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Abstract
Large quantities of mussel byssus are generated annually as a co-product of the mussel-processing industry. This fibrous 
material is a rich source of collagen, which when extracted has potential uses as an alternative source of collagen for food 
applications. However, due the complex structure of the material, the extraction of the collagenous components using food-
friendly strategies has proved challenging to date. An enzyme-aided method, using a proline endoproteinase, was employed 
for the extraction of collagen from mussel byssus yielding 138.82 ± 2.25 mg collagen/g dry weight. Hydrolysates of the 
collagen extract were generated using five food-grade enzyme preparations with Corolase® PP giving the highest extent of 
hydrolysis. Reversed-phase and gel permeation high-performance liquid chromatography of the extracted collagen and its 
enzymatic hydrolysates showed significant hydrolysis of collagen. The hydrolysates generated with Corolase® PP showed 
the highest in vitro bioactivities: angiotensin-converting enzyme (ACE)  IC50 = 0.79 ± 0.17 mg/ml, dipeptidyl peptidase-IV 
(DPP-IV)  IC50 = 0.66 ± 0.17 mg/ml and oxygen radical absorbance capacity (ORAC) activity = 311.23 ± 13.41 µmol trolox 
equivalents (TE)/g. The results presented herein indicate that in addition to acting as an alternative source of collagen for 
food applications, mussel byssus collagen-derived hydrolysates have potential applications as functional food ingredients 
for the management of metabolic diseases such as type II diabetes and hypertension.
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Introduction

Large quantities of shellfish processing co-products are gen-
erated each year. Although rich in proteins, lipids and min-
erals they are often incinerated, are used as fertiliser or are 
diverted for animal feed [1, 2]. Several studies have shown 
alternative and valuable uses for shellfish co-product-derived 
proteins in areas relevant to the food, cosmetic and phar-
maceutical industries [3–5]. Furthermore, shellfish-derived 
co-products have been identified as alternative non-land 
derived protein sources to meet the ever-increasing global 
protein demand.

The mussel-processing industry generates significant 
quantities of co-products. In Ireland, more than 1000 t of 

blue mussel (Mytilus edulis) co-products, which arise from 
undersized, cracked, and fouled mussels as well as mus-
sel byssus, are produced each year and can correspond to 
approximately 10% of the annual production [6, 7]. Mussel 
byssus, a collagenous protein strand, which attaches mus-
sels to each other and to shoreline rocks is separated from 
the mussel during processing [8, 9]. The byssus, which on a 
dry weight basis contains approximately 95% protein (w/w), 
is not used for human consumption as current extraction 
procedures include the use of acids and organic compounds 
which are not suitable for the food industry [10]. Mussel 
byssus contains a variety of different proteins, including 
collagen-like compounds known as preCols, which assemble 
into fibrils. The collagen from the byssus is composed of two 
pepsin-resistant fragments, each containing three identical 
alpha-like chains. Col-P, which is found predominantly at 
the proximal end of the byssus thread, has a molecular mass 
of 50 kDa. Col-D, which is found predominantly at the distal 
end of the thread has a molecular mass of 60 kDa [11]. Col-
lagen and in particular gelatin, the partially hydrolysed form 
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of collagen, is used extensively in the food, pharmaceutical 
and cosmetic industries due to its excellent techno- and bio-
functional properties [3, 5, 12]. At present, gelatin is mainly 
obtained from porcine and bovine co-products. However, 
due to religious reasons, dietary changes and diseases asso-
ciated with terrestrial animals, consumers are looking for 
alternative non-animal sources of this component [13]. As 
a result, a significant body of research has been performed 
in recent years to extract and characterise marine-derived 
collagen, and its partially hydrolysed soluble form, gelatin 
[14, 15]. Just like other sources of collagen, Col-P and Col-
D, contain the repeat sequence [Gly-X–Y]n where X and Y 
are often proline or hydroxyproline and they contain high 
levels of other amino acids such as glutamic acid, glutamine 
and alanine (Ala) [11, 16]. However, Col-P and Col-D differ 
both in structure and amino acid composition from the col-
lagen obtained from other marine sources and consequently 
may have different nutritional properties in addition to novel 
techno- and biofunctional properties [11, 17]. Due to the 
high degree of cross-linking within the byssus thread and the 
highly insoluble nature of the proteins the extraction of col-
lagenous material from mussel byssus has proved challeng-
ing [18]. Traditional collagen extraction approaches such as 
acid solubilisation and pepsin-aided extraction have proved 
to be ineffective for the recovery of collagen from byssus 
threads [17, 18]. While a modified pepsin-aided extraction 
method was developed for extraction of collagen from Chil-
ean mussel byssus threads the levels recovered were rela-
tively low [17].

Beyond the provision of dietary protein, much interest 
has focussed on the generation of peptides with biological 
activities (bioactive peptides, BAPs) from marine protein-
rich processing co-products, including shellfish. Different 
species of molluscs, crustaceans and cephalopods have been 
reported to be good sources of BAPs [1, 19]. Furthermore, 
reports have shown that enzymatic hydrolysis of gelatin/col-
lagen from other marine sources has led to enhanced bio-
functional activities [20, 21]. Antihypertensive, dipeptidyl 
peptidase-IV (DPP-IV) inhibitory and antioxidant activities 
have been found with peptides and fish skin gelatin hydro-
lysates from fish species such as hoki, bigeye snapper, pol-
lock and salmon [20–24]. However, no studies appear to 
have been performed to date to investigate the potential of 
mussel byssus-derived collagen and its hydrolysates as bio-
functional ingredients for the food industry. Therefore, the 
generation of BAPs from blue mussel collagen may repre-
sent a means of increasing the economic value of this co-
product, which should be of interest to the shellfish process-
ing and food industries.

The objectives of this study were to (a) employ a food-
friendly method to extract collagen from mussel byssus, (b) 
generate enzymatic hydrolysates from the extracted colla-
gen and (c) characterise the biofunctional properties, i.e. 

the in vitro angiotensin-converting enzyme (ACE) and DPP-
IV inhibitory along with the antioxidative activities of the 
hydrolysates.

Materials and methods

Materials

Mussel (Mytilus edulis) byssus was kindly provided by 
Fastnet Mussels (Gearhies, Bantry, Co. Cork). ProtoGel®, 
ProtoGel® Resolving Buffer (4×), ProtoGel® Stacking 
Buffer (4×), Tris–Glycine-SDS-PAGE Buffer (10×) and 
Protein Loading Buffer Blue (2×) were obtained from 
National Diagnostics (Atlanta, USA). Quick Start Bradford 
1 × Dye Reagent® was supplied by Bio-Rad (Dublin, Ire-
land). Bovine lung was kindly provided by Gaelic Meats and 
Livestock Ltd. (Limerick, Ireland), and H-Gly-Pro-AMC and 
Diprotin A were obtained from Bachem (Bubendorf, Swit-
zerland). HPLC-grade acetonitrile (ACN) and water were 
obtained from VWR (Dublin, Ireland). Brewers Clarex® 
(Aspergillus niger derived prolyl endoproteinase (An-PEP) 
specific activity: 37 ×  10−3 U/mg) was supplied as a gift from 
Dutch State Mines (DSM, Heerlen, Netherlands), Corolase® 
PP was provided by AB Enzymes (Darmstadt, Germany), 
Alcalase® 2.4 L and Flavourzyme® 500 L were obtained 
from Novozymes A/S (Bagsvaerd, Denmark), Promod 
144MG was kindly provided by Biocatalysts Ltd (Parc Nant-
garw, Wales, UK). All other reagents, including collagenase 
from Clostridium histolyticum (Type 1), were obtained from 
Sigma Chemical Company Ltd. (Gillingham, UK).

Collagen extraction

The byssus harvested during blue mussel processing was 
freeze-dried (Labconco Benchtop Freeze Dry System, Kan-
sas City, USA) and was subsequently stored at room tem-
perature in sealed bags until use.

Several different conditions were studied for the extrac-
tion of collagen from mussel byssus. In the first instance, 
collagen was extracted at a 1:10 (w:v) byssus:water, 
adjusting the pH to 7.0, 4.0, 3.0, 2.5 and 2.0, and extrac-
tion at different temperatures (50, 70, 90 and 100 °C) dur-
ing incubation for 1, 12, 16 and 24 h. In some cases, the 
byssus was manually cut into 0.5 to 1 cm fragments prior 
to extraction. A soluble collagen extract was obtained 
following centrifugation at 4000×g for 15 min (Hettich 
Universal 320R, Andreas Hettich GmbH & Co. KG, Tut-
tlingen, Germany). Several proteolytic enzymes were 
also assessed for their ability to enhance the liberation of 
collagen from the mussel byssus. A 10% (w/w aq.) mus-
sel byssus suspension was equilibrated at the optimum 
temperature (pepsin: 37 °C, collagenase: 37 °C, An-PEP: 
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50 °C) and pH (pepsin: pH 2.0, collagenase: pH 7.0, An-
PEP: pH 4.0) for each enzyme. Enzyme was added at an 
enzyme:substrate (E:S) ratio of 1% (w/w) or (v/w). No 
enzyme was added to the control. The byssus was incu-
bated with the enzymes for 16 h and the suspension was 
maintained at the respective pH using a pH stat (Titrando 
843, Metrohm, Dublin, Ireland). Samples were taken at 
0, 1, 2, 4, 8 and 16 h. Enzymes were inactivated by heat-
ing at 90 °C for 20 min, the supernatant was decanted, 
cooled to room temperature, and then freeze-dried (Lab-
conco Benchtop Freeze Dry System, Kansas City, USA). 
Samples were stored at – 20 °C prior to further analysis. 
In some instances, the byssus was autoclaved (Rodwell 
Ambassador 60 L autoclave, London, UK) at 108 °C for 
30 min prior to neutral and acid pH extraction.

Generation of collagen‑derived hydrolysates

Collagen-derived hydrolysates were generated using five 
different food-grade proteolytic enzyme preparations. A 
10% (w/v) extracted collagen suspension was equilibrated 
at 50 ˚C and adjusted to pH 7 with 2.0 N NaOH. This sus-
pension was separated into six aliquots and the food-grade 
enzyme preparations Alcalase 2.4 L, Alcalase 2.4 L in 
combination with Flavourzyme, Corolase PP and Promod 
144MG were added at an E:S of 1% (w/w or v/w). An 
aliquot was also adjusted to pH 4 with 1 N HCl, prior to 
incubation with An-PEP at an E:S ratio of 1% (v/w). No 
enzyme was added to the control. During hydrolysis (4 h) 
at 50 °C, the suspensions were maintained at pH 7 or 4 
using a pH stat. Samples were taken at 0, 1, 2 and 4 h. All 
samples were inactivated by heating at 90 °C for 20 min, 
cooled to room temperature and then freeze-dried.

Monitoring the extent of hydrolysis

The extent of hydrolysis was determined using the 
2,4,6-trinitrobenzene sulfonic acid (TNBS) method fol-
lowing the procedure of Spellman et al. [25]. In brief, 
hydrolysate samples were diluted in 1% (w/v) SDS, mixed 
with a 0.1% (w/v) TNBS solution and 0.2125 M sodium 
phosphate buffer (pH 8.21). The samples were placed in a 
50 °C water bath for 1 h. A volume of 2 ml of 0.1 N HCl 
was added to terminate the reaction. The samples were 
allowed to cool in the dark for 30 min and the absorbance 
was then measured at 340 nm (Shimadzu UV mini-1240, 
Kyoto, Japan). All samples were analysed in triplicate 
(n = 3) and the amino nitrogen content of the hydrolysates 
(mg/g protein) was estimated by reference to an l-leucine 
standard curve in the range of 0 to 28 mg N/l.

Protein determination

The protein content in each extract was determined using the 
Bradford assay [26] with bovine serum albumin (BSA) as a 
standard and the assay was performed in a 96-well micro-
plate (Synergy HT Multi-Mode Microplate Reader, Biotek, 
Mason Technology, Dublin, Ireland). The protein and stand-
ard solutions, 160 µl, was added to 40 µl of the dye reagent 
previously diluted 1:4 in distilled water. The absorbance was 
measured at 595 nm following 5 min incubation. All samples 
were analysed in triplicate (n = 3) and the protein content 
estimated by reference to a BSA standard curve in the range 
8 to 80 μg/ml.

Sodium dodecyl sulphate–polyacrylamide gel 
electrophoresis (SDS‑PAGE)

SDS-PAGE was performed using a Mini-Protean® Tetra 
Cell system (Bio-Rad, Hemel Hempstead, UK) according 
to the method of Laemmli [27] using a 4% (w/v) acryla-
mide stacking gel and 12.5% (w/v) acrylamide resolving gel. 
The quantity of protein added to each well was 20 µg. The 
molecular mass of the proteins was estimated by reference to 
the relative migration of the molecular weight standard hav-
ing a range of molecular weights between 6.5 and 200 kDa. 
The gel was stained with a Coomassie Blue R-250 solution 
and destained in an aqueous solution of 40% (v/v) methanol 
and 10% (v/v) acetic acid.

Reverse‑phase high‑performance liquid 
chromatography (RP‑HPLC)

The test samples were diluted to 0.8% (w/v) protein equiva-
lent in distilled water containing 0.1% (v/v) trifluoroacetic 
acid (TFA) and filtered through 0.2 μm syringe filters (What-
man, Maidstone, Kent, UK). RP-HPLC was carried out 
according to the method of Flanagan and FitzGerald [28].

Gel permeation high‑performance liquid 
chromatography (GP‑HPLC)

The freeze-dried samples were prepared at 0.25% (w/v) in 
80% ACN containing 0.1% (v/v) TFA and filtered through 
0.2 μm syringe filters (Whatman, Maidstone, Kent, UK). 
GP-HPLC was carried out as previously described by Spell-
man et al. [29].

Biological activity assessment

ACE inhibitory activity was determined as described by 
Sentandreu and Toldrá [30]. The ACE used for this assay 
was extracted from fresh bovine lung by the method 
described by Kleekayai et al. [31]. ACE inhibitory activity 
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was determined using a fluorometric microtitre assay as 
described by Norris et al. [32] with an enzyme extract con-
taining 8 mU ACE/ml. One unit of ACE activity (U) was 
defined as the amount of enzyme capable of hydrolysing 
1 µmol of Abz-Gly-Phe-(NO2)-Pro per min at 37 °C. Experi-
ments were carried out as independent triplicates assayed in 
triplicate. The concentration of inhibitor that inhibits 50% of 
ACE activity (the  IC50 value) was calculated using Graph-
Pad® Prism 4.0 sigmoidal dose response plots of inhibitor 
concentration (μM) versus % inhibition. The values were 
expressed as the mean  IC50 ± standard deviation (n = 3). 
Captopril™ was used as a positive control.

DPP-IV inhibitory activity analysis was performed as 
described by Harnedy and FitzGerald [33]. One unit (U) of 
DPP-IV activity was the amount of enzyme necessary for 
hydrolysis of 1 μmol of H-Gly-Pro-AMC/min at 37 °C. The 
positive control used was Diprotin A™ at a final concentra-
tion of 5 μM. Experiments were carried out as independent 
triplicates assayed in triplicate.  IC50 values were calculated 
using GraphPad® Prism 4.0 sigmoidal dose response plots 
of inhibitor concentration (μM) versus % inhibition. The 
values were expressed as the mean  IC50 ± standard devia-
tion (n = 3).

The ORAC assay was performed as described by Harnedy 
and FitzGerald [33] using a BioTek Synergy plate reader. 
The ORAC results were represented as μmol of Trolox 
equivalents per g dry weight (dw) of freeze-dried powder 
(μmol of TE/g dw). Experiments were carried out as inde-
pendent triplicates assayed in triplicate.

Statistical analysis

The results were analysed by one-way analysis of variance 
(ANOVA) with a significance level of P = 0.05. Independent 
sample t-test and Tukey’s multiple comparison tests were 
used, where applicable. The software employed for statisti-
cal analysis was GraphPad Prism, version 4.00 for Windows 
(GraphPad Software, San Diego, California, USA).

Results and discussion

Extraction of collagen from byssus

The first objective of this study was to assess the impact 
of various chemical and enzyme-aided extraction meth-
ods (including the targeted use of An-PEP an Aspergillus 
niger-derived prolyl endoproteinase which cleaves at the 
C-terminal side of proline) in increasing the yield of col-
lagenous material recovered from blue mussel (Mytilus 
edulis) byssus. In the first instance, treatment under acidic 
conditions [34] was studied for the extraction of collagen 
from blue mussel byssus. These extractions were performed 

at a weight:volume of 1:10 since the texture of the byssus 
makes it technically impossible to work with lower mass 
to volume ratios. The pH shift method has been used with 
different pH values, temperatures and duration of incuba-
tion for the extraction of collagenous proteins from various 
marine sources [35, 36]. The pH shift method has also been 
used as part of an extraction method which involved a pepsin 
hydrolysis step [11, 37]. However, the extent of collagen 
extracted from mussel byssus with the pH shift method used 
herein was low (< 10 mg/g dw). The reason for the low level 
of protein obtained may be due to the resistant nature of 
the mussel byssal threads, which were not easily disrupted 
by acidic pH and high temperatures. Even when manually 
cut into small pieces and autoclaved at 120 °C for 30 min 
prior to extraction, the quantity of collagen extracted from 
byssus was essentially too low to quantify (< 10 mg/g dw) 
using the Bradford protein assay. Other studies have used 
acid extraction, in conjunction with reagents such as 4 mol/l 
urea [11]. However, collagen extracted using organic com-
pounds would not be suitable for use in the food industry.

Three different enzyme preparations were then chosen 
for extraction of Col-P and Col-D by direct hydrolysis of 
the mussel byssus, i.e. pepsin, collagenase and An-PEP. 
Although the collagen fragments, Col-P and Col-D, found 
in the mussel byssus are reported to be pepsin resistant [11], 
prolonged pepsin digestion has been shown to release these 
fragments from the byssal thread. Collagenase has also 
been shown to degrade collagen from marine sources by 
cleaving collagen sequences and could potentially release 
collagen components from the mussel byssus [38]. The 
Clostridium histolyticum-derived preparation utilised herein 
contains two collagenases, clostripain, and a neutral pro-
tease which hydrolyses collagen. An-PEP is an Aspergillus 
niger-derived prolyl endoproteinase which cleaves at the 
C-terminal side of Pro and Ala (and to a lesser extent at 
Glu, Gly, Ser, Lys and Leu) residues [39]. Since collagen is 
rich in Pro residues, this enzyme was assessed to determine 
if it could be used to extract collagen from the blue mus-
sel byssus. Direct hydrolysis (16 h) with pepsin and col-
lagenase resulted in the recovery of 29.13 ± 0.65 mg/g dw 
and 10.63 ± 0.32 mg/g of collagen, respectively (Table 1). 
Incubation for 16 h resulted in the highest recovery of col-
lagen (Table 1). However, these values were significantly 
lower than the quantity recovered on incubating the byssus 
with An-PEP (64.15 ± 2.15 mg/g dw, Table 1). This is pos-
sibly related to the cleavage specificity of this enzyme as 
mentioned above. Moreover, it was found that three sequen-
tial extractions for 1 h with An-PEP (where new enzyme was 
added after each extraction) led to a significantly higher total 
recovery of collagen (137.82 ± 2.25 mg/g dw) than when 
mussel byssus was treated for one 16 h incubation (Tables 1 
and 2). This may indicate that the enzyme may not have 
been in sufficient quantity to mediate complete extraction. 
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Table 2 shows that after the third 1 h hydrolysis, the colla-
gen extracted after each subsequent hour was significantly 
lower suggesting that access to the collagen was reduced 
even with addition of new enzyme. While blue mussel (Myti-
lus edulis) byssus was the raw material under investigation 
in this study, the recovery of 137.82 ± 2.25 mg collagen/g 

was significantly higher than that reported (69 mg/g) when 
a modified pepsin-aided extraction method was utilised for 
extraction of collagen from disrupted Chilean mussel bys-
sus threads [17]. While direct enzymatic hydrolysis with 
pepsin has been used previously to extract collagenous 
proteins including collagen from mussel byssus and from 
marine sources such as the skin from several fish species, 
their appears to be no previous studies reporting the use of a 
proline endoproteinase activity in the extraction of collagen 
from mussel byssus [17, 18, 40, 41].  

Figure 1 shows the SDS-PAGE profiles of the collagen 
extracts obtained following incubation of mussel byssus with 
An-PEP. Protein bands ranging between 30 and 60 kDa were 
observed. The byssus samples incubated with An-PEP for 1, 
2, 4, 8 or 16 h show similar SDS-PAGE profiles. This sug-
gests that over the time course of incubation with An-PEP, 
similar protein molecules were released (Fig. 1). Previous 
studies report that mussel byssal threads are composed of 
two main collagen fragments. The two bands with molecular 
masses of 60 and 55 kDa shown in Fig. 1 are consistent with 
the Col-D and Col-P profiles reported previously by Waite 
et al. [9]. However, the exact mechanism by which collagen 
is released from the threads is unknown. The two bands with 
molecular masses of 35 and 30 kDa are potentially due to 
hydrolysis of Col-D and Col-P or the domains flanking the 
Col proteins in the pre-Col components. These products are 
also evident in the RP-HPLC profile (Fig. 3) where multi-
ple peaks are seen in the soluble extract and in the soluble 
extract separated using GP-HPLC where the existence of 
low molecular mass peptides were observed (Fig. 4, control). 
Peaks corresponding to Col-P and Col-D were not evident 
in the GP-HPLC profiles as these proteins are extremely 

Table 1  The quantity of collagen extracted from blue mussel (Mytilus 
edulis) byssus following incubation over a 16 h period with pepsin, 
collagenase and Aspergillus niger-derived prolyl endoproteinase (An-
PEP) for various time periods

Values represent the mean ± SD (n = 3). Different superscript letters 
represent the protein concentration which were significantly different 
(P < 0.05) for each enzyme used
*Dry weight

Enzyme Incubation time (h) Protein 
extracted (mg/g 
dw)*

Pepsin 1 3.34 ± 0.11a

2 10.45 ± 0.24b

4 25.61 ± 0.89c

8 24.57 ± 0.64c

16 29.13 ± 0.65c

Collagenase 1 0.34 ± 0.11a

2 0.45 ± 0.24a

4 2.40 ± 0.63a

8 5.40 ± 0.53a,b

16 10.63 ± 0.32c

An-PEP 1 52.64 ± 3.31a

2 57.94 ± 0.96b

4 58.24 ± 0.70b,c

8 59.78 ± 0.52c

16 64.15 ± 2.15d

Table 2  The quantity of 
collagen extracted from blue 
mussel (Mytilus edulis) byssus 
during sequential 1 h hydrolysis 
steps with Aspergillus niger-
derived prolyl endoproteinase 
(An-PEP)

Values represent the mean ± SD 
(n = 3). Different superscript 
letters represent the protein 
concentration which were sig-
nificantly different (P < 0.05) for 
each enzyme used
*Dry weight

Extraction 
number

Protein 
extracted (mg/g 
dw)*

1 54.15 ± 0.15a

2 52.42 ± 0.84a

3 31.25 ± 1.26b

4 10.25 ± 1.56c

5 9.12 ± 1.23c

6 10.03 ± 1.32c

7 5.16 ± 0.80d
Col-D (60 kDa)

Col-P (55 kDa) 

1 2 3 4 5 6 7Da 

Fig. 1  Sodium dodecyl sulphate–polyacrylamide gel electrophore-
sis profiles of blue mussel (Mytilus edulis) byssus-derived collagen. 
Lane 1: molecular weight markers in Daltons (Da), lane 2: byssus 
incubated without enzyme, lanes 3 to 7: collagen extract on incuba-
tion with Aspergillus niger-derived prolyl endoproteinase (An-PEP) 
for 1 h (lane 3), 2 h (lane 4), 4 h (lane 5), 8 h (lane 6) and 16 h (lane 
7). Col_D: collagen D; Col-P: collagen P
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hydrophobic and were not soluble in mobile phase A and 
were removed during the standard HPLC sample prepara-
tion process.

To the best of our knowledge, no previous study appears 
to report on the extraction of collagen from this blue mussel-
processing co-product using a targeted proline endoprotein-
ase-aided approach. The collagen extracted with the method 
employed herein has the potential to be used as a novel 
ingredient in the food industry as no potentially hazardous 
reagents are used during extraction. Furthermore, the value 
of blue mussel-derived protein could be further increased 
through the exploitation of the collagenous material as a 
source of high-value health enhancing peptide ingredients 
for human food applications, particularly through targeted 
release of proline-rich peptides, which are known to possess 
a range of bioactivities.

Characterisation of collagen‑derived hydrolysates

Hydrolysates were generated from the collagen extract using 
the food-grade proteolytic enzyme preparations Corolase 
PP, Alcalase 2.4 L, Alcalase 2.4 L plus Flavourzyme 500 L 
and Promod 144MG. The proteolytic preparation contain-
ing An-PEP was also used for hydrolysis of the extracted 
collagen to assess the potential for further hydrolysis of the 
proline-rich substrate by this enzyme. Figure 2 shows that 
incubation with Corolase PP, Alcalase 2.4 L, and Alcalase 
2.4 L plus Flavourzyme led to a higher extent of hydrolysis 
than when Promod 144MG and An-PEP were used. Except 
for Corolase PP, hydrolysis mainly occurred during the first 
hour of incubation. No previous studies appear to have been 
performed on the hydrolysis of mussel byssus collagen with 
these enzymes.

Several food-grade proteolytic preparations derived from 
plant, animal or microbial sources are used for the generation 
of protein hydrolysates in the food industry. Alcalase, which 
is derived from Bacillus licheniformis, contains subtilisin 

endoproteinase and glutamyl endopeptidase activity [42]. 
Corolase PP, derived from porcine pancreas, contains ser-
ine proteinase (trypsin, chymotrypsin and elastase) as well 
as metallopeptidase activities [43]. Flavourzyme, derived 
from Aspergillus oryzae, has endoproteinase and exopepti-
dase activities [44]. Promod 144MG, derived from Carica 
papaya contains broad specificity cysteine proteinases [45].

RP-HPLC analysis (Fig. 3) showed different profiles 
when the collagen was hydrolysed for 4 h with the different 
enzyme preparations which may be related to the differences 
in enzyme hydrolytic specificity. However, the 1, 2 and 4 h 
hydrolysate profiles for a given enzyme preparation were 
similar (Fig. 3). This was also seen during GP-HPLC analy-
sis of the hydrolysates which indicates that the hydrolysis 
reaction was essentially complete in all cases after 1 h of 
incubation (Fig. 4). The byssus-derived collagen samples 
incubated with Promod 144MG and An-PEP contain com-
ponents with molecular masses > 20 kDa which indicates the 
limited ability of the activities within these enzyme prepa-
rations to digest the extracted collagen. GP-HPLC analysis 
showed that the highest quantity of lower molecular weight 
peptides was seen with those hydrolysates generated with 
Corolase PP and Alcalase 2.4 L plus Flavourzyme. This cor-
responds to hydrolysates with the highest extent of hydroly-
sis (Fig. 2). It must be noted that the GP-HPLC data pre-
sented herein is associated with the soluble extract following 
resuspension in the mobile phase and filtration through a 
0.22 μM filter. High extents of hydrolysis and content of 
low molecular mass peptides have been linked with better 
techno- (solubility, viscosity, turbidity, heat and pH stabil-
ity) and biofunctional (antioxidant and DPP-IV inhibition) 
properties in hydrolysates [46–50]. 

Biological activities

The ACE inhibitory capacity of the hydrolysates generated 
from the blue mussel byssus-derived collagen (Table 3) 

Fig. 2  Amino nitrogen content 
as a function of hydrolysis time 
for the blue mussel (Mytilus 
edulis) byssus collagen-derived 
hydrolysates. Values represent 
means ± SD (n = 3). For each 
enzyme, values with different 
letters are significantly different 
(P < 0.05). An-PEP: Aspergillus 
niger-derived prolyl endopro-
teinase
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differed depending on which enzyme preparation was 
used for hydrolysis. The ACE  IC50 values ranged from 
1.37 ± 0.19 mg/ml when hydrolysed with An-PEP for 2 h, 
to 0.77 ± 0.06 mg/ml when hydrolysed with Corolase PP 
for 4 h. Highest ACE inhibitory activity was obtained when 
Corolase PP was used. No significant difference (p > 0.05) 
was observed between the 1, 2 or 4 h Corolase PP hydro-
lysates, which had  IC50 values of 0.79 ± 0.17, 0.79 ± 0.09 
and 0.77 ± 0.06  mg/ml, respectively. Hydrolysis of the 
byssus collagen with Alcalase 2.4  L and Flavourzyme 
also led to hydrolysates with relatively potent ACE inhibi-
tory activity  (IC50 = 0.84 ± 0.15 mg/ml) when hydrolysed 
for 4 h. All hydrolysates had a significantly higher ACE 
inhibitory activity than the unhydrolysed collagen extract 
 (IC50 = 3.16 ± 0.52 mg/ml).

The ACE inhibitory capacity of these hydrolysates is 
comparable with other collagen hydrolysates such as those 
from Alaska pollack skin gelatin  (IC50 = 0.63 to 1.40 mg/
ml) [51], Atlantic salmon trimming-derived gelatin 
 (IC50 = 0.13–1.16 mg/ml) [20] or from sea bream scales 
 (IC50 = 0.57 mg/ml) [52]. An  IC50 of 15 nM was obtained 
for the positive control, Captopril, which is in agreement 
with that reported in the literature [32].

Table 3 shows that the hydrolysates generated with Alca-
lase 2.4 L, Alcalase 2.4 L plus Flavourzyme, Corolase PP 
and Promod 144MG had DPP-IV  IC50 values < 2 mg/ml. 
Again, the most potent hydrolysates were generated with 
Corolase PP  (IC50 = 0.66 ± 0.17 mg/ml). No significant dif-
ference (p > 0.05) was seen between hydrolysates gener-
ated at 1, 2 and 4 h  (IC50 = 0.66 ± 0.17 – 0.80 ± 0.26 mg/

Fig. 3  Reverse-phase high-performance liquid chromatography pro-
files of the collagen extract (A) and its associated hydrolysates (solu-
ble portion) after 1, 2 and 4 h incubation with (B) Alcalase 2.4 L, (C) 

Alcalase 2.4  L + Flavourzyme 500 L, (D) Corolase PP, (E) Promod 
144MG and (F) Aspergillus niger-derived prolyl endoproteinase (An-
PEP)
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ml) in the case of the hydrolysates generated with Corolase 
PP. This trend was seen with all the enzyme preparations, 
which again indicates that the hydrolysis reaction was essen-
tially complete after 1 h incubation. All hydrolysates had 
a significantly higher DPP-IV inhibitory activity than the 
unhydrolysed collagen  (IC50 = 3.18 ± 0.26 mg/ml). Pep-
tides with DPP-IV inhibitory activity have been identified 
from different marine sources and specifically from other 
marine collagenous sources such as Atlantic salmon skin 
gelatin hydrolysates  (IC50 = 0.08 to > 5 mg/ml) [20, 53, 54]. 

However, no previous studies have been carried out deter-
mining the DPP-IV inhibitory properties of blue mussel 
byssus collagen-derived hydrolysates. An  IC50 of 5 µM was 
obtained for the positive control, Diprotin A, which agrees 
with the literature.

While the structure–activity relationship of bioactive pep-
tides has not yet been fully elucidated, some structural fea-
tures, e.g. the presence of a proline residue, have been shown 
to positively influence activities such as ACE and DPP-IV 
inhibitory activity [55–57]. ACE is a carboxydipeptidase, 

Fig. 4  Molecular mass distribu-
tion profiles of the soluble 
portion of blue mussel (Mytilus 
edulis) byssus-derived collagen 
and associated hydrolysates 
after 1, 2 and 4 h incubation 
with different enzyme prepara-
tions. An-PEP: Aspergillus 
niger-derived prolyl endo-
proteinase. The shaded areas 
represent different molecular 
mass ranges in kDa
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Table 3  Angiotensin-converting 
enzyme (ACE) inhibitory, 
dipeptidyl peptidase (DPP-IV) 
inhibitory, and oxygen 
radical absorbance capacity 
(ORAC) activities of blue 
mussel (Mytilus edulis) byssus 
collagen-derived hydrolysates

Values represent mean ± SD (n = 3).  IC50: inhibitory concentration that inhibits enzyme activity by 50%. 
For each treatment, assay activity values with different superscript letters are significantly different 
(p < 0.05). TE Trolox equivalents, An-PEP Aspergillus niger-derived prolyl endoproteinase

Sample Duration of 
hydrolysis (h)

ACE inhibition
IC50 (mg/ml)

DPP-IV inhibition
IC50 (mg/ml)

ORAC 
μmol TE/g

Unhydrolysed protein 4 3.16 ± 0.52a 3.18 ± 0.26a 76.54 ± 8.54a

Alcalase 2.4 L 1 1.33 ± 0.19b 1.66 ± 0.18b 149.75 ± 7.38b

2 1.29 ± 0.15b 1.60 ± 0.23b 131.65 ± 3.20b,c

4 1.31 ± 0.16b 1.69 ± 0.19b 136.99 ± 4.20b

Alcalase 2.4 L + Flavourzyme 1 0.94 ± 0.10b 1.29 ± 0.23b 231.28 ± 5.95d

2 0.92 ± 0.11b 1.40 ± 0.32b 245.51 ± 6.55d

4 0.84 ± 0.15b 1.35 ± 0.29b 256.19 ± 6.16d

Corolase PP 1 0.79 ± 0.17b 0.66 ± 0.17c 311.23 ± 13.41e

2 0.79 ± 0.09b 0.80 ± 0.26c 291.41 ± 7.00e

4 0.77 ± 0.06b 0.74 ± 0.28c 291.77 ± 7.15e

Promod 144MG 1 1.25 ± 0.19b 1.58 ± 0.26b 100.34 ± 13.41f

2 1.20 ± 0.09b 1.36 ± 0.13b 106.74 ± 3.17f

4 1.26 ± 0.10b 1.33 ± 0.12b 117.42 ± 5.16c,f

An-PEP 1 1.19 ± 0.15b 2.24 ± 0.27d 157.98 ± 7.47b,g

2 1.37 ± 0.19b 2.04 ± 0.07d 154.78 ± 5.17b,g

4 1.27 ± 0.24b 2.14 ± 0.39d 174.35 ± 6.46g
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which is centrally involved in the control of blood pressure. 
This enzyme, when overly active, may lead to hypertension, 
therefore, its inhibition has been shown to lead to cardio-
vascular protective effects [55]. DPP-IV is a dipeptidase 
involved in the degradation of the incretin hormones, gluca-
gon-like peptide-1 (GLP-1) and glucose-dependent insuli-
notropic peptide (GIP). These incretins are involved in the 
control of insulin secretion, and thus glycemic control [57]. 
Inhibiting this enzyme leads to an increase in the half-life of 
GLP-1 and GIP which leads to an increase of the production 
of insulin [57]. Among other structural features, the presence 
of a proline residue(s) in the C-terminal tripeptide region of 
a peptide is believed to mediate a positive effect on ACE 
inhibitory activity [58]. While a proline residue at the penul-
timate N-terminal position or at the C-terminus has been 
reported to influence the DPP-IV inhibitory potential of a 
peptide [56]. Therefore, enzymatic hydrolysis of a proline-
rich substrate has the potential to release of peptides with 
such structural features and associated activities. Further-
more, hydrophobic amino acids including Val, Leu, Ile, 
Ala, Met and Pro and Gly (which is found in abundance in 
byssus-derived collagen) is believed to influence antioxidant 
activity [59, 60].

Bioactive peptides from marine processing co-products 
have been identified as having different antioxidant activities 
[1, 61]. Some of these sources are often rich in collagenous 
proteins [20, 61]. The ORAC assay has been used to evalu-
ate the bioactivity of several antioxidants by monitoring 
the decay in fluorescence in the presence of 2,2′-azobis(2-
amidino-propane) dihydrochloride [62, 63]. The results of 
the ORAC analysis of the collagen-derived hydrolysates 
generated from the blue mussel byssus (Table 3) show that 
the antioxidant capacity ranged between 139.78 ± 7.47 µmol 
TE/g when incubated with Promod 144MG for 1 h and 
311.23 ± 13.41 µmol TE/g when incubated with Corolase 
PP from the same time period. These values are lower 
than the ORAC values obtained from hydrolysates gener-
ated from other marine collagenous proteins such as shark 
skin gelatin hydrolysates, when generated with papaya 
latex enzyme, where ORAC values ranging from 268.16 to 
709.42 μmol TE/g have been reported [23] but in a similar 
range to those derived from salmon (Salmo salar) trimmings 
gelatin (103.00–540.94 µmol TE/g) [20].

Since most of the hydrolysis seems to occur in the first 
hour of incubation (Fig. 2), no significant difference was 
observed between the antioxidant potency of the collagen 
hydrolysed for 1, 2 or 4 h. The difference in antioxidant 
capacity as related with the choice of hydrolytic enzyme 
preparation is also shown in Table 3. This again demon-
strates that hydrolysis with Corolase PP led to the release 
of more potent antioxidative peptides. However, all hydro-
lysates had a significantly higher antioxidant capacity than 
unhydrolysed collagen (76.54 ± 8.54 µmol TE/g).

Except for An-Pep, which has highly specific hydrolytic 
activity, the other food-grade proteolytic enzymatic prepara-
tions utilised herein contain enzymes with broad substrate 
specificities. As previously indicated the porcine pancreatic-
derived enzyme Corolase PP, contains serine proteinases 
with the main activities associated with trypsin and chy-
motrypsin [43]. Using this information, in silico analysis 
was performed using the Peptide Cutter tool available on the 
BIOPEP website (http:// www. uwm. edu. pl/ bioch emia/ index. 
php/ pl/ biopep, [64]). A search of the BIOPEP database [64] 
revealed that some of the peptide sequences predicted to be 
released from byssus-derived collagen following hydrolysis 
with An-Pep and Corolase PP have previously been identi-
fied as being potent inhibitors of ACE and DPP-IV, and as 
having antioxidant activity. Several potent ACE inhibitory 
peptides (GP, SGP, QGP and KGP) identified in porcine 
gelatin hydrolysates following targeted hydrolysis with An-
PEP were also predicted to be released from mussel byssus 
collagen by the action of the An-Pep [55]. Furthermore, the 
bioactive peptides GPVA, GF and PP and YP, VP and YP 
which were identified from salmon gelatin and trimmings 
hydrolysates generated with Corolase PP were also predicted 
to be released from Col-P and Col-D by the action of Coro-
lase PP [20, 65]. GPVA was shown to exhibit in vitro DPP-
IV inhibitory activity, YP was shown to exhibit ACE inhibi-
tory activity, VP, YP and PP exhibited antioxidant activity 
and the dipeptide GF mediated all three activities [20, 65]. 
The tripeptide QPG previously reported as having potent 
DPP-IV inhibitory activity  (IC50 value: 70.90 μM) was also 
predicted to be release following Corolase PP hydrolysis 
[66]. The bioactivity observed in the An-PEP and Corolase 
PP digests of byssus-derived collagen could potentially be 
associated with the presence of these peptides as well as 
other as of yet unidentified peptides. Further studies are 
required to confirm this. In addition, fractionation, peptide 
identification and confirmatory studies are required to iden-
tify the peptides associated with the bioactivity in the hydro-
lysates generated with Alcalase 2.4 L and Alcalase 2.4 L in 
combination with Flavourzyme. Amino acid composition 
data for mussel byssus and byssus collagen extracts is avail-
able [17], however, the acquisition of total and free amino 
acid data for each of the hydrolysates may aid in the identi-
fication of components associated with the observed in vitro 
bioactivities, whether it is peptide or amino acid derived or a 
synergy of both. It must also be noted that the An-PEP gen-
erated porcine gelatin hydrolysate and hydrolysate generated 
from salmon gelatin using Corolase PP described above have 
previously been shown to display antihypertensive activity 
in spontaneously hypertensive rat [20, 55]. These porcine 
and salmon gelatin hydrolysates contain peptides predicted 
to be released from byssus-derived collagen upon hydrolysis 
with An-PEP. It is possible that the byssus collagen-derived 
hydrolysates generated with An-PEP and Corolase PP herein 

http://www.uwm.edu.pl/biochemia/index.php/pl/biopep
http://www.uwm.edu.pl/biochemia/index.php/pl/biopep
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that show in vitro ACE inhibitory activity may also mediate 
hypotensive effects. However, in vivo studies are required 
to confirm this.

Conclusion

The results of this study demonstrate that incubation with 
An-PEP is a useful step in the enzyme-aided extraction of 
collagen from blue mussel byssus. Following three sequen-
tial 1 h incubations with this enzyme, 138.82 ± 2.25 mg 
collagen/g dw of protein was obtained. The SDS-PAGE 
profiles show bands at 55 and 60 kDa, which correspond 
with the molecular masses of Col-P and Col-D, respectively, 
however, the exact mechanism by which collagen is release 
is unknown. To the best of our knowledge, no previous 
study has reported on the extraction of collagen from mus-
sel byssus using such a food-friendly protocol or on the use 
of An-PEP to aid in the extraction process. The structure 
and amino acid composition of blue mussel-derived collagen 
is different to that of other marine-derived collagens, and 
consequently, it may be considered as a new ingredient for 
the food industry. When incubated with different proteolytic 
enzyme preparations, the extracted collagen was hydrolysed 
to different extents. This is reflective of the different spe-
cificities of the enzymes used. Incubation with Corolase PP 
and a combination of Alcalase 2.4 L plus Flavourzyme led 
to the highest extent of hydrolysis. Hydrolysates generated 
with Corolase PP showed the highest ACE and DPP-IV inhi-
bition potencies along with ORAC activity. To the best of 
our knowledge, no other study has previously reported on 
these biological activities with hydrolysed collagen extracted 
from blue mussel byssus. The results of this in vitro study 
show that this co-product from mussel processing may 
have potential as a functional food ingredient for the man-
agement of cardiovascular diseases and type II diabetes. 
However, in vivo studies need to be carried out to validate 
these effects. Further work is also required to identify the 
peptides directly responsible for these biological activities. 
Ultimately, valorisation of co-products such as mussel bys-
sus represents an innovative strategy to increase their value 
and reduce waste associated with marine processing side 
streams. This ultimately enhances environmental and com-
mercial sustainability, and meets the United Nations Sustain-
able Development Goals to achieve a better and more sus-
tainable future for all (https:// sdgs. un. org/ goals).
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