations (1, 5, and 10 mg/mL). We express the findings as a percentage
(%) of metabolic inhibition. The outcomes differ significantly across
samples and concentrations. Any samples demonstrating metabolic in-
hibition above 30% are considered cytotoxic.

The bromelain-BSCH did not display significant cytotoxicity at any
tested concentrations (Fig. 2L). However, the alcalase-BSCH exhibited
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high cytotoxicity with inhibitions exceeding 30% at a concentration of
10 mg/mL (72 £+ 3%, Fig. 2K).

These findings suggest that different hydrolysates might have cyto-
toxic potential at specific concentrations. Evaluating cytotoxicity is
crucial to ensure the safety of potential applications of these hydroly-
sates in pharmaceutical products and the development of functional
foods.

It is worth noting that cytotoxicity can vary based on the concen-
tration and the type of cells used. Therefore, future studies must clarify
the action mechanisms and determine the safe concentrations for these
hydrolysates.

3.2.6. Hydrolysates’ immunomodulation on Caco-2 model

Fig. 2M presents the immunomodulation on Caco-2 colon cell
models, measured by the percentage change in interleukin 6 (IL-6)
release. The BSCHs were tested at a 5 mg/mL concentration. The
inflammation was triggered by Interleukin-1-beta (IL-1-f). In scenarios
with stimulation but no sample addition, the reference level was set at
100% (Control+). We identified samples with a significant decrease in
IL-6 release as possessing anti-inflammatory properties. Control-
represents a cell system without IL-1-f stimulation or sample addition.
For analysis, we used the ELISA method.

The results indicated that IL-1-p led to a 100.0% release of IL-6,
taking Control + as the reference. Conversely, Control-had a substan-
tially lower IL-6 release at 24.7%, expected as it reflects the cell’s
inherent reaction in the absence of inflammatory triggers. Among the
samples, alcalase-BSCH had the most significant reduction in IL-6
release, with a 15.3% compared to the Control+. This points to its
promising anti-inflammatory properties. On the other hand, bromelain-
BSCH had a higher IL-6 release at 86.6%, suggesting limited efficacy in
reducing inflammation at the given concentration.

3.2.7. Overall implications and integrative insights

The comprehensive analysis of the functional properties of each
BSCH sheds light on their multifaceted characteristics. A fundamental
observation is the decisive influence of the enzyme type used in hy-
drolysis on the hydrolysates’ molecular properties and biological effects.
For instance, the differences between alcalase and bromelain treatments
are evident in their antioxidant capacities, such as the ABTS antioxidant
assay, and their metabolic and anti-inflammatory effects on Caco-2 cells.

While bromelain-BSCH displayed limited anti-inflammatory poten-
tial, it did not exhibit significant cytotoxicity across the tested concen-
trations. In contrast, alcalase-BSCH, despite its promising anti-
inflammatory activity, raised safety concerns due to the cytotoxicity
observed at higher concentrations (>10 mg/mL). These divergent
properties highlight the intricate balance that industries must consider
when harnessing the potential of these hydrolysates. Safety, particularly
concerning cytotoxicity, will be paramount for any applications in
pharmaceuticals or functional foods.

Furthermore, the effects of these hydrolysates are not solely deter-
mined by the enzyme type. Our findings underscore the significant
interplay between enzymatic action and environmental factors, such as
pH, in determining their functionalities. For instance, while enzymes
primarily influenced foaming and emulsifying behaviours, pH changes
altered these properties under specific conditions. This complex inter-
action suggests the necessity of a holistic approach when tailoring these
hydrolysates for specific industrial applications.

Overall, the nuanced behaviours of BSCH, sculpted largely by
enzymatic treatments, present a mosaic of challenges and opportunities
for research and industry alike. It is imperative for industries seeking to
capitalise on marine collagen’s unique properties to understand and
respect these complexities. Our findings here provide a robust founda-
tion for future explorations and practical applications, ensuring that
marine-derived collagen can be utilised to its fullest potential.
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3.3. Development and in vitro digestive analysis of hydrolysate-enriched powders and capsules as food supplements. So, a nutraceutical supple-
nutraceutical prototypes ment was developed using the hydrolysate powder enriched with hy-
aluronic acid to reinforce the market value further. Two nutraceutical

A nutraceutical formulation was chosen due to the EFSA regulations prototypes containing the two hydrolysates, alcalase-BSCH and

on health claims for food and the growing market for hydrolysate bromelain-BSCH, were developed. Each dose comprises 900 mg of
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Fig. 3. In vitro digestion of nutraceutical prototypes. A) Peptide profile rate derived from HPSEC chromatograms at each digestion phase; B) antioxidant capacity
assessed by ORAC at each digestion phase; C) antioxidant capacity measured by ABTS at each digestion phase; D) antioxidant capacity assessed by ORAC of each
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hydrolysate and 150 mg of hyaluronic acid. These new formulations
were compared to a leading product, PROZIS’ hydrolysed marine
collagen supplement, which uses hydrolysates from the company Pep-
tan®. Peptan® hydrolysate is a product described as type I collagen
peptides developed explicitly for human benefit. The comparison with
this benchmark helps to understand the value of the products against top
market competitors.

3.3.1. In vitro simulation of digestion

The formulated nutraceutical prototypes were tested using a modi-
fied INFOGEST digestion simulation. The PROZIS nutraceutical product
containing hydrolysed marine collagen and hyaluronic acid was used as
a benchmark, and the control represents a simulation without any
substrate added.

The molecular exclusion chromatography was used to study the
peptide profiles (Fig. 3A). This allowed us to understand the distribution
of peptide sizes in the samples during each digestion stage. During the
oral phase, the digestion of peptides from PROZIS benchmark sample
revealed 35% peptides in the 5-10 kDa range and 33% in the 10-50 kDa
range. In contrast, the alcalase-BSCH’s and bromelain-BSCH’s pro-
totypes predominantly had 3-5 kDa peptides, between 29% and 39%.
Notably, the alcalase-BSCH’s prototype exhibited a more significant
combined percentage of peptides less than 5 kDa than the other samples.

In the gastric phase, the PROZIS sample maintained its peptides in
the 5-10 kDa range at 34%. Both BSCH prototypes remained consistent,
with their most significant percentages in the 3-5 kDa range, ranging
from 28% to 37%. During this phase, every sample increased its per-
centage of peptides smaller than 1 kDa. The alcalase-BSCH and
bromelain-BSCH kept their combined peptide percentages between less
than 5 kDa.

During the intestinal phase, the PROZIS sample shifted its predom-
inant peptides to the 3-5 kDa range at 43%. The other prototypes also
showed the highest percentage within this range, at 32% and 37%. We
noticed smaller peptides at this stage, pointing to more thorough
digestion. All samples, excluding PROZIS, had a higher percentage of
peptides ranging from less than 5 kDa.

These findings show that the samples responded differently during
digestion. This variation likely stems from differences in their initial
composition and how they react to digestive enzymes. We assessed the
peptide profiles to gauge the bioavailability and potential activity of the
peptides in these samples. The prototypes generally showed a higher
content of smaller peptides (less than 5 kDa) than the PROZIS com-
mercial sample at every digestion phase. This may imply that the pro-
totypes digest more efficiently because a higher content of low-weight
peptides usually suggests better digestibility.

However, it is essential to emphasise that many smaller peptides in
the prototypes do not automatically suggest better bioactivity or
bioavailability. A sample’s peptide profile does not always directly
relate to its biological function since a peptide’s activity also relies on its
amino acid structure and shape (Fennema et al., 2017). So, while the
prototypes had smaller peptides than the PROZIS sample, we need
further research to determine if this results in improved bioactivity or
bioavailability.

The antioxidant activity of the prototypes was evaluated through the
ORAC and ABTS tests in each phase of the gastrointestinal tract. The
results presented in Fig. 3B and C demonstrated the antioxidant activity
after being subjected to the oral phase of the gastrointestinal digestion
simulation. In the context of antioxidant activity measured by the ORAC
method, in the oral phase, the highest mean value was observed for the
alcalase-BSCH’s (0.288 + 0.076 pmol TE/mg protein) and bromelain-
BSCH’s (0.285 + 0.078 pmol TE/mg protein) prototypes. Both these
values were statistically on par. The nutraceutical product from PROZIS
showed an average of 0.199 + 0.072 pmol TE/mg protein, and it was not
significantly different from the BSCH hydrolysates in terms of antioxi-
dant activity during the oral phase. The control, without added sub-
strate, showed no antioxidant activity at this stage.
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Regarding the antioxidant activity measured by the ABTS method in
the oral phase, the alcalase-BSCH’s prototype showed the highest
average (0.186 + 0.078 pmol TE/mg protein). This value was not sta-
tistically different from the PROZIS product, which had a value of 0.166
+ 0.060 pmol TE/mg protein. However, the bromelain-BSCH’s proto-
type showed a considerably lower value of 0.079 + 0.015 pmol TE/mg
protein, which was also not statistically different.

In the gastric phase of the INFOGEST simulation protocol, antioxi-
dant activity, measured by ORAC and ABTS techniques, showed mixed
results. The control exhibited no antioxidant activity. The PROZIS
benchmark displayed antioxidant activity of 0.367 + 0.068 pmol TE/mg
protein and 0.147 + 0.003 pmol TE/mg protein for ORAC and ABTS,
respectively, both statistically differentiated from the control. The
bromelain-BSCH revealed antioxidant activity of 0.617 + 0.224 pmol
TE/mg protein for ORAC and 0.122 + 0.020 pmol TE/mg protein for
ABTS. These values suggested that it might not be statistically different
from the PROZIS sample or the alcalase-BSCH’s prototype regarding
ORAC but were statistically similar regarding ABTS. Finally, the alca-
lase-BSCH’s prototype expressed antioxidant activity of 0.850 + 0.051
pmol TE/mg protein for ORAC, which was statistically different from the
PROZIS product, and 0.147 + 0.010 pmol TE/mg protein for ABTS.

In the intestinal phase of the INFOGEST simulation, we observed that
all samples exhibited antioxidant activity. The control showcased anti-
oxidant activity with values of 1.582 + 0.041 pmol TE/mg protein and
0.879 + 0.010 pmol TE/mg protein for ORAC and ABTS, respectively.
The PROZIS benchmark had antioxidant activity of 1.332 4+ 0.019 pmol
TE/mg protein for ORAC, which was statistically different from the
control, and 0.671 £ 0.138 pmol TE/mg protein for ABTS, which was
not statistically different from the prototypes. The bromelain-BSCH’s
prototype expressed antioxidant activity of 1.162 + 0.059 pmol TE/mg
protein for ORAC and 0.427 + 0.001 pmol TE/mg protein for ABTS. The
ORAC activity for this sample was statistically similar to the other pro-
totype. This sample showed significant differences in ABTS activity
compared with all other samples. Finally, the alcalase-BSCH’s prototype
demonstrated an antioxidant activity of 1.281 + 0.070 pmol TE/mg
protein for ORAC and 0.678 + 0.019 pmol TE/mg protein for ABTS. The
ORAC activity was statistically aligned with the other prototype and the
benchmark, while its ABTS activity showed no significant differences
with the control or the benchmark.

Then, the products from the intestinal phase were subjected to a
membrane dialysis process to simulate intestinal absorption. In the in-
testinal retention phase, all samples, including the control, showed
antioxidant activity for ORAC and ABTS (Fig. 3D and E). There were no
statistically significant differences between the samples for both activ-
ities. The control values were 1.143 + 0.348 pmol TE/mg protein for
ORAC and 0.335 + 0.078 pmol TE/mg protein for ABTS. The PROZIS
benchmark showed values of 1.149 + 0.144 pmol TE/mg protein for
ORAC and 0.270 + 0.085 pmol TE/mg protein for ABTS. Bromelain-
BSCH’s and alcalase-BSCH’s prototypes showed ORAC activities of
0.933 + 0.149 pmol TE/mg protein and 0.776 £+ 0.103 pmol TE/mg
protein, and ABTS activities of 0.344 + 0.036 pmol TE/mg protein and
0.191 + 0.032 pmol TE/mg protein, respectively.

All samples showed antioxidant activity in the intestinal permeate
phase of the INFOGEST simulation (Fig. 3D and E). In the case of ORAC
activity, all samples had no statistically significant differences. The
control showed an activity of 1.607 + 0.585 pmol TE/mg protein, while
the PROZIS benchmark showed an activity of 2.288 + 0.588 pmol TE/
mg protein. Bromelain-BSCH’s and alcalase-BSCH’s prototypes had ac-
tivities of 1.607 + 0.271 pmol TE/mg protein and 1.447 + 0.581 pmol
TE/mg protein, respectively. As for ABTS activity in the permeate, no
statistical differences were observed in any of the samples. In summary,
considering that the samples do not differ from the control in both
permeation and retention, the idea of loss of antioxidant activity by
intestinal digestion in both prototypes and benchmark is reinforced.

In addition to antioxidant activity, the ability to inhibit ACE activity,
a measure of the potential for antihypertensive activity, was analysed in
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the permeate. ACE inhibition was measured as ICsg (Fig. 3F), i.e., the
50% inhibitory concentration of the activity. Thus, higher ICsy values
indicate lower antihypertensive activity.

In this analysis, the control showed the highest ICs value of 2600 +
516 pg/mlL, indicating it has the lowest antihypertensive activity.
Bromelain-BSCH’s and alcalase-BSCH’s prototypes presented lower ICsq
values of 1073 + 56 pg/mL and 1081 + 476 pg/mL, respectively, sug-
gesting a possible higher antihypertensive activity than the control. The
PROZIS benchmark also showed an ICsg value of 1439 + 784 pg/mlL.
However, it is essential to note that no statistically significant differ-
ences in antihypertensive activity exist between the samples.

4. Discussion

This study centred on the enzymatic hydrolysis of collagen extracted
from blue shark skin using alcalase and bromelain. The aim was to
determine the optimal conditions for hydrolysis and assess these en-
zymes’ efficiency. Our primary findings revealed that collagen from blue
shark skin could be efficiently processed, producing hydrolysates rich in
peptides with potential bioactive properties.

In our study, alcalase exhibited higher efficiency across several pa-
rameters, including ORAC, solubilised proteins, and DH, making it a
potentially more suitable enzyme for hydrolysing blue shark skin
collagen. This suggests that alcalase may be more adept at breaking
down collagen into bioactive peptides, possibly offering a quicker route
to high-quality hydrolysates. In contrast, bromelain presented lower DH
R? values, indicating either its specific yet less effective enzymatic action
on blue shark skin collagen or a restricted range of activity. The per-
formance of bromelain was comparatively less robust, raising questions
about its commercial viability for these specific bioactivities and
applications.

While earlier research has employed alcalase and bromelain on
various substrates (Mazorra-Manzano et al., 2018; Real Hernandez &
Gonzalez de Mejia, 2019; Zhang et al., 2013), our research offers a fresh
perspective by using blue shark skin as the substrate. This approach
emphasises blue shark skin’s distinctiveness and potential as a valuable
bio-resource. The conditions pinpointed as optimal for each enzyme
align with prior literature (Coscueta, Brassesco, & Pintado, 2021; Xu
etal., 2021), validating the enzymes’ specificity and unique mechanisms
of action. Our investigation into the peptide profile of blue shark skin
unveiled distinctions from previous studies on species like tilapia and
cod (Coscueta, Brassesco, & Pintado, 2021; Roslan et al., 2014; L. Sun,
Hou, et al., 2017; L. Sun, Li, et al., 2017; S. Sun et al., 2022). These
differences could stem from inherent contrasts between marine and
freshwater fish skin or varied hydrolysis techniques.

Moreover, aligning with recent advances in biomedicine, Gao et al.
(2022) explored the role of marine collagen peptides in healing oral
mucosal ulcers, highlighting their regenerative potential and applica-
bility in medical biomaterials. Complementarily, Popov et al. (2013)
examined the biological activities of collagen peptides from Far-Eastern
holothurians, noting varied bioactivities based on the enzyme used.
These observations support our findings with bromelain’s varied
efficiency.

Recent investigations into marine-derived collagen peptides’ bioac-
tivity have showcased their profound impact on health, mainly through
their anti-inflammatory and regenerative properties. Several studies
(Chenetal., 2018; Lin et al., 2021; Subhan et al., 2017; Yang et al., 2019;
Yu et al., 2023) have emphasized that collagen peptides derived from
marine sources not only offer potent anti-inflammatory benefits but also
significantly contribute to skin health, accelerating wound healing and
improving skin elasticity. These properties make marine-derived
collagen peptides highly valuable for medical and cosmetic applica-
tions, underscoring their potential as a key ingredient in skin care
products and therapeutic formulations to enhance skin repair and
mitigate inflammatory conditions.

The unique composition of marine collagen, with its high glycine,
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proline, and hydroxyproline content, helps promote the stability of
collagen triple helix structures, thereby enhancing the bioavailability
and efficacy of these peptides in human health. Their ability to modulate
key pathways involved in inflammatory responses further illustrates
their potential in chronic disease management, providing a natural
alternative to synthetic drugs.

Our research on blue shark skin collagen hydrolysis parallels novel
insights into marine-derived peptides’ roles in biomedicine. Specifically,
Qiao et al. (2022) highlight the cytoprotective effects of fourteen novel
ACE-inhibitory peptides from tuna processing by-products on human
umbilical vein endothelial cells, emphasizing the peptides’ therapeutic
potential in cardiovascular disease contexts. Additionally, Wu et al.
(2023) demonstrate how antioxidant peptides from monkfish swim
bladders can ameliorate non-alcoholic fatty liver disease in vitro by
regulating the AMPK/Nrf2 pathway and suppressing lipid accumulation
and oxidative stress. These studies underscore the broad bioactive ca-
pabilities of marine-derived peptides, suggesting that our findings on
blue shark skin collagen could similarly contribute to developing func-
tional products with potential health benefits, particularly in
anti-inflammatory and metabolic regulatory applications.

These studies support our findings and expand the understanding of
collagen peptides’ roles in cytotoxic and anti-inflammatory processes,
providing a deeper insight into their potential applications across
pharmaceutical and nutraceutical industries. This broader perspective
should be considered to harness the full potential of marine-derived
collagen in developing therapeutic agents and functional foods.

Our analysis of the pilot facility’s blue shark skin collagen hydroly-
sates revealed a peptide profile that hinted at specialised antioxidant or
anti-inflammatory properties inherent to blue shark skin collagen. The
evident differences in characteristics, such as foaming capacity, between
the enzymes might stem from their distinct cleavage patterns and
resulting peptide sizes (Fennema et al., 2017). Some peptides, as pro-
filed, could potentially influence cellular pathways, suggesting roles in
cytotoxicity or anti-inflammatory processes.

Our examination of nutraceutical prototypes showed a trend during
the INFOGEST simulation, where smaller peptides were favoured,
typically signifying improved digestibility. During the intestinal phase
of the INFOGEST simulation, every sample showed decreased antioxi-
dant activity. This suggests that the structural stability of the peptides in
both the BSCH prototypes and the PROZIS benchmark varies due to the
intestinal digestion process. Although their antioxidant properties
changed during digestion, implying potential peptide modifications, the
prototypes demonstrated potential antihypertensive properties. Never-
theless, a thorough analysis remains essential to confirm their practical
benefits.

Our study, comprehensive as it was, presented certain limitations.
The inherent unpredictability of biological systems can produce diverse
outcomes. The scope of our enzyme selection and pilot study sample
sizes might not encapsulate the total variability of wild blue shark
samples. Furthermore, while the functional study was thorough, it might
have omitted some influential determinants.

This study has expanded upon the foundational work of previous
research to explore the enzymatic hydrolysis of blue shark skin collagen,
identifying optimal conditions that enhance the yield and bioactivity of
resultant peptides. Our findings build on earlier studies, such as those by
Rodriguez-Diaz et al. (2011), which laid the groundwork for technical
optimisation by delving deeper into the specific actions of alcalase and
bromelain. Additionally, our research contributes to the novel applica-
tion areas for blue shark skin collagen, furthering the initial cosmetic
focus described by Lu et al. (2022). This study advances our under-
standing of marine-derived collagen’s potential by filling these crucial
gaps. It underscores the importance of sustainable utilization of marine
by-products, paving the way for future innovations in biotechnological
applications of marine resources. Besides, the work also promotes val-
orisation of what fisheries often discard, advocating for marine conser-
vation alongside commercial feasibility. The potential of marine-derived
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collagen, especially for pharmaceutical and food sectors, is a testament
to harmonising environmental responsibility with industry demands.

5. Conclusions

This study on the enzymatic hydrolysis of collagen from blue shark
skin has provided crucial insights. The best conditions to enhance
enzymatic hydrolysis using alcalase and bromelain were identified.
Compared to past research, the work highlights the importance of
enzyme specificity and their distinct action mechanisms. Notably, the
results suggest significant potential for using blue shark skin collagen
hydrolysates in various sectors, such as food, health, nutraceuticals, and
cosmetics. The noticeable difference in skin digestion yield between
alcalase and bromelain provides essential information for making
commercial decisions, with alcalase appearing as the more efficient
option.

Emphasizing sustainability, our study introduces an innovative way
to value what some might see as waste. This work proposes a sustainable
method to address marine waste issues, maximizing the use of available
resources and expanding their commercial use. Our research guides the
academic community and industry, showcasing the vast potential when
merging marine resources with commercial needs. Our research ad-
vances the understanding of blue shark skin collagen’s potential,
demonstrating enhanced bioactive peptide production through tailored
enzymatic processes, which opens new avenues for sustainable utiliza-
tion in health-related industries.

Building upon the insights gained from this study on the enzymatic
hydrolysis of collagen from blue shark skin, several avenues for subse-
quent research emerge that could significantly advance our under-
standing and utilization of marine collagen. Firstly, exploring a broader
range of enzymes beyond alcalase and bromelain could uncover more
efficient or specifically targeted enzymatic processes for collagen hy-
drolysis, potentially enhancing the peptides’ yield and bioactivity.
Additionally, research into the formulation of these collagen hydroly-
sates into various product forms, such as nutraceuticals or cosmetics,
would be valuable to determine the optimal delivery methods that
maximize their beneficial properties. A focus on scalability and sus-
tainability is also critical, as developing industrial-scale processes that
are economically viable and environmentally friendly is essential for the
practical application of blue shark skin collagen. Lastly, the promising
preliminary data on the health benefits of these hydrolysates suggest
significant potential in biomedical applications, including tissue engi-
neering and regenerative medicine, warranting further investigation
into their efficacy and mechanisms in clinical settings. These research
directions continue the work initiated and open new possibilities for
using marine resources to enhance human health and industry
applications.
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