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Preface to ”Marine Skeletal Biopolymers and

Proteins, and Their Biomedical Application”

Marine skeletal proteins and biopolymers have a great potential application in the biomedical

field. The skeletal biopolymers include chitin and chitosan, collagen, cellulose, and various

polysaccharides. The marine skeletal proteins include calcium-binding proteins, marine enzymes,

and various candidate proteins for drug discovery from the calcifying marine organisms. Due to

their broad spectrum of biological functions in biopolymer and protein-based drugs and bioactivities,

such as anticancer, antimicrobial, bone tissue regeneration, antioxidant, and anti-aging activities,

bioactive skeletal proteins and biopolymer have recently gained great interest in the pharmaceutical,

nutraceutical, and cosmeceutical industries. Marine skeletal proteins are also a very rich source of

amino acids, which are essential for building good health.

Researchers around the world have found that marine resources are the most convenient and

safest sources of biopolymers, proteins, and peptides. The advantages of this source are the huge

availability and abundance in the shallow, mid-level, and deep-sea waters. This source includes

marine invertebrates and related calcifiers, for example, soft and hard corals, mollusks/bivalves,

sponges, sea urchins, coralline red algae, and other calcifying marine organisms. Marine proteins

have developed significantly over several stages in both fundamental research and industrial fields.

In this book, some recent innovations of these proteins have been incorporated that could be

potentially applied in scientific and industrial research. This book covers recent trends in all aspects

of basic and applied scientific research on marine skeletal proteins and biopolymers and their

derivatives.

Azizur Rahman

Editor
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Skeletal biopolymers and proteins in marine organisms are present as complex mix-
tures and have great potential applications in the biomedical field. The organic matrices of
marine calcifiers are the main source of skeletal proteins [1–6] and they have very inter-
esting structural formation. Marine skeletal proteins are also a very rich source of amino
acids, which are essential for building good health. Similarly, biopolymers from marine
resources have a variety of structural characteristics that make them useful for different
biomedical applications. However, due to their broad array of biological functions in
biopolymer- and protein-based drugs, such as anticancer, antimicrobial, bone tissue regen-
eration, antioxidant, and anti-aging activities, bioactive skeletal proteins and biopolymer
have recently attracted a great amount of interest in the pharmaceutical, nutraceutical, and
cosmeceutical industries.

The advantages of marine sources are their huge availability and abundance in the
shallow, mid-level, and deep-sea waters. These sources include marine invertebrates
and related calcifiers, for example, soft and hard corals, mollusks/bivalves, sponges, sea
urchins, coralline red algae, and other calcifying marine organisms [7–14].

This Special Issue of Marine Drugs on marine skeletal biopolymers and proteins
contains 13 high-quality original articles on different interesting topics related to biomed-
ical and other applications. In the following sections, a short overview of the research
findings contributed by the authors is provided, which could help readers to find their
relevant articles.

Zheng et al. investigated the antioxidant activity of SNNH-1 in vitro and their findings
showed that SNNH-1 can be used as a marine antioxidant and provide a basis for its applica-
tion in the food and pharmaceutical fields. Five different proteases were used to hydrolyze
the swim bladders of Nibea japonica, and the hydrolysate treated with neutrase (collagen
peptide named SNNHs) showed the highest scavenge 2, 2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging activity. These results imply that collagen peptides from Nibea
japonica can significantly reduce the oxidative stress caused by H2O2, providing a ba-
sis for the application of collagen peptides in the food industry, pharmaceuticals, and
cosmetics [15].

Benayahu et al. analyzed the biocompatibility of a marine collagen-based scaffold
applied both in vitro and in vivo in a rat animal model [16]. The experiment demonstrated
the healing of a rotator cuff tear, the most common musculoskeletal injury occurring in the
shoulder. The designed biomaterial will allow the future development of bio composite-
based products with optimal mechanical properties that will fully integrate with the natural
tissue, contributing to its healing processes. This study also demonstrated that the 3D
structure facilitates cell migration and new blood vessel formation needed for tissue repair.

The application of sponges for water purification and collagen production was demon-
strated by Gökalp et al. [17]. The main goal of this study was to investigate the effect of
depth on the filtration capacity (measured as in situ bacterial clearance rates), metabolism
(respiration rate as oxygen consumption), morphology (density and size of oscula), growth,
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and collagen/biomass production of Chondrosia reniformis. This study represents an impor-
tant step forward, both in understanding the morphological plasticity and performance
of sponges and in the application of C. reniformis for combined bioremediation and colla-
gen production.

Machalowski et al. investigated chitin-based 3D scaffolds which were isolated from the
cultivated under the farming Aplysina aerophoba marine demosponge. This biomaterial was
modified by silver nanoparticle deposition using chemical reduction of silver nitrate and
the antibacterial action was investigated. The results were used for the first time as a basic
construct for the fabrication of an antibacterial water filter. This group of marine sponges
represents a unique, renewable source of specialized chitin due to their ability to grow
under marine farming conditions and which could have a high industrial potential [18].

Hermann Ehrlich and his group, Nowacki et al. [8], reported the isolation technique of
chitin from the skeleton of black coral Cirrhipathes sp. (Antipatharia, Antipathidae) for the
first time. In this study, the authors report the stepwise isolation and identification of chitin
from this species and this novel method allows the isolation of α-chitin in the form of a
microporous membrane-like material. Additionally, the extracted chitinous scaffold, with a
well-preserved, unique pore distribution, was extracted in an amazingly short time (12 h).

Zhang et al. explored the structure of pepsin-solubilized collagen (PSC) from the skin
of Lophius litulon. The authors used a variety of techniques such as sodium dodecylsulphate
polyacrylamide gel electrophoresis (SDS-PAGE), Fourier transform infrared spectroscopy
(FTIR), and scanning electron microscopy (SEM). The protein analysis results by SDS-PAGE
revealed that PSC from Lophius litulon skin was collagen type I and had collagen-specific α1,
α2, β, and ,chains. The overall results suggest that collagen from the skin of Lophius litulon
has potential applications in wound healing along with physicochemical and antioxidant
properties due to its good biocompatibility [19].

In the article by Gaspar-Pintiliescu [20], gelatin from the soft tissue of Rapana venosa
was extracted and characterized using acidic and enzymatic methods. The main purpose of
this study was to use the results in the pharmaceutical and cosmetic fields. Its physicochem-
ical and ultrastructural properties were analyzed and compared to those of commercial
pig skin gelatin. In addition, gelatins were tested on human keratinocyte cells for their
cytocompatibility, cell adhesion capacity, and irritant potential.

Kovalchuk et al. published an interesting work entitled “Naturally Drug-Loaded
Chitin: Isolation and Applications”. In this study, the authors report the demosponge
Ianthella flabelliformis (Linnaeus, 1759) for concurrent extraction of both naturally occurring
(“ready-to-use”) chitin scaffolds, and biologically active bromotyrosines, which are recog-
nized as a potential antibiotic, antitumor, and marine antifouling substances. The results
demonstrated that sponge-derived chitin scaffolds, impregnated with decamethoxine, ef-
fectively inhibit the growth of human pathogen Staphylococcus aureus in an agar diffusion
assay [21].

Chen et al. reported the presence of type 1 collagen in red stingray skin. In this study,
the authors extracted acid-soluble collagen (ASC) and pepsin-soluble collagen (PSC) from
the skin of red stingray Dasyatis akajei, and subsequently, its physicochemical and functional
properties were investigated. The authors suggested that the PSC from red stingray skin
could be useful (instead of terrestrial animal collagen) in drugs, foods, cosmetics, and
biological functional materials, and as scaffolds for bone regeneration [22].

The article by Jin et al. reports on the kinetic resolution of racemic styrene oxide
(SO) and benzyl glycidyl ether (BGE) obtained by the variant of epoxide hydrolase from
Agromyces mediolanus (vEH-Am). This study describes the theoretical foundation for the
application of vEH-Am in the preparation of enantiopure SO and BGE [23].

The article by Chen et al. evaluated the in vitro anti-proliferative mechanism between
Nereis Active Protease (NAP) and human lung cancer H1299 cells. Their experimental
results indicate that colony formation and migration of cells were significantly lowered
following NAP treatment. Flow cytometry results suggested that NAP-induced growth
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inhibition of H1299 cells is linked to apoptosis, and that NAP can arrest the cells at the
G0/G1 phase [24].

Pan et al. report four antioxidant peptides (RSHP-A, RSHP-B, RSHP-C, and RSHP-D)
from protein hydrolysate of red stingray (Dasyatis akajei) cartilages. In the work, water-
soluble proteins of red stingray (Dasyatis akajei) cartilages were extracted by guanidine
hydrochloride and hydrolyzed using trypsin [25].

The article by Lin et al. reports the extraction of collagen from bigeye tuna (Thunnus
obesus) skins by salting-out (PSC-SO) and isoelectric precipitation (PSC-IP) methods. Their
results suggest that PSC-IP could be used to rapidly extract collagen from marine by-
products instead of traditional salting-out methods. Moreover, collagen from bigeye tuna
skin may have strong potential for cosmetic and biomedical applications [26].

As a guest editor, I appreciate the endeavors provided by all of the authors who
contributed their excellent results to this Special Issue. I would also like to thank all of the
reviewers who carefully evaluated the submitted manuscripts and the editorial board of
Marine Drugs for their support and kind help.
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Abstract: In the work, water-soluble proteins of red stingray (Dasyatis akajei) cartilages were extracted
by guanidine hydrochloride and hydrolyzed using trypsin. Subsequently, four antioxidant peptides
(RSHP-A, RSHP-B, RSHP-C, and RSHP-D) were isolated from the water-soluble protein hydrolysate
while using ultrafiltration and chromatographic techniques, and the amino acid sequences of RSHP-A,
RSHP-B, RSHP-C, and RSHP-D were identified as Val-Pro-Arg (VPR), Ile-Glu-Pro-His (IEPH),
Leu-Glu-Glu–Glu-Glu (LEEEE), and Ile-Glu-Glu-Glu-Gln (IEEEQ), with molecular weights of 370.46
Da, 494.55 Da, 647.64 Da, and 646.66 Da, respectively. VPR, IEPH, LEEEE, and IEEEQ exhibited
good scavenging activities on the DPPH radical (EC50 values of 4.61, 1.90, 3.69, and 4.01 mg/mL,
respectively), hydroxyl radical (EC50 values of 0.77, 0.46, 0.70, and 1.30 mg/mL, respectively),
superoxide anion radical (EC50 values of 0.08, 0.17, 0.15, and 0.16 mg/mL, respectively), and ABTS
cation radical (EC50 values of 0.15, 0.11, 0.19, and 0.18 mg/mL, respectively). Among the four isolated
antioxidant peptides, IEPH showed the strongest reducing power and lipid peroxidation inhibition
activity, but LEEEE showed the highest Fe2+-chelating ability. The present results suggested that VPR,
IEPH, LEEEE, and IEEEQ might have the possibility of being an antioxidant additive that is used in
functional food and pharmaceuticals.

Keywords: red stingray (Dasyatis akajei); cartilage; peptide; antioxidant activity

1. Introduction

Superfluous reactive oxygen species (ROS) are produced under oxidative stress conditions and
they can destroy all types of macromolecules, which further lead to many health disorders, such as
cancer, diabetes mellitus, and inflammatory diseases [1–3]. In addition, oxidative decomposition of
unsaturated lipids causes food rancidity and shortens the shelf-life of food products [4–7]. Antioxidant
peptides (APs) from food resources usually contain 2–20 amino acid residues and they can donate
hydrogen, trap lipid-derived free radicals, and/or activate antioxidant enzymes in cells [5–10]. Therefore,
APs can convert ROS, including superoxide anion radicals (O−2 •) and hydroxyl radicals (HO•) into
stable molecular structure to inhibit the propagation of peroxidizing chain reaction [5–10]. FWKVV
and FMPLH were isolated from the protein hydrolysate of miiuy croaker (Miichthys miiuy) muscle
and exhibited strong reducing power, lipid peroxidation inhibition ability, and radical scavenging
activity [9]. The AP fractions of CPF1 (molecular weight (MW) < 1 kDa) and CPF2 (1 < MW <
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3 kDa) from corn gluten exhibited cytoprotective effect and intracellular ROS scavenging activity
in H2O2-damaged HepG2 cells because they could positively affect the activities of the intracellular
antioxidant enzymes [11]. These studies suggested that APs could effectively enhance human health
and/or protect food quality by reducing the oxidative stress [12]. In addition, APs can serve as
ingredients of functional foods due to their nutritional and biological properties [1,13].

Collagens and peptides from porcine and cow cartilages can provide an adequate nutrient for
repairing cartilage, maintain the overall health of subchondral bone and articular cartilage, and
improve the joint flexibility and mobility in Osteoarthritis (OA) patients [14,15]. However, these
ingredients that were used in food and medical products have caused anxiety among some consumers
due to frequent outbreaks of infectious disease [15]. Therefore, cartilages from Chondrichthyes, such
as sharks, skates, and rays, are thought to be one of the alternatives of porcine and cow cartilages,
because they contain analogous bioactive substances, such as active proteins (angiogenesis inhibitors),
proteoglycan, collagen, bioactive peptides, and elastin fibers [16–23]. Furthermore, peptides from
protein and collagen hydrolysates of fish cartilages showed a variety of biological activities [15,18,19].
The polypeptide (PG155) with molecular weight (MW) of 15.500 kDa from the cartilages of Prionace

glauca can significantly reduce the growth of subintestinal vessels (SIVs) in the zebrafish embryos
model. PG155 also can inhibit vascular endothelial growth factor (VEGF) induced the migration
and tubulogenesis of HUVECs [17]. FIMGPY, IVAGPQ, and IVAGPQ from Raja porosa cartilages
exhibited high lipid peroxidation inhibiting power and radical scavenging activities [20,21]. In
addition, FIMGPY could induce the apoptosis of HeLa cells by upregulating the Bax/Bcl-2 ratio and
activating caspase-3 [21]. GAERP, GEREANVM, and AEVG from protein hydrolysate of Sphyrna lewini

cartilages exhibited good radical scavenging activities, similar inhibiting ability on lipid peroxidation
with butylated hydroxytoluene (BHT), and protection on H2O2-damaged HepG2 cells by decreasing
the content of malonaldehyde (MDA) and increasing the levels of antioxidant enzymes [22]. The
cartilage collagens and peptides showing significant pharmacological effects on repairing cartilage
and maintaining the overall health of subchondral bones and articular cartilage collagens is more
noteworthy [15,19,23].

Red stingray (Dasyatis akajei), which mainly resides in the northwestern Pacific Ocean, is a common
species of stingray in the Dasyatidae family. In previous studies, some active substances, including
proteins (angiogenesis inhibitors), polysaccharides, collagens, and collagen hydrolysates, were prepared
from its cartilages [16,24,25]. Luo et al. reported that an angiogenesis inhibitor (DCAI-1) with a MW
of 62 kDa from red stingray cartilages could inhibit the formation of the blood vessels of the chick
embryo chorioallantoic membrane in a dose-dependent manner [24,26]. The mucopolysaccharides
from red stingray cartilages could significantly reduce the values of total cholesterol, triglyceride, and
low-density lipoprotein of blood serum, but increase the value of high-density lipoprotein cholesterol
in hyperlipidaemia rabbits [27]. Chi et al. isolated and characterized the acid-soluble collagen (ASC)
from red stingray cartilages, and the results indicated that the ASC was comprised of type I and II
collagens. In addition, the properties of cartilage collagen hydrolysates from D. akjei, S. lewini, and
R. porosa indicated that the antioxidant activities of collagen hydrolysates were negatively correlated
with the logarithm of their average MWs [25]. However, there is no report on the APs from red
stingray cartilages. Therefore, in the present study, peptides from water-soluble protein hydrolysates
of red stingray cartilages were purified and characterized, and their in vitro antioxidant activities were
then evaluated.

2. Results and Discussion

2.1. Isolation of APs from Water-Soluble Protein Hydrolysate (RSH) of Red Stingray Cartilages

2.1.1. Fractionation of RSH by Ultrafiltration

Bioactive peptides are inactive in the sequence of their parent proteins and they can be released by
enzymatic hydrolysis either during gastrointestinal digestion in the body or during food processing [2].
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Bioactive peptides may act as regulatory compounds with diverse biological activities once they are
liberated from protein sources by proteolysis, such as antioxidant, antihypertensive, and enhancing
immunity activities [1]. Subsequently, water-soluble proteins of red stingray cartilages were hydrolyzed
using trypsin in the experiment.

Three fractions RSH-I (MW < 3 kDa), RSH-II (3 < MW < 10 kDa), and RSH-III (MW >

10 kDa) were prepared from protein hydrolysate (RSH) of red stingray cartilages using 3 and
10 kDa ultrafiltration membranes, and their radical scavenging activities are shown in Figure 1. The
2,2-diphenyl-1-picrylhydrazyl radical (DPPH•) and HO• scavenging rates of RSH-I were 40.12 ± 1.57%
and 51.43 ± 1.88% at the concentration of 10 mg protein/mL, which were significantly (p < 0.05) higher
than those of RSH, RSH-II, and RSH-III at the same concentration. Short chain peptides easily access
free radicals and act as electron donors to convert them into the stable state and inhibit the chain
reactions [25,28]. The results were in agreement with previous reports that fractions from protein
hydrolysates with low molecular size had high antioxidant activities, such as fractions from protein
hydrolysates of miiuy croaker muscle [9], cod muscle [29], skate cartilage [21], bluefin leatherjacket
head [30], and blue mussel [2,31]. Therefore, RSH-I was chosen for the preparation of APs with
high activity.
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Figure 1. 2,2-diphenyl-1-picrylhydrazyl radical (DPPH•) and hydroxyl radical (HO•) scavenging
activity of protein hydrolysate (RSH) and its three fractions by ultrafiltration at the concentration of 10
mg protein/mL. All data were presented as mean ± standard deviation (SD, n = 3). a–d or A–D, Values
with same letters indicated no significant difference of different samples on DPPH• or HO• scavenging
activity (p > 0.05).

2.1.2. Anion-Exchange Chromatography of RSH-I

Figure 2A showed that four fractions (RSH-I-1 to RSH-I-4) were separated from RSH-I using a
DEAE-52 cellulose column. Among them, RSH-I-1 was eluted using deionized water (DW); RSH-I-2
and RSH-I-3 were eluted using 0.1 M NaCl; and, RSH-I-4 was eluted using 0.5 M NaCl. Figure 2B
indicated that the DPPH• and HO• scavenging activities of RSH-I-4 were 70.2 ± 1.8% and 82.4 ± 3.20%
at the concentration of 10 mg protein/mL, which were significantly (p < 0.05) higher than those of
RSH-I, RSH-I-1, RSH-I-2, and RSH-I-3 at the same concentration. Acidic and hydrophobic amino acid
residues in peptides can be easily adsorbed to the anion exchange resins, and the interaction strength is
closely related to the number and location of the charges on the molecule structure [25,30]. The results
indicated that RSH-I-4 might contain some APs, with acidic and hydrophobic amino acid residues.
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and DPPH• and HO• scavenging activities of RSH-I and its fractions at the concentration of 10
mg protein/mL (B). All data were presented as mean ± SD (n = 3). a–f or A–F, Values with same
letters indicated no significant difference of different samples on DPPH• and HO• scavenging activity
(p > 0.05).

2.1.3. Gel filtration Chromatography of RSH-I-4

As shown in Figure 3A, RSH-I-4 was subsequently separated into two subfractions (Frac.1 and
Frac.2) by a Sephadex G-15 column. The radicals scavenging rates of Frac.1 on DPPH• and OH• were
81.1 ± 1.98% and 89.5 ± 2.37% at the concentration of 10 mg protein/mL, which were significantly
(p < 0.05) higher than those of RSH-I-4 and Frac.2 (Figure 3B). Smaller peptide fractions generally
exhibited a stronger antioxidant activity than their larger counterparts [32,33]. However, Frac.1 with
bigger MW showed a higher activity than Frac.2 did, which indicated that some other factors, such as
amino acid residue composition and spatial conformation, also played important roles in the bioactivity
of APs.
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Figure 3. Elution profile of RSH-I-4 using Sephadex G-15 column (A) and DPPH• and OH• scavenging
activities of subfractions (Frac.1 and Frac.2) from RSH-I-4 at the concentration of 10 mg protein/mL
(B). All data were presented as mean ± SD (n = 3). a–e or A–E, Values with same letters indicated no
significant difference of different samples on DPPH• and HO• scavenging activity (p > 0.05).

2.1.4. Isolation of APs from Frac.1 by RP-HPLC

Finally, Frac.1 with high DPPH• and HO• scavenging activities was purified by RP-HPLC while
using a linear gradient of acetonitrile (CAN) (Figure 4). All of the chromatographic peaks were collected
on their chromatographic peaks and their purities were analyzed. Finally, four APs (RSHP-A, RSHP-B,
RSHP-C, and RSHP-D) with retention times of 9.434, 13.435, 14.137, and 18.610 min. had high purities
and met the requirement of sequence determination (Table 1). Therefore, RSHP-A, RSHP-B, RSHP-C,
and RSHP-D were pooled and lyophilized, and their sequences and activities were determined in the
following experiment.
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Table 1. Retention time (min), amino acid sequences, molecular masses, and radical scavenging
activities of four antioxidant peptides (APs) (RSHP-A~D) from water-soluble protein hydrolysate of
red stingray (D. akajei) cartilages.

RSHP-A RSHP-B RSHP-C RSHP-D

Retention time (min) 9.434 13.435 14.137 18.610
Amino acid sequence VPR IEPH LEEEE IEEEQ

Theoretical mass/
observed mass (Da)

370.44/
370.46

494.52/
494.55

647.69/
647.64

646.62/
646.66

EC50
(mg/mL)

DPPH• 4.61 0.77 0.08 0.15
HO• 1.90 0.46 0.17 0.11
O−2 • 3.69 0.70 0.15 0.19

ABTS+• 4.01 1.30 0.16 0.18

2.2. Amino Acid Sequence and Mass Spectrometry Analysis of APs (RSHP-A~D)

Using a Protein/Peptide Sequencer and electrospray ionization mass spectrometer (ESI-MS), the
amino acid sequences of RSHP-A, RSHP-B, RSHP-C, and RSHP-D were determined to be Val-Pro-Arg
(VPR), Ile-Glu-Pro-His (IEPH), Leu-Glu-Glu–Glu-Glu (LEEEE), and Ile-Glu-Glu-Glu-Gln (IEEEQ),
respectively. The measured MWs of RSHP-A, RSHP-B, RSHP-C, and RSHP-D were 370.46 Da ([M +H]+

371.68 Da), 494.55 Da ([M + H]+ 495.96 Da), 647.64 Da ([M + H]+ 648.72 Da), and 646.66 Da ([M + H]+

647.29 Da) (Figure 5 and Table 1), which agreed well with their theoretical masses of 370.44 Da, 494.52
Da, 647.69 Da, and 646.62 Da, respectively.
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2.3. Antioxidant Activity

2.3.1. Radical Scavenging Activity

DPPH• Scavenging Activity

The activity curves on DPPH• scavenging of four isolated APs (RSHP-A~D) are shown in
Figure 6A, and a positive correlation between the APs concentrations and their radical-scavenging
activities was observed. The EC50 value of RSHP-B was 1.90 mg/mL, which was significantly (p < 0.05)
higher than those of RSHP-A (4.61 mg/mL), RSHP-C (3.69 mg/mL), and RSHP-D (4.01 mg/mL),
respectively (Table 1). Furthermore, the EC50 value of RSHP-B was lower than those of the APs from
protein hydrolysates of croceine croaker muscle (YLMSR: 2.74 mg/mL; MILMR: 5.01 mg/mL) [34],
loach (PSYV: 17.0 mg/mL) [35], blue mussel (TTANIEDRR: 2.50 mg/mL) [31], salmon (FLNEFLHV:
4.95 mg/mL) [3], bluefin leatherjacket head (WEGPK: 4.44 mg/mL; GVPLT: 4.54 mg/mL) [30], grass carp
skin (GFGPL: 2.25 mg/mL; VGGRP: 2.94 mg/mL) [36], skate cartilage (FIMGPY: 2.60 mg/mL; GPAGDY:
3.48 mg/mL; IVAGPQ: 3.93 mg/mL) [21], and scalloped hammerhead muscle (WDR: 3.63 mg/mL;
PYFNK: 4.11 mg/mL; LDK: 3.06 mg/mL) [37,38]. However, the EC50 value of RSHP-B was higher than
those of APs from protein hydrolysates of miiuy croaker swim bladder (FPYLRH: 0.51 mg/mL; GIEWA:
0.78 mg/mL) [39], blue mussel (PIIVYWK: 0.71 mg/mL; FSVVPSPK: 0.94 mg/mL) [31], skipjack tuna
bone (GADIVA: 0.57 mg/mL; GAEGFIF: 0.30 mg/mL) [40], grass carp skin (PYSFK: 1.58 mg/mL) [36],
and bluefin leatherjacket skin (GSGGL: 0.41 mg/mL; GPGGFI: 0.19 mg/mL; FIGP: 0.12 mg/mL) [41].
The radical-quenching activities of APs are due to their ability to participate in the single electron
transfer reaction [1]. The present results illustrated that RSHP-B have a strong ability to act as a free
radical scavenger or hydrogen donor to transform DPPH• into harmless compounds and to prevent
the single electron transfer reaction.
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HO• Scavenging Activity

The HO• scavenging activity of four isolated APs (RSHP-A~D) was dose-dependent at the test
concentrations (Figure 6B). RSHP-B exhibited the highest HO• scavenging activity, with an EC50 value
of 0.45 mg/mL, which was significantly (p < 0.05) stronger than those of RSHP-A (0.76 mg/mL), RSHP-C
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(0.70 mg/mL), and RSHP-D (1.30 mg/mL), respectively (Table 1). The EC50 value of RSHP-B was
lower than those of APs from the protein hydrolysates of conger eel (LGLNGDDVN: 0.69 mg/mL) [42],
weatherfish loach (PSYV: 2.64 mg/mL) [35], miiuy croaker muscle (FWKVV: 0.97 mg/mL; FMPLH:
0.80 mg/mL) [9], mussel sauce (HFGDPFH: 0.50 mg/mL) [43], blue mussel (YPPAK 0.23 mg/mL) [2],
hairtail muscle (KA: 1.74 mg/mL; AKG: 2.38 mg/mL; IYG: 2.50 mg/mL) [44], grass carp (PSKYEPFV:
2.86 mg/mL; PYSFK: 2.28 mg/mL; GFGPL: 1.61 mg/mL; VGGRP: 2.06 mg/mL) [36,45], miiuy croaker
swim bladder (FPYLRH: 0.68 mg/mL; GIEWA: 0.71 mg/mL) [39], giant squid (NADFGLNGLEGLA:
0.61 mg/mL) [43], and skate cartilage (FIMGPY: 3.04 mg/mL; GPAGDY: 3.92 mg/mL; IVAGPQ:
5.03 mg/mL) [21]. However, the EC50 value of RSHP-B was higher than those of the APs from protein
hydrolysates of scalloped hammerhead muscle (PYFNK: 0.24 mg/m; LDK: 0.17 mg/mL) [37,38], skipjack
tuna bone (GADIVA: 0.25 mg/mL; GAEGFIF: 0.32 mg/mL) [40], blue mussel (YPPAK: 0.23 mg/mL) [3],
bluefin leatherjacket skin (GSGGL: 0.18 mg/mL; GPGGFI: 0.09 mg/mL; FIGP: 0.07 mg/mL) [41], and
giant squid (NGLEGLK: 0.31 mg/mL) [43]. HO• is one of the most deleterious intracellular ROS and it
can cause severe damage to biomacromolecules, including carbohydrates, nucleic acids (mutations),
lipids (lipid peroxidation), and amino acids (e.g., conversion of Phe to m-Tyrosine and o-Tyrosine),
which further causes a series of chronic diseases [46]. In addition, HO• cannot be eliminated by
an enzymatic reaction, and scavenging it from organisms using antioxidants, such as glutathione,
sulforaphane, a-tocopherol, curcumin, and ascorbic acid is the only mean to protect important cellular
structures from its damage [22,47]. Therefore, four isolated APs, especially RSHP-B, showed a high
scavenging ability on HO• and it might have the possibility to serve as a scavenger to weaken the
HO• damage in biological systems.

O−2 • Scavenging Activity

The O−2 • scavenging activities of four isolated APs (RSHP-A~D) were studied, and the dose-effect
relations were observed when their concentrations gradually increased from 0.1 to 5.0 mg/mL (Figure 6C).
The EC50 values of RSHP-A, RSHP-B, RSHP-C, and RSHP-D were 0.08, 0.17, 0.15, and 0.16 mg/mL,
respectively (Table 1). RSHP-A showed stronger O−2 • scavenging activity than RSHP-B, RSHP-C, and
RSHP-D did. The EC50 value of RSHP-A was lower than those of APs from protein hydrolysates of
skipjack tuna bone (GADIVA: 0.52 mg/mL; GAEGFIF: 0.48 mg/mL) [40], miiuy croaker swim bladder
(FPYLRH: 0.34 mg/mL; GIEWA: 0.30 mg/mL) [39], hairtail muscle (KA: 2.08 mg/mL; AKG: 2.54 mg/mL;
IYG: 1.36 mg/mL) [44], mussel sauce (HFGDPFH: 0.20 mg/mL) [43], Mytilus coruscus (SLPIGLMIAM:
0.32 mg/mL) [48], round scad (HDHPVC: 0.27 mg/mL; HEKVC: 0.24 mg/mL) [49], miiuy croaker
muscle (FWKVV: 0.29 mg/mL; FMPLH: 0.15 mg/mL) [9], croceine croaker muscle (YLMR: 0.45 mg/mL;
VLYEE: 0.69 mg/mL; MILMR: 0.99 mg/mL) [34,50], and skate cartilage (FIMGPY: 1.61 mg/mL; GPAGDY:
1.66 mg/mL; IVAGPQ: 1.82 mg/mL) [21]. However, the EC50 value of RSHP-A was higher than those of
the APs from protein hydrolysates of blue mussel (YPPAK: 0.072 mg/mL) [3] and monkfish muscle
(LMGQW: 0.042 mg/mL) [51]. O−2 • is the most common free radical that is generated in vivo, and it
can promote oxidative reaction to generate hydrogen peroxide and hydroxyl radical [22]. O−2 • and its
derivative radicals seriously threaten the bioactive biomacromolecules and cause different diseases
of vital organs of the human body [1,30]. For example, O−2 • plays crucial roles in cardiovascular and
neurodegenerative diseases, as well as in cancer [47]. In organism, SOD can timely catalyze O−2 • into
uninjurious hydrogen peroxide and oxygen under normal conditions. Subsequently, RSHP-A, RSHP-B,
RSHP-C, and RSHP-D have high O−2 • scavenging activity and might be applied to eliminate the O−2 •
damage together with SOD in biological systems.

ABTS+• Scavenging Activity

The abilities of four isolated APs (RSHP-A~D) to scavenge ABTS+• in comparison with ascorbic
acid were investigated, and dose-related effects were observed at peptide concentrations that ranged
from 0.1 to 5.0 mg/mL (Figure 6D). The EC50 values of RSHP-A, RSHP-B, RSHP-C, and RSHP-D were
0.15, 0.11, 0.19, and 0.18 mg/mL, respectively (Table 1). RSHP-B showed the strongest scavenging
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activity among four isolated APs at all tested concentrations. The EC50 value of RSHP-B was lower
than those of APs from the protein hydrolysates of croceine croaker muscle (VLYEE: 0.31 mg/mL;
YLMSR: 0.42 mg/mL; MILMR: 0.89 mg/mL) [34], hairtail muscle (KA: 1.65 mg/mL; AKG: 0.83 mg/mL;
IYG: 0.59 mg/mL) [44], scalloped hammerhead muscle (WDR: 0.34 mg/mL; LDK (0.19 mg/mL) [37,38],
salmon (FLNEFLHV: 1.55 mg/mL) [3], grass carp skin (GFGPL: 0.33 mg/mL; VGGRP: 0.47 mg/mL) [36],
skipjack tuna bone (GADIVA: 0.41 mg/mL; GAEGFIF: 0.21 mg/mL) [40], bluefin leatherjacket head
(WEGPK: 5.41 mg/mL; GPP: 2.47 mg/mL; GVPLT: 3.12 mg/mL) [30], and skate cartilage (FIMGPY:
1.04 mg/mL; GPAGDY: 0.77 mg/mL; IVAGPQ: 1.29 mg/mL) [20]. ABTS+• scavenging assay has been
successfully used to evaluate the capacity of dietary antioxidant ingredients, such as polyphenols,
polysaccharides, and peptides based on the special chemical properties of formed free radicals [22,38].
In the assay, blue ABTS+•with an absorption maximum of 734 nm is inactivated to its colorless neutral
form, when it meets an antioxidant compound. The present results indicated that RSHP-A, RSHP-B,
RSHP-C, and RSHP-D could act as electrons or hydrogen atoms donator to inactivate ABTS+•.

2.3.2. Fe2+-Chelating Ability

Figure 7 showed that four isolated APs (RSHP-A~D) chelated Fe2+ in a dose-effect manner at
concentrations that ranged from 0 to 1.0 mg/mL, and RSHP-C showed the highest chelating ability on
Fe2+ among four isolated APs (RSHP-A~D). Transition metals, such as Fe2+ and Cu2+, can serve as
catalysts that accelerate the generation of ROS, which further oxidize unsaturated lipids and initiate
the oxidative chain reaction [52]. In recent years, some metal chelating peptides have been identified
from different food protein resources, such as oyster, anchovy, whey, soybean, and mungbean [53].
Lapsongphon and Yongsawatdigul reported that side chains, including carboxyl (Glu, Asp) and amino
groups (Lys, His, Arg), can serve as metal chelators to reduce the available amount of transition metals,
causing the inhibition of radical-mediated oxidative chain reactions [42]. Cruz-Huerta et al. have
reported that Asp, Glu, and Pro were the most abundant amino acids in the iron-binding peptides
from whey protein [54]. GPAGPHGPPGKDGR, AGPHGPPGKDGR, and AGPAGPAGAR from gelatin
tryptic hydrolysates of pacific cod skin exhibit high affinity to ferrous ions. Among the groups of the
three peptides, the amino and carboxylate terminal groups and peptide bond from peptide backbone,
as well as the amino and imine from Arg side chain, are involved in the complexation. In addition,
several amino acid side chain groups of GPAGPHGPPGKDGR and AGPHGPPGKDGR, including
amino (Lys), imine (His), and carboxylate (Asp), supplied additional iron binding sites [53]. The four
isolated APs (RSHP-A~D), especially RSHP-B~D, are rich in acid and basic amino acids. Therefore,
they showed higher Fe2+-chelating ability than the positive control of GSH.
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2.3.3. Reducing Power

As shown in Figure 8, four isolated APs (RSHP-A~D) exhibited dose-dependent reducing power
at the tested concentrations, and RSHP-B showed the highest capacity to reduce Fe3+ to Fe2+ among the
four isolated APs (RSHP-A~D). In organisms, the antioxidants act as reducing agents to be oxidized for
inhibiting the ongoing oxidation reactions. Subsequently, the reducing power is an important indicator
to provide information on the potential of samples to serve as antioxidant agents [9,55].Mar. Drugs 2019, 17, 263 9 of 16 
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Yang et al. reported that QNDER, KS, KA, AKG, TKA, VK, MK, and IYG from protein hydrolysate
of hairtail muscle showed high reducing power, and the absorbance at 700 nm of these eight antioxidant
peptides was less than 0.7 at the concentration of 2.5 mg/mL [44]. The data indicated that the reducing
power of RSHP-B was stronger than those of the APs from the protein hydrolysate of hairtail muscle at
the same concentration. He et al. reported that the absorbance of pentapeptide (FMPLH) from the
protein hydrolysate of miiuy croaker muscle at 700 nm was approximate 0.9 at the concentration of
2.5 mg/mL, which was slightly higher than those of RSHP-A~D [9]. The present data indicated that
RSHP-B might be applied as a reducing power agent to terminate the in vivo oxidation reactions that
are in progress.

2.3.4. Lipid Peroxidation Inhibition Ability

Lipid peroxidation is a complex process that involves the formation and propagation of lipid
radicals and lipid hydroperoxides in the presence of oxygen [2]. Each assay, such as DPPH, hydroxyl,
superoxide anion, and ABTS cation radical scavenging assays measured an antioxidant property that
represents a different mechanism, which could not reflect the multiple mechanisms, by which the
sample acted as an antioxidant to inhibit lipid oxidation in a food system and living organisms [51].
Therefore, the activities of RSHP-A, RSHP-B, RSHP-C, and RSHP-D against the peroxidation of linoleic
acid were investigated and compared to that of the positive control (GSH) and negative control (without
antioxidant) in this section (Figure 9). The inhibiting ability of RSHP-B was higher than those of
RSHP-A, RSHP-C, and RSHP-D. However, the inhibiting ability of four isolated APs (RSHP-A~D)
was lower than that of the positive control of GSH. The result of lipid peroxidation inhibition assay
suggested that RSHP-B might inhibit the lipid peroxidation propagation cycle through reacting with
peroxyl radicals. In addition, the activity of RSHP-B on lipid peroxidation inhibition slightly less than
GSH can be compensable by increasing the dose.
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3. Discussion

The structural characteristics of APs provide guides for the evaluation of food-derived proteins as
potential precursors of APs and predict the possible release of APs from various proteins while using
appropriate proteases [1].

Acidic and basic amino acid residues play critical roles in the metal ion chelating activity, which
is related to the carboxyl and amino groups in their side chains [56]. The carboxyl residues of acidic
amino acids are deprotonated for rendering the complex formation with metal ions, and the amino
nitrogen loses its proton nitrogen to allow for unshared pairs of electrons of nitrogen to bind with
metal ions [53]. Memarpoor-Yazdi et al. reported similar results, who found that the basic (Arg) and
acidic (Asp and Glu) amino acid residues in the sequences of NTDGSTDYGILQINSR and LDEPDPLI
were critical to their antioxidant activities [57]. Díaz et al. found that Glu residue is an effective cation
chelator that forms complexes with calcium and zinc ions and it may contribute to the antioxidant
activity [58]. Therefore, the Glu residue in RSHP-B, RSHP-C and RSHP-D, and Arg residue in RSHP-A
might be favorable for their antioxidant activities.

Mirzaei et al. reported that the pyrrolidine ring of Pro residue can interact with the secondary
structure of the peptide, thereby increasing the flexibility, and it is also capable of quenching singlet
oxygen due to its low ionization potential [59]. Samaranayaka and Li-Chan reported that Pro residue
played an important role in the activity of AP that was purified from Saccharomyces cerevisiae protein
hydrolysate [60]. Therefore, the Pro residue in the amino acid sequences of RSHP-A and RSHP-B
should enhance their radical-scavenging activities.

Aromatic amino acid residues, such as Phe, Tyr, His, and Trp, and hydrophobic amino acid
residues, including Ala, Val, and Leu, have been reported as critical to the activities of APs [1]. The
results from Guo et al. indicated that hydrophobic amino acid residues (e.g., Val, Ile, and Leu) and
aromatic amino acid residues (Phe, His, Tyr, and Trp) can enhance the radical-scavenging abilities
of APs from Chinese cherry seeds [61]. Therefore, the presence of aromatic and hydrophobic amino
acid residues in RSHP-A (Val), RSHP-B (Ile and His), RSHP-C (Leu), and RSHP-D (Ile) should have a
positive impact on their radical-scavenging and lipid peroxidation inhibitory activities.

In addition, the activities of APs are dependent on their molecular size. Short peptides with
2–10 amino acid residues have stronger radical-scavenging and lipid peroxidation inhibition activities
than their parent native proteins or long-chain peptides [1]. RSHP-A~D exhibited good antioxidant
activities, which suggested that they could more effectively and easily interact with free radicals and
inhibit the propagation cycles of lipid peroxidation [33]. However, RSHP-B showed the strongest
radical scavenging activity (DPPH•, HO•, and ABTS+•), reducing power, and lipid peroxidation
inhibition activities, RSHP-A showed the strongest O−2 • scavenging activity and RSHP-C showed
the highest Fe2+-chelating ability among the four isolated APs. There was no consistent trend in the
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different tested assays. Therefore, more detailed study should be performed to clarify the relationship
between the activity and structure of the four isolated APs (RSHP-A~D).

4. Experimental Section

4.1. Materials

Red stingray (D. akajei) was purchased from Nanzhen Market in Zhoushan city of China and
its cartilages were manually removed with a filleting knife, washed with cold DW, cut into small
pieces (about 0.5 cm2), and then stored at −20 ◦C. Bovine serum albumin (BSA), DEAE-52 cellulose,
D101 macroporous resin, and Sephadex G-15 were purchased from Shanghai Source Poly Biological
Technology Co., Ltd. (Shanghai, China). CAN of LC grade and trifluoroacetic acid (TFA) were purchased
from Thermo Fisher Scientific Co., Ltd. (Shanghai, China). Four APs (VPR, IEPH, LEEEE, and IEEEQ)
with a purity higher than 98% were synthesized in Shanghai Apeptide Co., Ltd. (Shanghai, China).

4.2. Preparation of Water-Soluble Proteins and Hydrolysate from Red Stingray Cartilages

The preparation of water-soluble proteins: The small pieces of cartilages (about 0.5 cm2) were
broken using a hammer, minced to homogenate, and then soaked in 1.0 M guanidine hydrochloride with
a solid to solvent ratio of 1:5 (w/v) for 48 h, and the liquid supernatant was collected by centrifugation
at 4 ◦C, 12,000× g for 10 min and then dialyzed (MW 1 kDa) against 25 volumes of DW for 12 h
with solution change every 4 h. Finally, the resulted dialysate (water-soluble proteins) was collected
and freeze-dried.

Enzymatic hydrolysis of water-soluble proteins: The freeze-dried water-soluble proteins was
dissolved (5 % w/v) in 0.2 M phosphate buffer solution (PBS, pH 8.0) and hydrolyzed while using
trypsin with a total enzyme dose of 2.5% at 40 ◦C for 4 h. The process was terminated by heating the
hydrolysate to 95 ◦C for 10 min. Finally, the hydrolysate was centrifuged at 9000× g for 15 min, and the
supernatant (RSH) was desalted using D101 macroporous resin, freeze-dried, and stored at −20 ◦C.
The concentrations of RSH and its fractions were expressed as mg protein/mL and determined by the
dye binding method of Bradford (1976), with BSA as the standard protein

4.3. Isolation of Peptides from RSH

RSH was fractionated into three fractions, termed as RSH-I (MW < 3 kDa), RSH-II (3 <MW <
10 kDa), and RSH-III (MW > 10 kDa), by 3 and 10 kDa ultrafiltration membranes in the Labscale TFF
System of Millipor Ltd. (Billerica, MA, USA).

The RSH-I solution (5 mL, 40.0 mg protein/mL) was injected into a DEAE-52 cellulose column
(1.6 × 80 cm) pre-equilibrated with DW, and then stepwise eluted with 150 mL DW, 0.1 M, 0.5 M,
and 1.0 M NaCl solution at a flow rate of 1.0 mL/min, respectively. Each eluted fraction (5 mL) was
collected and measured at 280 nm. Finally, four fractions (RSH-I-1 to RSH-I-4) were pooled on their
chromatographic peaks and lyophilized.

RSH-I-4 solution (5 mL, 10.0 mg protein/mL) was fractionated on a Sephadex G-15 column
(2.6 × 160 cm) eluted with DW at a flow rate of 0.6 mL/min. Each elate (3 mL) was monitored at 280 nm
and then collected on the chromatographic peaks, and two fractions (Frac.1 and Frac.2) were prepared
and lyophilized.

A Thermo C-18 column (4.6 × 250 mm, 5µm) (Thermo Co., Ltd., Yokohama, Japan) attached to an
Agilent 1260 HPLC system (Agilent Ltd., Santa Rosa, CA, USA) further purified Frac.1. The sample
(20 µL) was injected into the HPLC column, eluted with a linear gradient of ACN (0–40% in 0–25 min)
in 0.1% TFA at a flow rate of 0.8 mL/min, and monitored at 280 nm. Finally, four APs (RSHP-A~D)
were isolated and lyophilized.
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4.4. Amino Acid Sequence and Molecular Mass Analysis

Amino acid sequences and molecular masses of RSHP-A, RSHP-B, RSHP-C, and RSHP-D were
measured on the previous method [51]. The amino acid sequences of RSHP-A, RSHP-B, RSHP-C, and
RSHP-D were determined on an Applied Biosystems 494 protein sequencer (Perkin Elmer/Applied
Biosystems Inc., Foster City, CA, USA). Edman degradation was performed according to the standard
program that was supplied by Applied Biosystems.

Molecular masses of RSHP-A, RSHP-B, RSHP-C, and RSHP-D were determined using a Q-TOF
mass spectrometer (Micromass, Waters, Milford, MA, USA), coupled with an electrospray ionization
(ESI) source. Ionization was carried out in a positive mode with a capillary voltage of 3500 V. Nitrogen
was maintained at 40 psi for nebulization and 9 L/min at 350 ◦C for the evaporation temperature. Data
were collected in centroid mode from m/z 100 to 2000.

4.5. Antioxidant Activity

4.5.1. Radical Scavenging Activity

The radical scavenging and lipid peroxidation inhibition assays were measured on the previous
method [38], and the half elimination ratio (EC50) was defined as the concentration where a sample
caused a 50% decrease of the initial concentration of DPPH•, HO•, O−2 •, and ABTS+•, respectively.

4.5.2. Fe2+-Chelating Assay

The Fe2+-chelating assay was performed in accordance with the previous report [62,63]. In brief,
the mixed reaction solution (1815 µL DW, 450 µL sample (0, 0.25, 0.5, 0.75, and 1.0 mg/mL) and 45 µL
FeSO4 (2 mM)) was energetically shaken and maintained for 0.5 h. After that, 90 µL of ferrozine (5 mM)
were added into reaction solution, mixed well, and determined the absorbance at 562 nm. DW was
given as the blank control. The Fe2+-chelating ability was calculated using the following formula:
Fe2+-chelating ability (%) = [(Absorbance of blank control − Absorbance of sample)/Absorbance of
blank control] × 100.

4.5.3. Reducing Power Assay

The reducing power assay was carried out following the previous method [64]. 2.5 mL of 1%
K3Fe(CN)6 solution was blend with 2.0 mL of peptide solution and incubated at 50 ◦C for 0.5 h. After
that, 1.5 mL of 10% trichloroacetic acid was added into the mixed solution. Finally, 2.0 mL of the upper
layer, 0.5 mL of 0.1% aqueous FeCl3, and 2.0 mL of DW were mixed, and the absorbance at 700 nm was
applied to record the reaction mixture.

4.5.4. Lipid Peroxidation Inhibition Assay

The lipid peroxidation inhibition capacities of APs were measured in a linoleic acid model system,
according to the previous methods [65,66]. Briefly, a sample (5.0 mg) was dissolved in 10 mL of
PBS (50 mM, pH 7.0) and added to 0.13 mL of a linoleic acid solution and 10 mL of 99.5% ethanol.
Subsequently, the total volume was adjusted to 25 mL with DW. The mixture was incubated in a conical
flask with a screw cap at 40 ◦C in a dark room, and the degree of oxidation was evaluated by measuring
the Fe(SCN)3 values. The reaction solution (100 µL), incubated in the linoleic acid model system, was
mixed with 4.7 mL of 75% ethanol, 0.1 mL of 30% NH4SCN, and 0.1 mL of 20 mM FeCl2 solution in
3.5% HCl. After 3 min, the thiocyanate value was measured at 500 nm following color development
with FeCl2 and thiocyanate at different intervals during the incubation period at 40 ◦C.
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4.6. Statistical Analysis

All data are expressed as the mean ± standard deviation (SD, n = 3). An ANOVA test using SPSS
19.0 (Statistical Program for Social Sciences, SPSS Corporation, Chicago, IL, USA) was used to analyze
the experimental data. A p-value of less than 0.05 was considered to be statistically significant.

5. Conclusions

In the experiment, four APs (RSHP-A~D) were isolated from water-soluble protein hydrolysate
of red stingray (D. akajei) cartilages using ultrafiltration and chromatographic methods, and their
amino acid sequences were identified as VPR, IEPH, LEEEE, and IEEEQ, respectively. Among the
four isolated APs, IEPH showed the strongest scavenging activity on DPPH•, HO•, and ABTS+•,
reducing power, and lipid peroxidation inhibition activities; VPR showed the strongest O−2 • scavenging
activity; and, LEEEE showed the highest Fe2+-chelating ability. Subsequently, APs (RSHP-A~D) from
water-soluble protein hydrolysate of red stingray cartilages may be possible to serve as antioxidant
candidates for new functional foods. Further studies will be done to purify and identify more APs
from Frac.1, and more detailed studies on the safety, stability, and structure-activity relationship of the
purified APs will also be needed.
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Abstract: Naturally occurring three-dimensional (3D) biopolymer-based matrices that can be used
in different biomedical applications are sustainable alternatives to various artificial 3D materials.
For this purpose, chitin-based structures from marine sponges are very promising substitutes. Marine
sponges from the order Verongiida (class Demospongiae) are typical examples of demosponges with
well-developed chitinous skeletons. In particular, species belonging to the family Ianthellidae possess
chitinous, flat, fan-like fibrous skeletons with a unique, microporous 3D architecture that makes them
particularly interesting for applications. In this work, we focus our attention on the demosponge
Ianthella flabelliformis (Linnaeus, 1759) for simultaneous extraction of both naturally occurring
(“ready-to-use”) chitin scaffolds, and biologically active bromotyrosines which are recognized
as potential antibiotic, antitumor, and marine antifouling substances. We show that selected
bromotyrosines are located within pigmental cells which, however, are localized within chitinous
skeletal fibers of I. flabelliformis. A two-step reaction provides two products: treatment with methanol
extracts the bromotyrosine compounds bastadin 25 and araplysillin-I N20 sulfamate, and a subsequent
treatment with acetic acid and sodium hydroxide exposes the 3D chitinous scaffold. This scaffold is
a mesh-like structure, which retains its capillary network, and its use as a potential drug delivery
biomaterial was examined for the first time. The results demonstrate that sponge-derived chitin
scaffolds, impregnated with decamethoxine, effectively inhibit growth of the human pathogen
Staphylococcus aureus in an agar diffusion assay.

Keywords: chitin; scaffolds; pigmental cells; demosponges; Ianthella; bromotyrosines; decamethoxine;
drug delivery

1. Introduction

Development of three-dimensional (3D) scaffolds based on natural biopolymers is a recent trend
in materials and biomaterials science. The scientific community now focuses on development of
fabrication methods which will allow for precise control of the architecture and pore structures in such
scaffolds. Evolutionary optimized 3D constructs of natural origin can be found in marine demosponges
(phylum Porifera, class Demospongiae), which are recognized among the first multicellular organisms
on our planet. These organisms evolved and survived for more than 600 million years due to their
ability to excellently combine the mechanical stability of their voluminous, fiber-based, water-filtering
skeletons [1] and their diverse chemical defense strategies [2,3] due to biosynthesis of secondary
metabolites with anti-predatory and antibiotic properties [4]. The demosponges can produce both
proteinaceous (spongin)- or polysaccharide (chitin)-based and up to 2-m-high skeletons (for an
overview, see References [5–10]). Representatives of the family Ianthellidae (Hyatt, 1875) possess
chitinous, flat, fan-like skeletons with unique 3D architecture [11,12] (Figures 1 and 2A), some of which
can reach up to 2 m in diameter [12].
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Figure 1. The marine demosponge Ianthella flabelliformis (Linnaeus, 1759) (A), as collected after
air-drying, exhibits a characteristic fan-like and meshwork morphology (B). Chitin-based skeletal fibers
(arrows) are visible between tissue-like layers (C).

One main advantage of skeletons of the ianthellid sponges with respect to their practical application
is that chitinous scaffolds can be easily isolated from them (for details, see Reference [11]). These
scaffolds exhibit the characteristic shape, size, and meshwork-like structural motif of demosponges,
throughout which mesophyll cells are perfectly distributed (Figure 1B,C). Recently, 3D chitin scaffolds
isolated from the demosponge Ianthella basta (Pallas, 1766) were successfully used in tissue engineering
of human mesenchymal stromal cells (hMSC), as well as human dermal MSCs [13]. Additional
advantages of these sponges for use in technological [14,15] and biomedical applications [16] is their
exceptional ability to regenerate their skeletons in situ, with a growth rate of up to 12 cm/year [12].
Consequently, marine farming of these sponges in coastal areas in Australia and Guam (United States
of America) [17] is planned to be developed in the near future.

Currently, our strategy regarding the ianthellid sponges is focused on development of methods
for simultaneous extraction of both naturally pre-designed chitin (as “ready-to-use” scaffolds) and
biologically active bromotyrosines which are recognized as potential antibiotic, antitumor (for a review,
see References [18,19]), and marine antifouling [20,21] substances. The pharmacological potential
of these marine demosponges as producers of bromotyrosine-related bastadins was very positively
approved [22–27].

In this work, we focus our attention on Ianthella flabelliformis (Linnaeus, 1759) (Demospongiae,
Verongiida, Ianthellidae) [28], originally designated by Linneaus as Spongia flabelliformis [29] and later
transferred to the genus Ianthella (Gray, 1869), for simultaneous extraction of both naturally occurring
chitin scaffolds, and biologically active bromotyrosines which are recognized as potential antibiotic,
antitumor, and marine antifouling substances. In this species, bromotyrosines are located within
specialized, pigmental cells that are tightly associated with skeletal chitin. Special attention was paid
to investigations on the applicability of 3D chitinous spacer fabric-like scaffolds as potential drug
delivery biomaterials, filled with a quaternary ammonium compound, decamethoxine [30], which is a
well-recognized antiseptic against diverse human diseases [31]. We used a clinical strain of the human
pathogen Staphylococcus aureus as the test microorganism in this study.
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2. Results

The methodology of how to obtain chitin in the size, shape, and unique architecture of the
I. flabelliformis fan-like skeleton is described in Section 4.2. However, one of the most important steps
is obtaining a pigmented skeletal structure that is tissue-free (Figure 2A,B). Additional treatment
with 5% NaOH at 37 ◦C over 4 h exposes chitinous fibers with visible inner channels which are
typically located within skeletal fibers of verongiid demosponges (see also References [9,11]). These
channels permit verongiid chitin to be saturated with diverse liquids due to the capillary effect (for
details, see Reference [32]), and the presence of similar channels in our samples suggests that a similar
mechanism of capillary uptake might be possible in the skeleton of I. flabelliformis (Figure 2C).

 

Figure 2. The cell-free macerated skeleton of I. flabelliformis (A,B) is made of anastomosing,
interconnected tube-based chitinous fibers (B). Partial depigmentation using alkali treatment leads to
visualization of the inner channel (arrows, C) which is located within each fiber.

Importantly, using this method, isolation of pigmented chitinous fibers (Figure 3) is possible,
in which the presence of reddish-violet cells was visualized using light microscopy (Figure 3C).
These so-called “fiber cells” [33], “pigmental cells” [34–37], or “spherulous cells” [38,39] are presumable
characteristic features for representatives of the Ianthellidae family [37,40]. The size of these cells in
I. flabelliformis is 11.8 µm ± 1.15 µm.

Single-spot energy-dispersive X-ray spectroscopy (EDX) analysis using SEM strongly confirmed
the presence of bromine within individual pigmental cells (Figure 4). These results correlate well with
those reported previously for similar cells observed in the verongiid demosponge Aplysina aerophoba

(Nardo, 1833) [39].
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Figure 3. The bromotyrosine-containing extract isolated from skeleton of I. flabelliformis (A) is one of
the sources of pharmacologically relevant reagents. The dark-reddish color of chitinous skeletal fibers
(B) is determined by the presence of pigmental cells, or spherulocites (C), special chitin-associated
bromotyrosine-producing cells (arrows).
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Figure 4. Pigmental cells located within fibers of I. flabelliformis chitin are clearly visible using
light microscopy (A) (see also Figure 3C). These cells are observable using SEM (B,C). Single-spot
energy-dispersive X-ray spectroscopy (EDX) analysis shows strong evidence of the presence of bromine
within individual pigmental cells (D).
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TEM analysis of the cross-sectioned chitinous fiber of I. flabelliformis studied during the isolation
step, as represented in Figures 3C and 4A, showed the location of such cells between the alternating
chitinous layers (Figure 5).

 
Figure 5. TEM image of the cross-section through the chitinous sponge matrix of I. flabelliformis showing
the interlayer location of the pigmental cell that lost its oval morphology due to the drying procedure.
This cell is definitively of eukaryotic and not bacterial origin.

Due to the evident presence of bromine within pigmented cells of I. flabelliformis, we suggest
that bromotyrosines are responsible for this naturally occurring event. Thus, the corresponding
methanol extract obtained after treatment of the pigmented skeletal fibers (Figure 3) was subjected to
HPLC for isolation, analysis, and identification of possible bromotyrosine derivatives. Compounds
were identified by analyzing the mass spectra and comparing with the data obtained for the same
compounds previously isolated from I. flabelliformis sponge [41,42]. Our data (see Supplementary
Materials) indicate that the isolated compounds correspond to bastadin 25 (MS (electrospray ionization,
ESI): m/z 1032 [M − H]−) [41] and araplysillin-I N20-sulfamate (MS (ESI): m/z 794 [M − Na]−) [42,43].

Further treatment of pigmented chitinous fibers using acetic acid and alkali (see Section 4.2)
(Figure 6) led to the isolation of ready-to-use 3D chitinous scaffolds which visually resemble the
well-known architecture of fabric-based bandage materials (Figure 7).
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Figure 6. The spherulocite-free chitinous skeleton of I. flabelliformis can be isolated after alternating
treatment of the construct with acetic acid (A) and NaOH (B) (see also Figure 7).

 

Figure 7. The chitinous skeleton isolated from I. flabelliformis (A) represents a mechanically elastic, flat,
but still three-dimensional (3D)-based construct made of interconnected tubular fibers (B). These fibers
show excellent capacity for saturation with diverse liquids including water (C).

As reported by us previously [13], similar tubular, flat, 3D scaffolds isolated from the marine
demosponge Ianthella basta closely related to I. flabelliformis [11] were applied in the tissue engineering
of hMSCs. However, in this study, we decided to examine the possibility of such constructs as drug

30



Mar. Drugs 2019, 17, 574

delivery matrices for the future development of alternatives to well-recognized antimicrobial textiles
(for an overview, see References [44–47]).

We used here the chemical compound 10-[dimethyl-[2-[(1R,2S,5R)-5-methyl-2-propan-2-ylcyclohexyl]
oxy-2-oxoethyl]azaniumyl]decyl-dimethyl-[2-[(1R,2S,5R)-5-methyl-2-propan-2-ylcyclohexyl]oxy-2-oxoethyl]
azanium;dichloride (Figure 8A), known also as decamethoxine (molecular formula C38H74Cl2N2O4;
molecular weight 693.9 g/mol). It is highly soluble both in water and ethanol. Due to the characteristic
nanoporous structure of tubular chitin in verongiid sponges [9,11] (Figure 8B), we suggest that this reagent
can easily move through membrane-like walls of chitin fiber both via absorption from the solution and via
diffusion (after drying and fixation) on and within the chitinous matrix (Figure 8C). The principal scheme is
shown in Figure 8.

Figure 8. Three-dimensional chitin scaffold as a potential drug delivery matrix. (A) Chemical
formula of decamethoxine which was used in our study as a model substance with antibiotic activity.
The nanoporous structure of I. flabelliformis chitin-based tube walls (SEM image, B) may be responsible
for both the initial absorption of the substance into the organic matrix and for the following diffusion
of this substance from the chitinous construct being transferred to the agar plate contaminated with
corresponding bacterial cultures (C).

The 3D chitin scaffold of I. flabelliformis impregnated with a 0.1% water solution of decamethoxine
and dried with sterile filter paper inhibited the growth of S. aureus in an agar diffusion assay (6 mm
from the edge of the matrix) (Figure 9(3)). The chitin scaffold impregnated with 0.1% ethanol solution
of decamethoxine and then dried for ethanol evaporation showed less activity (4-mm growth inhibition
from the edge of the matrix) (Figure 9(4)). This phenomenon is based, probably, on the difference
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between water and ethanol with respect to their hydrophilicity. Both samples retained properties
to release antiseptic on their second and third use, after moving to a fresh microbe culture. Control
samples of chitinous scaffolds used without any treatment, with the exception of sterilization at 121 ◦C
(Figure 9(1),(2)), did not show any antibacterial activity under the same experimental conditions.

 

Figure 9. Sponge chitin filled with decamethoxine as an antimicrobial fabric against Staphylococcus aureus.
1—Sterile I. flabelliformis chitin scaffold (see enlarged image in Figure 7) washed with distilled water as a
control sample. 2—Chitin scaffold washed with 70% ethanol and dried as a control sample. 3—Chitin
scaffold impregnated with 0.1% water solution of decamethoxine. 4—Chitin scaffold impregnated with
0.1% ethanolic solution of decamethoxin. All observations were carried out after 24 h.

3. Discussion

After the discovery of pigmental cells in the fibrous skeletons of Ianthellids by Flemming in 1872,
there were numerous reports discussed by de Laubenfels in 1948 where the possible origin, location,
and function of these cells was proposed. Carter, for example, described Ianthella sponge in 1881 as
follows: “Sarcode charged with dark purple pigmental cells, especially numerous on the surface and in the horny

laminae of the fiber, which appear to be secreted by them.” [34]. At the same time, Lendenfeld (1882) [33]
stated the following” “The most characteristic whereby Ianthella is set off is its unique content of fiber cells.

These are not scattered through the pith, but are either actually embedded in the fiber walls, or adherent to

the inner surface of the hollow cylinder of the fiber which surrounds the pith. These cells must have reached

their buried location alive, but how they obtained food and oxygen seems mysterious. Perhaps the pith is quite

permeable and acts as supply tube. Another hypothesis is that cells get caught in the forming fiber and die, but

leave a pattern of their shape behind, like footprints, or their original substance replaced by bacteria-resistant

chemicals.” [33]. Indeed, until the discovery of chitin in fibrous skeletons of verongiid demosponges by
our group in 2007 [8], as well as in the verongiid species of the genus Ianthella [11], the most accepted
opinion was that skeletal fibers are made of a “horny”, proteinaceous, biomaterial called spongin [6].
It is also well known that pigment oxidation is responsible for the rapid Ianthella sponge tissue changes
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in color (mostly from yellow to purple, or even blackish purple) [33,35,48]. Preserved specimens
usually remain in the dark violet condition (Figures 1, 3 and 4A).

In this study, we showed that the pigmental cells of I. flabelliformis are located within skeletal fibers
between microlayers of chitin (Figure 5) and contain bromotyrosines. Previously, the biosynthesis
of several bromotyrosine-related compounds, i.e., bastadins, by I. flabelliformis demosponge was
reported [41]. Compounds such as bastadin 25, 15-O-sulfonatobastadin 11, and bastadin 26 were
identified in I. flabelliformis; however, their origin was heretofore elusive, with their production in
special cells discovered here. Interestingly, there are still no reports of bastadin or araplysillin as typical
bromotyrosines of Ianthella species being microbially derived [48]. The intriguing question about the
possible ancient microbial origin of the pigmental cells remains open.

The biological function of bromotyrosine-producing cells could be based on previously reported
results [49] concerning the inhibition of microbial chitinases using bromotyrosines. In this case,
verongiids developed a unique chemical defense strategy to protect their skeletal fibrous chitin from
bacterial and fungal invasion. Taking into account our discovery of exceptionally preserved chitin
in 505-million-years-old fossil remains of the vernogiid sponge Vauxia gracilenta [1], we believe that
the appearance of this strategy was crucial in the evolution of the sponges belonging to the order
Verongiida. Previously, we also showed that partially depigmented chitinous skeletons of selected
verongiids are still resistant to diverse bacterial chitinases under experimental conditions in vitro [11].
Only completely purified sponge chitin becomes soluble in chitinase-containing solutions [50,51].

In the near future, we plan to use such a “naturally loaded” bromotyrosine chitin (Figure 3C) to
study the possible diffusion of corresponding bromotyrosines using model systems with sea water,
physiological solutions, and artificial body fluid.

To our best knowledge, there are no reports on the application of pure chitinous scaffolds for
drug delivery. Most papers are dedicated to chitosan or ionically cross-linked chitin microspheres [52].
In one case, a chitin–amphipathic anion/quaternary ammonium salt dressing was prepared [53]. In our
study, however, we utilized a recognized antibacterial compound—decamethoxine.

Decamethoxine (its structural formula is shown in Figure 8A) is a cationic gemini surfactant [54],
which exhibits strong bactericidal and fungicidal effects. It modifies the permeability of the microbial
cell membrane, resulting in the destruction and death of diverse microorganisms [55]. For example, it
has a wide spectrum of antimicrobial action on Gram-positive bacteria (Staphylococcus, Streptococcus,

Pneumococcus), Gram-negative bacteria (Pseudomonoas, Neisseria gonorrhoeae, Chlamydia trachomatis) [56],
protozoa, dermatophyte, yeast-like fungi of Candida genus, and viruses [57]. It was also proven that
decamethoxine at a concentration of 10 µg/ml drastically reduces the adhesion of coryneform bacteria,
Salmonella, Staphylococcus, and Escherichia [56]. Its method of action may be achieved via adhesion or
competitive binding to bacterial adhesins, or to the surface receptors of host cells. Due to its high
bacteriostatic effect, decamethoxine is used for the disinfection of surfaces of diverse surgical tools [58],
as well as of contact lenses [59].

Our first results (Figure 9) confirmed that decamethoxine can be successfully absorbed
from corresponding water and ethanol-containing solutions by chitinous scaffolds isolated from
I. flabelliformis. Furthermore, this compound can subsequently diffuse from the chitinous matrix surface,
as well as, probably, from the inner space of microtubular and nanoporous structures. The appearance
of death zones around colonies of S. aureus during 24 h of incubation confirms the antibiotic activity of
decamethoxine through diffusion from the chitinous scaffold. Now, we need a longer assay including
studies on a Fickian diffusion, as well as on possible non-Fickian behavior [60,61], of this previously
non-investigated microtubular chitin matrix. On this first stage, we did not differentiate between
the release of substance adsorbed to the outside of the matrix, substance absorbed via nanopores,
substance sucked up and released via capillary action, etc. Consequently, it is also not clear with what
kind of diffusion-controlled system (matrix-type system or reservoir-type system) [62] is used here.
Understanding the structure–function relationship of the sponge biomaterial system represented in this
study as a new antimicrobial drug release scaffold [63] could be the key to the successful application of
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this special delivery system. The drug release kinetics [64] with respect to decamethoxine and other
antimicrobial compounds which can be used in naturally pre-structured sponge chitin will be studied
in detail in the near future.

4. Materials and Methods

4.1. Location and Collection

The sponge Ianthella flabelliformis (WAM Z87073) was collected by J. Fromont and L. Kirkendale at
station SOL47/W/A042 (15◦36’46.10” south (S), 124◦04’22.92” east (E) to 15◦36’44.77” S, 124◦04’22.38”
E), Kimberley, Western Australia in March 2015 at a depth of 35.3–35.5 m. Morphological identification
was supported by molecular barcoding and comparison against reference materials of I. flabelliformis

and other Ianthella spp. from the Western Australian Museum using the 28S ribosomal RNA (rRNA)
C-region barcoding region for sponges (see Reference [65] for methodological details).

4.2. Isolation of Chitinous Skeleton from the Sponge and Identification of Selected Bromotyrosines

The isolation of chitinous scaffolds from the ianthellid sponges was conducted as described by us
previously [11]. In brief, it was performed in three main steps: (i) sponge skeletons were washed three
times with distilled water for the removal of water-soluble compounds, and then bromotyrosines were
extracted with methanol; (ii) residual fragments were treated with NaOH (2.5 M, Merck) at 37 ◦C for
72 h for deproteinization; (iii) lastly, the isolated scaffolds were treated with acetic acid (20%, Roth) at
37 ◦C for a period of 6 h to remove residual calcium and magnesium carbonates, and then washed
in distilled water up to pH 6.8. This isolation procedure was repeated three times to obtain colorless
tubular scaffolds. The purity of isolated chitinous scaffolds was proven using standard analytical
procedures as described previously [11].

The methanolic extracts of sponge fragments shown in Figure 3C were analyzed using a Shimadzu
HPLC system, coupled to an ultraviolet–visible light (UV–Vis) detector (Shimadzu, Kyoto, Japan;
Waters SunFire Prep OBD C18 column (30 × 75 mm)). Routine detection was at 215 and 241 nm.
A solvent system consisting of MeCN (A) and H2O (B) at a gradient increasing linearly from 0% to
100% was used for compound separation. LCMS analyses were carried out on an Agilent 1100 (Agilent,
Santa Clara, California, USA) LC system equipped with a G1956 MSD detector. A Zorbax C18 RR
column was used, and gradient elution with 0.1% HCOOH in H2O–MeCN was applied.

4.3. Antimicrobial Activity of Chitin Matrix

The prepared chitin scaffold of I. flabelliformis was cut into 1-cm2 squares, washed twice for 15 min in
sterile distilled water, and put into 0.1% (w/v) water or ethanol solution of decamethoxine (Yuria-pharm,
Kyiv, Ukraine). Samples used for control were put into sterile distilled water or 70% ethanol. After 2 h of
incubation, the samples were dried with sterile filter paper (for the water solution) or in a thermostat (for
ethanol-based solutions). Dry samples were placed on a Petri dish with fresh culture of a clinical strain
of Staphylococcus aureus ATCC 6538P (FDA 209P) on meat–peptone agar (MPA) and cultivated for 24 h at
37 ◦C. In 24 h, the zones of growth inhibition for first use were measured, and samples were moved
with sterile forceps to a Petri dish with a fresh daily culture of S. aureus. Cultivation and measuring were
repeated three times with the same samples of chitin scaffold and fresh cultures (first use, second use,
and third use). All tests were provided with proper control (sterility control of nutritive environment
(MPA), and control of microorganism growth without compound).

4.4. Stereomicroscopy and Light Microscopy Imaging

I. flabelliformis sponge samples in different stages of chemical treatment and isolated chitinous
scaffolds were observed with a Keyence VHX-6000 (Keyence, Osaka, Japan) digital optical
stereomicroscope, and using a BZ-9000 microscope (Keyence, Osaka, Japan) in the light microscopy
mode (Machalowski et al., 2019).
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4.5. Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), and EDX

For TEM investigations, samples of I. flabelliformis chitin as represented in Figure 3C were fixed
with 2.5% glutaraldehyde in phosphate-buffered saline (PBS) at room temperature, post-fixed with
1.5% osmium tetroxide, dehydrated in a graduated series of acetone (including a staining step with
1% uranylacetate), and embedded in Epoxy resin according to Spurr (1969) [66]. Ultra-thin sections
(about 70 nm) of samples were prepared on a Leica EM UC6 ultramicrotome (Leica, Wetzlar, Germany)
equipped with a Diatome diamond knife, mounted on Pioloform-coated copper grids, post-stained
with uranylacetate and lead citrate (according to Reynolds, 1963 [67]), and analyzed using a Zeiss
CTEM 902 (Carl Zeiss, Wetzlar, Germany) at 80 kV (University of Bayreuth).

For SEM analysis, samples were prepared as described for TEM analyses without osmium tetroxide
and uranylacetate. For elemental analyses (EDX), the block faces of samples were cut on a Leica EM
UC6 ultramicrotome equipped with a Diatome diamond knife, carbon-coated, mounted on an SEM
sample holder, and analyzed on a Philips ESEM XL 30 (FEI Company, Peabody, MA, USA) at suitable
accelerating voltages. For EDX spectra, accelerating voltages between 15 kV and 30 kV were used.

5. Conclusions

The demand of biomaterials of natural origin is increasing for different reasons, including the
major sustainability in their production pipeline leading to the reduction of environmental impact of
microplastics and of CO2 emissions. In this context, the chitin-based materials of marine origin are
considered of recent interest, and the results of this work clearly underline that sponges of the order
Verongiida can now be considered as a relevant resource in this perspective. The methodology here
developed for the first time on I. flabelliformis allows a double exploitation of this sponge species: (i)
as a source of bromotyrosines of well-known pharmaceutical properties, and (ii) as a source of unique
biomaterial that could potentially substitute artificial fabric-based bandages, for its peculiar structural
organization and for its capacity to be filled with anti-bacterial compounds. The purified 3D chitin
matrix isolated from I. flabelliformis does not have innate antibacterial activity, but is prospective as a
naturally prefabricated dressing material due to its ability for incorporation of antiseptic solutions using
the capillary effect or the fixing of dry antiseptic on the surface of its nanoporous, membrane-like chitin
microtubes. Consequently, the very promising results here shown are prodromal for further development
both in the field of mariculture and of sponge cell biology. The production of chitin-based scaffolds will
be in fact realistically sustainable only after a careful analysis of the farming potentialities of this sponge
species. Its widespread presence in the Indo-Pacific does not exclude “a priori” the possibility to develop
sponge farming facilities in many geographical areas, and the concrete feasibility of this approach is the
consequential evolution of this study. The bromotyrosines produced by I. flabelliformis are also well-known
interesting compounds. On this specific topic, the interest will be to improve their production not only
via simple extraction from farmed sponges but also by developing specific bioreactors for culturing the
bromotyrosine-producing cells isolated from the sponge chitinous structures (Figure 10).

Figure 10. Schematic overview of the challenging tasks: in the near future, we must elaborate an effective
method for the isolation of pigmental, bromotyrosine-producing cells from chitinous skeletal fibers of
ianthellids with the aim of obtaining cell cultures which should be able to synthetize corresponding
bromotyrosines using bioreactors.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/10/574/s1:
Figure S1: Structures of bromotyrosines isolated from l. flabelliformis, Figure S2: LCMS spectrum of isolated
compound (Bastadin 25), Figure S3: LCMS spectrum of isolated compound (Araplysillin-I N20-sulfamate).
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Abstract: Five different proteases were used to hydrolyze the swim bladders of Nibea japonica and
the hydrolysate treated by neutrase (collagen peptide named SNNHs) showed the highest DPPH
radical scavenging activity. The extraction process of SNNHs was optimized by response surface
methodology, and the optimal conditions were as follows: a temperature of 47.2 ◦C, a pH of 7.3 and
an enzyme concentration of 1100 U/g, which resulted in the maximum DPPH clearance rate of 95.44%.
Peptides with a Mw of less than 1 kDa (SNNH-1) were obtained by ultrafiltration, and exhibited good
scavenging activity for hydroxyl radicals, ABTS radicals and superoxide anion radicals. Furthermore,
SNNH-1 significantly promoted the proliferation of HUVECs, and the protective effect of SNNH-1
against oxidative damage of H2O2-induced HUVECs was investigated. The results indicated that
all groups receiving SNNH-1 pretreatment showed an increase in GSH-Px, SOD, and CAT activities
compared with the model group. In addition, SNNH-1 pretreatment reduced the levels of ROS
and MDA in HUVECs with H2O2-induced oxidative damage. These results indicate that collagen
peptides from swim bladders of Nibea japonica can significantly reduce the oxidative stress damage
caused by H2O2 in HUVECs and provides a basis for the application of collagen peptides in the food
industry, pharmaceuticals, and cosmetics.

Keywords: Nibea japonica; swim bladder; marine collagen peptides; antioxidant activity

1. Introduction

Redox reactions are basic physiological and chemical reactions that are constantly carried out in
the human body. During metabolism in the human body, large amounts of reactive oxygen species
(ROS) are generated and the antioxidant defense system in the body removes active oxygen free
radicals in order to prevent damage to the body [1,2]. Under normal circumstances, a healthy human
body has an efficient and dynamic antioxidant defense system where the generation and removal
of oxidative radicals in the human body are in a dynamic balance. However, once the human body
generates excessive reactive oxygen radicals or the antioxidant defense system becomes inefficient,
this dynamic balance is disturbed, which generates a state of oxidative stress, leading to aging and a
number of chronic diseases, such as diabetes and coronary arteriosclerosis [1,3]. ROS are the products
of redox reactions in the body and are oxygen free radicals. In addition, ROS play direct, critical
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roles in the body’s oxidative stress reaction and are one of the most harmful free radicals to human
tissues. Furthermore, ROS can produce excessive oxidation on cell membrane structures, nucleic
acids, lipids and proteins as well as cause changes in tissue structure and produce adverse effects,
such as physiological dysfunction [4–6]. Under normal circumstances, the body can remove excess
ROS in two ways to reduce the damage caused by oxidative stress. One way is through a series of
antioxidant mechanisms in the body, which clear excess ROS and maintain the dynamic balance of
ROS. These antioxidant mechanisms involve glutathione peroxidase (GSH-Px), superoxide dismutase
(SOD), catalase (CAT) and other small-molecule reducing substances. The second way is the intake of
external substances, such as vitamin C, carotenoids, glutathione (GSH) and melatonin [7,8]. Therefore,
supplementing with antioxidants to eliminate excess ROS may be an effective means for treating
chronic diseases [7].

In addition, antioxidant peptides prevent peroxidation in the body and help the body clear
active oxygen free radicals [9]. In recent years, an increasing number of studies have found that
certain peptides have the ability to scavenge free radicals, which provides a new idea for identifying
novel antioxidants. However, there are only a few types of naturally-occurring, antioxidant-active
peptides, which has made obtaining novel antioxidant-active peptides by hydrolyzing macromolecular
proteins a research hotspot [10,11]. In addition, research related to food health products, cosmetics,
and pharmaceutical industries with antioxidants as the mechanism will also move in the direction of
researching active antioxidant peptides [12]. For example, Chi et al. [13] obtained three antioxidant
peptides from the protein hydrolysate of bluefin leatherjacket (Navodon septentrionalis) skin, which all
had molecular weights (Mw) of less than 700 Da. In addition, the strength of the antioxidant
activities of these peptides increased as their Mw decreased. Another example is a small-molecule
antioxidant peptide obtained from horse mackerel (Magalaspis cordyla) viscera protein. This antioxidant
peptide had a Mw of 518.5 Da and had a good ability to scavenge 2, 2-diphenyl-1-picrylhydrazyl
(DPPH) and hydroxyl radicals [14]. You et al. [15–17] hydrolyzed loach, jellyfish and grass carp.
After these hydrolyzed polypeptide products were administered to mice over time by oral gavage,
the activity of the antioxidant enzyme system, SOD and GSH-Px, was detected to varying degrees.
Taken together, these results indicate that marine proteins are a high-quality raw material for preparing
antioxidant peptides.

Previously, acid soluble collagen (ASC) and pepsin soluble collagen (PSC) were extracted from the
swim bladders and skin of Nibea japonica. Both ASC and PSC are type I collagens, which have potential
wound healing functions and can be applied to the field of cosmetics [18–20]. However, there have been
no reports on the extraction of antioxidant peptides from the swim bladders of Nibea japonica. Therefore,
our study further utilizes the swim bladders of Nibea japonica and used neutrase to obtain products
with the highest DPPH free radical scavenging rate (SNNHs). After ultrafiltration, the hydrolysate
with Mw of less than 1 kDa (SNNH-1) had the highest scavenging rate and was extracted for functional
evaluation. Here, the antioxidant activity of SNNH-1 in vitro was analyzed. Our findings showed that
SNNH-1 can be used as a marine antioxidant and provide a basis for its application in the food and
pharmaceutical fields.

2. Results and Discussion

2.1. Single Factor Results

2.1.1. Selection of the Optimal Enzyme

To obtain the hydrolysate with ideal activity, research must be carried out to find the best
proteolytic enzyme. The defatted swim bladders were used to hydrolyze the protein for 4 h at the
optimal temperature and pH of each enzyme (trypsin at pH 8.0, 50 ◦C; neutrase at pH 7.0, 45 ◦C;
alcalase at pH 9.0, 50 ◦C; pepsin at pH 2.0, 37 ◦C; and papain at pH 6.0, 55 ◦C). Each enzyme was used
at 1000 U/g. The swim bladders were mixed with water at the ratio of 1:4. To inactivate the enzyme,
the hydrolysate was boiled for 10 min. Subsequently, the hydrolysate was centrifuged at 12,000× g rpm
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for 10 min at 4 ◦C. The supernatant was stored at −80 ◦C overnight, freeze-dried, and stored at −20 ◦C.
The optimal hydrolase of the swim bladders of Nibea japonica was screened by the DPPH clearance rate.

As shown in Figure 1, the neutrase hydrolysate exhibited the highest DPPH radical scavenging
activity. Therefore, neutrase was selected for the preparation of proteolytic products of the swim
bladder from Nibea japonica. Neutrase hydrolysate obtained under the optimum conditions was called
SNNHs and was stored at −20 ◦C.

 

−

−

 
Figure 1. DPPH radical scavenging activity of hydrolysates produced by various proteases.
The concentration of hydrolyzed product was 10 mg/mL. All results were triplicates of the mean ± SD.
Different letters indicate significant differences between groups (p < 0.05).

2.1.2. Single Factor Experiments

Figure 2 shows the influence of five single factors on DPPH radical scavenging activity. Within
the range of the five single factors, the DPPH clearance rate was first increased to the maximum value
and then decreased. The optimal enzymolysis conditions corresponding to the highest level of DPPH
clearance in the range test were as follows: enzyme concentration of 1000 U/g, a solid:liquid ratio of 1:5
(w/v), a hydrolysis time of 6.0 h, a pH of 7.0, and a temperature of 45 ◦C.

 

−

−

 

Figure 2. Effects of five single factors on DPPH radical scavenging activity. (A) Enzyme concentration
(U/g); (B) solid:liquid ratio (w/v); (C) hydrolysis time (h); (D) pH; and (E) temperature (◦C).
The concentration of hydrolyzed product was 5 mg/mL and 10 mg/mL, respectively. All results
were triplicates of the mean ± SD.

43



Mar. Drugs 2020, 18, 430

2.2. Optimization of Extraction Parameters by Response Surface Methodology (RSM)

2.2.1. Response Surface Analysis

According to the results of the single factor experiment, the RSM of the Box–Benhnken (BBD)
was used to analyze the optimal levels of three independent factors that had significant influences on
DPPH radical scavenging rate. The experimental design and results are listed in Table 1. Based on the
regression analysis of the data, the second-order polynomial function was used to predict the effect of
these three factors on DPPH clearance, as follows: Y = 94.16 + 3.37X1 + 1.97X2 + 1.47X3 − 0.47X1X2 +

0.14X1X3 − 1.18X2X3 − 3.68X1
2 − 2.34X2

2 − 1.79X3
2 (where Y was the DPPH clearance rate, and X1,

X2 and X3 were the temperature, pH, and enzyme concentration, respectively).

Table 1. The Box–Behnken design and the response for the DPPH clearance rate.

Runs Temperature (X1) pH (X2)
Enzyme

Concentration (X1)
DPPH Clearance

Rate (%) (Y)

1 40 7 700 84.43
2 50 7 1300 93.24
3 45 8 1300 93.09
4 45 7 1000 94.33
5 45 6 1300 90.92
6 50 7 700 91.03
7 45 7 1000 93.78
8 40 8 1000 86.98
9 45 6 700 84.61

10 50 8 1000 92.62
11 40 7 1300 86.06
12 50 6 1000 90.24
13 45 8 700 91.51
14 45 7 1000 94.36
15 40 6 1000 82.71

Table 2 presents the analysis of variance (ANOVA) results of the quadratic model, from which
the significance of the quadratic model can be determined. When the value of F was larger and the
value of p was smaller, the corresponding variable was more statistically significant. If the p value
was greater than 0.05, then the model item was not statistically significant. The F-value and p-value
(p = 0.0004) demonstrate that the model had high significance. The model’s ANOVA decision coefficient
(R2 = 0.9860) and adjusted decision coefficient (RAdj

2 = 0.9615) also show that the model was highly
significant. Therefore, we decided on this model for optimization.

In addition, three-dimensional response surfaces and contour plots generated by the model
equation can intuitively explain the interaction between the two factors (Figure 3) and show the optimal
levels of each component required for the maximum DPPH clearance rate. The maximum DPPH
radical scavenging rate was 95.44% at the following conditions: temperature was 47.2 ◦C, pH was 7.3,
and enzyme concentration was 1100 U/g.
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Table 2. Analysis of variance of the regression model.

Source Sum of Squares df Mean Square F Value p Value

Model 218.02 9 24.22 39.82 0.0004
X1 90.79 1 90.79 149.22 <0.0001
X2 30.89 1 30.89 50.77 0.0008
X3 17.20 1 17.20 28.27 0.0031

X1X2 0.89 1 0.89 1.47 0.2798
X1X3 0.084 1 0.084 0.14 0.7253
X2X3 5.59 1 5.59 9.19 0.0290
X1

2 50.03 1 50.03 82.22 0.0003
X2

2 20.19 1 20.19 33.18 0.0022
X3

2 11.78 1 11.78 19.35 0.0070
Residual 3.04 5 0.61

Lack of fit 2.83 3 0.94 8.84 0.1033
Pure Error 0.21 2 0.11
Cor Total 221.07 14

R2 0.9862
Radj

2 0.9615

 

 

Figure 3. Response surface plots showing the effects of different variables. Images on the left represent
three-dimensional response surface plots, whereas images on the right represent two-dimensional
contour plots. Images represent the following: (A) Effects of temperature (X1) and pH (X2) on the
DPPH radical scavenging activity; (B) Effects of temperature (X1) and enzyme concentration (X3) on
the DPPH radical scavenging activity; and (C) Effects of pH (X2) and enzyme concentration (X3) on the
DPPH clearance rate.
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2.2.2. Validation of the Models

Experiments were performed in triplicate and were carried out under the optimal extraction
conditions: temperature was 47.2 ◦C, pH was 7.3, and enzyme concentration was 1100 U/g. Under
similar conditions, the average DPPH radical scavenging rate was 94.85%, which was in good agreement
with the predicted value.

2.3. Molecular Weight Distribution of SNNHs

Antioxidant peptides with different Mw have different free radical scavenging capabilities.
To determine the Mw distribution of SNNHs, taking the retention time (Rt) as the abscissa and
log(Mw) as the ordinate, the following regression equation was obtained: log(Mw) = − 0.477Rt + 7.0117.
The value of the measurement coefficient (R2) was 0.9996, which showed a good linear relationship.
This indicated that the relative Mw of the SNNHs could be analyzed based on this linear regression
equation (Figure 4A).

 

−

 

Figure 4. (A) The HPLC chromatograms of the standard molecular weight samples; (B) the
molecular weight distribution of SNNHs from the swim bladders of Nibea japonica. (Mobile phase:
water/acetonitrile/trifluoroacetic acid = 55:45:0.1, flow rate: 0.5 mL/min.).

The HPLC gel filtration chromatogram of SNNHs of Nibea japonica under the same chromatographic
conditions is shown in Figure 4B. The components of less than 1, 1–5, 5–10 and more than 10 kDa
accounted for 47.88%, 46.21% 1.04% and 4.76% of the components, respectively [21], which showed
that the SNNHs consisted mainly of many small peptides. SNNHs were more water-soluble and
antioxidant than the collagen found in the swim bladders of Nibea japonica.

2.4. Fractionation of SNNH-1 from SNNHs

Based on the principle of mechanical retention, the enzymatic hydrolysates in the swim bladders of
Nibea japonica were isolated by ultrafiltration membranes and divided into four parts with different Mw
distributions. Subsequently, the DPPH radical scavenging rate of each part was determined. As shown
in Figure 5, peptide fractions of less than 1 kDa had the highest DPPH free radical scavenging rate
compared to the other ultrafiltration fractions. Similar research has shown that the low-Mw content of
protein hydrolysates has higher antioxidant activity [22]. Therefore, fractions with a Mw of less than
1 kDa were chosen for subsequent activity evaluation and named SNNH-1.
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Figure 5. The effect of four fractions of SNNHs on DPPH radical scavenging activity. Results were
triplicates of the mean ± SD. Different letters indicate significant differences between groups (p < 0.05).

2.5. Amino Acid Composition of SNNH-1

The antioxidant properties of peptides are related to their amino acid composition [23]. The acidic
and basic amino acids of the peptide segment help antioxidant peptides obtain better metal ion
chelating and free radical scavenging abilities [24]. In addition, peptide chains containing hydrophobic
amino acids can better exist at the water–lipid interface, which improves the free radical scavenging
ability of the polypeptide [25]. Therefore, the amino acid composition of SNNH-1 was analyzed and
the results were expressed in residues per 1000 total residues. Table 3 shows that SNNH-1 contained
7 essential amino acids and 10 non-essential amino acids. The highest amino acid content of SNNH-1
was glycine, alanine, proline, and hydroxyproline, which accounted for 19.23%, 13.34%, 11.87%, and
10.28% of the amino acid content, respectively. The amino acid content of SNNH-1 products was
consistent with the collagen peptides from Nibea japonica in a previous study (glycine (21.22%), alanine
(9.79%), proline (10.78%) and hydroxyproline (9.28%)) [26]. In addition, cysteine was not detected in
SNNH-1. It has previously been reported that the activity of the polypeptide formed after protein
hydrolysis is related to the content of hydrophobic amino acids contained in the polypeptide [27].
For example, a polypeptide with antioxidant activity has mostly N-terminal hydrophobic amino acids,
and the presence of hydrophobic amino acids is positively correlated with its antioxidant activity [28].
The content of the hydrophobic amino acids, proline and alanine, in SNNH-1 was 11.87% and 13.34%,
respectively, which is relatively high and suggests that SNNH-1 has strong antioxidant activity.

2.6. Antioxidant Activity of SNNH-1

Free radicals can damage biological membranes because the excessively high oxygen concentration
in the lipid bilayer of the membrane is easily attacked by free radicals, which results in lipid peroxidation.
Free radicals generated during the process of lipid peroxidation inactivate the transport enzymes on
the membrane, result in an imbalance between the internal and external environment of the cell, reduce
the fluidity of the membrane, and eventually cause damage to the entire organization and function of
the cell [2,29,30].

Radical scavenging activity is a significant interest for the cosmeceutical industry in order to prevent
photoaging and ultraviolet damage. To assess the antioxidant activity of SNNH-1, assays for DPPH
radical, hydroxyl radical, superoxide anion radical, and 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic
acid (ABTS) radical scavenging were used and compared with GSH as an activity control. As shown
in Figure 6, SNNH-1 from the swim bladders of Nibea japonica has a dose-dependent scavenging
effect on DPPH radicals, hydroxyl radicals, superoxide anion radicals and ABTS radicals. SNNH-1
showed high scavenging capabilities of DPPH radicals (Figure 6A), hydroxyl radicals (Figure 6B),
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ABTS radicals (Figure 6C) and superoxide anion radicals (Figure 6D). Furthermore, the antioxidant
activity of SNNH-1 is close to that of GSH. Therefore, the high free radical scavenging activity of
SNNH-1 indicates that it is a potential candidate to be developed as an antioxidant and can be used in
anti-aging health products and cosmetics.

Table 3. Composition and contents of amino acids of SNNH-1.

Amino Acid SNNH-1

Aspartic acid 38
Threonine * 14

Serine 24
Glutamic acid 76

Glycine 340
Alanine 134
Cysteine 0
Valine * 18

Methionine * 14
Isoleucine * 8
Leucine * 23
Tyrosine 7

Phenylalanine * 16
Histidine 6
Lysine * 28
Arginine 59
Proline 105

Hydroxyproline 86
Imino acid 191

* Human-essential amino acids.

 

′

Figure 6. DPPH radical (A), hydroxyl radical (B), ABTS radical (C), and superoxide anion radical
(D) scavenging activities of SNNH-1. All results were triplicates of the mean ± SD.
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2.7. Cytotoxic and Allergenic Potential of SNNH-1

The cytotoxicity and allergenic potential of SNNH-1 were assessed by the MTT method and
lactate dehydrogenase (LDH) toxicity test, respectively. As shown in Figure 7A, human umbilical vein
endothelial cells (HUVECs) treated with different concentrations of SNNH-1 for 24 h did not show
decreased viability. In contrast, SNNH-1 promoted the growth of HUVECs. Therefore, SNNH-1 has no
obvious cytotoxic effects in vitro. LDH is a glycolytic enzyme that is widely present in the cytoplasm of
cells. Normally, LDH is only in the cytoplasm and measuring LDH levels in cell culture supernatants
is a sensitive indicator of cell damage. Increased LDH levels in cell culture supernatants indicates
that the cells have been damaged, and that the membrane permeability of the cells has increased.
Therefore, the amount of LDH that has leaked out of the membrane from the cytoplasm reflects the
degree of cell damage [31]. In addition, the release of LDH can be closely related to allergic reactions
and inflammation. In this study, LDH release from SNNH-1-treated cells was lower than that from
untreated cells (Figure 7B). These results were consistent with the data presented by Yang et al. [26],
who showed that MCPs from Nibea japonica skin have the potential to promote cell growth. Therefore,
SNNH-1 may be considered as a non-cytotoxic and hypoallergenic material.

 

 
Figure 7. Effects of treatment with different concentrations of SNNH-1 for 24 h on relative cell viability
(A) and LDH (B) in HUVECs. Data are presented as the mean ± SD (n = 6). ** p < 0.01 vs. the
Control group.

2.8. Effects of SNNH-1 on the Levels of GSH-Px, SOD, CAT and Malondialdehyde (MDA) in an
H2O2-Induced HUVECs Injury Model

To evaluate the antioxidant activity of SNNH-1, we investigated the effect of SNNH-1 pretreatment
on the levels of GSH-Px, SOD, CAT and MDA after oxidative damage of HUVECs induced by H2O2.
HUVECs have various functions and are often used to study the relationship between cardiovascular
disease and oxygen-free radicals. Therefore, HUVECs were selected as the cell model of oxidative
stress in this experiment [6]. H2O2 injury is currently the most widely used cell injury model. Previous
studies have shown that H2O2 can not only attack biofilms and trigger lipid peroxidation reactions,
which destroys the integrity of biofilms, but it can also reduce the activity of antioxidant enzymes in
cells [32,33]. CAT, SOD and GSH-Px are all important components of enzymes in the cell’s antioxidant
defense system, and they have very important impacts on the body’s oxidation and antioxidant
homeostasis. CAT can decompose H2O2 into water and oxygen [34]. SOD scavenges superoxide anion
free radicals and prevents cell damage. GSH-Px can promote the reaction of hydrogen peroxide and
GSH to produce water and oxidized glutathione (GSSG). As shown in Figure 8A–C, H2O2 treatment
significantly reduced the activities of GSH-Px, SOD and CAT in HUVECs. However, in the SNNH-1
pretreated group, the activities of these three enzymes were increased significantly in a dose-dependent
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manner. These data show that SNNH-1 inhibits intracellular lipid peroxidation to a certain extent and
enhances the cell’s antioxidant defense system.

 

 

Figure 8. Effect of SNNH-1 at different concentrations (25, 50, and 100 µg/mL) on levels of GSH-Px (A),
SOD (B), CAT (C), and MDA (D) in an H2O2-induced HUVECs injury model. Data are presented as
the mean ± SD (n = 6). * p < 0.05, ** p < 0.01 vs. the Control group, ## p < 0.01 vs. the Model group
(treatment with 600 µM H2O2).

MDA is a product of peroxidized lipids and can attack unsaturated fatty acids in the cell membrane,
which causes cell damage. Therefore, the degree of lipid peroxidation and cell damage can be judged
according to the MDA content in cells [35]. As shown in Figure 8D, the MDA content in the cells was
significantly higher after H2O2 treatment compared to the control group, which indicates that HUVECs
were damaged by H2O2 and a large amount of MDA was formed. However, pretreatment of HUVECs
with SNNH-1 decreased the amount of MDA with increasing peptide concentrations resulting in lower
MDA contents. Furthermore, the MDA level in the high-dose group was similar to the MDA amount
in the control group. In addition, Cai et al. [36] reported that FPYLRH (S8) from the swim bladders of
Miiuy Croaker (Miichthys miiuy) can up-regulate the levels of SOD and GSH-Px, and down-regulate
the contents of MDA, suggesting that it plays a protective role in the antioxidant effects on HUVECs
against H2O2-induced injury.

2.9. Effects of SNNH-1 on ROS Levels in a H2O2-Induced HUVECs Injury Model

When the strength of the redox reaction inside the body is beyond the capacity of the body to
resist oxidation, then the production of ROS will increase [32,37]. In previous studies, it was shown
that H2O2 can increase the levels of ROS in cells. In addition, cells in an environment containing free
radicals for a long time may cause damage to important biological macromolecules, DNA mutations,
damage to organs and tissues, and diseases [35,38]. Vascular endothelial cells are one of the main
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sources of ROS in the body and these cells are involved in the process of disease. At each stage of
disease formation, ROS have a direct impact. Therefore, detecting the content of ROS in cells can
directly reflect the antioxidant capacity of the cells, as well as the degree of oxidative damage. Here,
the effect of SNNH-1 on ROS levels in HUVECs was studied. As shown in Figure 9A,B, after H2O2

treatment, the fluorescence intensity in HUVECs was significantly higher compared to the control
group. However, SNNH-1 pretreatment effectively reduced ROS levels in HUVECs. In addition,
ROS levels decreased with increasing concentrations of SNNH-1. Furthermore, the level of H2O2

produced in HUVECs showed a similar result (Figure 9C). These results indicate that the protective
effect of SNNH-1 on H2O2-induced HUVECs injury may be due to the inhibition of intracellular ROS
production. These results are in accordance with the data presented by Li et al. [22], who found that
collagen peptides from sea cucumbers (Acaudina molpadioides) could effectively protect cells from
H2O2-induced damage.

 

 

≥ ≥
≥ ≥ ≥

Figure 9. Effect of SNNH-1 on ROS levels in an H2O2-induced HUVECs injury model. (A) Fluorescence
images of different groups observed by a fluorescence microscope; (B) mean fluorescence intensity
of cells in different groups; (C) H2O2 levels in HUVECs of different groups. Data are presented as
the mean ± SD (n = 3). * p < 0.05, ** p < 0.01 vs. the Control group, ## p < 0.01 vs. the Model group
(treatment with 600 µM H2O2).
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3. Materials and Methods

3.1. Materials and Chemicals

Swim bladders of Nibea japonica were obtained from the Zhejiang Marine Fisheries Research
Institution (Zhoushan, China). Five proteases (trypsin (≥250 U/mg), neutrase (≥60,000 U/g), alcalase
(≥200 U/mg), pepsin (≥3000 U/mg) and papain (≥500 U/mg)) were purchased from Beijing Asia Pacific
Hengxin Co., Ltd. (Beijing, China). DPPH, ABTS, and phenazine methosulfate (PMS) were purchased
from Sigma Chemicals (Shanghai, China) Trading Co., Ltd. HUVECs were purchased from the Cell
Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). All chemicals
were of analytical grade.

3.2. Optimization of Preparative Conditions

The swim bladders of Nibea japonica were pretreated by the method presented by Chen et al. [20].
Five major factors were selected in the single-factor experiments to set up preliminary ranges of
the extraction variables, which include temperature, hydrolysis time, pH, solid:liquid ratio and
enzyme concentration.

To further optimize the extraction conditions of the antioxidant peptides of the swim bladder,
according to the single factor experiments, the two least influential factors were eliminated. Using
the three other factors (extraction temperature, pH, and enzyme concentration), a three-level and
three-factor response surface test was designed through the BBD and Design Expert. The activity of
the extracted antioxidant peptides was evaluated by DPPH clearance rate. According to preliminary
experimental results, the range and level of independent variables (Table 4) were classified.

Table 4. Factors and levels in the response surface design.

Independent Factors Symbol
Level of Factor

−1 0 1

Temperature (◦C) X1 40 45 50
pH X2 6 7 8

Enzyme concentration (U/g) X3 700 1000 1300

The BBD in the experiment design contained 15 experimental points (Table 2) and a multiple
regression analysis was performed on the response obtained from each experimental design to fit the
following quadratic polynomial model:

γ = β0 +
k
∑

i=1

βiXi +
k
∑

i=1

βiiX
2
i +
∑∑

i< j

βi jXiX j (1)

where γ is the predicted response, β0 is the intercept, βi, βii and βij are the linear, quadratic, and
interaction coefficients, respectively, and both Xi and Xj are independent factors. Each experimental
design was performed in triplicate. According to Design Expert 8.0.6, a variance table analysis
was generated to determine the influence of the regression coefficients on the linear, quadratic and
interaction terms.

3.3. Determination of the Mw Distribution of SNNHs

The Mw distribution of SNNHs was analyzed by gel filtration chromatography using
a high-performance liquid chromatography system (Agilent 1260, Palo Alto, CA, USA).
Water:acetonitrile:trifluoroacetic acid (55:45:0.1) were adopted as the mobile phase, the flow rate
was 0.5 mL/min and the UV wavelength was 220 nm [21]. The column was calibrated with standard
materials: peroxidase (40,500 Da), aprotinin (6512 Da), insulin (5807 Da), Cyclina sinensis polypeptide
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(Arg-Val-Ala-Pro-Glu-Glu-His-Pro-Val-Glu-Gly-Arg-Tyl-Leu-Val, 1751.78 Da) [39], and Anthopleura

anjunae oligopeptide (Tyr-Val-Pro-Gly-Pro, 531.61 Da) [40]. A standard curve of the log (Mw) with
retention time was created. The Mw of SNNHs was calculated based on the retention time using the
standard curve equation.

3.4. Fractionation of SNNH-1 by Ultrafiltration

A GM-18 Roll film separation system (Bona Biotechnology Co., Ltd., Jinan, China) was used to
purify peptides with the highest DPPH free radical scavenging activity with 10, 5 and 1 kDa Mw cut-off
membranes. Collected peptides with different Mw were separated and evaluated for their antioxidant
activity after lyophilization [41].

3.5. Amino Acid Composition Measurement of SNNH-1

Amino acid analysis was determined based on the method described by Tang et al. [19]. In brief,
SNNH-1 was hydrolyzed by dissolving it in 6 M HCl at 110 ◦C for 24 h without oxygen and then
it was vaporized. The hydrolysate was analyzed by a Hitachi L-8800 amino acid analyzer (Hitachi,
Tokyo, Japan).

3.6. Antioxidant Activity of SNNH-1

The DPPH, hydroxyl, ABTS and superoxide anion radical scavenging activity of SNNH-1 was
performed as in the methods described by Chen et al. [20].

3.7. Cytotoxic and Allergenic Properties of SNNH-1

The cytotoxic and allergen properties of SNNH-1 were determined using HUVECs in accordance
with the manufacturers’ instructions of the MTT assay kit and the LDH release assay. The MTT and
LDH test methods were performed as described by Lin et al. [42].

3.8. Assays for Antioxidant Enzymatic Activity of SNNH-1 in H2O2-Induced HUVECs

HUVECs were inoculated into 6-well plates (1 × 105 cells/well) and incubated in a 5% CO2

incubator at 37 ◦C for 24 h. SNNH-1 at final concentrations of 0, 25, 50 and 100 µg/mL were added into
the protection groups and cultured for another 24 h. Each group was treated with 600 µmol/L H2O2

for 4 h. The group treated without SNNH-1 and H2O2 was used as the control group. Subsequently,
500 µL of cell lysis buffer was added to each well on ice. Cells were lysed for 30 min, and centrifuged
at 12,000 rpm for 10 min at 4 ◦C. The resulting supernatant was stored at 4 ◦C. Levels of GSH-Px,
SOD, CAT, MDA, and H2O2 were determined by using assay kits according to the manufacturers’
instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), and protein concentrations
were determined using the bicinchoninic acid (BCA) method.

3.9. Determination of the Levels of ROS in H2O2-Induced HUVECs

HUVECs were seeded in 6-well plates with a density of 1 × 104 cells/mL for 24 h. SNNH-1 at final
concentrations of 25, 50 and 100 µg/mL was added to the protection groups for 24 h and HUVECs
were treated with 600 µmol/L H2O2 for 4 h in a 5% CO2 incubator at 37 ◦C. Production of ROS was
determined using a ROS Assay Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Next, a total of 2 mL of 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescent probe
solution (10 µM) was added to the cells, and incubated for 30 min. Then cells were washed three times
with serum-free Dulbecco’s modified Eagle medium (DMEM) and observed under a fluorescence
microscope (Axio Imager A2, Carl Zeiss, Oberkochen, Germany). The fluorescence intensity was
analyzed using Image J software.
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3.10. Statistical Analysis

Data are presented as the mean ± SD (n = 3). Multiple-group comparisons were determined
using ANOVA (SPSS 19.0 software, Armonk, New York, NY, USA). p < 0.05 was considered
statistically significant.

4. Conclusions

In this work, RSM was used to optimize the extraction process of SNNHs from the swim bladders
of Nibea japonica. It was found that the optimal extraction conditions were a neutrase concentration of
1100 U/g, a temperature of 47.2 ◦C and a pH of 7.3, which resulted in the maximum DPPH clearance
rate of 95.44%. SNNH-1 (Mw < 1 kDa) was obtained from the extracted collagen peptide SNNHs by
ultrafiltration. SNNH-1 had good scavenging activities of DPPH, hydroxyl, ABTS, and superoxide
anion radicals. In addition, SNNH-1 showed an important protective effect against H2O2 injury in
HUVECs by promoting cell proliferation, reducing the contents of ROS and MDA, and enhancing the
activity of antioxidant enzymes (GSH-Px, SOD, and CAT). These results provide a basis for the future
application of SNNH-1 in food processing, pharmaceuticals and cosmetics.
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Abstract: The structure of pepsin-solubilized collagen (PSC) obtained from the skin of Lophius litulon

was analyzed using the sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE),
Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). SDS-PAGE
results showed that PSC from Lophius litulon skin was collagen type I and had collagen-specific α1,
α2, β, and γ chains. FTIR results indicated that the infrared spectrum of PSC ranged from 400 to
4000 cm−1, with five main amide bands. SEM revealed the microstructure of PSC, which consisted
of clear fibrous and porous structures. In vitro antioxidant studies demonstrated that PSC revealed
the scavenging ability for 2,2-diphenyl-1-picrylhydrazyl (DPPH), HO·, O2

−·, and ABTS·. Moreover,
animal experiments were conducted to evaluate the biocompatibility of PSC. The collagen sponge
group showed a good biocompatibility in the skin wound model and may play a positive role in the
progression of the healing process. The cumulative results suggest that collagen from the skin of
Lophius litulon has potential applications in wound healing due to its good biocompatibility.

Keywords: Lophius litulon skin; pepsin-solubilized collagen; characterization; antioxidant
activity; biocompatibility

1. Introduction

Collagen, a biological macromolecule is one of the most abundant proteins in both invertebrates
and vertebrates [1]. Collagen is mainly found in fibrillar connective tissue and widely used in the
food, cosmetic, and nutritional health industries. In addition, highly stable collagen fibers formed
by cross-linking and self-aggregation can be used as biomaterials to prepare a variety of practical
scaffolds [2]. During wound healing, collagen initiates a signaling cascade that produces matrix
metalloproteinases by activating integrin, which degrades the collagen matrix and causes keratinocytes
to migrate [3]. The degradation products of collagen can be absorbed by cells and have antioxidation
and immunomodulation biological effects [3,4]. Due to their excellent biocompatibility, antioxidant
abilities, low immunogenicity, and extensive sources, collagen has become a research hotspot and
main target of ideal biocompatibility carrier. For example, Itoh et al. studied the biocompatibility,
bone conductivity and effectiveness of the new hydroxyapatite/type I collagen (HAp/Col) composite
as a carrier of recombinant human bone morphogenesis protein. The results supported the idea that
HAp/Col has high bone conduction activity and can induce bone remodeling units [5]. The study of
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Lukasiewicz et al. suggested that the collagen coating extracted by acetic acid greatly reduced the
visceral adherence to the polypropylene mesh and did not increase complications or cause changes in
the binding of the polypropylene mesh [6]. Chen et al. studied the antioxidant activity of ASC and
PSC obtained from Nibea japonica swim bladders, and pointed out that PSC has potential application
value in wound healing [7].

In general, ROS and antioxidants are balanced in healthy individuals. However, this balance
can be disorganized in a wound [8]. Increased production of ROS due to injury and oxidative stress
may result in poor wound healing [9]. Therefore, it is essential for wound healing to maintain the
balance of ROS. Shao et al. studied the lipid peroxidation rate of diabetic rats using Plumbagin, and
the results indicated that Plumbagin significantly accelerated wound healing by increasing the levels
of antioxidant enzymes such as SOD, CAT, GPx, GR, and GST in diabetic rats [10]. The study of
Abood et al. revealed that external use of P. macrocarpa fruit extract can accelerate wound healing and
reduce tissue injury by increasing the activity of SOD, CAT, and MDA antioxidant enzymes [11].

Lophius litulon belongs to the Lophiidae and is a kind of deep-sea fish found in the Atlantic, Pacific,
and Indian oceans. It is a commercially valuable aquatic resource, and fish fillets, stomachs, intestines,
and livers are considered a delicacy in Japan, Korea, and China [12]. However, during processing,
Lophius litulon skin is often discarded as a by-product, resulting in environmental pollution and waste.
Chi et al. isolated three pentapeptides from muscle protein hydrolysates in monkfish (Lophius litulon)
and evaluated their antioxidant activity [13]. Ma et al. showed that collagen peptides extracted from
Lophius litulon skin had good antioxidant activity in vitro [14]. However, the physicochemical and
biocompatibility properties of collagen extracted from Lophius litulon skin have not been reported.
Therefore, in this study, we conducted a preliminary study evaluating physicochemical, antioxidant
and biocompatibility properties of pepsin-solubilized collagen (PSC) from the skin of Lophius litulon.

2. Results and Discussion

2.1. Sodium Dodecylsulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) Analysis

It can be seen from the SDS-PAGE diagram of PSC (Figure 1) that the extracted components
have four peptide chains: γ, β, α1, and α2. There are at least two different α chains (α1 and α2) in
collagen type I [15]. It can be seen that the α1 chain is approximately twice as dense as α2, which is in
accordance with the characteristics of collagen type I [16]. Furthermore, the PSC from Lophius litulon

skin is similar to other marine fish source collagens, such as collagens from bigeye tuna skin and Nibea

japonica skin [16,17].

Figure 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of
pepsin-solubilized collagen (PSC) from Lophius litulon skin. M: Prestained color protein markers;
S: Collagen type I from bovine Achilles tendon was used as standard.
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2.2. Amino Acid Composition

We determined the amino acid composition of pepsin-solubilized collagen (PSC) from the skin
of Lophius litulon and the results were used g/100 g as expression. As shown in Table 1, the collagen
from Lophius litulon skin was rich in glycine (Gly), proline (Pro), glutamicacid (Glu), and alanine
(Ala). Generally, the content of Gly in collagen was the highest, and the proportion of Gly in the total
amino acid components of PSC was 23.85%. The content of hydroxyproline (Hyp) in PSC from the
skin of Lophius litulon was 1.554 g/100 g, which was close to the content of Hyp in other collagen [18].
Collagen which is rich in hydrophobic amino acids has been shown to demonstrate high antioxidant
properties [19,20]. Mcgavin et al. purified the 72 kD protein on receptor(s) for bone sialoprotein (BSP) in
Staphylococcus aureus cells, and their amino acid composition analysis showed that the 72 kD protein
contained 28.0% hydrophobic amino acids in total [21]. The content of hydrophobic amino acids in the
PSC accounted for 22.16% in total, indicating that the collagen has potential antioxidant properties.

Table 1. Amino acid compositions of PSC from Lophius litulon skin.

Amino Acids Content (g/100 g)

Aspartic acid (Asp) 2.529
Threonine (Thr) 1.310

Serine (Ser) 2.522
Glutamic (Glu) 4.708

Priline (Pro) 4.720
Glycine (Gly) 9.684

Alanine (Ala) * 4.009
Valine (Val) * 1.640

Methionine (Met) * 1.044
Isoleucine (Ile) 0.262
Leucine (Leu) * 1.312
Tyrosine (Tyr) * 0.000

Phenylalanine (Phe) * 0.991
Lysine (Lys) 1.462

Histidine (His) 0.931
Arginine (Arg) 3.484

Hydroxyproline (Hyp) 1.554

* represents hydrophobic amino acids.

2.3. Relative Solubility

The solubility of the PSC against pH is shown in Figure 2A. PSC had good solubility in the range
of 1 to 4 of pH. When the pH was greater than 4, the solubility of PSC decreased sharply with rising
pH. Low solubility of PSC was caught sight of an alkaline pH from 8 to 10. Generally, the solubility of
collagen is the lowest near its iso-ionic point [22,23]. Our results indicate that the iso-ionic point of
PSC may be approximately pH 6.

Increases in NaCl concentration increase ion strength and enhance hydrophobic interaction
between protein chains, thus reducing the solubility of collagen and leading to protein precipitation [24].
Since the average salt concentration of the ocean is 3.5%, the salt concentrations in this study ranged
from 0% to 6%. Figure 2B displays changes in collagen solubility with changing NaCl concentration.
Small increments of NaCl concentration (≤2 g/100 mL) seemed to have a moderate impact on the
collagen solution, leading to a slight decrease in relative solubility (100%–90%). However, solubility
was rapidly decreased when NaCl level were higher than 2 g/100 mL. The above results are consistent
with PSC-SC from the cartilage of Siberian sturgeon and collagens from the skin of pufferfish [25,26].
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Figure 2. Effect of pH (A) and NaCl concentration (B) on the solubility of PSC.

2.4. Fourier Transform Infrared (FTIR) Spectroscopy

Figure 3 presents the characteristic peaks conforming with the main absorption bands in the
FTIR spectra for PSC. The FTIR spectra for PSC ranged between 400 and 4000 cm−1. These peaks
corresponded to five major amide bands, including amide A, amide B, amide I, amide II, and amide III,
which were evident in the amino acids’ composition and high ratios of proline and hydroxyproline in
the collagen molecule. The amide A bands of PSC were measured at a wavelength of 3408.14 cm−1.
Amide A bands are commonly associated with a free N–H stretching vibration and shows the presence
of hydrogen bands, which usually appear in the range of 3400–3440 cm−1 [27]. The amide B bands of
PSC were measured at a wavelength of 2959.48 cm−1, consistent with the asymmetric extension of
CH2 [25]. The amide I bands of PSC were measured at 1653.66 cm−1, with a characteristic absorption
wavelength within 1600–1700 cm−1, which is associated with the stretching vibration of the carbonyl
group [28]. The amide II bands of PSC were measured at a wavelengths between 1550–1600 cm−1, which
can be owing to a N–H bending vibration coupled with a C–N stretching vibration [29]. Futhermore,
the amide III bands (1220–1320 cm−1) were measured at a wavelength of 1239.84 cm−1, which may
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be affected by N–H deformation and C–N stretching vibration [30]. The FTIR spectra of PSC has
significant collagen characteristics and is similar to the skin of Nibea japonica [31] and the scale of
Oreochromis niloticas [32].

Figure 3. FTIR analysis of PSC from Lophius litulon skin.

2.5. Scanning Electron Microscope (SEM) Analysis

In recent years, collagen has proven to be of great value in the field of biomedicine and for
various medical applications. Therefore, it is important to understand the surface morphology
and micromorphology of collagen. The surface area and ultrastructure of the PSC was observed
using SEM microstructure to evaluate its potential applications. SEM images of PSC taken at ×250,
×500, ×1000, and ×2500 are presented in Figure 4. The SEM images of PSC displayed a complex,
multilayered, polymeric fibrous meshwork appearance. At ×500 magnification, the fibrous and porous
structures were clearly visible. PSC with inter-connected porous structures are similar to other marine
collagens, such as collagen from the skin of sole fish and Pacific cod (Gadus macrocephalus) [33,34].
The microstructure of PSC indicates that it has great potential for application as a wound excipient or
drug carrier in biomedical engineering and medicine.
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Figure 4. SEM images of PSC from Lophius litulon skin. (A) ×250, (B) ×500, (C) ×1000, and (D) ×2500.

2.6. Antioxidant Activity

One of the major factors that plays an important part in wound healing is the regulation and
oxidation of inflammation. Oxidative stress plays a crucial role in the progression of wound healing [35].
Reactive oxygen species (ROS) are a vital component of oxidative stress. Therefore, the existance of
antioxidants is considered to be an essential factor in successful wound healing [36,37]. Besides, a
large number of experiments have demonstrated that marine collagen and collagen peptides exhibit
antioxidant effects. In this study, we assessed the antioxidant properties of collagen extracted from the
skin of Lophius litulon using four free radicals: DPPH·, ABTS·, HO·, and O2-·.

As shown in Figure 5, PSC was able to scavenge DPPH·, ABTS·, HO·, and O2-·, but its scavenging
ability for these four free radicals was lower than those of the positive control (ascorbic acid).
Additionally, the scavenging activities of collagen on free radicals was dose dependent. When the
concentration of collagen was high, the scavenging activities of free radicals tended to be stable. These
phenomena were similar to other previously examined marine collagens. In addition, compared to
some other marine collagens, the scavenging activities of free radicals by collagen from Lophius litulon

skin have certain advantages. For example, the scavenging activities of DPPH·, HO·, and O2-· by
collagen peptides from tilapia skin were lower than those of PSC extracted from Lophius litulon skin at
the same concentration [38]. The concentrations of ASC and PSC from Nibea japonica swim bladders
were higher than that of PSC from Lophius litulon skin when the clearance rate of ABTS· reached 50%.
Moreover, the scavenging activities of both HO· and O2-· by ASC and PSC from Nibea japonica swim
bladders did not reach 50% even at concentrations of 10 mg/mL, which were obviously lower than that
of PSC from Lophius litulon skin [7]. These results indicated that the PSC from Lophius litulon skin has a
moderate antioxidant capacity.
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Figure 5. (A) 2,2-diphenyl-1-picrylhydrazyl (DPPH)·, (B) ABTS·, (C) HO·, and (D) O2-· scavenging
activities of PSC from Lophius litulon skin. (A–B) Values with different letters indicated significant
differences in different samples at the same concentrations (p < 0.05). (a–e) Values with different letters
indicated significant differences in the same samples at the different concentrations (p < 0.05).

2.7. Estimation of Antioxidant Status in Animal Serum

Malondialdehyde (MDA) is widely used for indicator of lipid peroxidation, and an increase in
MDA content suggests lipid peroxidation damage during skin aging [39]. Superoxide dismutase (SOD)
is present in every cell of the human body and has been shown to protect cells and tissues against
oxidative stress [38]. SOD reduces superoxide anion radicals to generate hydrogen peroxide, which
can then be disintegrated into water and oxygen by glutathione peroxidase (GSH-Px) and catalase
(CAT), and preventing the formation of hydroxyl radicals [38,40].

As shown in Figure 6A, MDA content gradually decreased as the number of days increased, and
the content of the PSC sponge group was always lower than that of the control group. There were
significant differences in MDA content between the PSC sponge group and the control group at 3, 7,
and 12 days (p < 0.05). Figure 6B and 6C show that the content of CAT and SOD in the serum of mice
gradually increased over time. Moreover, the content of the PSC sponge group was always higher
than that of the control group. In addition, compared with the control group, CAT content in the PSC
sponge group was significantly different at 3, 7, and 12 days, and SOD content in the PSC sponge
group had a significant difference at days 7 and 12 days (p < 0.05). The above results demonstrate that
PSC slowed the formation of MDA andenhanced the activity of CAT and SOD.
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Figure 6. Effects of PSC on serum antioxidant activity in mice. (A) MDA, (B) CAT, and (C) SOD.
Data are expressed as the mean ± SD (n = 5). * a significant difference when compared to the control
(p < 0.05).

2.8. Evaluation of Biocompatibility in the Skin Wound Model

Many papers have been reported that the antioxidant defense can reduce ROS production and
accelerate wound healing. It was shown that PSC from Lophius litulon skin has a certain antioxidant
function based on its ability to scavenge free radicals and increase the content of SOD and CAT in
the serum of mice. Therefore, the PSC from Lophius litulon skin may have potential applications in
wound healing. Of course, another prerequisite for application in the wound healing purposes is
that the PSC must have good biocompatibility. In this study, a skin wound model was preliminary
tested for evaluation of biocompatibility of PSC and its potential for wound healing. Photographs
were taken on days 0, 3, 7, and 12 using a digital camera to assess wound status. As presented in
Figure 7A, PSC sponge treatment did not significantly cause epithelial necrosis and wound deterioration,
indicating that PSC sponge has no significant toxic effect on skin cells and negative stimulating effect
on wounds. Furthermore, the wound healing rates were 23.99%, 47.12%, and 56.77% in the control
group, respectively, on days 3, 7, and 12, while the wound healing rates were 36.92%, 53.97%, and
88.34% in the PSC sponge group on days 3, 7, and 12 (Figure 7B).

To evaluate the progression of the healing process as a proof that the sponge is biocompatible,
histological studies were performed on the wound tissue at 3, 7, and 12 days.

As shown in Figure 8, after 3 days the thickness of epidermal cells in the control group was
smaller and the epidermis was partially exfoliated. In addition, a large number of inflammatory cells
infiltrated the dermis. Granulation tissue and neovascularization, fibroblast proliferation, and collagen
fiber accumulation were virtually absent in the control group. There was a thinner layer of epidermal
cells in the PSC sponge group, and some inflammatory cells still existed in the dermis. There was also
some granulation tissue formation in the collagen sponge group.
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Figure 7. Effect of PSC in wound healing. (A) Representative photographs on days 0, 3, 7, and
12. (B) Wound contraction (%) on days 3, 7, and 12. Data are expressed as the mean ± SD (n = 5).
*, a significant difference when compared to the control (p < 0.05).

At day 7, 1 to 3 layers of epidermal cells could be observed in the control group, and some areas of
epidermal cells had not yet grown. A large number of inflammatory cells were still infiltrated into the
dermis. At this time, we observed new granulation tissue and blood vessels, fibroblast proliferation
and collagen fiber accumulation. The epidermal cells of PSC sponge treated tissues reached 3–5 layers,
and had fewer inflammatory cells. Sebaceous glands and hair follicle tissue increased, fibroblasts
proliferated, and collagen fibers accumulated to a greater extent than at day 3.

By day 12, the epidermal cells in the control group had 3-4 layers, and the dermal cells were
infiltrated with a large number of inflammatory cells. At this point, the new granulation tissue was
thickened, new angiogenesis increased, and sebaceous cells and hair follicle tissue began to form.
Meanwhile, in the PSC sponge group, there were 5–8 layers of epidermal cells were observed, and
inflammatory cells in the dermis were almost non-existent. The collagen sponge group demonstrated
higher epidermal regeneration, granulation tissue regeneration, angiogenesis, fibroblast proliferation,
and collagen fiber deposition.
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Figure 8. Histopathological observation of wound tissue of skin of the control and PSC sponge groups
with H&E staining on days 3, 7, and12 (magnification: ×200).

It was seen from the results that PSC sponge treatment could promote the epidermal
cell proliferation and reduce the production of inflammatory cells in the skin wound model.
The regeneration of epithelial cells, the reduction in the number of inflammatory cells, the augment in
the thickness of granulation tissue, and the deposition of collagen fibers are considered to be signs of
progress in the healing process [41]. Therefore, our results indicated that the PSC sponge from the skin
of Lophius litulon has good biocompatibility and the potential for wound healing.

3. Materials and Methods

3.1. Materials and Chemical Reagents

The pepsin-soluble collagen (PSC) used in this experiment was obtained by laboratory extraction
and separation. The prestained color protein marker (cat. no. P0068) was obtained from Beyotime
Biotechnology (Shanghai, China). Collagen type I (cat. no. C8060) was provided by Solarbio (Beijing,
China). MDA, CAT, SOD and Hematoxylin-eosin (H&E) staining kits were supplied by the Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). The enzyme-linked immunosorbent assay (ELISA)
kits for detecting IL-6, IL-1β, and tumor necrosis factor (TNF-α) were purchased from Elabscience
Biotechnology Co., Ltd. (Wuhan, China).

3.2. SDS-PAGE Analysis

According to the method described by Tang et al. [16], PSC was analyzed using SDS-PAGE. PSC
samples were first dissolved in 0.5 M acetic acid and mixed with 5× loading buffer. The mixture was
boiled at 100 ◦C for 5 min and placed in a centrifuge (12,000 rpm, 5 min) to remove the remaining
fragments. Electrophoresis was performed using 7.5% gel to estimate the molecular weight of PSC.
Collagen type I was used as a positive control.

3.3. Amino Acid Analysis

The amino acid composition of the PSC samples were hydrolyzed using 6 M HCl at 110 ◦C for
24 h and then vaporized. The hydrolyzates were neutralized in a 25 mL citric acid buffer and analyzed
using an amino acid analyzer (L-8800, Hitachi, Tokyo, Japan).
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3.4. Relative Solubility

The lyophilized PSC sample (3 mg/mL) was dissolved in 0.5 M acetic acid. The PSC solution (8 mL)
was then transferred to a 50 mL centrifuge tube and the pH of PSC solution was adjusted using either
6 M HCl or 6 M NaOH to a final pH of 1.0 to 10.0, and was maintained at 10 mL through deionized
water. The mixture was centrifuged at 4 ◦C at 12,000 rpm for 10 min and the protein content in the
supernatant was measured using the BCA kit from the Nanjing Jiancheng Bioengineering Institute.

The influence of NaCl on PSC solubility was determined as follows: the PSC (3 mg/mL) was
dissolved in 0.5 M acetic acid, and 5 mL NaCl (in 0.5 M acetic acid) in different solution concentrations
(0%, 2%, 4%, 6%, 8%, 10%, and 12%) were added to the solution until the final concentration was
either 0%, 1%, 2%, 3%, 4%, 5%, or 6%. The mixed solutions were then stirred for 30 min at 4 ◦C and
then centrifuged (4 ◦C, 12,000 rpm, 10 min). The protein content in the supernatant was measured
as described above. Relative solubility was calculated as the ratio of the protein concentration at the
current pH to the protein concentration at the maximum pH.

3.5. FTIR Spectroscopic Analysis

The FTIR spectra of lyophilized PSC samples were received using a FTIR spectrometer (Bruker,
Rheinstetten, Germany). The infrared spectra were recorded at a resolution of 1 cm−1 and a wavelength
range of 4000–400 cm−1. Analysis of the spectral data were analyzed using ORIGIN 8.0 software
(Thermo Nicolet, Madison, WI, USA).

3.6. SEM Analysis

The collagen samples were mounted on a blade with two-sided adhesive tape. They were then
placed inside a sputter for gold sputtering and the images of sputtered specimens were observed using
a scanning microscope (JSM-840, JEOL, Tokyo, Japan) at ×250, ×500, ×1000, and ×2500 magnification.

3.7. Antioxidant Activity

The scavenging activity of PSC for DPPH·, ABTS·, HO·, and O2- radicals was measured according
to the procedures described by Chen et al. [7], with ascorbic acid used as a positive control.

3.7.1. DPPH Radical Scavenging Activity

One milliliter of samples containing different concentrations (1–8 mg/mL) were added to different
centrifuge tubes (5 mL), and then 250 µL DPPH (0.02%) ethanol and 1.0 mL absolute ethanol were
added. The mixture was left in the dark for 30 min and the absorbance (As) was measured at 517 nm.
The sample replaced with deionized water was used as the control group (Ac), and the DPPH replaced
with ethanol was used as the blank group (Ab). The calculation formula of DPPH· scavenging activity
is as follows:

DPPH·scavenging activity % =
[1− (As−Ab)]

Ac
× 100%

3.7.2. ABTS Radical Scavenging Activity

One milliliter of ABTS radical diluent and 1 mL samples with different concentrations (1–8 mg/mL)
were added into different centrifuge tubes (5 mL). The mixture was left in the dark for 10 min and the
absorbance was measured at 734 nm (As). Samples replaced with deionized water were used as the
control group (Ac). The calculation formula of ABTS· scavenging activity is as follows:

ABTS· scavenging activity (%) =
Ac−As

Ac
× 100%
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3.7.3. Hydroxyl Radical Scavenging Activity

One milliliter of o-Phenanthroline solution (1.5 mM) was added in different centrifuge tubes
(5 mL), and then 1mL samples of different concentrations (1–8 mg/mL) and the 1mL FeSO4 solution
(1.5 mM) were added, respectively. Finally, 1.0 mL of 0.03% H2O2 solution was added to induced the
reaction. The mixture was bathed in water at 37 ◦C for 90 min and its absorbance was measured at
536 nm (As). Samples replaced with deionized water were used as the control group (Ac), and the
0.03% H2O2 solution replaced with deionized water was used as the blank group (Ab). The calculation
formula of HO· scavenging activity is as follows:

HO· scavenging activity (%) =
[1− (As−Ab)]

Ac
× 100%

3.7.4. Superoxide Anion Radical Scavenging Activity

One-milliliter samples of different concentrations (1–8 mg/mL) were added into different centrifuge
tubes (5 mL), and then 1 mL Nitro tetrazolium blue chloride (NBT) solution (2.52 mM) and 1 mL
NADH (624 µM) was added. At last, 1 mL phenazine methosulfate (PMS) solution (120 µM) was
added to induced the reaction. The mixture was bathed in water at 25 ◦C for 5 min and the absorbance
was measured at 560 nm (As). Samples replaced with deionized water were set as control group (Ac).
The calculation formula of O2-· scavenging activity is as follows:

O2− · scavenging activity (%) =
As−Ac

Ac
× 100%

3.8. Animals Grouping and Wound Creation

Thirty male ICR mice (22–24 g) were provided by the Experiment Animal Center of Zhejiang
Province (certificate no. SCXK 2014-0001). All the mice were kept under conventional and uniform
conditions at 22 ◦C. After the mice were given 7 days to adapt to their new environment, they were
randomly divided into two groups: the control group and the PSC sponge group. All mice were fed
with the SPF grade mouse feed at 4 g/day.

The mice were narcosised with 4% chloral hydrate before undergoing the surgical procedure to
create the wound. The hair was then removed from the mice and sterile surgical scissors were used to
create a 1 cm diameter wound area. The control group was only treated with 0.9% saline on the wound
area. In the PSC sponge group, the wound area was completely covered with a PSC sponge, and the
PSC sponge was sterilized using ultraviolet radiation before use. Photographs were taken on days 0, 3,
7, and 12 using a digital camera to assess wound healing status, and Image J software was used to
calculate wound area. The formula for wound closure rate (%) was as follows:

Wound closure rate (%) =
0 day wound area − wound area on a particular day

0 day wound area
× 100%

On days 3, 7, and 12, five mice in each group were killed. Serum was collected to assess antioxidant
levels and the wound area was carefully removed from each mouse. Each wound area was divided
into two parts. One part was used for histopathological observation and the other was stored at −80 ◦C
for analysis of inflammatory factor levels.

3.9. Assessment of Serum Antioxidant Levels

Blood was sampled from the eyes of the mice before each group of mice was killed. Serum and
plasma were separated in a refrigerated centrifuge (4 ◦C, 5000 rpm, 5 min). The contents of MAD, CAT
and SOD in the serum were measured using mouse MAD, CAT and SOD kits.
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3.10. Histomorphological Observation

After collecting the wound tissue, the tissue was fixed in 4% paraformaldehyde solution for
24–48 h, then embedded in paraffin, cut into sections that were 4 microns in size, stained with a H&E
staining kit, and sealed with a neutral gel. The histomorphological changes of the wound tissues in
each group were observed under an optical microscope (CX31, Olympus) and photographed using a
CCD-NC 6051 photographic system.

3.11. Statistical Analysis

The experimental data were analyzed and processed using IBM SPSS 19.0 statistical software
(Armonk, NY, USA). All experiments were repeated in triplicate and the figures were expressed as mean
± standard deviation (SD). The data were analyzed using a one-way analysis of variance (ANOVA)
test, and p < 0.05 values were considered to be statistically significant.

4. Conclusions

We studied the physicochemical properties, antioxidant activity, and biocompatibility of
pepsin-solubilized collagen (PSC) obtained from the skin of Lophius litulon. The results of FTIR
and SEM revealed that PSC had a three-step spiral structure and porous fiber network microstructure.
PSC can scavenge the free radicals in a dose-dependent manner and increase the levels of SOD and
CAT, suggesting that the PSC from Lophius litulon skin showed antioxidant activity. Furthermore,
the antioxidant activity of PSC was higher than that of collagen peptides from tilapia skin and collagens
from Nibea japonica swim bladders [7,38]. Excessive reactive oxygen species (ROS) can lead to a
variety of chronic health problems, and increased antioxidant defense can reduce ROS production
and accelerate wound healing [42]. At present, considerable attention has been paid to the use of
fish-derived collagen and peptides for wound healing. Hu et al. reported that collagen peptides
from the skin of Nile tilapia (Oreochromis niloticus) could enhance the process of wound healing [17].
The present finding suggested that the PSC from Lophius litulon skin has good biocompatibility and
may be used as a biomaterial for wound healing in clinical and cosmetic fields. In the future, we will
further explore the effect of PSC on wound healing.
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Abstract: Scaffold material is essential in providing mechanical support to tissue, allowing stem cells
to improve their function in the healing and repair of trauma sites and tissue regeneration. The scaffold
aids cell organization in the damaged tissue. It serves and allows bio mimicking the mechanical
and biological properties of the target tissue and facilitates cell proliferation and differentiation
at the regeneration site. In this study, the developed and assayed bio-composite made of unique
collagen fibers and alginate hydrogel supports the function of cells around the implanted material.
We used an in vivo rat model to study the scaffold effects when transplanted subcutaneously and as
an augment for tendon repair. Animals’ well-being was measured by their weight and daily activity
post scaffold transplantation during their recovery. At the end of the experiment, the bio-composite
was histologically examined, and the surrounding tissues around the implant were evaluated for
inflammation reaction and scarring tissue. In the histology, the formation of granulation tissue and
fibroblasts that were part of the inclusion process of the implanted material were noted. At the
transplanted sites, inflammatory cells, such as plasma cells, macrophages, and giant cells, were also
observed as expected at this time point post transplantation. This study demonstrated not only
the collagen-alginate device biocompatibility, with no cytotoxic effects on the analyzed rats, but
also that the 3D structure enables cell migration and new blood vessel formation needed for tissue
repair. Overall, the results of the current study proved for the first time that the implantable scaffold
for long-term confirms the well-being of these rats and is correspondence to biocompatibility ISO
standards and can be further developed for medical devices application.

Keywords: collagen fibers; scaffold; biomedical device; biocompatibility

1. Introduction

Collagen is a main extracellular matrix protein that supports the structure mainly of skeletal
tissues. Collagen has a main function during the healing process and in cases when the tissue will not
heal spontaneously, there is a need to foster it. These bring the collagen to serve both as an essential
protein and a major component in biomedical scaffolding for various tissue regeneration approaches.
The scaffold facilitates and promotes the autologous stem cells growth and differentiation that will
progressively enter the scaffold and replace it by the regenerating tissue. The tissue-engineered scaffolds
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approach mimics the natural tissue structure and physical properties of the targeted tissue. Such an
approach also aims to minimize the use of autologous grafts, which are limited by the availability
of the patient’s own tissue and may avoid additional surgical procedures. Thus, the challenge is to
find a suitable source of collagen, whose extraction and purification procedures will be suitable for
medical applications. The overall goal is to find a replacement to synthetic polymer materials used as
medical devices, which do not integrate with the body and may trigger an immune response such as
chronic inflammation [1]. The use of natural materials as scaffolds is beneficial, and recently it has
been shown that certain marine organisms are a promising bio-source to obtain collagen for scaffold
formation in a variety of biomedical applications. The great interest in the field is highlighted by a
series of studies for biomaterial isolated from different marine species allow assorted applications as
biomedical devices [2–11].

Collagens are a heterogeneous family of extracellular matrix proteins, but are highly conserved
through evolution. The collagen structure is highly homologous among invertebrates and mammalians,
including mice and humans, which allow the collagen to be metabolically compatible through
different phylogenetic groups. The collagen family is divided into fibrillar and non-fibrillar categories
based on packing and ultrastructure, and this study focus on a fibrillar collagen that was studied
in detail and described by us for its molecular and ultrastructure [12]. Marine sources with a high
quantity of collagen are bio-compatible with mammalian cells in vitro [13]. The natural materials
are biological macromolecules, which are considered to minimize immunological reactions [14–16].
Another advantage of using marine-derived collagen over the mammalian one is that invertebrates
can be cultivated [17] under controlled conditions for the purpose of collagen extraction, thus having
regulatory and quality control allowing overcoming ethical constraints for use in medical applications.

Most invertebrate collagens appear as extracellular matrices, and their mechanical properties are
limited. In this study, the unique collagen fibers were shown to be extracted by a rather simple procedure
by pulling out from the coral tissues [6,13]. These unique coral-derived collagen fibers were identified for
their mechanical properties [6,18–20], which attribute the bio composite suitability for the formation of
scaffolds that can be tailored to meet the mechanical properties of the target tissues. The bio composite
developed in this study used collagen fibers which were embedded in alginate hydrogel [6,13], allowing
the formation of a three-dimensional scaffold that supports cells growth, as was recently studied for
its biocompatibility in vitro, and proved to support cell growth and differentiation [13]. The collagen
fibers in the bio-composite provide mechanical and biological cues for cell proliferation and tissue
regeneration. An additional molecular cue can be added into the bio composite using nanoparticles (NPs)
as a delivery of growth factors, providing biological cues that modulate and promote cell proliferation and
differentiation into a desired lineage fate. Based on in vitro studies, the efficiency of cells to endocytose
the NPs that were continued to proliferate and differentiate [13,21].

This study further analyses the biocompatibility of the bio composite in vivo in a rat animal model.
The experiment demonstrated the healing of a rotator cuff tear, the most common musculoskeletal
injury occurring in the shoulder [22]. The bio composite implant served as an augment facilitating
tendon repair by relief the load from the healing tendon and eventually allowing both the restoration
of this mechanosensitive tissue and the mobility of the operated extremity. In addition, it also served
separately as a subcutaneous implant. Following the biocomposite implantation in two sites, the rats
were followed up for any sign of the material cytotoxic effects and followed up on their viability,
well-being, and functionality. For any new material such as the bio composite presented here, the
follow-up is required for biomedical development and resulted in no indication of any toxicity of the
material. Thus, the material tested in vivo for biocompatibility to meet the standards established by
the Food and Drug Administration Organization for the sub-chronic toxicity (ISO-10993) of transplants,
and improved the physiology of the operated rats. The designed biomaterial will allow the future
development of bio composite-based products with optimal mechanical properties that will fully
integrate with the natural tissue, contributing to its healing processes.
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2. Results

The bio-composite production is demonstrated in Figure 1 and a detailed procedure is described
in the Materials and Methods section. We analyzed the bio-composite for stability under various
storage conditions: (I) dry film was air-dry at room temperature for 14 months, (II) film stored at
4 ◦C immersed in 70% ethanol for 8 months, (III) film was stored at 37 ◦C in cell growth media for
6 months. The follow up of dry bio-composite film after 14 months presented no signs of powdering
or tearing of the alginate film. The film was immersed in buffer for re-hydration, and the material
demonstrated a good stability and the recovery of elasticity, along with the preservation of structure
and the organization of the collagen fibers embedded in the alginate. Thus, the dry re-hydrated material
was fully functional as a scaffold (Figure 2A–C). Similarly, the composite structure was preserved
when the film was maintained at 4 ◦C in 70% ethanol for 8 months (Figure 3A,D,E). As for the bio
composite film immersed in cell growth media at 37 ◦C for 6 months, visual inspection revealed that
the alginate displayed signs of disintegration on its surface, whereas the collagen fibers strengthened
the bio-composite and maintained the structure (Figure 2A,F,G). These results confirm the in vitro
stability of the bio-composite even when stored for long periods under different conditions, as dry or
wet material.

 

 

 

Figure 1. Bio composite preparation. (A) Collagen fibers spun around a PLA frame embedded in
alginate solution; (B) the frame with collagen fibers and alginate inserted in a dialysis bag and immerse in
calcium solution to allow alginate gelation; (C) the resulting bio-composite device was stored in ethanol
solution and washed buffer before use; (D) collagen-alginate hydrogel device used for supraspinatus
tendon augmentation.
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Figure 2. (A) Table summarizing the conditions that bio composite films were stored in: storage durations
dry or wet material when immersed in 70% ethanol or in growth medium for long periods (at least
6–14 months), at temperatures (4 ◦C, 25 ◦C and 37 ◦C), as indicated in each experiment. (B–G) Pictures show
the bio composite under various conditions, (B) biocomposite dry material, (C) rehydrated samples from
B in PBS, showing its elasticity. (D) and (E) magnification of the collagen fibers preserving their structure
in the biocomposite. (F) Bio-composite film kept at 37 ◦C in cell growth medium. (G) Bio-composite film
kept at 4 ◦C in ethanol.

 

Figure 3. Surgical procedure. For rotator cuff tearing, repair, and augmentation with collagen-alginate
film. (A) Implantation sites for subcutaneous and augment implants; (B) surgical tearing and repair
of the supraspinatus; (C) augmentation with bio-composite film; (D) exposure of the supraspinatus
tendon. (E) Suturing the tendon before cutting; (F) augmentation of supraspinatus tendon; (G) rat after
surgical tearing, repair, and augmentation of the rotator cuff tendon.

The bio composite film aimed to serve as scaffold for tissue repair was recently used in a cell culture
system and analyzed for growth, migration, and differentiation in 2D and 3D scaffolds in vitro [13].
In the current study, we applied the bio composite film as medical device for tissue repair in vivo
at two sites in rat. In one site, the scaffold was used as an augment for aid of repair of a torn
rotator cuff supraspinatus tendon, and the other was transplanted in sub-cutaneous site. For tendon
repair, a unilateral surgical detachment of the rotator cuff supraspinatus tendon model was utilized.
The tendon detachment was then sutured and an augment of bio-composite collagen-alginate was
laid on the repair site. The purpose of the transplantation of the augment was in order to contribute
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to the tendon recovery by relieving the overall load during the healing process. The rat mobility
was monitored by video during the rotator cuff recovery period (Figures 3 and 4). It was observed
immediately after surgery that the rat lost the proper function of the operated extremity. The rat had
impaired motion and avoided leaning on the operated foreleg, while bending and keeping the right
front limb close to the chest (Figure 4 and Video S1). The recovery follows up of operated rats included
monitoring of animal weight and demonstrated the animal wellbeing along with the weight rising over
the weeks (Figure 4). In addition, the Rats’ daily follow up in order to confirm their well been there
was no signs of depression or suffering. Follow up by physical examination demonstrated healing of
the external surgical wound, together with animals’ recovery of their mobility (Figure 4B). At first
after operation, the rats demonstrated the tendency to step on the left foreleg and hind legs, while
bending and keeping the right front limb close to the chest (Figure 4 and Video S1). As time passed,
the operated rats displayed comfort stepping on the recovered limb (Video S1) and the healing of the
external surgical wound (Figure 4). Altogether, the results demonstrated no adverse responses or any
sign of cytotoxicity to the transplant in the operated animals.

 

Figure 4. Animal recovery after surgery. (A) Recovery follow up of the operated site wound healing
and animal weight; (B) physical signs for right rotator cuff function impairment 1 week after surgery
(middle raw), bending and keeping the right front limb close to the chest, avoid leaning on the operated
limb and tendency to step or stand on the left foreleg and hind limbs/short step on the operated foreleg
and fast weight shifting to the left foreleg. After 4 weeks, the operated site displayed complete healing,
and rats’ motility recovery allows them to perform daily activities.

At the end of the experiment, the scaffolds transplanted as augments or at subcutaneous sites
and the surrounded tissues were extracted and examined histologically. This analysis was performed
in order to assess cells’ interaction with the bio-composite and a potential cytotoxic effect or foreign
body response. The results visualized that the transplanted bio-composites were integrated with
the surrounding tissues, as seen at the macro-level as a square cube surrounded by a fibrotic tissue
growing over (Figure 5). The histological analysis revealed that the tissue was formed around and
inside the scaffold, (the alginate is visible as am orphic material and marked by A in Figures 6 and 7,
and the collagen fibers are marked by arrows). Around the bio composite, the following findings
were noted: inflammatory cell recruitment and differentiation to lymphocyte and plasma cells and
macrophage activation fused to form giant cells. These findings are expected to be a response to foreign
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material associated with formation granulation tissue and fibroblast being part of the inclusion process
of this material (Figures 6 and 7). The formation of new blood vessels developing through the alginate
material was noted (Figure 6). Masson trichrome staining demonstrate that the fibrous tissue found
around the bio-composite developed inside the scaffold along (Figure 7).

 

Figure 5. Macro observation of the bio composite film transplants extracted from the augment over
rotor cuff (A–C). Sub-cutaneous site.

 

Figure 6. Histopathological examination of the bio-composite transplant retrieved from subcutaneous
stained by haematoxylin and eosin shows the alginate as an amorphic material (light pink, in elliptic
circle) marked in A and the collagen fibers embedded (darker pink, marked by arrow). Around the
bio-composite, a fibrous tissue is observed and clusters with lymphocyte and plasma cells infiltration
(nuclei stained in blue, marked in a white dashed circle). At (C,D,G,H) (arrow or square), a blood vessel
that is developing through the alginate material is seen. Magnifications are (A,E) × 100; (B,F) × 200;
(C,D,G,H) × 400.
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Figure 7. Histopathological examination of the augment bio-composite transplant stained by Masson
trichrome seen in (A–D). Alginate is an am orphic material (light pink, marked in A and the collagen
fibers embedded in the alginate (marked by arrow, darker blue). Around the bio-composite, a fibrous
tissue (blue) is observed.

3. Discussion

Implant integration with the healing tendon relies on autologous cells function during tissue
regeneration, and the augment facilitated the improvement of this recovery step. In the current study,
we aimed to evaluate the stability of the bio-composite augment. We analyzed the produced bio
composite film both in vitro [13] and in vivo to examine the material stability and its biocompatibility,
cytotoxicity, and potential for tissue repair.

First, we evaluated in vitro the stability of the collagen-alginate hydrogel bio composition device
under different storage conditions (Figure 2). The bio-composite maintained the natural structure
of collagen fibers was stable for at least 14 months as dry material with no sign of film powdering.
When the film was hydrated in phosphate buffer to recover its elasticity, no effect on the structure and
organization was noted. In addition, the film stored in 70% ethanol at 4 ◦C displayed the conservation
of the bio composite integrity. When the bio-composite film was incubated at 37 ◦C in growth medium,
only superficial hydrogel was disrupted, while the supporting fiber structure in the film and its’ shape
were kept intact. Thus, the device is stable for long periods (at least 6–14 months) as dry and wet
material at a wide range of temperatures (4 ◦C, 25 ◦C and 37 ◦C).

A biocompatibility study recently showed the properties of the bio-composite for cells growth and
differentiation in vitro with no sign of cytotoxicity for period of up to 11 weeks [13]. The current study,
aimed to follow the scaffold in-vivo where the collagen-alginate scaffold film was transplanted in rats
at two locations: (1) subcutaneous and (2) for rotator cuff tendon tearing as an augment. The two
experimental sites allowed the biofilm to contact with different tissues. At the subcutaneous site, it
was next to the hypodermis of the skin, while the augment was next to the tendon and muscle, a rich
vascularized tissue. When the devices were extracted from the operated animals, they were found
at the transplanted sites and seen intact. These results indicate that the bio-composite film display
stability in vivo up to 14 weeks and proved to be a successful scaffold during the healing process.

The rats were analyzed for their recovery, and the animals displayed the disruption of the left
rotator cuff function, as shown in Figure 4. The rats’ tendency was to protect the operated limb,
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bending it close to the chest, and avoiding standing and stepping in this foreleg. During recovery
follow up, the operated rats recovered and were back to normal use of the operated limb. After four
weeks, all the animals displayed normal mobility with no difference between right (operated) and left
rotator cuff and no preference for one of them for activity. This result indicates that the presence of the
scaffold augment protects the tendon and tissue regeneration during the healing processes. In these
experiments, the rats were with good appetite, increased their weight, were back to normal activity
and social non-aggressive behavior, with no signs of stress or suffering along the study, and up to
complete curing (Figure 4)—i.e., no sign of cytotoxicity on these rats. Rats were sacrificed and the
scaffolds were taken for a histology analysis to evaluate the transplant biocompatibility. The transplants
were found to be integrating with the surrounding tissues and encapsulated in the granulation tissue,
which is a stage of the healing process and a normal and expected response. A mild immunological
response was observed by presence of plasma cells and macrophages, known to secrete pro-fibrogenic
factors, which enhance fibro genesis, and is common at this stage. Thus, a fibrous capsule that
developed around a transplanted material inhibit macrophages’ activity by avoiding their reaching
the transplant. Therefore, it is concluded that during the experimental time, the bio-composite device
has no negative effect on animals’ health, and that this in vivo assay matched the in vitro previous
cytotoxicity research [13].

The mechanisms underlying tendon healing encompass the step of macrophages recruitment,
followed by fibrous tissue formation and the regulation of ECM remodeling. The presence of
fibro-proliferation is proven and angiogenesis lead to tissue remodeling during the wound’s healing.
Such steps were observed during the current in vivo rotor cuff tendon augmentation and subcutaneous
transplant. These findings emphasize the biocompatibility of the bio-composite and its safety, which is
a principal quality for clinical use. Therefore, it is concluded that the analyzed material meets the ISO
standard for biocompatibility.

4. Material and Methods

4.1. Bio-Composite Preparation and In Vitro Storage and Stability Analysis

4.1.1. Collagen Fiber Isolation

Coral collagen fibers were isolated by mechanical extraction from the soft coral Sarchophyton

ehrenbergi [6,13,17]. The isolated fibers were manually spun around a thin polylactic acid (PLA)
frame to create a dense net of multidirectional fiber bundles. The extracted fibers were washed
thoroughly in several solutions—distilled water, 0.1% sodium dodecyl sulphate, 0.5 M ethyl enediamine
tetraacetic acid (EDTA), and phosphate buffered saline (PBS)—and immersed in ethanol 70% until
bio-composite fabrication.

4.1.2. Alginate/Collagen Bio-Composite Fabrication

Next, 3% (w/v) alginate solution was produced by dissolving sodium alginate (Protanal LF 10/60,
FMC BioPolymer, Philadelphia, PA, USA) in distilled water. The isolated collagen fibers were arranged in
various orientations on a frame to provide the mechanical properties to the biocomposite. The collagen
fibers were embedded in alginate and then inserted into a dialysis membrane (6000–8000 MWCO, Spectra
Por, Spectrum Labs Inc., Rancho Dominguez, CA, USA). The membrane was sealed, flattened, and soaked
for 24 h in a calcium-containing solution at physiological concentration (0.02 M CaCl2). Calcium divalent
cations mediate cross-linking between the polysaccharide chains of the alginate, which become a hydrogel
(Figure 1). The bio-composite was removed from the dialyzed membrane and the frame, and then stored
in 70% ethanol at 4 ◦C. Before implantation, the bio-composite transplants were washed in phosphate
buffered saline (PBS).
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4.1.3. Bio-Composite In Vitro Storage and Stability

The stability of the bio-composite film was analyzed under various conditions—dry or immersed
in 70% ethanol, and in growth medium for long periods (at least 6–14 months) at a wide range of
temperatures (4 ◦C, 25 ◦C, and 37 ◦C) as indicated in each experiment.

4.2. Rat In Vivo Study

Bio composites of collagen/alginate were transplanted in Wister male rats 12-weeks old (average
weight of 350 gr) with the approval of Tel Aviv University Institutional Animal Care and Use Committee
Number 01-18076. The rats underwent a unilateral detachment of the right supraspinatus tendon, and were
subjected to repair and augmentation with a bio composite scaffold implant as described in the following
surgical procedure of rotator cuff augmentation or sub-cutaneous implantation sites. Rats were anesthetized
with 5% isoflurane inhalation (maintained at 2–3% during surgery) and injected with Rimadyl (NSAID)
prior to surgery. All the animals were subjected to identical unilateral supraspinatus detachment and repair.
The animals were operated on the right shoulder, where a 1.5 cm skin incision was performed over the
anterolateral border of the glen humeral joint. The deltoid was exposed and the supraspinatus tendon was
identified (Figure 3). The supraspinatus tendon was then cut to its’ full thickness, with a blade (No 15)
just proximal to the tendon-bone insertion at the greater tubercle (rotator cuff footprint). A horizontal
mattress suture was placed; passing horizontally through both sides of the detached tendon and tied
over the proximal side using Vicryl 2-0 (Ethicon, Somerville, NJ, USA). Subsequently, an augmentation
bio composite film of 5 × 5 mm2 was placed over the repaired supraspinatus tendon and sutured down
to the supraspinatus with Vicryl 4-0 (Ethicon, Somerville, NJ, USA). Finally, an additional subcutaneous
implantation was performed, using a similar bio composite film scaffold that was placed under the skin
at the back of the neck. The wound was closed in layers: the subcutaneous layer was closed with Vicryl
3-0 (Ethicon, Somerville, NJ, USA) and the skin was sutured with Vicryl 3-0 (Ethicon, Somerville, NJ,
USA). The operated rats were followed up by observation until awakening from anaesthesia and daily
monitored after surgery for well-being and physiological recovery. The follow up was carried out by the
visual monitoring of the rats’ activity (see Video S1 and Figure 4) and weighing. During the experiment,
the animals were permitted unrestricted cage activity. The rats were kept in a conventional facility with
12 h light/dark cycles and were fed with standard chow and provided water ad libitum.

4.3. Histology

The rats were sacrificed and the transplanted bio-composite films, which served as tendon
augment or for subcutaneous implantation, were extracted and processed for histology. These analysed
transplants were removed and fixed in 4% paraformaldehyde, embedded in paraffin and 5 µm thick
sections were stained with haematoxylin eosin (HE) or Masson Trichrome (MT) to highlight the fibrous
tissue. The slides were observed and photographed on a light microscope (Nikon, Tokyo, Japan).

5. Conclusions

The biocompatibility of the collagen-alginate bio composite film was previously assessed in vitro,
showing that the scaffold meets the terms of the IS0 10993-5 standards for cytotoxicity. In the in vitro
study, mesenchymal stem cells succeeded in migrating and colonizing the scaffold, grew and proliferated,
and formed tissue-like structures along and between the collagen fibers [13]. In the current study, the material
was transplanted in vivo as scaffolds in two anatomical sites, exhibiting no toxicity for evaluated by the
well-being of the rats (increasing their body weight and activity after the surgery for period of few weeks).
The surrounding tissues around the implant were evaluated for inflammation reaction and scarring
tissue formation, which indicate the body reaction towards the implant. This study demonstrated the
collagen-alginate device’s biocompatibility integration with the rats’ tissue and well physiology. The scaffold
allowed the formation of a 3D structure, enabling cell migration and new blood vessel formation, needed
for tissue repair. These results showing the overall well-being of the rats during the in vivo experiment
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follow up for a period of 14 weeks. The study proved the necessary boundary of biocompatibility of the
scaffold as an implantable long-term medical device, corresponding to the ISO standards for implantation
and sub-chronic toxicity (ISO 10993-6 and ISO 10993-11). This is essential step that will allow us to further
develop the bio composite for various applications and compare the benefits of the new scaffold to other
available ones.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/8/420/s1,
Video S1: Follow up of animal recovery.
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Abstract: Chitin, as one of nature’s most abundant structural polysaccharides, possesses worldwide,
high industrial potential and a functionality that is topically pertinent. Nowadays, the metallization
of naturally predesigned, 3D chitinous scaffolds originating from marine sponges is drawing focused
attention. These invertebrates represent a unique, renewable source of specialized chitin due to
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their ability to grow under marine farming conditions. In this study, the development of composite
material in the form of 3D chitin-based skeletal scaffolds covered with silver nanoparticles (AgNPs)
and Ag-bromide is described for the first time. Additionally, the antibacterial properties of the
obtained materials and their possible applications as a water filtration system are also investigated.

Keywords: chitin; sponges; 3D scaffolds; AgNPs; antibacterial properties; Aplysina aerophoba

1. Introduction

More than 1.2 billion people have no access to clean drinking water [1]. Additionally, 1.8 billion
people drinking water from sources susceptible to fecal contamination results in the death of approx.
one million children every year [2]. Contaminated potable water, with pathogenic microorganisms
(i.e., Escherichia coli infection) represents one of the world’s most serious health threats [3]. Consequently,
the development of new materials, which are capable of mitigating the risk of bacterial contamination
in water needs to be an ongoing, crucial area of research [4].

Filtration is a widely used method of treating water and recent, numerous attempts aim to
develop effective antibacterial composite-based filtration materials [5,6]. Promising examples with
respect to their potential application include synthetic polymers (e.g., polypropylene, polyurethane,
polyacrylonitrile) [7–9], natural materials (e.g., chitin, chitosan, cellulose, collagen) [10–12] as well
as carbon-based composites [13,14], which have been covered with silver nanoparticles (AgNPs)
using diverse techniques. The use of silver compounds to disinfect water and the procedure’s
resulting death of fungi, molds, bacteria and various spores has been documented since ancient times,
as cited by Atiyeh [15]. Today, it is a proven fact that direct contact with silver inactivates cells and
microorganisms [16]. The mechanism of action of silver involves the inhibition of microbial respiration
through binding of metal particles to the bacterial cell membranes [17]. Consequently, silver impairs the
microbial respiratory system. The fundamental factors affecting the superior antimicrobial properties
of silver-based composites are the size of Ag particles and their solid phase surface development.
As recently reported, the “antimicrobial activity of the smaller Ag nanoparticles may be several orders
of magnitude greater than that of the corresponding bulk solid” [18]. Thus, it is not surprising that
AgNPs are most commonly used in many antibacterial products to protect health and improve the
quality of life [19].

Metallization of chitin [20,21], as one of the most abundant structural polysaccharides in
nature [22,23], with production in oceans measuring approx. 1012–14 tons per year [24], remains
a solid trend. Chitin is synthesized by a broad assortment of organisms representing different
taxonomic groups, mostly crustaceans [25–29] and insects [30–35]. Nowadays, the functionalization of
naturally predesigned chitinous scaffolds with a 3D architecture attracts particular attention [36–41].
In this article, the unique skeletal chitin-based 3D scaffolds (Figure 1) isolated from the cultivated under
marine farming Aplysina aerophoba marine demosponge were used for the first time as a basic construct
for fabrication of an antibacterial water filter. This biomaterial was modified by silver nanoparticle
deposition using chemical reduction of silver nitrate and the antibacterial action was investigated.
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Figure 1. The optical representation of a decellularized Aplysina aerophoba demosponge 3D chitinous
skeletal scaffold (A). Representation of the cross-section (A-A). Polyurethane (PU) scaffolds, traditionally
used as water filter material, with high magnification of the fibers (B). Microscopic representation of the
isolated chitinous skeletal scaffold (C) shows high structural similarity to the commonly used PU-based
filtration material (B). The light brownish color is due to the presence of brominated compounds
naturally occurring in the skeletal fibers of the sponge.

2. Results

Chitinous 3D scaffolds represent an intriguing alternative to synthetic analogues [20,21,36].
Due to the high porosity (Figure 2) and structural similarity of the poriferan 3D chitinous scaffolds to
synthetically produced porous foams, this biological material is particularly interesting for filtration
applications. Based on micro-focused X-ray tomographic (micro-CT) analysis (Figure 2), the porosity
of a chitinous scaffold isolated from A. aerophoba demosponge was estimated at 98.5% (see Table S1).

 

 

Figure 2. The 3D model (A) and cross-sections (B) of the 3D chitin–Ag/AgBr composite scaffold
obtained by micro-CT.
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The alkaline environment of the chemical reduction of AgNO3 promoted the additional release of
bromine-derived compounds originally located within the fiber of the chitinous scaffold isolated from
A. aerophoba demosponge [37]. The clearly visible metallic layer obtained after metallization with Ag is
strongly bound to the chitinous fibers even after ultrasonic treatment (Figure 3).

 

μ

Figure 3. The 3D chitinous scaffolds isolated from the A. aerophoba sponge resemble their microarchitecture
being covered with nanoparticles of Ag/AgBr (A,B). The stereomicroscopy image represents the existence of
the tightly bound metallized layer, also taken after 30 min of sonication (C).

Ag/AgBr nanoparticles tend to create the spherical-shaped aggregates represented in Figure 4A.
The SEM image in Figure 4A shows the chitinous fiber completely covered by Ag/AgBr aggregates,
which are exclusively deposited on the surface of the fibers. The highest fraction of aggregates
composed of nanoparticles, which constitute approx. 42%, contains particles with a diameter range
of 300–400 nm (see Figure S2). At the surface of chitinous fiber, the creation of nanostructured
agglomerates with dimensions up to two µm is also observable. EDX-based analysis of the surface of
the metallized A. aerophoba chitinous scaffold confirms domination of Ag and Br (see Figure 4B and
Table S2). Obtained data explains the identification of the Ag-bromide phase within the metallized
layers using XRD analysis (see Figure 5).
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Figure 4. (A) SEM image of the surface of the skeletal chitinous scaffold isolated from A. aerophoba

demosponge covered by the layer of silver/silver bromide nanoparticles. EDX analysis confirms the
presence of both Ag and Br within these nanoparticles (B). This is in good agreement with the XRD
data obtained for the same sample (see Figure 5).

The X-ray diffraction patterns of the skeletal chitin sample before and after reaction with AgNO3

solution are shown in Figure 5. In both cases, the crystal structure of chitin (see [42]) is lost due to
pretreatment of the samples before XRD. However, some remainders of the chitin structure are still
visible, i.e., the diffraction maximum 021 at 2θ ≈ 12◦ and the ‘hump’ beginning with the 110 reflection
near 2θ ≈ 20◦. The XRD line from chitin are marked in Figure 5. The chitin sample treated with
AgNO3 also shows, in addition to the remaining features of the chitin diffraction pattern, peaks of
Ag (PDF# 04-004-6434) and AgBr (PDF# 00-006-0438). The presence of metallic Ag confirms the
applicability of the synthesis route for the creation of Ag nanoparticles on chitin surface. The Rietveld
analysis revealed the Ag lattice parameter of a = (4.088 ± 0.001) Å, which is practically identical to the
tabulated value of a = 4.089 Å, and a crystallite size of Diso = (13 ± 2) nm, confirming the nanocrystalline
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character of the particles. After Br was identified by the EDX analysis, the remaining peaks in the XRD
pattern were successfully assigned to AgBr crystallizing in space group Fm3m, with a lattice parameter
of a = (5.555 ± 0.002) Å. Due to the treatment of the scaffolds with AgNO3, we have also checked for
the presence of silver oxides, nitrides and chloride but found no positive match among the database
entries. The amount of metallic Ag is approx. 75 vol.%; the amount of AgBr is approx. 25 vol.%,
as indicated by the quantitative XRD phase analysis.

 

 

 

Figure 5. X-ray diffraction patterns (small circles: measured intensities; lines: refinement) of the
pure sponge chitin (lower signal intensity) and a chitin sample tightly covered with the Ag and AgBr
nanoparticles (upper signal intensity). The sharp diffraction lines in the diffraction pattern belong
either to Ag or to AgBr, as indicated.

The assessment of the antibacterial activity of the prepared composite was based on the agar
diffusion method. As shown in Figure S3, the inhibition zone of the 3D chitin–Ag/AgBr composite in
respect to E. coli is greater than that of chitinous skeletal scaffolds before metallization (see Table 1),
which indicates the superior antibacterial properties of the created 3D construct. The obtained material
contributed to wide zones of inhibition, and the mean value was estimated at 23 and 24 mm for
Escherichia coli and Bacillus subtilis, respectively (see Figure S3). Interesting results were also obtained
for the chitinous scaffold before silver coating with respect to the E. coli. The chitinous scaffold used as
control was isolated by the method described in Section 4.1. It is mainly composed of Br-containing
chitin [37], which is originally responsible for the resistance of this verongiid sponge against predatory
microorganisms from marine environments. In this case, the zone of inhibition was 18 mm. However,
this effect was not observed in the case of Gram-positive bacterium B. subtilis that was comparatively
used in this study. Interestingly, the commercially available antibacterial material Suprasorb® A + Ag,
which was also used for comparative purposes, did not contribute to any zones of inhibition against
both bacterial strains studied.
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Table 1. Mean zone of inhibition for both strain (mm) and number of survived Escherichia coli strains
after 24 h of test tube assay.

Material
Agar Diffusion Method Test Tube Test

E. coli (mm) B. subtilis (mm) E. coli (CFU/100 µL) % of Reduction

Chitin–Ag/AgBr scaffold 23 24 7 99.9
Chitin-based scaffold 18 0 ∼106 0
Suprasorb® A + Ag

Control
0
0

0
0

∼106

∼106
0
0

The test tube assay additionally confirmed the antibacterial properties of the chitin–Ag/AgBr
scaffold (Figure 6). It was observed that the percentage of the bacteria survival decreased with 24 h
and more than 99.9% of the initial bacterial CFU was eliminated (for details, see Table 1 and Figure 6).
The rapid increase in E. coli degradation was observed between 1 and 3 h (Figure 6A). In contrast to the
agar diffusion method, the Br-containing chitinous scaffold before silver coating did not show visible
antibacterial potential against E. coli even after 24 h.

 

μ∼∼∼

 

Figure 6. The dynamics of the degradation of live bacteria colonies shown over time, by test tube assay,
using a 3D chitin–Ag/AgBr scaffold and a chitinous scaffold before Ag coating, with 5% error bars (A).
Only seven E. coli bacteria colonies survived after 24 h of testing using a chitin–Ag/AgBr scaffold (B).
Both Br-containing chitinous scaffolds before silver coating (C) and commercially available material
Suprasorb® A + Ag (D) did not show antibacterial activity against E. coli even after 24 h.

91



Mar. Drugs 2020, 18, 304

Results obtained after filtration (Figure S4) clearly indicate that 3D chitin–Ag/AgBr scaffolds
possess antibacterial properties against the E. coli (ATCC® 25922) strain. In experiments, a superior
inhibitory effect was observed after 6 h of filtration with this material. After 24 h, only one colony of
this bacterium survived (Figure S4B). Filtration with the Br-containing chitinous scaffold before Ag
coating did not cause an observable changes in the number of bacteria. In future, the influence of a
diverse chitin–Ag/AgBr filter density has to be examined in relation to enhance antibacterial effect.
No increase in absorbance at 419 nm indicated that the silver nanoparticle-based layer was stable on
the developed 3D water filter and was not washed away by water flow even after 24 h [43].

3. Discussion

Recently observed rapid development of nanotechnology, especially in the fields of bioinspired
materials science and biomimetics, is strictly related to searching for new methods for synthesis of
effective hybrid materials and biocomposites with designed properties [44]. Until the discovery of
chitin in fibrous skeletons of some verongiid demosponges in 2007 [45], as well as in the verongiid
demosponge species A. aerophoba in 2010 [46], the commonly accepted opinion was that skeletal fibers
of these demosponges are made of a proteinaceous, biological material called spongin [47]. However,
this erroneous assumption was experimentally proved based on the solubility of spongin in alkaline
solutions, which was not observed with chitin resistant to such chemical conditions [20,36]. It is the
resistance of chitin to an alkaline medium up to a concentration of 10% that allows us to look for key
ways to use it in specific chemical reactions, including silver metallization, as described in this work.
For example, the implementation of such a reaction using spongin-based matrices would not have
been possible.

Chitin of poriferan origin also possess characteristic features such as thermostability up to
400 ◦C [41,48,49], cytocompatibility [50,51] and microporosity [36,52]. Recently, practical applications
of demosponge chitinous scaffolds were reported for tissue engineering [39,50,51,53], uranium
adsorption [54], bioelectrometallurgy and extreme biomimetics [21] as well as for the photodegradation
of organic dyes [49]. Here, we describe, for the first time, antibacterial properties of composite material
in the form of 3D chitin-based skeletal scaffolds covered with AgNPs and Ag-bromide. The formation
of Ag-bromide on the surface of this specific chitin is due to the presence of bromine in the chitin
skeleton of these sponges. We suggest that this compound is formed as a result of alkaline extraction
of bromine-containing compounds in the presence of silver ions.

Originally, diverse brominated derivatives (mostly bromotyrosines) [37] are located in the skeletal
fibers being intercalated into chitinous layers. They represent an effective form of biochemical
defense against harmful pathogens, which constantly fall inside the verongiid sponge, which filters
the surrounding water to extract the appropriate feed (i.e., viruses, bacteria, organic micro debris).
These unique defense strategies, based on Br-containing secondary metabolite production, allowed
this organism to survive more than 500 millions of years [37]. Today, bromotyrosines are recognized as
multi-targeted marine drugs with broad fields of applications (i.e., as antitumorigenic and antimetastatic
agents [55,56]). In order to isolate pure chitinous scaffolds from verongiid demosponges, diverse
methodological approaches based on chemical, electrochemical and enzymatic treatments were reported
(see for overview [36,57]). Nonetheless, the alkali treatment of verongiid skeletons is most commonly
used [20,36,40] and can be regulated with respect to residual bromine concentration in the chitinous
matrices. In our case, secondary metabolite compounds present within scaffolds become a great
source of natural bromine. Previously, superb antibacterial properties of Ag [6,16,58] and AgBr [59–61]
nanoparticles were already reported, but as separate substances and not within composite materials.

In order to determine antibacterial properties of the designed 3D chitin–Ag/AgBr composite,
the agar diffusion method as well as test tube assay was carried out. Moreover, a simple prototype of the
filtration set was proposed to assess the determination ability of 3D chitin–Ag/AgBr scaffolds in terms of
E. coli inactivation. Based on the obtained data, appropriative antibacterial properties against the E. coli

strain were reported here. Only one bacteria colony from 106 CFU/µL survived after 24 h of filtration.
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In the 3D composite scaffold developed in this study, under ambient conditions, the content of Ag is
approx. 75 vol.% and the amount of AgBr is approx. 25 vol.%. This distinguishes the method described
in this study from the metallization of chitin in harsh chemical conditions. For example, previously,
poriferan chitin was effectively used as a template for solvothermal and hydrothermal conditions
according to an extreme biomimetic approach [41,44,48,49,62]. Element oxide-based composites such
as chitin-SiO2 [62,63], chitin-GeO2 [41], chitin-ZrO2 [48,64], chitin-ZnO [65], and chitin-hematite [66]
were synthesized under hydrothermal conditions between 65 and 185 ◦C.

4. Materials and Methods

4.1. Chitin Scaffold Isolation

Air-dried specimens of cultivated Aplysina aerophoba (Nardo, 1833) marine demosponges were
purchased from BromMarin GmbH (Freiberg, Germany). Chitinous scaffolds were isolated by chemical
treatment of specimens in 2 days as follows. At the first stage, selected fragments of A. aerophoba

skeleton were immersed in pure distilled water at 80 ◦C for 24 h to remove water-soluble compounds
and cells, which were disrupted due to osmotic shock. In the next step, cell-free skeletons, were
immersed in 20% acetic acid at room temperature over 4 h in order to remove calcium carbonates.
The prefinal stage included treatment with 2.5 M NaOH solution for 6 h at 37 ◦C, for deproteinization
and partial depigmentation. Finally, Br-containing skeletal 3D chitinous scaffolds were neutralized by
distilled water and stored at 4 ◦C.

4.2. Fabrication of Silver-Coated 3D Chitinous Scaffolds

In order to obtain AgNps on the surface of skeletal chitinous scaffolds isolated from the cultivated
A. aerophoba demosponge, chemical reduction of AgNO3 was carried out. For this purpose, a selected
fragment of the skeletal scaffold (10 × 30 mm) was immersed in 30 mL of 1 M AgNO3 solution for 1 h
at room temperature. Then, 15 mL of 0.8 M NaOH was added to the above mixture and formation of a
precipitate was observed. In the next step, a concentrated ammonia solution was added dropwise until
total precipitate dissolution was achieved. After 15 min, 1 mL of ethanol and 25 mL of a mixture of
0.08 M glucose and 0.04 M citric acid were added. The obtained construct was washed several times by
deionized water and treated by ultrasound (60 kHz, 300 W) for 30 min at room temperature in order to
remove non-attached nanoparticles of silver.

4.3. Characterization of Obtained Materials

4.3.1. Digital Microscopy

Corresponding samples were observed and analyzed by an advanced imaging and measurement
system consisting of a Keyence VHX-6000 digital optical microscope (Osaka, Japan) and the swing-head
zoom lenses VH-Z20R (magnification up to 200×) and VH-Z100UR (magnification up to 1000×).

4.3.2. Micro-CT Analysis

Scaffolds were scanned using a micro-focused X-ray tomographic system (MICRO XCT-400,
Xradia–Zeiss, Pleasanton, CA, USA) at 40 kV and 200 µA. For each sample, 1500 projection images
were recorded with an exposure time of 12 sec and a magnification objective of 20×. The volume was
reconstructed with the instrument software and was then exported to the CTAn (Bruker Billerica, MA, USA)
program for further 3D image analysis. Voxel size was the same for all samples (2 × 2 × 2 µm).

4.3.3. Infrared Spectroscopy

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), was used for
the qualitative characterization and identification of the isolated materials. The samples were analyzed
by a Nicolet 210c spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
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4.3.4. UV–VIS Spectroscopy

The absorption at 419 nm was recorded with a spectrophotometer (SPECORD S10, Carl Zeiss,
Germany). Measurements were recorded for determination of the presence of silver nanoparticles in the
solution after filtration [43]. A quartz cuvette was used with a path length of 1 cm (Quartz SUPRASIL®,
Hellma Analytics, Müllheim, Germany) and operated at a resolution of 5 nm.

4.3.5. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDX)

Samples were prepared for analysis by freeze-drying, followed by covering with Au using a Cressington
Sputter Coater S150B (BOC Edwards, Wilmington, MA, USA). Scanning electron microscopy was performed
using a Hitachi S-4700-II (Hitachi, Ltd., Tokyo, Japan) field emission microscope. The elements were
analyzed by energy-dispersive X-ray spectroscopy in the EDX analysis system from EDAX and a XL30ESEM
Philips scanning electron microscope (Philips, Amsterdam, The Netherlands). Observations were carried
out under high vacuum, 20 kV voltage, and 6500× and 8000×magnification. The particle diameter was
determined from 100 measurements using representative micrographs by the software (ImageJ, National
Institutes of Health, Bethesda, MD, USA).

4.3.6. X-ray Diffraction

X-ray diffraction measurements were performed with the purpose of phase identification and
quantification. A FPM RD7 diffractometer equipped with a sealed X-ray tube with Cu anode operated
at 40 kV/30 mA was used. The diffractometer worked in the symmetrical diffraction geometry and the
powderized sample was fixed with ethanol on a Si[510]-cut zero-background holder. The diffracted
beam passed a graphite monochromator to eliminate unwanted radiation components before being
registered by a proportional counter. The measurements covered the angular range from 5◦ to 150◦ 2θ,
with a step size of 0.02◦ and a dwell time of 12 s per point. Data analysis was performed by database
search (ICSD PDF-4+) with the Panalytical HighScore+ program. Rietveld refinement of the diffraction
patterns was performed by the MAUD software package [67].

4.4. Antibacterial Activity Studies

4.4.1. Determination of the Zone of Inhibition

The chitin–Ag/AgBr (1) (Figure S2) composite scaffolds were tested for their antibacterial activity
using an agar diffusion method. For this purpose, 0.01 g of sample was prepared. For comparison,
chitinous scaffold before silver coating (2) and commercially available antibacterial wound dressing
Suprasorb® A + Ag (3) were used. E. coli (ATCC® 25922) and B. subtilis B9 (Collection of Department
of Epizootiology and Clinic of Infectious Diseases, University of Life Sciences in Lublin, Poland) were
taken as model Gram-negative and Gram-positive bacteria (1.5 on the McFarland scale). Bacteria strain
was applied with agar Mueller–Hinton medium. Afterwards, plates were incubated at 37 ◦C for 24 h.
The diameter of inhibitory zone surrounding material pieces was measured in mm for each specimen.
Tests performed on three agar plates (for each material) determined a mean value.

4.4.2. Test Tube Antibacterial Assay

For the test tube assay, the E. coli ATCC® 25,922 suspension (0.8 on the McFarland scale, approx.
106 CFU/µL) in 0.9% sodium chloride was prepared in sterilized test tubes. An amount of 0.01 g of
sample (No. 1–3 see Section 4.4.1.) was put into the separated test tubes and immersed in 1.5 mL of
suspension described above at 37 ◦C for 1, 3, 6, 12 and 24 h. The scaffolds were taken out from the test
tubes. Then, 100 µL of suspension was plated on Columbia LabAgar plates + 5% sheep blood and
incubated at 37 ◦C for 24 h for determination of number of survive bacterial colonies from the control
sample. These measurements were repeated three times and a mean value was evaluated.
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4.4.3. Determination of Antibacterial Properties—Filtration Test

The antibacterial activity of the obtained chitin–Ag/AgBr (1) was also determined using the filtration
method. The E. coli ATCC® 25,922 suspension (0.8 on the McFarland scale, approx. 106 CFU/µL) was
kept in a storage 1000 mL container filled with 0.9% sodium chloride and filtered at a flow rate of
330 mL/min. The suspension was pumped into the sterilized filtration cartridge, which consists of a
0.5 g of filter inside 50 cm3 falcon tubes (Figure S1). Changes in the survival rate of the bacteria colony
were determined for 1, 3, 6, 12 and 24 h analogous to the test described above.

5. Conclusions

The fundamental difference between chitin-based 3D scaffolds originating from verongiid sponges
and other, previously reported chitinous matrices is the possibility to regulate the content of Br during
the preparation process by changing the time of alkaline treatment of original skeletal 3D constructs.
Therefore, the experimental approach described in this study enables unique nanostructured Ag/AgBr
composite in the form of a nanolayer, which remains strongly bound to the surface of the organic
matrix and is responsible for selective antibacterial activities. The results open the path to using
chitin-based skeletal matrices in the form of acellular scaffolds. Due to the natural ability of the
A. aerophoba demosponges to regenerate their skeletons and to grow at low depths under marine
farming conditions at large scales, their potential for applications in bioinspired materials science and
technologies increases dramatically. Future research, dedicated to the optimization of such naturally
derived, already prefabricated materials using other metal ions as well as alternative reductants
(e.g., lignosulfonates) also for special biomedical applications is strongly indicated.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/6/304/s1,
Figure S1: The protype of the filtration set used in this study. Figure S2: Percentage of Ag/AgBr aggregates in
individual fractions as a function of diameter ranges. Figure S3: Agar diffusion method results. The antimicrobial
activity of chitin–Ag/AgBr scaffolds (1), chitinous scaffold before metallization (2) against E. coli (A). Lack of
antimicrobial activity represent by Suprasorb® A + Ag (3) against E. coli (A). The antimicrobial activity of
chitin–Ag/AgBr scaffold (1) against B. subtilis (B). Figure S4: Dynamics of the degradation of live bacteria colonies
as a function of time of filtration with 5% error bars (A). Filtration clearly indicates that chitin–Ag/AgBr scaffolds
possess antibacterial properties against the E. coli (ATCC® 25922) strain (blue line). Br-containing chitinous
scaffolds before AgNP coating did not reflect any antibacterial effect. The number of survived bacteria colonies
was uncountable, even after 24 h (orange line). Only one colony of E. coli survived after 24 h of filtration using
chitin–Ag/AgBr scaffold (B). Chitinous scaffold before silver coating did not show antibacterial potential against
E. coli even after 24 h (C). Table S1: Results of 3D quantitative analysis (micro-CT). Table S2. Results of local
chemical analyses (SEM-EDX) of selected areas of the A. aerophoba chitinous scaffold after metallization.
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Abstract: Collagen is widely used in the pharmaceutical, tissue engineering, nutraceutical, and
cosmetic industries. In this study, acid-soluble collagen (ASC) and pepsin-soluble collagen (PSC)
were extracted from the skin of red stingray, and its physicochemical and functional properties were
investigated. The yields of ASC and PSC were 33.95 ± 0.7% and 37.18 ± 0.71% (on a dry weight
basis), respectively. ASC and PSC were identified as type I collagen by Sodium Dodecyl Sulfate
Polyacrylamide Gel Electrophoresis (SDS-PAGE) analysis, possessing a complete triple helix structure
as determined by UV absorption, Fourier transform infrared, circular dichroism, and X-ray diffraction
spectroscopy. Contact angle experiments indicated that PSC was more hydrophobic than ASC.
Thermal stability tests revealed that the melting temperature of PSC from red stingray skin was higher
than that of PSC from duck skin, and the difference in the melting temperature between these two
PSCs was 9.24 ◦C. Additionally, both ASC and PSC were functionally superior to some other proteins
from terrestrial sources, such as scallop gonad protein, whey protein, and goose liver protein. These
results suggest that PSC from red stingray skin could be used instead of terrestrial animal collagen in
drugs, foods, cosmetics, and biological functional materials, and as scaffolds for bone regeneration.

Keywords: collagen; fish skin; structure; functional properties; thermal properties; rheology properties

1. Introduction

Collagen, the most abundant protein in vertebrates, is a major structural protein in the connective
tissue of animal skin and bone, and constitutes about 30% of the total proteins [1]. Twenty-eight
types of collagens have been identified, each possessing a unique amino acid sequence, structure,
and function [2]. Among the collagen types, type I is the most promising in terms of its marketable
prospects [3]. It possesses a stable triple helix structure, which is formed by three α subunits and
a right-handed helix. The hydrogen bond between glycine and an amide group in the adjacent α
chains is the key to a stable collagen triple helix. In type I collagens, a very short terminal region
(telopeptide) is also present, but it does not participate in the triple helix structure [4]. The intra- and
intermolecular covalent cross-linking in this region is mainly formed by the oxidative deamination of
the ε-NH2 groups of lysine and hydroxyllysine residues [5]. The structural characteristics of collagen
have allowed researchers to isolate it from raw materials with acetic acid, resulting in acid-soluble
collagen (ASC) [6]. Pepsin is also used to digest peptide chains in the telopeptide region of collagen
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molecules, and the obtained collagen is referred to as pepsin-soluble collagen (PSC) [7]. These two
types of collagen have distinct physicochemical properties.

Type I collagen is highly biocompatible and biodegradable and is widely used in the pharmaceutical,
tissue engineering, health care product, and cosmetic industries [8]. However, the industrial application
of collagen depends heavily on its thermal stability [9]. The rheological properties, water and oil affinity,
emulsifying capacity, and foaming capacity of collagen are also important factors that determine the
industrial use of type I collagen, and these functional properties are closely related to its structure [10].
Traditionally, collagen is isolated from the skin or bone of pigs, cows, and chickens [11]. Recently,
outbreaks of bovine spongiform encephalopathy, foot-and-mouth disease, and avian influenza have
made consumers wary of collagen and collagen derivatives from terrestrial animals. Owing to religious
reasons, pig collagen is also banned from sale in certain areas [12]. These issues have led to a drastic
decline in the market demand of collagen and its derivatives from terrestrial animals. Therefore, a safe
alternative collagen source is necessary.

The red stingray (Dasyatis akajei) is a fish resource that is abundant in the Northwest Pacific
Ocean, mainly along the coastal regions of Japan, South Korea, and China [13]. The skin of the fish is
rich in collagen and is an excellent source of raw materials that can be used for the development of
collagen products. As such, the use of red stingray skin as an alternative source of collagen may be an
effective way to obtain high-value-added products. However, only a few studies have systematically
investigated collagen in red stingray skin. Thus, this study aims to isolate and characterize the ASC
and PSC found in red stingray skin.

2. Results and Discussion

2.1. Yield

ASC and PSC isolated from red stingray skin reached yields of 33.95 ± 0.7% and 37.18 ± 0.71% (on
a dry weight basis), respectively. The yields of red stingray skin collagen were higher than samples
from Savigny skin collagen (ASC, 3.89%; PSC, 6.74%; on a dry weight basis) [14], loach skin collagen
(ASC, 22.42%; PSC, 27.32%; on a dry weight basis) [15], balloon skin collagen (ASC, 4%; PSC, 19.5%; on
a dry weight basis) [16], and duck collagen (28.37 ± 0.58, on a dry weight basis) [17]. Additionally, the
yield of PSC from red stingray skin was higher than ASC, indicating that the breakdown of covalent
cross-links by pepsin digestion of the terminal peptides of collagen results in the dissolution of more
collagen triple helix structures by acetic acid, thus providing a higher collagen yield [18].

2.2. Structural Characterization

2.2.1. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The SDS-PAGE protein patterns of red stingray collagens were compared using the profile of
commercial rat rail type I collagen, which was used as a reference for the collagen type I protein pattern.
Both ASC and PSC contained two different types of α chains (α1 and α2). The gray level ratios of
α1/α2 in ASC and PSC were 2.36 and 2.38, respectively, with ratios of α1/α2 close to 2, suggesting that
both ASC and PSC belonged to type I collagen [19]. Additionally, these values were similar to type I
collagen from the skin of tilapia (α1/α2 = 2.3) [20] and the skin of bighead carp (α1/α2 = 2.13) [19], but
higher than type I collagen from rat tail tendon (α1/α2 = 1.84). These results indicated ratios of α1/α2
collagen from different sources might be correlated with the sequence of collagen subunit, temperature
of normal habit, and age. Electrophoretic positions of ASC chains (α1-MW, 129 kDa; α2-MW, 119 kDa)
were similar to the positions observed for PSC (α1-MW, 129 kDa; α2-MW, 119 kDa), but lower than the
positions observed for rat collagen (α1-MW, 137 kDa; α2-MW, 123 kDa). These results indicate that the
evolution of collagen genes were potentially the leading cause for the structural differences between
terrestrial and aquatic animals [21]. Compared to rat tail tendon collagen, the ASC and PSC from red
stingray skin contained more β chains (dimer) and γ chains (trimer), indicating a greater extent of
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intra- and intermolecular cross-linkage in red stingray ASC and PSC compared to collagen from rat tail
tendon (Figure 1) [22].
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Figure 1. SDS-PAGE patterns of acid-soluble collagen (ASC) and pepsin-soluble collagen (PSC) from
the red stingray skin. Lane 1: Standard protein marker (spectra multicolor broad range protein ladder);
Lane 2: rat tail type I collagen; Lane 3: ASC collagen; Lane 4: PSC collagen.

2.2.2. Secondary Structure

UV, Fourier transform infrared (FTIR), circular dichroism (CD), and X-ray diffraction (XRD)
spectroscopy were used to identify the secondary structure of red stingray collagens. As shown in
Figure 2A, the maximum absorption peaks of both types of collagens appeared at 228 nm. This strong
absorption peak was due to electrons absorbing light at 228 nm, as the outer electrons of C=O, COOH,
and CO-NH2 involved in the peptide bonds of ASC and PSC transit from lower to higher energy states
(i.e., n→π*) [9]. ASC and PSC exhibited no absorption peak at 280–300 nm, indicating the absence of
tryptophan and tyrosine in the two collagens, as these amino acids exhibit strong absorption in this
wavelength range [16].

The characteristic peaks in the FTIR spectra of ASC and PSC correspond to the five amide modes:
amide-A, -B, -I, -II, and -III (Figure 2B). The amide-A bands of ASC and PSC appeared at 3320.26 and
3319.96 cm−1, respectively, which is due to the N-H stretching vibration of the two collagens and the
present hydrogen bonds [23]. According to Doyle et al., the stretching vibration of free N-H appears in
the range 3400–3440 cm−1, but when the peptide segment of a collagen molecule containing an N-H
group participates in hydrogen bonding, the stretching vibration of N-H moves to ~3300 cm−1 [23].
The amide-B bands of ASC and PSC appeared at 2936.89 and 2935.55 cm−1, respectively, due to the
asymmetric stretching vibration of -CH2 in ASC and PSC. Muyonga et al. (2004) demonstrated the
interactions between collagen amide-I, -II, and -III with collagen C=O stretching, COO− coupling, -NH
bending, and C-H stretching [24]. The amide-I, -II, and -III bands of ASC appeared at 1660.19, 1550.68,
and 1237.87 cm−1, respectively. Compared to ASC, amide-I, -II, and -III bands in PSC appeared at
1659.38, 1551.02, and 1238.79 cm−1, respectively, suggesting a higher degree of hydrogen bonding in
PSC. The absorbance of the amide-III band of ASC was 0.98, and the band at 1450–1454 cm−1 of PSC
was 0.96. It was also found in other marine species The absorption ratio between the amide-III and
1450 cm−1 peaks was near to 1 (1.01 for salmon and 0.97 for codfish) [25]. With values close to 1, these
absorbance values indicate an intact triple helix structure in both collagens [26].
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Figure 2. Secondary structure characterization of red stingray collagens. (A) UV spectra; (B) Fourier
transform infrared (FTIR) spectra; (C) circular dichroism (CD) spectra; (D) X-ray spectra.

Both species exhibited maximum positive cotton effects at 220 and 221 nm, and maximum negative
cotton effects at 197 nm. Zero rotation was observed at 213 nm (Figure 2C). These are characteristics
of native collagen, indicating that the ASC prepared in this study contained undissociated collagen
helices [27]. According to Feng et al. (1996), the ratio of positive peaks to negative peaks (Rpn) in CD
spectra can be used to identify triple helical conformation; the Rpn of collagen with a triple helical
structure ranges from 0.12 to 0.15 [28]. The ratio between the absolute values of the positive and
negative CD peaks of both ASC and PSC was 0.13, further confirming the intact triple helix structure
of the collagens.

Bragg’s Law [d = λ/(2sinθ)], where λ = 0.154 is the X-ray wavelength and θ the Bragg angle, was
used to analyze the XRD results. Using the first diffraction peaks of ASC and PSC (peak A1) at 8.05◦ and
7.94◦, respectively, the distances between the molecular chains of ASC and PSC were 1.10 and 1.11 by
Bragg’s Law. The distance between PSC molecular chains was greater than that between ASC molecular
chains, indicating that pepsin selectively cleaves the terminal peptide sequences of collagen fibers,
weakens the interaction between collagen molecules, and increases the distance between collagen
molecular chains [29]. Using the second diffraction peaks of ASC and PSC (peak A2) at 21.12◦ and
19.68◦, respectively, the intermolecular distances in ASC and PSC were found to be 0.42 and 0.45 by
Bragg’s Law. The intermolecular distance in PSC was greater than in ASC, suggesting that PSC could
be potentially more suitable for drug delivery than ASC (Figure 2D) [20].
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2.3. Physicochemical Properties

2.3.1. Zeta Potential

Both collagens carried positive charges at pH 3–6 and negative charges at pH 7–10. At zero zeta
potential, the isoelectric points (pIs) of ASC and PSC were 6.71 and 6.41, respectively. At pH levels
above or below the pI of collagen, the repulsion between collagen peptide chains increased, thereby
increasing its net solubility (Figure 3). The pI of collagen is related to its amino acid sequence and
amino acid residue distribution [20]. The pIs of collagens from different sources were essentially
different. The pI values of collagens from red stingray skin were similar to those from brownbanded
bamboo shark skin (pI = 6.21, ASC; 6.56, PSC) [30], but higher than those from striped catfish skin
(pI = 4.72, ASC; 5.43, PSC) [31] and channel catfish skin (pI = 5.34, ASC; 5.52, PSC) [32].

 

2.3.2. Water Contact Angle (WCA) 

Figure 3. Zeta potential of ASC and PSC at different pH levels.

2.3.2. Water Contact Angle (WCA)

The static WCA of ASC was 100.3◦ ± 2.31◦, and that of PSC was 94.96◦ ± 0.59◦. With values
greater than 90◦, the contact angles indicate hydrophobicity in both ASC and PSC [33]. The larger
static WCA of ASC suggests the presence of a greater number of hydrophobic groups on the surface
of ASC than on PSC. According to Zhang et al. [34], the contact angle hysteresis in dynamic contact
angle experiments was defined as the difference between advancing and receding angles, which could
be used to further characterize the wettability and minimum adhesion at material surface; a larger
hysteresis indicates greater hydrophilicity of the material. The contact angle of ASC was 30.67◦ ±
1.89◦, which was smaller than PSC at 42.00◦ ± 1.14◦ (Figure 4). The dynamic contact angle experiment
reaffirmed the greater hydrophobicity of ASC.
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2.3.2. Water Contact Angle (WCA) 

 

Figure 4. Contact angle data of ASC and PSC from red stingray skin. Values represent means ±
standard deviations (SD) of duplicate assays (n = 3).

2.3.3. Thermal Properties

The thermal stability of ASC and PSC were characterized by thermal denaturation temperature
(Td) and melting temperature (Tm). Td is the temperature at which the collagen triple helix structure
dissociates into random coils in a solution [29]. As reported in Chen et al. [9], the stability of the collagen
triple helix is related to the hydrogen bonding in the molecular chains. As the temperature rises, the
hydrogen bonds in the collagen molecules are destroyed and the triple helix structure dissociates
and turns into random coils. As a result, the viscosity of collagen decreases. As the temperatures
increases, the temperature at which the relative viscosity of collagen is 50% is referred to as the thermal
denaturation temperature of collagen [35]. The thermal denaturation temperatures of ASC and PSC
from red stingray skin were 23.82 ◦C and 24.46 ◦C, respectively (Figure 5A). These values were similar
to collagens from the swim bladders of miiuy croaker (Td = 24.7 ◦C, ASC; 26.7 ◦C, PSC) [35], the
skins of tiger puffer (Td = 28.0 ◦C, ASC; 25.5 ◦C, PSC) [36], and of Axenillidae (Td = 24.3 ◦C) [4], but
lower than the skins of giant croaker (Td ≈ 34.5 ◦C, ASC; 34.5 ◦C, PSC) [37] and of river puffer (Td =

29.5 ◦C, ASC; 27.5 ◦C, PSC) [36]. Furthermore, these values were higher than those for the skins of
pacific cod (Td = 14.5 ◦C, ASC; 16.8 ◦C, PSC) [8] and Spanish mackerel (Td = 15.12 ◦C, ASC; 14.66 ◦C,
PSC) [38]. Tm is defined as the temperature at which the physical form of collagen changes from solid
to liquid [39]. At temperatures above Tm, collagen loses its primary structure. DSC performed on
the ASC and PSC from red stingray skin provided melting temperatures of 85.25 ◦C and 95.46 ◦C,
respectively (Figure 5B). The differences between the Tm and Td of ASC and PSC were 61.43 ◦C and
71 ◦C, respectively. This could be related to the degree of hydration in the collagens and the number
and nature of covalent cross-links [40]. Collagens from terrestrial animals are generally more stable
than those from aquatic animals. This stability is also affected by the body temperature of a given
organism and the temperature of their habitat [24]. Interestingly, the melting temperature of PSC from
red stingray skin was close to that of duck feet (92.48 ◦C), but higher than both duck skin (86.22 ◦C)
and duck tendon (88.46 ◦C) [41]. Considering the importance of thermal stability in the application of
collagen, we propose that PSC derived from red stingray skin is an excellent possible alternative to
terrestrial sources of collagen.
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Figure 5. Fractional viscosity (A) and differential scanning calorimetry (B) of ASC and PSC.

2.3.4. Rheological Characterization of Collagen Solutions

As the concentration of ASC and PSC increased from 5 to 25 mg/mL, complex viscosity (η*)
increased, indicating that concentration affects the stability of the network structure in ASC and
PSC solutions (Figure 6). Additionally, the η* of ASC and PSC decreased as frequency increased,
suggesting a shear-thinning flow behavior of the collagen solutions (Figure 6A,C). The loss tangents
(tanδ) of ASC and PSC were greater than 1, indicating that the ASC and PSC solutions exhibit viscous
behavior (Figure 6B,D). In the frequency range 0.1–10 Hz, tanδ decreased gradually as the ASC and
PSC concentration increased. This suggests that as the collagen solution becomes more concentrated,
the density of collagen fibers increased and the collagen molecules become more entangled. The
motion of collagen molecular chains could not respond rapidly enough to changes in external force;
thus, the tanδ of collagen solution gradually decreased [42].
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Figure 6. Rheological properties for red stingray collagens solutions with different concentrations. (A)
complex viscosity (η*) of ASC; (B) loss tangents (tanδ) of ASC; (C) η* of PSC; (D) tanδ of PSC.
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The η* of the PSC solution decreased gradually when the temperature increased to 20–45 ◦C
and the solution exhibited shear-thinning flow behavior (Figure 7A,C). The η* of the ASC solution
exhibited almost no change as the temperature increased to 20–25 ◦C. As the temperature rose to
30 ◦C, the η* of the ASC solution decreased drastically. At temperatures above 30 ◦C, the variation
in η* of the ASC solution was no longer regular. The η* values of ASC and PSC exhibited varied
rheological behavior as the temperature increased, which is because ASC and PSC have different inter-
and intramolecular hydrogen bonds [43]. The tanδ of the ASC solution was greater than 1 at 20–40 ◦C
and the solution exhibited viscous behavior (Figure 7B,D). At temperatures of 20–25 ◦C, the tanδ of
the PSC solution was greater than 1 and the solution exhibited viscous behavior. At temperatures of
30–40 ◦C and oscillation frequencies of 0.01–0.6 Hz, the tanδ of the PSC solution was less than 1 and the
solution exhibited elastic behavior. At temperatures above 30 ◦C, the change in tanδ of the ASC and
PSC solutions lost regularity. This suggests that below its denaturation temperature, collagen could
maintain its natural triple helix structure, but above its denaturation temperature, the non-covalent
bonds keeping the triple helix structure stable were destroyed. Collagen molecules dissociate, water
molecules are released, and the system de-swells. The network structure of the system is thereby
destroyed and the molecular structure becomes random and irregular [44].
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Figure 7. Rheological properties for red stingray collagens solutions at different temperature. (A) η* of
ASC; (B) tanδ of ASC; (C) η* of PSC; (D) tanδ of PSC.

2.4. Functional Properties

2.4.1. Water Absorption Capacity (WAC) and Oil Absorption Capacity (OAC)

The WACs of ASC and PSC were 20.76 ± 0.55 and 28.48 ± 0.69 mL/g, respectively, and were
significantly different (p <0.05). The collagens from red stingray skin had a higher WAC than
scallop gonad protein (6.5 mL/g) [45], glutelin (<11 mL/g) [46], and green tea water-insoluble protein
(<3 mL/g) [47]. These differences may arise due to the solubility, particle size, micromorphology of
proteins, and the physicochemical environment in which the proteins are found [48]. The OAC of
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red stingray ASC (41.41 ± 0.47 mL/g) was higher than the OAC of PSC (32.40 ± 0.36 mL/g), which
was significantly different (p <0.05). As demonstrated by Jitngarmkusol et al., the OAC of a protein is
related to its non-polar amino acid residues. The hydrophobic interaction between the non-polar amino
acids of protein molecules and the hydrocarbon chains of oil determines the OAC of the protein [49].
The OAC values indicated that red stingray ASC contains more non-polar amino acid residues than
PSC. This result is consistent with the results of the contact angle experiments, where ASC had more
hydrophobic groups than PSC. Collagens from red stingray skin had a higher OAC than scallop gonad
protein (5.2 mL/g) [45], glutelin (<2.3 mL/g) [46], and green tea water-insoluble protein (<5 mL/g) [47].
As reported by Maruyama et al., proteins with higher OAC give better shape retention in food, such
as meat or candy products [50]; thus, the collagens from red stingray skin could be used in the meat
or candy industries. Additionally, both ASC and PSC exhibited higher OAC than WAC, indicating a
larger number of hydrophobic groups in red stingray collagens than hydrophilic groups. This is in
agreement with the results of the contact angle experiments.

2.4.2. Foaming and Emulsifying Properties

The foaming and emulsifying properties of collagen samples were characterized by foaming
capacity (FC), foam stability (FS), emulsifying activity index (EAI), and emulsifying stability index
(ESI). The FC of ASC and PSC varied between 47.62 ± 3.50 and 146.67 ± 2.89 and between 71.43 ±
3.20 and 151.67 ± 5.77%, respectively (Figure 8A). The FCs of red stingray skin collagens were higher
than those of scallop gonad protein isolates (25–90%) [45], casein (3.95 ± 0.07−10.15 ± 0.21%) [51],
and HBC 19 rice bran protein concentrate (5.2 ± 0.28−10.03 ± 0.39%) [51]. The FS of ASC and PSC
varied between 12.50 ± 4.17 and 72.00 ± 3.69% and between 5.32 ± 3.55 and 61.85 ± 1.63%, respectively
(Figure 8B). The FS values of collagens were higher than those of casein (0.17 ± 0.002–0.54 ± 0.61%),
basmati 386 rice bran protein concentrate (0.65 ± 0.02–2.50 ± 0.03%), and HBC 19 rice bran protein
concentrate (3.67 ± 0.09–4.30 ± 0.16%) [51]. The FC and FS of collagens decreased at pH 6 near the pI.
The low FC and FS could be due to the poor solubility and weak electrostatic repulsion among the
collagen molecules, which was insufficiently strong to prevent collagen aggregation molecules. As
collagen molecules aggregated, the interaction between protein and water necessary for foaming was
weakened and the FC and FS of collagens lowered [46].

The EAI values of ASC and PSC varied between 61.06 ± 0.83 and 117.11 ± 0.25 m2/g and between
80.19 ± 0.04 and 105.53 ± 0.41 m2/g, respectively (Figure 8C). Meanwhile, the ESI of ASC and PSC
varied between 1.96 ± 0.05 and 80.36 ± 0.27 min and between 12.68 ± 0.14 and 111.91 ± 0.57 min,
respectively (Figure 8D). The EAI and ESI of ASC and PSC decreased at pH 6–7. At this pH, which
is close to the pI, the collagens’ solubility decreased, as did the electrostatic charge on the collagen
molecules. The decreased repulsive intensity increased the possibility of oil droplet aggregation. As oil
droplets aggregated, the interaction between oil and water necessary for foaming was weakened and
the EAI and ESI of collagens lowered [52]. The EAIs of red stingray skin ASC and PSC were higher than
jackfruit seed protein isolates (9.09 ± 0.04−9.80 ± 0.04 m2/g) [53], whey protein (39.69−65.63 m2/g) [54],
and goose liver protein (2.3 ± 0.2−3.2 ± 0.1 m2/g) [55]. These results suggest that there is potential for
red stingray skin to be used as an alternative to terrestrial protein sources. Considering the importance
of foaming and emulsifying properties in the food industry, the results of this study suggest that the
ASC and PSC from red stingray skin could be applied in baking, beverages, and minor food ingredients.
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Figure 8. Foaming and emulsifying properties of collagens isolates from red stingray at different pH
values. (A) foaming capacity (FC); (B) foam stability (FS); (C) emulsifying activity index (EAI); (D)
emulsifying stability index (ESI). Values represent means ± standard deviations (SD) of duplicate assays
(n = 3).

2.5. Cell Proliferation

Cell proliferation experiments were performed to determine the biocompatibility of NIH3T3
fibroblasts. A higher optical density (OD) value indicated a greater cell proliferation rate [9]. As shown
in Figure 9, a significant increase in the OD value in the negative control and collagen samples were
found from days 1 to 5 (p < 0.05). Additionally, there was a significant difference in OD value between
the negative control and collagen samples on day 1 (negative control1d, 0.213 ± 0.011; ASC sample1d,
0.289 ± 0.020; PSC sample1d, 0.293 ± 0.016; p < 0.05), suggesting the potential use of ASC and PSC
in drugs, foods, cosmetics, and as biomedical materials [56]. However, no significant difference was
found between negative control and collagen samples at days 2, 3, 4, and 5. This may be caused by
the fact that the denaturation temperatures of ASC and PSC were 23.82 ◦C and 24.46 ◦C, while the
fibroblasts and collagens were cultured at 37 ◦C. These phenomena might degrade the collagens’ intact
triple helix structure and then lead to loss of collagen activity.
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Figure 9. Cell proliferation assay detecting the effects of collagens isolates from red stingray on cell
proliferation values represent means ± standard deviations (SD) of duplicate assays (n = 3).

3. Materials and Methods

3.1. Materials

Red stingray (Dasyatis akajei) skin was purchased from an aquatic product processing plant located
in Zhangzhou, China. All red stingray experiments were executed according to the protocol approved
by Institutional Animal Care and Use Committee of Third Institute of Oceanography, Ministry of
Natural Resources. (date of animal research approval, 04 December 2018). Meat and fat layers were
removed from the skin by hand. After washing with water, the skin was stored in polyethylene bags
and kept at −20 ◦C for future analyses. N,N,N´,N´-tetramethylethylenediamime (TEMED), sodium
dodecyl sulphate (SDS), and Coomassie blue R-250 were obtained from Bio-Rad Laboratories (Hercules,
CA, USA). High-molecular-weight markers, pepsin, trifluoroacetic acid (TFA), and formic acid were
obtained from Sigma Chemical Co. (St. Louis, MO, USA). All other chemicals and reagents used in
this study were analytical grade.

3.2. Extraction of Collagens

3.2.1. Extraction of ASC

ASC from stingray skin was extracted following the methods previously described by Zhao
et al. [35] with modifications. Thawed skin was treated with 10 volumes of 0.1 mol/L NaHCO3 for
6 h to remove non-collagenous proteins and pigment. The skin was then stirred and extracted with
0.5 mol/L acetic acid at a 1:10 (w/v) ratio for 24 h. Extracted ASC was centrifuged at 20,000× g for 15
min. The supernatant of the ASC extract underwent salt-induced precipitation with 2–5% (w/v) NaCl.
The precipitate was collected after centrifugation at 10,000× g for 20 min and re-dispersed at a 1:9 (w/v)
ratio in 0.5 mol/L acetic acid. The solution was dialyzed against a 20-fold volume of 0.1 mol/L acetic
acid for 24 h, followed by 24 h of dialysis against distilled water. All processes were carried out below
5 ◦C. ASC was lyophilized and then stored at −20 ◦C until use.

3.2.2. Extraction of PSC

PSC from the stingray skin was extracted following the methods previously described by Zhao
et al. [35] with modifications. The crushed fish skin was extracted at 4 ◦C for 24 h in 0.5 M acetic
acid containing 1% pepsin (w/w) at a 1:10 (w/v) ratio. After extraction, the PSC was centrifuged,
salt-precipitated, dialyzed, and freeze-dried using the same methods as used for ASC.
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3.2.3. Yield

The extraction yields of ASC and PSC were calculated using Equation (1)

Yield/(%) =
m1

m2
×100 (1)

where m1 is the weight of lyophilized collagen and m2 that of initial dry fish skin.

3.3. Structural Characterization

3.3.1. SDS-PAGE Analysis

SDS-PAGE was performed following the methods previously described by Laemmli (1970) [57]
with modifications using a mini-protein vertical slab electrophoresis system (Bio-Rad Laboratories,
Hercules, CA, USA). Samples were dispersed separately in 5% SDS solution. The mixtures were
incubated at 85 ◦C for 1 h and centrifuged at 8500× g for 5 min to remove insoluble substances. The
dispersed samples were mixed with sample buffer (0.5 M Tris-HCl, pH 6.8) containing 5% SDS (w/v)
and 20% glycerol (v/v) at a 1:1 (v/v) ratio. Samples were loaded onto polyacrylamide gels (8% separating
matrix, 3% stacking matrix) and electrophoretically separated under a constant current of 20 mA/gel.
The gel was then treated with 25% methanol (v/v) and 5% acetic acid (v/v) for 30 min and stained for 30
min with 0.1% Coomassie Brilliant Blue R-250 dye (w/v) (Bio-Rad Laboratories, Hercules, CA, USA) in
30% methanol (v/v) and 10% acetic acid (v/v), followed by 30 min of de-staining in 30% (v/v) methanol
and 10% (v/v) acetic acid. The staining ratio of α1 to α2 were analyzed using Quantity One 4.6.0
(Bio-Rad Laboratories, Hercules, CA, USA). High-molecular-weight markers were used to estimate the
molecular weight of the samples.

3.3.2. Spectroscopy Analysis

UV spectroscopy was performed following the methods previously described by Veeruraj et al. [58]
with modifications. Samples were dispersed in 0.5 M acetic acid to make 1 mg/mL collagen solutions.
The solutions were centrifuged at 18,000 rpm at 4 ◦C for 5 min to collect the supernatant. The
supernatant was placed in a quartz cell to measure the UV-absorption spectra of the ASC and PSC
values on a UH5300 UV-vis spectrophotometer (Hitachi Corporation, Osaka, Japan). Using 0.5 M
acetic acid solution as the blank, samples were scanned at 400 nm/min with 1-nm data intervals across
wavelengths of 220−400 nm.

FTIR spectroscopy was performed following the methods previously described by Chen et al. [20]
with modifications. Samples were mixed thoroughly with KBr powder in a moisture-free environment.
Samples were subjected to FTIR analysis using a horizontal ATR trough plate crystal cell (PIKE
technology Inc., Madison, WI, USA) equipped with a Bruker Model VERTEX 70 FTIR spectrometer
(Bruker Co., Ettlingen, Germany). The spectrum was obtained using 32 scans per sample over a range
of 500–4000 cm−1 at a resolution of 4 cm−1. Analyses of the spectral data were carried out using the
OPUS v6.5 data-collection software (Bruker Co., Ettlingen, Germany).

CD spectroscopy was performed following the methods previously described by Zhang et al. [59].
Samples were dispersed separately in 0.5 M acetic acid to make 0.1 mg/mL collagen solutions. The
solutions were centrifuged at 18,000 rpm at 4 ◦C for 10 min. The supernatant was collected and placed
in a quartz cell to measure the CD spectra of ASC and PSC on a Chirascan CD spectropolarimeter
(Applied Photophysics Ltd., Leatherhead, England). The CD spectra were obtained at 15 ◦C with a
time-per-point of 1 s and a wavelength interval of 190–260 nm.

XRD spectroscopy was performed following the methods previously described by Chen et al. [20]
with modifications. The crystal structures of lyophilized samples were analyzed using a DX-1000 XRD
instrument (Dandong Fangyuan Instrument Co., Ltd., Dandong, China). The X-ray source was Cu Kα

with a tube voltage of 40 kV and tube current of 25 mA, scanning the 2θ interval at 10◦ and 50◦ with an
angular speed of 0.06◦/s.
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3.4. Physicochemical Properties

3.4.1. Zeta Potential

The zeta potential of the samples was analyzed following the methods previously described
by Chen et al. [20] with modifications. Samples were dispersed in 0.5 mol/L acetate solution to a
final concentration of 0.05/100 g, and then stirred at 4 ◦C for 6 h. The zeta potential of ASC samples
was measured by a ZetaPALS zeta potential analyzer (Brookhaven Instruments Co., Holtsville, NY,
USA). The pH of the samples (20 mL) was adjusted using a BIZTU titration instrument (Brookhaven
Instruments Co., Holtsville, NY, USA) across a pH range of 1–11 with 1 mol/L KOH and 1 mol/L nitric
acid. pI was determined from a pH exhibiting zero potential.

3.4.2. WCA

Analyses of the static water contact angle were conducted following the methods previously
described by Deng et al. [60] with modifications. Samples were fixed on a glass slide and then a drop
of ultrapure water was applied to the sample surface. After the droplet was allowed to equilibrate for
3 s, the contact angle of the sample was determined with a DSA 20 contact angle measuring instrument
(Krüss Co., Ltd., Hamburg, Germany). Five independent readings were recorded at different locations
on the sample to calculate the average contact angle.

Analyses of the dynamic water contact angle were conducted following the methods previously
described by Deng et al. [60] with modifications. Samples were fixed on glass slides and 2 µL of
ultrapure water were dispensed on the sample surface, forming the initial droplet. The dynamic contact
angle of the sample was determined with a DSA 20 contact angle measuring instrument (Krüss Co.,
Ltd., Hamburg, Germany). The needle of the DSA 20 was placed in the droplet and 6 µL of deionized
water were added to the droplet. Changes in the contact angle between the droplet on the sample
surface and the sample were video-recorded. Three measurements were recorded on each sample at
different positions and the average was calculated.

3.4.3. Thermal Properties

The Td values of the samples were measured following the methods previously described by Zhao
et al. [35] with modifications. Samples were dispersed in 0.5 M acetic acid to make 20 mg/mL collagen
solutions. The viscosity changes of the collagens at different temperatures (10–45 ◦C) were measured
by an MCR 302 rheometer at a heating rate of 1 ◦C/min. The temperature at which the relative viscosity
was 50% was recorded as the Td of the samples. Td was calculated using Equation (2).

TD =
A
B
×100 (2)

where A is the sample viscosity (Pa.s) and B is the sample viscosity (Pa.s) at 10 ◦C.
Tm was assessed following the methods previously described by Huang et al. [61]. Samples

were dispersed separately in 0.05 M acetic acid at a 1:40 (w/v) ratio and stored at 4 ◦C for
48 h. Roughly 5–10 mg of swollen collagen samples were added to an empty aluminum pan
for differential-scanning-calorimetry (DSC) measurements using the aluminum pan as the blank (the
enthalpy of the fusion of indium is 28.451 J/g and the melting point is 156.4 ◦C). The settings of the
differential scanning calorimeter were as follows: temperature range, 20–140 ◦C; heating rate, 1 ◦C/min;
nitrogen flow in the sample chamber, 50 mL/min. The peak on the DSC spectrum is the Ts of collagen.

3.4.4. Rheological Properties

The rheological behavior was analyzed following the methods previously described by Wang
et al. [62] with modifications. Oscillatory rheological experiments were conducted using an MCR
302 rheometer (Anton Paar, Gratz, Austria). During all experiments, samples were placed in the
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rheometer, which was equipped with a cone plate geometry (40 nm diameter, angle 2◦) at a gap set
of 40 µm. Dynamic frequency sweeps for collagen solutions with different concentrations (5, 10, 15,
20, and 25 mg/mL) were performed from 0.01 to 10 Hz at 25 ◦C. The effect of temperature on the
viscoelastic behavior of the collagens was investigated by inducing a steady-state flow in 15 mg/mL
sample solutions with frequencies of 0.01–10 Hz at different temperatures while performing the scan.
Each sample was allowed to equilibrate for 10 min at initial temperatures of 0 ◦C, 25 ◦C, 30 ◦C, 35 ◦C,
and 40 ◦C before measurements were recorded. The functional relationship between η*, tanδ, and
oscillation frequency (0.01–10 Hz) was determined.

3.5. Functional Properties

3.5.1. WAC and OAC

WAC and OAC were evaluated following the methods previously described by Wani et al. [63]
with modifications. Samples were dispersed in ultrapure water/corn oil and mixed thoroughly in a
vortex mixer for 2 min. The solution was kept at 25 ◦C for 30 min and centrifuged at 5,000 rpm/min for
30 min. The supernatant was collected and measured for its volume. WAC and OAC were calculated
using Equations (3) and (4).

WAC/(mL/g) =(V1 −V2)/m (3)

where V1 is the volume of water added during the experiment (mL), V2 the volume of water left after
centrifugation (mL), and m the sample mass (g);

OAC/(mL/g) = (V 1 −V2)/m (4)

where V1 is the volume of oil added during the experiment (mL), V2 the volume of oil left after
centrifugation (mL), and m the sample mass (g).

3.5.2. FC and FS

FC and FS were assessed following the methods previously described by Celik et al. [64] with
modifications. The sample was dispersed in 0.5 M acetic acid to make a 0.5% (w/v) collagen solution.
The pH values of 20 mL aliquots of the solution were adjusted to 2, 4, 6, 8, or 10 with 1 M HCl or 1 M
NaOH. Each solution was homogenized with a homogenizer at 25 ◦C at 16,000 rpm/min for 120 s.
Then, the sample was quickly transferred to a 250-mL measuring cup. The total volume of the sample
was recorded after 30 s. FC and FS were calculated using the following equations:

FC/(%) = (V 1 −V2) × 100/V2 (5)

FS/(%) =(V1 −V3) × 100/(V1 −V2) (6)

where V1 (mL) is the volume of the sample after homogenization, and V2 (mL).is the volume before
homogenization. V3 (mL) is the foam volume of the sample after standing at room temperature for 2 h.

3.5.3. Emulsifying Properties

The EAI and ESI of the samples were determined following the methods previously described by
Celik et al. [64]. The sample was dispersed in 0.5 M acetic acid to make a 0.5% (w/v) collagen solution.
The pH values of 6-mL aliquots of the prepared solution were adjusted to 2, 4, 6, 8, or 10 with 1 M HCl
or 1 M NaOH. Corn oil (2 mL) was added to each aliquot and homogenized in a homogenizer for 60 s
at 16,000 rpm/min. At 0 and 10 min after homogenization, the emulsion was transferred to a 2-mL
centrifugal tube and diluted 100 times with 0.1% (w/v) sodium dodecyl sulfate (50-µL sample in 5 mL
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of 0.1% sodium dodecyl sulfate) with thorough mixing. Absorptions were measured at 500 nm using
0.1% sodium dodecyl sulfate as the blank. EAI and ESI were calculated using the following equations:

EAI/(m 2 /g) = (2× 2.303 ×A0)/(0.25× protein weight(g)) (7)

ESI(min) = (A 10×∆t)/(A0 −A10) (8)

where A0 and A10 are the absorptions of the emulsions measured at 0 and 10 min, respectively, and
∆t = 10 min.

3.6. Cell Proliferation

Cell proliferation experiments were performed following the methods previously described by
Chen et al. [9]. Collagen samples were dispersed in 0.5 M acetic acid to make 0.5 mg/mL collagen
solutions. The solutions were added into cell culture plates and then naturally air-dried. The cell
culture plates were sterilized via UV treatment and seeded with NIH3T3 fibroblasts. Fibroblasts
were incubated with DMEM cell culture medium at 37 ◦C. Fibroblasts seeded in cell culture plates
without collagen were used as negative control, and the cells were grown for 1, 2, 3, 4, and 5 days. At
each aforementioned time point, 3-(4,5-dimethylthiazol-2-y)-2,5-diphenyltetrazolium bromide (MTT)
solution was added to the cell culture medium and incubated for 4 h at 37 ◦C. The culture medium
was aspirated and then DNSO was added in the plates. After that, the absorbance (OD value) was
measured at 490 nm.

3.7. Statistical Analyses

Statistical analyses were conducted using SPSS software (SPSS 17.0, Inc., Chicago, 1L, USA).
One-way ANOVA analyses followed by Dunnett’s test for multiple comparisons of treatment means
with a control were used. Statistical significance was defined as p < 0.05.

4. Conclusions

In this study, ASC and PSC were isolated from the skin of red stingray and the yield of PSC was
found to be higher than ASC. SDS-PAGE analyses confirmed that both collagens belonged to type I
collagen. UV, FTIR, CD, and XRD spectroscopy revealed the intact triple helix structure of ASC and
PSC, which native collagens possess. The pI of ASC and PSC were 6.71 and 6.41, respectively, as per the
zeta-potential analyzer results. Rheological tests showed that both ASC and PSC solutions exhibited
shear-thinning flow behavior. In the thermal stability tests, PSC from red stingray skin was found
to have a higher melting temperature than duck skin PSC. Contact angle experiments demonstrated
the superior hydrophobicity of PSC to ASC. Functional property analyses indicated better functional
properties of ASC and PSC than other proteins from terrestrial sources in terms of WAC, OAC, foaming
properties, and emulsifying properties. Collectively, these results support the potential use of collagens
from red stingray skin as an alternative for terrestrial collagen sources, as well as their potential use in
drugs, foods, and cosmetics, and as biological functional materials.
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Abstract: To support the successful application of sponges for water purification and collagen
production, we evaluated the effect of depth on sponge morphology, growth, physiology,
and functioning. Specimens of Eastern Mediterranean populations of the sponge Chondrosia reniformis

(Nardo, 1847) (Demospongiae, Chondrosiida, Chondrosiidae) were reciprocally transplanted between
5 and 20 m depth within the Kaş-Kekova Marine Reserve Area. Control sponges at 5 m had fewer
but larger oscula than their conspecifics at 20 m, and a significant inverse relationship between
the osculum density and size was found in C. reniformis specimens growing along a natural depth
gradient. Sponges transplanted from 20 to 5 m altered their morphology to match the 5 m control
sponges, producing fewer but larger oscula, whereas explants transplanted from 5 to 20 m did
not show a reciprocal morphological plasticity. Despite the changes in morphology, the clearance,
respiration, and growth rates were comparable among all the experimental groups. This indicates that
depth-induced morphological changes do not affect the overall performance of the sponges. Hence,
the potential for the growth and bioremediation of C. reniformis in mariculture is not likely to change
with varying culture depth. The collagen content, however, was higher in shallow water C. reniformis

compared to deeper-growing sponges, which requires further study to optimize collagen production.

Keywords: sponge; osculum size; respiration; clearance rate; depth; Chondrosia reniformis; collagen;
integrated multitrophic aquaculture

1. Introduction

Sponges are found at all latitudes, living in a wide array of ecosystems varying in temperature
and depth [1,2]. They are filter-feeding organisms often dominating the benthos in terms of abundance
and biomass [3–6]. Sponges process huge amounts of water daily at up to 900 times their body
volume of water per hour and filter 50,000 liters of seawater per liter of sponge volume per day [7–10],
which is comparable to well-established suspension feeders such as mussels [11–13]. Sponges have
a high efficiency and capacity for particle retention [3,4,14], preferably small particles (<10 µm)
such as bacteria [4,15–18], phytoplankton [3,19], viruses [20], and dissolved organic matter [21–24].
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This efficient and versatile filtration makes sponges key drivers of the uptake, retention, and transfer of
energy and nutrients within benthic ecosystems [25–28] and makes them interesting candidate species
for the bioremediation of organic pollution, such as waste streams from aquaculture [29–31].

Around sea-based fish cultures, the elevated densities of bacteria and reduced oxygen levels
caused by the excreta of cultured fish and uneaten fish feed negatively impact the seabed and add
substantial pressure on the surrounding environment that could even affect the aquaculture and
other ecosystem services [18,32–35]. However, the excess amount of bacteria in/around such an
organically loaded culture system generates a potential food source for sponges [29]. In our recent
study, we discovered that Chondrosia reniformis (Nardo, 1847) benefited from mariculture-sourced
organic pollution and showed better a growth performance in polluted waters compared to a pristine
environment (170% versus 79% in 13 months [31]). C. reniformis has been reported as a rich source of
biomedically interesting types of collagen [36–38], which could be used in 3D printing inks for medical
applications (i.e., scaffolds for bone and cartilage tissue regeneration [39,40]). This result suggests the
potential for the utilization of this sponge in an integrated multi-trophic aquaculture (IMTA) system
where it not only improves water quality but also produces collagen.

To optimize the combined use of sponges as producers of natural products and bioremediators,
we need to assess the biomass production and associated natural product content and link these to
the actual in situ filtration capacity of the model species. In the literature, different terms are used
that relate to the filtration activity by sponges. In this paper, we will refer to the terms pumping,
filtration, and clearance as follows: pumping is the volumetric water flow rate through the sponge
body generated by the aquiferous system of the sponge; filtration and clearance are defined in the
same way and refer to the amount of water per unit of time that is entirely cleared of a specific type of
component, e.g., bacteria, microalgae, or dissolved organic matter (DOM). We use the term clearance
usually in association with the measurements that are applied to determine the clearance/filtration
rates. Pumping and clearance/filtration relate to each other through the retention efficiency for the
specific component, which means that, for example, clearance rates for bacteria can be different from
clearance rates for microalgae. Under in situ conditions in open water, the actual particle uptake rate
for a sponge can be calculated by multiplying the ambient concentration by the clearance rate. In this
case, a constant ambient particle concentration can be assumed because seawater around the sponge is
replenished by water movement before the exhalant water can be inhaled for a second time.

To fully comprehend the role of sponges in the transfer of nutrients and energy in natural and
artificial ecosystems such as IMTAs, it is important to understand the physiological and environmental
factors that control their ability to take up specific components of interest out of the environment. Some
of these factors have already been identified. For example, sponges hosting large quantities of associated
microbes (high microbial abundance, or HMA sponges) including C. reniformis usually have lower
pumping rates than species with low numbers of associated microbes [8]. Additionally, the elevated
amounts of suspended sediment in the surrounding water reduce the sponge pumping activity [41].
The ambient flow and sponge morphology may influence the pumping and filtration rates of a sponge
by either reducing the amount of energy that is needed for active pumping [42,43] or by altering the
efficiency of retaining the particulate matter from the filtered water. Conflicting results have been
reported on the relationship between temperature and filtration by sponges [14,44,45], and information
on the effects of seasonality on pumping and filtration by sponges is scarce. Very recently, [46]
conducted a comprehensive study spanning two annual cycles to assess the factors that regulate the in
situ sponge pumping of five Mediterranean sponges (including C. reniformis). Unexpectedly, these
authors reported no significant effect of temperature and particulate organic matter on the sponge
pumping rates and no clear trend of seasonality. Instead, sponge size was found to be the main
predictor of volumetric pumping rate, with larger sponges exhibiting a relatively lower pumping rate
per unit of body volume.

To date, no studies are available that investigate the role of water depth on sponge pumping
and filtration. In maricultures, culture depth may vary between and within locations. The eventual
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effects of water depth on sponge pumping activity may influence choices for sponge culture sites
and sponge culture methodology. In an earlier survey, we observed some physiological differences
between C. reniformis populations from different depth zones [47]. The osculum density, osculum size,
and the associated osculum outflow rate differed significantly between two depth groups (0–3 m and
20–25 m). The bacterial clearance, however, was not measured, so the functional consequences of the
observed morphological differences for the filtration/bioremediation capacity of C. reniformis remain
unknown [47]. Concurrent with potential effects on bacterial clearance and filtration efficiency, water
depth may also affect other parameters that are relevant to sponge mariculture, such as sponge growth
and the production of secondary metabolites and collagen. Therefore, the aim of this study was to
investigate the effect of depth on the filtration capacity (measured as in situ bacterial clearance rates),
metabolism (respiration rate as oxygen consumption), morphology (density and size of oscula), growth,
and the collagen/biomass production of C. reniformis. Up to this date, there is no scientific work that
combines the sponge growth performance and related biomaterial content with the natural pumping
and filtration rates of sponges (except from 51, who focused on the effect of copper tolerance on the
clearance rate). Thus, the current work represents a key step forward, both in terms of understanding
the morphological plasticity and performance of sponges and in the application of C. reniformis in
IMTA for combined bioremediation and collagen production.

2. Results

2.1. General Observations

The water temperatures and salinity values recorded at the site during the transplantation
and incubation experiments ranged between 26 and 28 ◦C and 38.5 and 38.8 g L−1, respectively.
The C. reniformis explants exhibited a swift recovery. Open surfaces had completely healed five days
after sampling and cutting (Figure S1). The visible distinctive inner layers of the sponges were observed
to change as early as from day one. A white layer was formed in and around the open surfaces, the cut
marks completely disappeared, and the large gaps observed in the mesohyl of some explants were
filled completely after 5 days. The explants rapidly reshaped their aquiferous structure, reorganizing
the collagen-rich ectosome and mesohyl while regenerating the cut surfaces.

2.2. Natural Sponge Morphology

In sponges along a natural depth gradient, there was a significant decrease in the average osculum
size with depth (Pearson’s r = −0.245, p = 0.044; Figure 1a) and a significant increase in the OD
(osculum density) with depth (Pearson’s r = 0.444, p < 0.001; Figure 1c). No relationship between
the depth and total OSA (osculum surface area) per sponge area was found for natural sponges
(Spearman’s rho = 0.117, p = 0.335, Figure 1e). Hence, on average deep water sponges have more yet
smaller oscula than shallow water sponges, but the total osculum surface per SSA (sponge surface
area) remains the same with increasing depth.

2.3. Effect of Depth and Transplantation on Morphology

For OSA, significant differences between the four experimental groups were found (Table 1).
Sponges transplanted from 5 m to 20 m did not reduce their osculum size and had significantly larger
oscula compared to the 20 m control explants (Table 1). In contrast, the sponges transplanted from
20 m to 5 m did increase their osculum size, resulting in no significant difference with the 5 m control
group (Figure 1b and Table 1). For OD, a similar pattern was found, as sponges transplanted from 5 m
to 20 m did not alter their morphology and thus had significantly different ODs from the 20 m control
sponges (Figure 1d and Table 1). Sponges transplanted from 20 m to 5 m matched the OD of the 5 m
control sponges, with no significant difference found between these groups (Figure 1d and Table 1).
One observation to note is the effect of depth on the non-transplanted control sponges. Although not
significant here (Table 1), there seems to be a considerable osculum size difference between the 5 and

123



Mar. Drugs 2020, 18, 358

20 m control groups (0.9 vs. 0.3 cm2, respectively, Figure 1b). In addition, there is a highly significant
difference (Table 1) in the OD between the groups (0.10 vs. 0.24 oscula cm−2, respectively, Figure 1d).
Thus, the osculum size is about three times larger at 5 m, whereas the OD is approximately two times
lower, which matches the observations on the natural sponges (Figure 1a,c). For the total OSA per
sponge area, no significant differences were found between the experimental groups, again in line with
natural sponges (Figure 1e,f and Table 1).

 

  

  

  

−

 

e) 
f) 

b) a) 

d) c) 

Figure 1. Natural sponges vs. Experimental Sponges. (a) Natural—significant decrease of average
oscule surface area over depth (Pearson’s r = −0.245, p = 0.044). Dots represent individual sponges.
(b) Transplanted—oscule surface area (cm2) measured 8 weeks after transplantation. Values are
means + SEM, N = 8–10 per group (20 m control vs. 20 m transplanted F = 3.052, p = 0.005).
(c) Natural—significant increase of oscule density over depth (Pearson’s r =0.444, p < 0.001). Dots
represent individual sponges. (d) Transplanted—oscule density measured 8 weeks after transplantation.
Values are means + SEM, N = 8–10 per group (5 m control vs. 20 m control, F = 3.052, p = 0.001; 20 m
control vs. 20 m transplanted, F = 3.052, p = 0.000). (e) Natural—total oscule surface area (OSA) per unit
of sponge surface area (SSA) of natural sponges. (Spearman’s rho = 0.117, p = 0.335). Dots represent
individual sponges. (f) Transplanted—total oscule surface area (OSA) per unit of sponge surface (SSA)
measured 8 weeks after transplantation. Values are means + SEM, N = 8–10 per group.
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Table 1. One-way ANOVA testing all four experimental groups for differences in the oscule surface
area, oscule density, % sponge growth in 68 days of culture, and clearance rate, along with one-way
ANOVA testing for the effect of transplantation on the respiration rates (N = 8–10).

Variable F/t df Error p

Oscule surface area (OSA)

3.391 3 30 0.031 *

Planned contrasts with Bonferroni correction

5 m control versus 20 m control 1.817 1 30 0.079

5 m control versus 5 m transplanted 0.811 1 30 0.424

20 m control versus 20 m transplanted 3.052 1 30 0.005 **

Oscule density (OD)

7.322 3 32 0.001 **

Planned contrasts with Bonferroni correction

5 m control versus 20 m control −3.557 1 32 0.001 **

5 m control versus 5 m transplanted −1.012 1 32 0.319

20 m control versus 20 m transplanted −4.464 1 32 0.000 ***

Total oscule surface area per unit of sponge surface area

0.821 3 31 0.492

Clearance rate

0.199 3 30 0.896

Respiration rate ****

0.143 1 15 0.711

% growth

1.447 3 32 0.248

* p < 0.050, ** p < 0.010, *** p < 0.001, **** respiration rate measured at 5 m only.

2.4. Clearance and Respiration Rates

The mean clearance rates of the experimental sponges were 136.3 ± 21.09 mL cm−3 h−1 (Table 2).
No significant effects of depth and transplantation on the clearance rates were found (Table 1). The
respiration rates, only measured at 5 m due to technical limitations, were 0.07 ± 0.01 mg O2 cm−3 h−1

(Table 2) and did not differ between the transplanted and control sponges (Table 1).

Table 2. Survival, growth, clearance, and respiration rates (%) of experimental sponges measured after
8 weeks in culture. Values are means + SEM.

Transplantation Experiment Pooled
5 m Control

N = 8
5 m Transplant.

N = 10
20 m Control

N = 10
20 m Transplant.

N = 10

(8 weeks in culture)

Survival Rates (%) 95 80 100 100 100

Growth Rates (%) 63.6 ± 5.4 83.0 ± 13.2 52.5 ± 8.3 60.3 ± 11.1 70.2 ± 10.4

Clearance Rate (mL cm−3 h−1) 136.3 ± 21.1 164.8 ± 43.9 120.8 ± 53.3 131.4 ± 32.9 136.5 ± 43.9

Respiration Rate (mg O2 cm−3 h−1) * 0.07 ± 0.00 0.06 ± 0.00 0.07 ± 0.01

* Due to the cable reach only measured at 5 m depth.
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2.5. Survival and Growth Rates

Both the control and transplanted sponges readily adapted to their new habitat on the incubation
plates. Two sponges from the 5 m control group were lost; they disappeared due to unknown causes,
but the rest of the explants (N = 38) remained at the center of the plates, where they were initially
attached and a 95% survival was achieved (Table 2). The overall growth rate was 63.6 ± 5.4% after
8 weeks in culture (Table 2) without significant effects of depth and transplantation (Table 1).

2.6. Collagen Quantification

The collagen yields of the control and transplantation groups are shown in Table 3. The highest
extraction yield was observed for the 5 m control group (35.5% of wet mass), whereas the 20→5 m
transplanted group had the lowest collagen content (14.5%). The 20 m control and 5→20 m transplanted
groups revealed similar collagen yields (18.4% and 21.6%, respectively).

Table 3. Total collagen content (% WM) of control and transplanted sponges after 64 weeks
(N = 1 per group).

Treatment Collagen Yield (%)

5 m control 35.5

5 m transplanted 14.5

20 m control 18.4

20 m transplanted 21.6

3. Discussion

The aim of this study was to investigate the effect of depth on the bacterial clearance, morphology,
respiration, growth, and collagen production of C. reniformis. Our data show that the osculum
morphology is depth-dependent, whereas the bacterial clearance rate, respiration, and growth are not.
The collagen content also seems to be affected by depth, which will be further elaborated on below.

3.1. Morphology and Bacterial Clearance Rates in Relation to Depth

Along a natural depth transect, both OSA and OD significantly correlated with depth in a
reciprocal way, with deeper living sponges having more but smaller oscula. These trends are in line
with our earlier survey [47] and with measurements on non-transplanted experimental sponges in
the current study. In the earlier survey, the average OSA of sponges in shallow water (0–3 m) was
0.71 cm2 compared to 0.05 cm2 in deeper water (20–25 m)—i.e., 14-fold larger. In the current study,
the average OSA of the non-transplanted sponges was 0.09 cm2 at a 5 m depth versus 0.03 cm2 at a
20 m depth, and so was three-fold larger. The most prominent difference with our previous study
was the almost eight times smaller OSA, which may relate to the difference in depth of the “shallow”
sponges (0–3 m versus 5 m). We hypothesize that in more shallow water, effects of wave action and the
concurrent resuspension of larger particles (e.g., course sand, small pebbles) are much greater than
in deeper waters. In order to prevent clogging of their oscula by these particles, sponges in shallow
waters need stronger pumping forces to remove these particles from their oscula, which is favoured by
fewer but larger oscula. This effect may become most explicit in the surf zone (0–3 m), where wave
forces are maximal.

In the current study, the total OSA:SSA ratio remained constant over depth, both in sponges
growing along a natural depth gradient and in the non-transplanted experimental sponges at
two depths. Hence, the sponges apparently compensate for the increase in OSA by making less
oscula, thus maintaining a similar total pumping capacity. We conclude that C. reniformis shows
morphological plasticity over depth that leads to a depth-independent capacity to filter bacteria from
the surrounding water.
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Interestingly, the morphological response of C. reniformis to transplantation differed between
the two transplantation treatments. In agreement with sponges growing along a natural depth
gradient, we found that transplantation of sponges from 20 to 5 m resulted in morphological changes,
with an increase in OSA and a decrease in OD. Thus, deeper-growing sponges transplanted from 20 to
5 m adapted their morphology to match that of shallow-water individuals. However, the sponges
transplanted from 5 to 20 m retained their original morphology. This suggests that the conditions
in the wave action area immediately trigger the sponges to adapt their morphology, as described
above. Additionally, the higher collagen content of the shallow sponges (Table 2), which makes them
more robust, suggests an adaptation to the greater forces imposed on them. Another explanation
for the lack of morphological adaption in the deeper sponges is that 8 weeks was insufficient time
for the shallow-water sponges to reorganize their aquiferous system. Our own observations on fast
healing after the cutting of explants, (Figure S1) and previous findings on morphological plasticity
do not support this explanation. In Dysidea avara, the closure of oscula and formation of new ones
occurred within days to weeks [43]. Moreover, many sponges, including C. reniformis, show very
fast cell cycling [22] and rapid wound healing [48–50]. An alternative explanation for the lack of
response of sponges transplanted to 20 m relates to the hypothesis outlined above, which suggests that
the observed morphological plasticity relates to the wave action and corresponding resuspension of
larger particles. Since sponges at 5 and 20 m depths showed a similar capacity to clear bacteria, there
may be no immediate trigger for the replumbing of the aquiferous system in sponges transplanted
from 5 to 20 m, whereas sponges transplanted from 20 to 5 m would have to modify their aquiferous
system to cope with the higher coarse sediment loadings. It remains to be investigated whether the
sponges transplanted to deeper waters will increase their OD and decrease their OSA over a longer
period. To investigate whether and how the internal aquiferous system is affected by depth, histology
is recommended for future experiments.

This study is the first to report on a combination of in situ bacterial clearance rates and respiration
rates for C. reniformis. No earlier data on in situ respiration in this species are available in the literature.
The mean respiration rate of 0.07 mg O2 cm−3 h−1 (equal to 2.2± 0.1 µmol O2 cm−3 h−1) measured in our
study falls in the middle of the range of respiration rates for various other sponge species [7,51]. The in
situ clearance rates for C. reniformis have previously been reported [52] to range from 50 to 340 mL h−1,
which appears to be in good agreement with the mean value of 136.3 mL cm−3 h−1 reported here,
but unfortunately [52] did not indicate whether the clearance rates had been normalized to a biomass
parameter. Possibilities to compare our clearance data with the literature values for other species are
limited due to the variation in the units in which clearance rates are expressed. We normalized the
rates obtained in this study to both sponge volume (cm3) and mg DM, using a conversion factor of
5.68 to convert the volume to DM (Table S1) to enable multiple comparisons. A comparison with the
literature data (Table 4) shows that, similar to the respiration rates, the clearance rates measured for
C. reniformis are also in the middle of the range reported for Mediterranean sponge species. C. reniformis

is categorized as a High Microbial Abundant or HMA sponge [53]; these are species that host high
numbers of bacteria in their bodies. HMA sponges tend to have lower pumping rates than Low
Microbial Abundant (LMA) sponges [8]. The bacterial clearance rate reported here (136.3 mL cm−3 h−1)
is in the same order of magnitude as the average pumping rate of ~300 mL cm−3 h−1 reported for HMA
sponge species (reviewed in [8]). Since clearance rates are always lower than volumetric pumping
rates (the difference depending on the retention efficiency of the targeted particles), we conclude that
our data are well in line with the literature values.
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Table 4. Clearance rates for Mediterranean sponges in literature. DM = Dry Mass.

Species
Method

(Incubation)
Sponge Size # Clearance Rate Reference

Ex situ

Crambe crambe 0.25 h 5 cm2 506–790 mL g−1 DM h−1 Turon et al. 1997, [54]

Dysida avara 0.25 h 5 cm2 1380–3804 mL g−1 DM h−1 Turon et al. 1997, [54]

Chondrilla nucula 25 cm3 0.2 & 1.4 mL cm−3 h−1 Milanese et al. 2003, [15]

Spongia officinalis 4 h, 1 L 91.4 cm3 34–210 mL g−1 DM h−1 Stabili et al. 2006, [17]

Corticium candelabrum 1 h, 1 L, 0.13–18.8 cm2 1000–10.000 mL g−1 DM h−1 de Caralt et al. 2008, [55]

In situ

Dysida avara 1 or 3 L, 4 h 25 cm3 104–2046 mL g−1 DM h−1 Ribes et al. 1999a, [14]

Chondrosia reniformis 4 L, 1 h 50–340 Cebrian et al. 2006, [49] *

Ircinia variabilis 1.5 h, 1 L 50 cm3 15.96 mL cm−3 h−1 Ledda et al. 2014, [56]

Agelas oroides 1.5 h, 1 L 35 cm3 20.0 mL cm−3 h−1 Ledda et al. 2014, [56]

Chondrosia reniformis 0.25 h, 6 L 9–49 cm2 136.3 mL cm−3 h−1 639 mL g−1 DM h−1 This study

* Unit not specified in the study; # sponge size is expressed either as volume (m3) or as projected surface area (m2).

The C. reniformis clearance rates were considerably higher than those found for Mediterranean
C. nucula [15], a closely related species. This may relate to the type of particles that were used for the
incubation experiments. To detect clearance in C. nucula, cultures of Escherichia coli were used [15],
which may not resemble the natural populations of bacteria in seawater. All the other studies referred
to in Table 4 used natural food assemblages and show considerably higher but also highly variable
rates. Sponges can exhibit differential clearance rates for different categories of picoplankton occurring
within natural assemblages, and clearance rates can change over the season [55]. Comparative studies
such as the current study on the effect of depth should therefore be performed using standardized
methodology (i.e., always using the same target particles) within a short time frame.

3.2. Survival, Growth, and Collagen Content

Culturing C. reniformis explants has always been problematic as a result of the extreme motility of
this species, making them “escape” from the intended location [29–31,57–59]. However, the custom
design incubation plates with a protective PVC rim (poly vinyl chloride) preventing them from escaping
and a protective chicken wire lid to prevent predation as applied in this study proved to be successful.
The setup provided easy handling for clearance rate experiments and growth measurements. The main
challenge was the pinning of explants onto the nails during outplanting due to the contraction of the
sponges following initial disturbance (sampling and cutting), making their tissue very hard. When this
succeeded, attachment was successful and the explants remained in place. The survival rate we
achieved (95% after 8 weeks of culture) is considerably higher than the survival in our previous study,
39–86% after 56 weeks [31], or 55% in a study by [59]. In the study reported by [30], the protective
stainless-steel cage around explants of C. reniformis resulted in comparable survival rates for explants
cultured under pristine conditions.

In line with the similar pumping capacity, clearance rates, and respiration rates across the
treatment groups, we also did not observe growth differences. This has implications from the
perspective of integrated multitrophic aquaculture (IMTA) and bioremediation, as it does not seem
to matter at what depth the C. reniformis explants are placed in terms of performance. The growth
rates observed in this study (52–83% in two months) are in line with our previous results—70–114% in
6 months [31]. In spite of the variable growth rates and peculiarities (growing protrusions, dripping
through meshes, etc.) reported by earlier studies [29,57,59], our current and previous studies show that
C. reniformis remains a good candidate for mariculture [30,31]. Although the growth rate of this species
is not as high as that reported for other species such as Mycale hentcheli (359–2437% year 1 [60]) or
Lissodendoryx sp. (5000% month 1 [61]), the high survival rates and reproducible growth rates obtained
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when applying appropriate methods will enable the controlled production of C. reniformis biomass
through sea-based aquaculture.

Clearly, C. reniformis is a potential source of collagen for biomedical applications in tissue
engineering and regenerative medicine because of the unique physicochemical properties of the
collagen and the high collagen content [62–65]. Our results are in line with earlier studies that
quantified collagen in C. reniformis. Swatschek et al. [63] determined a collagen content of 30% of the
freeze-dried mass of C. reniformis. Considering a wet mass to dry mass ratio of 5.68 (Table S1), this would
translate into a collagen yield of 5.3% of the wet mass. More recently, Pozzolini et al. [37] found a
similar value (355 mg collagen in 998 mg of dry weight, which equals 30%) using the methodology
that was also applied in the current paper. Our yield of 14.5–35.5% wet mass (Table 3) is much higher.
Possibly, the fact that we removed excess water during the homogenization of the sponge before
weighing may have resulted in a relatively lower wet mass and thus a relatively higher wet mass-based
collagen content. The results show, however, that the cultured materials and the methodology to
extract collagen are suitable to collagen for pilot-scale processes. Additionally, the developed approach
enables further collagen yield optimization, e.g., via the further investigation of genotype-specific
yields and the effects of specific depths and other environmental variables on collagen content.

In conclusion, the filtration capacity, metabolism, and biomass production of C. reniformis are
not affected by depth, in contrast to morphology and collagen content. Osculum morphology clearly
is depth-dependent, where sponges transplanted from 5 m to 20 m reflect the conspecifics at their
origin (do not adapt), whereas sponges transplanted from 20 m to 5 m reflect the conspecifics at their
destination (adaptation). This adaptation to shallow water might relate to wave action and sediment
loading. The sponges maintain their filtering capacity by presumably re-shaping their aquiferous
system depending on their needs. This maintained filtering capacity is very promising for the future
multifunctional application of C. reniformis to improve water quality by filtering out several types of
organic pollution, including feces and unused feed from fish farms and pollution and microorganisms
from urban sewage outlets.

4. Materials and Methods

4.1. Study Location and Seawater Parameters

The study was conducted over a period of 79 days during July–October 2018 at Pina Reef,
a location within the Kaş-Kekova Special Environmental Protected Area (SEPA), Turkey (Figure 2).
Pina Reef is located at the eastern side of Five-Islands, 4.3 km south of Kaş, and is exposed to wind
and wave action originating from the open sea (west direction). The Pina reef wall is located right
next to a 350 m-long wall structure located transversely Northwest–Southeast between 14 to 32 m
depth. The Pina small reef, located 70 m south of the Pina reef wall, is a reef shoal with a depth
ranging from 3.8 to 22 m, with adjacent Posidonia sea grass meadows in the south and east directions.
The water temperature and salinity during the study period were measured by a multimeter during
the clearance rate and respiration analysis (Multi 3620 IDS with TetraCon 959 and FDO 925 sensors,
WTW, Weilheim, Germany).

4.2. Sponge Collection, Seeding, and Transplantation

The sponge specimens for the experiments were collected from 5 and 20 m (20 per depth, 40 in
total), cut into pieces of 3–4 cm following the method described in Gökalp et al. [31] and fixed onto
grey PVC plates with a rim with a radius of 17 cm and 2.7 cm high. Each PVC plate had a 15 cm-high
cylindrical protective PVC rim (Figure 3) and was covered with 2 cm mesh size chicken wire in order
to eliminate predation from larger marine life (e.g., sea turtle intrusion on the sponges in culture
with boxes lacking protection; personal observation). The protective rim also prevented the sponges
from migrating off the plate and prevented them from being carried away by occasional strong water
currents [31].
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şFigure 2. Map of Kaş-Kekova Special Environmental Protected Area. Pina Reef diving location is
located at the eastern tip of Heybeli Island. The exact locations of experiments; (1) Pina reef wall (20 m
depth), (2) Pina small reef (5 m depth) (36◦09′42.4′′ N 29◦37′26.5′′ E; 36◦09′40.2′′ N 29◦37′26.3′′ E;
respectively).

 

 

Figure 3. Incubation chambers used in bacterial clearance and respiration experiments. The oxygen
probe was connected to a surface multimeter with a Kevlar-protected 20 m cable (WTW, Germany).
Four O-rings ensured a water-tight incubation chamber. The first one was located around the black
engine and battery compartment, sealing the lid. The second one was in the oxygen sensor lid. A third
one was located around the white lid, sealing the transparent acrylic chamber. The final one was located
inside the grey base-rim, sealing the chamber. At the end of the black engine and battery compartment,
a magnetic stirrer was located.
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Each plate carried a chromium nail at the center with the sharp edge facing upwards (4 cm in
height) to secure the specimens to the plate. After fixing the explants on pre-labelled PVC plates,
they were left at their respective depth of origin (either 5 or 20 m) for 5 days to provide sufficient
time to recover and attach to the PVC plates [49]. Subsequently, the PVC plates were transplanted by
moving 10 plates from 5 to 20 m depth and 10 plates from 20 to 5 m depth (Figure 4; N = 10). Following
transplantation, the sponges were left to acclimatize for seven days before the incubations started.

 

 

Figure 4. Overall view of the transplant and control groups: Group A—5 m control; Group B—5 m
transplanted; Group C—20 m control; Group D—20 m transplanted. For the experiment, 10 specimens
from 5 m moved to 20 m, and 10 specimens from 20 m moved to 5 m (50 m distance to each other).
The other remaining sponges were kept at their depths as control, resulting in four groups of N = 10
sponges per group.

4.3. Determination of Sponge Size, Growth, and Morphological Characteristics

The size of the sponges and the number and size of the oscula were measured following the
acclimatization period. Simultaneously, the sponges were photographed from the top and four sides
with a ruler for scale using a Canon Eos 5D Mark IV camera and an Ikelite 5D housing setup. The sponge
surface area (SSA) was measured from the projected surface area based on a picture taken from the top
using the ImageJ software. The pictures from the sides were used to determine the average height of the
sponge. Multiplying the measured average height with the SSA provided the approximate volume of
the sponge (Vsponge), assuming a cylindrical shape. At the end of the experimental period, 5 sponges
per group were weighed (wet mass, WM) and the volume was measured by water displacement to
determine the accuracy of the volume calculation. To determine the wet mass (WM) to dry mass
(DM) ratio, 6 individuals of the same species that were not used for the experiment were weighed,
dried, and reweighed (Table S1). These size measurements were used (1) to determine the growth
(using t1−t0

t0 × 100% to calculate the % increase in SSA over 8 weeks [31]) and (2) to normalize the
metabolic rates to a biomass parameter (volume). The average osculum size (hereinafter referred to as
the osculum surface area (OSA), sponge surface area (SSA), and osculum density (OD, the number of
oscula per unit of sponge surface)) were determined for each of the 40 experimental sponges, hereby
using the pictures taken for size measurements. From these parameters, the osculum number to sponge
size ratio and the ratio of the oscular surface area to sponge surface area (OSA/SSA) were calculated.
In addition, the multiplication of the OD with OSA provides the pumping potential of a sponge by
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expressing the total OSA per SSA. For comparison, the same parameters were determined for a series
of C. reniformis specimens occurring along a natural depth gradient ranging from 2 to 25 m in depth
with scuba diving at several sites within 1 km of the experimental locations.

4.4. Clearance and Respiration Rates

The circular rims on the square PVC plates (Figure 3) were designed to fit airtight to a transparent
PVC chamber with a 6.75 L inner volume and were specifically developed for in situ clearance and
respiration measurements (Wageningen University, Gelderland, The Netherlands). The upper side of
the cylinder could be closed with a lid in which a magnetic stirrer with a battery pack (Jansen Tholen
B.V., Tholen, The Netherlands) was mounted. The stirrer could create sufficient water circulation and
the continuous mixing of seawater in order to equalize the oxygen distribution within the cylinder and
prevent the particles from settling onto the bottom plate. Each lid also was fitted with two diaphragms
for water sampling and an opening for an oxygen probe (WTW, Germany). Together, the PVC
plate with rim, cylinder, and lid formed a water-tight incubation chamber (Figure 3). During the
incubation experiments, the protective cylinder and lid of chicken wire were removed and replaced
by the water-tight incubation chamber setup. The chambers were applied for the simultaneous
in situ measurement of the bacterial clearance and respiration of the experimental sponges. Eight
weeks after transplantation, all 40 specimens in the experiment were incubated to determine their
bacterial clearance and respiration rate. A total 10 empty PVC plates were incubated to determine
the background activity not associated with the sponges. Prior to the incubations, the chicken wire
and the protective rim were carefully removed from the bottom plates, thus minimizing stress to the
sponge specimens. The deposited sediment and live organisms accumulated on the O-rings and PVC
plates were removed with a toothbrush and no organic matter was left on the PVC plate inside the
base rim. Then, the cylinders were secured onto the PVC plates and left to acclimatize for 15 min
before the incubations. After the acclimatization period, the chamber lid was closed, and using a
syringe the first 10 mL water sample was taken directly (t0) and a second 10 mL water sample was
taken 15 min later (t1). A total of 15 min was deemed sufficient time to obtain reliable results for both
the oxygen depletion and bacterioplankton decrease, considering the size of the containers and the
reported bacterial grazing rates and respiration rates from the literature [15,49,64]. The collected water
samples were labelled right after surfacing from the dive, immediately fixed with 0.57 mL of 35%
formaldehyde solution to a final concentration of 2–4%, and placed in ice containers. At the end of
each incubation day, the fixed samples were filtered over white 25 mm diameter 0.2 µm polycarbonate
membranes (GE Osmonics, Minneapolis, MN, USA), which were structurally supported by a 0.45 µm
GF–F-type membrane (Whatman International Ltd., Maidstone, England, UK). Subsequently, the filters
were air-dried in the laboratory for at least 15 min and stored at –20 ◦C in Eppendorf tubes until further
use. To determine the total bacterial counts, the filters were placed on a microscopic slide and 10 µL of
DAPI mix was added to stain the bacteria present, as described previously in de Goeij et al. (2007).
The bacterial numbers were determined based on pictures taken under a fluorescence microscope
(Leica DM6 B; Leica Microsystems, Wetzlar, Germany). Per filter, 10 images were taken using the
Leica-LasX software (V3.3.0. Leica Microsystems. Wetzlar, Germany) and a DFC365 FC camera
(Leica Microsystems, Germany). From the pictures, the average bacterial numbers were determined by
counting 10 fields or up to a maximum number of 250 bacteria by using ImageJ. The clearance rates
were calculated using the following formula (modified from [56]):

CR = Vchamber·Vsponge
−1
·(rate sponge− rate blank), (1)

in which Vchamber stands for the volume of water in the incubation chamber (milliliter) and Vsponge is
the volume of the sponge. The rate of bacterial concentration change for the sponge (rate sponge) and
the blank chambers (rate blank) is calculated as:
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Cell change rate =
ln(C0) − ln(Ct)

t
, (2)

in which C0 and Ct are the concentration of counted bacteria per milliliter at (t0) and (t1) and t is the
total incubation time (15 min).

To determine the respiration rates, the oxygen concentrations in the chambers were measured
during the incubations with a Multi 3620 IDS (WTW, Germany) connected with 20 m cables to two
FDO925 probes (WTW, Germany). During the incubations, the oxygen values were logged every 10 s
from a boat, which was anchored right on top of the divers to release a sufficient amount of cable
underwater. The respiration rates were only measured for the sponges at 5 m depth due to the limited
reach of the WTW cables and prolonged diving times. Linear graphs were fitted to the measurements,
and the respiration rates were calculated with the slope of the graphs, which represent the oxygen
decline in mg O2·L−1·min−1. The respiration rates (RR) were calculated with the following formula:

RR = (O2 slope sponge−O2 slope blank)·Vchamber·Vsponge
−1. (3)

4.5. Collagen Extraction

After 8 weeks, 3 to 5 sponges from each of the four experimental groups were randomly collected
and immediately frozen at −18 ◦C following the dives. The frozen samples were transported in dry
ice containers to the facilities of University of Minho, Portugal, and kept at −20 ◦C until further
analysis. All the procedures described below were performed separately with sponges pooled per
experimental treatment to obtain enough material for the analysis. The samples were thawed and
any exogenous materials on the sponges were removed by rinsing in dH2O. All the steps for collagen
extraction were carried out at 4 ◦C. Next, the wet weight was determined and the sponges were cut
into small pieces of roughly 1 × 1 × 1 mm. Excess water was poured from the marine sponge samples,
and 5 sponge volumes of disaggregating solution (50 mM Tris–HCl buffer pH 7.4, 1M NaCl, 50 mM
EDTA and 100 mM 2-mercaptoethanol) were added and left under stirring for 4 days. The collagen
solutions (CS) were filtered with a nylon mesh to remove any remaining undissolved fragments and
the solution was extensively dialyzed in dialysis tubing cellulose membrane for 7 days with 2 dialyzing
buffer changes every per day (CS/dialyzing buffer ratio 1:1000) against dH2O to remove all traces of
2-mercaptoethanol. The suspensions were centrifuged for 10 min at 1200 g to further remove cell
debris and sand particles. To collect the collagen from the suspension, another centrifugation followed
for 30 min at 12,100 g, yielding pellets containing collagen which then were resuspended in dH2O.
The collagen re-extraction was performed by repeating the second centrifugation step. The collagen
solutions were stored at 4 ◦C. The total collagen content was determined by freeze-drying and weighing
(dry mass) the extracted material.

4.6. Collagen Quantification

Following the collagen extraction, the obtained collagen solutions were analyzed regarding the
collagen content. To determine the total amount of collagen extracted, each collagen solution was
freeze-dried and then weighted (dry mass). The wet collagen extraction yield was determined using
Equation (4):

Yield o f collagen (wet) (%) =
Mass o f collagen (mg)

Wet mass C. reni f ormis (mg)
) × 100. (4)

4.7. Data Analysis

All the data were tested for the normality and homogeneity of variances. A one-way ANOVA was
performed to test for differences between the four treatment groups in terms of sponge morphology,
clearance rate, and growth. The respiration rates of the transplanted and control sponges at 5 m depth
were also compared with a one-way ANOVA. Planned contrasts with Bonferroni correction (i.e., using
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a corrected α for significance) were used to follow-up significant ANOVAs. Pearson’s product-moment
correlations were used to correlate the osculum size and density of the natural sponges with depth,
whereas Spearman’s rho for the total oscula surface area (SA) per unit of sponge surface area (SA) was
used when the data were not normally distributed. A statistical analysis was performed using SPSS 25
(IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY, USA: IBM Corp.); graphs were plotted
with Sigmaplot 12 (Systat Software, San Jose, CA, USA).

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/7/358/s1:
Figure S1: Healing phases of C. reniformis specimens following the sampling/cut; Table S1: Volumes, WM and DM
from 6 randomLy collected C. reniformis specimen.
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Abstract: The development of novel and effective methods for the isolation of chitin, which remains one
of the fundamental aminopolysaccharides within skeletal structures of diverse marine invertebrates,
is still relevant. In contrast to numerous studies on chitin extraction from crustaceans, mollusks
and sponges, there are only a few reports concerning its isolation from corals, and especially black
corals (Antipatharia). In this work, we report the stepwise isolation and identification of chitin from
Cirrhipathes sp. (Antipatharia, Antipathidae) for the first time. The proposed method, aiming at the
extraction of the chitinous scaffold from the skeleton of black coral species, combined a well-known
chemical treatment with in situ electrolysis, using a concentrated Na2SO4 aqueous solution as
the electrolyte. This novel method allows the isolation of α-chitin in the form of a microporous
membrane-like material. Moreover, the extracted chitinous scaffold, with a well-preserved, unique
pore distribution, has been extracted in an astoundingly short time (12 h) compared to the earlier
reported attempts at chitin isolation from Antipatharia corals.

Keywords: chitin; biological materials; electrolysis; Antipatharia; black corals; Cirrhipathes sp.

1. Introduction

Chitin is composed of β-(1,4)-N-acetyl-d-glucosamine units, and plays a crucial role in the
formation of skeletal structures in invertebrate organisms, where rigidity and strength are required [1].
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This most abundant aminopolysaccharide has been isolated and identified in skeletal structures of
diverse species of fungi, algae and invertebrates (i.e., sponges, hydrozoans, mollusks, worms, insects,
spiders and crustaceans) [2–12]. Here, chitin is present in the form of biocomposites, being chemically
bound to proteins, pigments and other polysaccharides, as well as mineral phases [13,14]. Consequently,
its extraction from such biocomposites is fraught with a number of methodological difficulties that
must be overcome using different approaches.

Nowadays, chitin of marine invertebrate origin is commonly isolated via two types of extraction
process: chemical or biological [15,16]. In brief, the chemical treatment requires three main steps,
namely deproteinization, demineralization and depigmentation. The deproteinization is generally
carried out as the first stage. During this part of the process, the chitin-based structure is treated
with alkaline solutions, which causes the dissolution of most of the proteins. This step is highly
important in terms of medical and technological applications, because it determines the purity of the
obtained product as well as the deacetylation degree and the possible hydrolysis of the chitin polymeric
chain, depending on temperature conditions used [17]. The demineralization step usually follows
hydrolysis of the proteins of the chitinous structure, and involves its treatment with acid solution
(i.e., CH3COOH or HCl). This step is conducted to treat highly mineralized biomaterials; it ensures the
elimination of calcium carbonates via decomposition of these insoluble compounds into water-soluble
calcium salts, along with the release of carbon dioxide [13]. The third step, called depigmentation,
is a treatment optimally carried out by adding highly reactive oxidizing agents, such as hydrogen
peroxide. However, all three steps of the chemical treatment rely on extraction agents that have to
be used in great excess, thus generating effluents that are hazardous to the environment. Moreover,
a relatively long treatment time, along with the increased temperature of the deproteinization process,
can cause uncontrolled degradation of the chitinous polymeric chain [18–20]. The biological isolation
of chitin, being an alternative method to the chemical treatment, uses microorganisms which produce
diluted organic acids and enzymes to fulfill the role of the chemical extraction agents. Despite the longer
time of treatment, chitin obtained via the biologically catalyzed process possesses a better-preserved
spatial structure than that of an industrial source [21]. Regardless, in order to increase efficiency and
reduce the environmental impact of chemical the process, novel and modified methods have been
developed [22–24]. The recently reported assisted methods are mostly focused on the use of microwave
irradiation as the accelerating factor [9]. Indeed, the application of this approach leads to a significant
reduction of treatment time (from days to a few hours) [15].

Among the assisted methods for the isolation of chitin, electrolysis has been relatively
poorly investigated. Only one proposed approach that includes the electrochemical treatment
of chitin-containing crustacean exoskeletons has been described to date [25–27]. The principle of this
method is based on the electrolysis of a diluted NaCl aqueous solution to ensure the acidic and alkali
treatment of the crustacean Gammarus pulex’s (Linnaeus, 1758) biomass. However, being based on the
electrolysis of a low-concentration NaCl solution, this method is characterized by significant treatment
time (13–19 h) [28]. The evolution of chlorine gas on the anode surface, which is a highly corrosive
compound, is another drawback of the method [29]. Thus, electrolysis-assisted isolation of chitin has
not received much attention over traditionally used extraction procedures. As we recently showed
with experiments on chitin from the skeleton of the marine sponge Aplysina aerophoba (Nardo, 1833),
the electrolysis process can be very flexible in terms of electrochemical conditions [16]. Thus, there is
possible scope for the improvement of this overlooked approach—for example, by the application of
different electrolytes.
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In this study, we present the results of electrochemical isolation of chitin from the black coral
Cirrhipathes sp. (Antipatharia, Antipathidae) (Figures 1 and 2) for the first time. The intense research
on these marine invertebrates has been focused mostly on the isolation and characterization of the
special, dark-pigmented biopolymer antipathin, and the accompanying diphenol compounds [30–32].
Unfortunately, Cirrhipathes species are poorly described as a source of chitinous scaffolds. Previously,
we have shown that the isolation of chitin from selected black corals is mostly performed via the
chemical method [33]. It involves long, alternating alkaline and acidic extraction steps, and hence the
duration of treatment often exceeds 7 days [33]. Therefore, this method can be modified in order to
reduce the treatment time and amount of chemicals used. For this purpose, we decided to modify the
known electrolysis method for the isolation of chitin from crustaceans, as reported earlier [34]. Since the
described process is based on similar steps to the chemical process, it was essential to ensure a highly
alkaline environment in order to achieve a successful result. Therefore, in this study, a concentrated
Na2SO4 aqueous solution was utilized as the electrolyte, and a novel electrochemical method (which
combined a well-known chemical treatment with in situ electrolysis) was investigated in terms of its
usefulness for the extraction of chitinous scaffold from Cirrhipathes sp. skeletons.
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Figure 1. Overview of the Cirrhipathes sp. coral fragments used in the study. (A) Central portion of the
unbranched, unpinnulated stem of the colony. (B) Close-up view of the skeletal surface showing the
multiple longitudinal rows of spines. (C) Basal plates of the spines after erosion. (D) Close-up view of
one spine basal plate showing the concentric layers of skeleton.
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Figure 2. Insights into the inner structure of Cirrhipathes sp. skeleton. (A) Transversal section of
the stem, showing a clearly hollow central canal surrounded by concentric layers of skeleton. The
outer surface is covered in small triangular spines. (B,C) Spines’ roots visible between the skeletal
concentric layers. (D) Transversal section of the stem with a central canal partially closed by a skeletal
septum. (E,F) Clusters of concentric skeletal layers intersecting perpendicularly with the spines’ roots,
connecting vertically the outer surface with the internal channel.

2. Results

The water electrolysis process is a well-known electrochemical phenomenon that has to be
thermodynamically forced via the flow of a direct electric current from an external source [35]. In order
to pass the current between two electrodes, a specific electrolytic cell (electrolyzer) must be constructed.
Briefly, the modern electrolyzer is composed of two symmetrical, polarizable electrodes, made of
electrically and chemically inert materials with high active surface areas. Usually, both electrodes

142



Mar. Drugs 2020, 18, 297

are dipped in an electrically conductive solution (electrolyte) and separated with an ion exchange
membrane (cation, anion or bipolar), forming two compartments [36–41]. The chamber with the anode
contains the electrolyte solution, called the anolyte, whereas the chamber with the cathode is filled
with the catholyte. Aqueous solutions of low molecular salts, such as NaCl or Na2SO4, which are
generated as by-products in a wide variety of chemical processes, serve as perfect substrates for the
production of alkalis and acids by electrolysis. The splitting of the Na2SO4 aqueous solution into
NaOH and H2SO4 solutions, which occurs in the cation exchange membrane (CEM) of the electrolyzer,
is one of the most popular ways to utilize the overproduction of this salt [42]. Figure 3 shows the
basic principle of this process [43]. During Na2SO4 aqueous solution electrolysis (decomposition of
water particles), fundamental electrochemical reactions take place on the electrodes’ surfaces. These
redox reactions result in an excess of H+ and OH− ions in the anolyte and catholyte, respectively.
Simultaneously, sodium ions from the anolyte migrate through the CEM towards the cathode, where
they are reduced to a sodium metal, which immediately reacts with the water to form NaOH [44].
Thanks to this phenomenon, it is possible to establish and change the pH in each part of the electrolyzer
by applying a specific potential. This feature can be useful in terms of the extraction process that is
responsive to the pH parameter. Thus, we have applied the fundamental feature of chitin, i.e., strong
resistance to alkaline solutions up to temperatures between 70 ◦C and 80 ◦C, where its de-acetylation
and transformation into chitosan occurs [45]. However, in our method, the alkaline environment has
been achieved via electrolysis.
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Figure 3. Schematic illustration of the electrolysis cell assembled in this study, and a general principle
of Na2SO4 aqueous solution electrolysis [44].

The changes in the surface morphology of the selected fragments of Cirrhipathes sp., occurring
during the electrolysis within the electrolytic chamber, were monitored using digital microscopy.
Nearly three hours after the electrolysis treatment was started, the rejection of the upper layer, in the
form of a membrane-like film, became observable (Figure 4A,B). At this step, no structural changes
on the surface of this film could be observed at the microlevel (Figure 5), however, the fact of the
appearance of such an alkali-resistant structure implies the destruction of proteins that secured it in
the coral’s skeleton.
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Figure 4. Rejection of the membranous film-like structure following 3 h of catholyte treatment on
the Cirrhipathes sp. black coral surface (A) becomes well visible. This biological material was still
pigmented and kept regular spine formations (B) on its surface (See also Figure 5).
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Figure 5. Regular longitudinal rows of spines (A,B), which are characteristic of the surface of
Cirrhipathes sp. skeleton, remain without visible changes (C) also on the surface of the rejected film-like
membrane after 3 h of electrolysis. The surface ornamentation of small, sparse papillae is visible.

Following 6 h of electrolysis, both digital (Figure 6A,B,D,E) and scanning electron microscopy
(Figure 6C,F) images showed defined structural changes. Spines partially disappeared, and only
spongy and nanoporous structures (Figure 6C) became visible at the sites of their previous localization,
though at some sites these structures also disappeared (Figure 6F). We suggest that these spines are
composed of proteins and not of chitin, which is well recognized as a biological material with high
resistance to alkaline treatment [4–6]. After 12 h of electrolysis, the nanoporous structures disappeared
completely (Figure 7). Thus, we obtained a membranous organic matrix, with regular pores up to
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100 µm large. Calcofluor white staining of this matter (Figure 7B) allows us to assume, with a high
probability, the chitinous nature of the matrix, taking into account previously published results on
chitin identification using this broadly applied technique [3–5,9,10,13,16,46–58].               
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Figure 6. Surface morphology of the film-like, membranous structure, that was rejected from the
Cirrhipathes sp. coral stem after 3 h of electrolysis (see Figures 4 and 5), continues to be structurally
changed following 6 h of electrolysis. Disappearance of spines becomes well visible using digital
(A,B,D,E) as well as SEM (C,F) microscopy (see also Figure 7).

For indisputable identification of chitin, we used infrared spectroscopy (ATR FT-IR), the chitinase
digestion test, and ESI-MS-based analytics as represented below.
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Figure 7. Cirrhipathes sp. sample after 12 h of electrolysis (A) and after Calcofluor white staining for
preliminary chitin identification (B) (Light exposure time 1/500 s).

ATR-FTIR spectroscopy was used to identify the functional groups typical for chitin in the
investigated samples. Spectra, obtained for the naturally occurring rod of Cirrhipathes sp., the α-chitin
standard, and a chitinous membrane-like scaffold (Figure 7A) which was isolated after full electrolysis
treatment, are shown in Figure 8. The spectrum of the analyzed coral skeleton fragment (Figure 1B)
shows bands which are similar to those previously reported for antipatharians by other authors [30,31].
Since the chemical composition of the Cirrhipathes sp.’s skeleton is highly diverse and complex
(scleroproteins, lipids, diphenols and polysaccharides), most of the characteristic bands within the
spectrum are overlapped by each other. Despite this, the characteristic bands for α-chitin, such as
amide I (carbonyl stretching vibrations of N-acetyl groups) at 1645 cm−1, amide II (νN–H and νC–N)
at 1531–1510 cm−1 and amide III (νC–N and δN–H) at 1306 cm−1, visible in the analyzed spectrum
(Figure 8, black line), are sufficient to confirm the presence of chitin [6,59] within the sample under
study. IR analysis of the isolated chitinous scaffold spectrum (Figure 8, red line) indicated that the
characteristic band at 895 cm−1 (C–H deformation of theβ-glycosidic bond, as well as the C–O–C bridge)
suggests the occurrence of α-chitin in the sample (for comparison, 890 cm−1 for β-chitin) [4,6,33,45–48].
Moreover, the wavelengths of all other characteristic bands in this specimen are nearly identical to the
α-chitin standard spectrum (Figure 8, green line), which additionally proves the presence of chitin
in the α form in the electrochemically isolated organic matter. No presence of chitosan, as a possible
product of the chitin de-acetylation under electrolysis conditions used here, has been confirmed using
infrared spectroscopy.

Determination of N-acetylglucosamine (GlcNAc) is a key step for chitin identification in biological
materials of unknown origin. To quantify chitin in the specimens of the membranaceous matter,
isolated from Cirrhipathes sp. after 12 h of electrolysis, we measured the quantity of GlcNAc, released
by chitinases using a classical Morgan–Elson colorimetric assay, which, owing to its specificity, is
recognized as the most reliable method for the identification of alkali-insoluble chitin [4–6,47,48]. We
detected 875.3 + 0.5 µg of N-acetylglucosamine per mg of depigmented skeleton of Cirrhipathes sp.
Furthermore, the chitinase digestion test, based on the observation of the enzymatic dissolution of the
purified, pigments- and proteins-free black coral organic matrix by light microscopy, confirmed the
presence of pure chitin (Figure 9). Previously, we have shown that chemically impure chitin cannot be
digested in chitinase solution [3,13].
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Figure 8. ATR-FTIR spectra of Cirrhipathes sp. sample (black line), α-chitin standard (green line) and
electrochemically isolated chitinous scaffold (red line) in the region of 1900–500 cm−1.               
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Figure 9. Chitinase digestion of electrochemically extracted chitin isolated from Cirrhipathes sp. at
room temperature (light microscopic images). (A) Initial stage; (B) after 12 h of chitinase treatment.
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It is well recognized that the d-glucosamine (GlcN) signals in the mass spectrum of hydrolyzed
(6M HCl) biological samples reveal the presence of chitin. This method was utilized previously for
chitin identification in diverse chitin-producing organisms [9,13,47,48], including heavy mineralized
fossil specimens [46]. The acid hydrolysis of the Cirrhipathes sp. sample (see Figure 7A) revealed five
main signals (Figure 10). The signals with m/z = 162 and 180 correspond to the [M − H2O + H+],
[M + H+], while species with signal m/z = 359 correspond to proton-bound non covalent GlcN dimmer
[2M +H+], which is common for ESI-MS spectra of amino monosaccharides. The signals with m/z = 202
and 381 correspond to the same species in which the hydrogen ion is substituted on sodium [M +Na+]
and [2M +Na+], respectively, which is very common for the spectra of natural samples. Together, these
results prove that the membrane-like, alkali-resistant biological material isolated from Cirrhipathes sp.
contains chitin biopolymer.               
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Figure 10. Electrospray-ionization mass spectroscopy (ESI-MS) characterization. (A) Cirrhipathes sp.
after acid hydrolysis. (B) ESI-MS spectrum of GlcN standard reference.

Chitin was not the only product that was isolated from Cirrhipathes sp. using the electrochemical
procedure represented in our study. Electrochemically mediated alkalization of the medium leads
to the extraction of black pigment from the chitinous matter. Figure 11 shows the UV-visible spectra
of the extracts obtained from the cathode chamber, after 6 h (extract I) and 12 h (extract II) of
electrolytic treatment. According to data in the literature [60], both spectra show bands characteristic
for polyphenols, most likely catechol derivatives, due to the peaks at 212 nm and 293 nm (Figure 11;
extract I—green line) and 216 nm and 290 nm (extract II—red line). The diphenol trace within the extract
samples could have resulted from the decomposition of the antipathin–chitin structural complex, as
well as the reduction of 3,4-dihydroxybenzaldehyde (DOBAL) and 3-(3,4-dihydroxyphenyl)-l-alanine
(DOPA) compounds [32,61]. We suggest that the presence of catechol-related compounds in the
skeleton of the black coral Cirrhipathes sp. affects its fine, solid structure, ultimately resulting in the
easier erosion of this biocomposite-based construct by NaOH. Similar results were reported for chitin
isolated from beetle larva, where derivatives of catechol in its cuticle inhibited chitin crystallinity and
led to the amorphous chitin structure [62].
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Figure 11. UV-visible absorption spectra of catholyte extracts isolated from the specimens of
Cirrhipathes sp., following electrolysis for 6 h (green line) and 12 h (red line), suggest the catechol-like
nature of the pigments.

3. Discussion

Black corals (Hexacorallia: Antipatharia) are a taxonomic group that appear worldwide in all
the oceans and exhibit a wide depth distribution, ranging between coastal shallows and abyssal
depths [63–65]. To date, the order Antipatharia comprises about 247 valid species, and they are most
abundant in tropical and subtropical seas, in deep waters (≥50 m) beneath the photic zone [63,66,67].
For this reason, since most species are found below the depth limits of conventional SCUBA diving,
very little is known about the basic biology and ecology of black corals. Despite this, all these species
are characterized as having exclusively colonial habitus, with generally slow growth rates depending
on the environment and high longevity, varying from decades to millennia [68–72]. Antipatharian
colonies have various morphologies, either unbranched in the form of a whip or branched into a bush
or a fan, with maximum sizes among species ranging from a few centimeters to many meters [73,74].
Moreover, to ensure stiffness and high mechanical strength, which are necessary to withstand high
hydrostatic pressure and turbulent oceanic currents, the skeletons of antipatharians (Figure 1) usually
have a layered scleroproteinaceous structure, strengthened by an inner chitinous scaffold [33,75]. The
general morphology of their skeletons has been described as a laminated composite (Figure 2), where
chitinous fibrils play a crucial role in terms of the growth support and elasticity of the entire colony.
In addition, the internal structure of spines is believed to represent a significant reinforcing effect
in the architecture of black coral skeletons, where the forces of the torsion imposed by currents are
released [32]. This is particularly important in whip black corals, such as those belonging to the
genera Cirrhipathes, Stichopathes and Pseudocirrhipathes, forming dense forests in the sites with the
highest currents [76]. However, the dominant fraction within black coral skeletons is represented
by a non-fibrillar formation, composed mostly of a halogen-containing scleroprotein and chitin [77].
This compound, known as antipathin, is exclusive to this taxon, and has unequalled thermal and
mechanical stability which ensures the stiffness of the coral skeleton. Moreover, the chitin–antipathin
based composite shows a unique combination of flexibility and hardness that provides better resistance
to stress factors in a marine environment than inorganic structural materials [14]. Beside this, the
chemical arrangement of the black coral skeleton also contains proteins, lipids and diphenols, and
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the chitin content within is estimated to constitute between 6% and 18% of the total organism mass
(which is a considerable amount for marine invertebrates). Therefore, black corals can be considered as
a potential source of chitinous scaffolds [78].

The finding of chitin within the skeletal structures of black coral Cirrhipathes sp. is important for
gaining a better understanding of the structural biology of these organisms. Of course, black coral
chitin cannot be used for practical application on a large scale, as is the case with crustacean or sea
sponge chitin. However, this type of chitin is an interesting biomaterial in terms of its inspirational
potential for biomimetics and material science. For example, the development of new chitin–catechol
composite materials has an intriguing potential in biomedicine and technology. The first attempts in
this direction have been recently made and patented (EP2778179A2 Chitosan and/or chitin composite
having reinforced physical properties and use thereof. 2015). Definitively, more detailed studies on the
chemistry and biosynthesis of naturally occurring chitin–polyphenol composites should be carried out
in the near future. Chitin matrices of this type, with regularly located micropores, can serve as model
systems for biomimetic studies into the creation of chitin-based membranes. An equally promising
direction may be the creation of chitin membranes modified with polyphenolic compounds, which
have antibacterial properties. The study of such membranes for the treatment of burns and other
wounds seems to be in demand.

4. Materials and Methods

4.1. Biological Samples and Chemicals

Cirrhipathes sp. dry sample was purchased from INTIB GmbH (Freiberg, Germany). Sodium
sulfate (Na2SO4, ≥99.7%), purchased from VWR (Darmstadt, Germany), was used for the preparation
of aqueous electrolyte solution. Sodium hydroxide (NaOH, ≥99.0%), purchased from VWR (Darmstadt,
Germany), was utilized as substrate to prepare an extracting solution. Distilled water was used to
prepare all aqueous solutions.

4.2. Electrolytic Cell Setup

The schematic illustration of the experimental system for the electrochemically-assisted isolation
of chitin is shown in Figure 12. The CEM (cation exchange membrane) electrolyzer consisted of
two cylindrical poly(propylene) chambers (50 mL each) separated by a cellulose membrane made from
filter paper (75 g cm−2, ChemLand, Poland) and sealed with parafilm (Bemis Company Inc., Neenah,
WI, USA). Electrodes (cathode and anode) were made of platinum sheets (effective area: 2.2 cm2).
Distance between both electrodes was kept at about 10.0 cm and they were connected with DC power
supply VoltCraft PS2043D (Conrad Electronic International GmbH & Co., Wels, Austria) by platinum
wire current collectors. 1.9 M sodium sulfate aqueous solution with an initial temperature of 40 ◦C was
utilized as anolyte as well as catholyte.
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Figure 12. Schematic illustration of the experimental setup for all steps of the electrochemically-assisted
isolation of Cirrhipathes sp. chitin [43].

4.3. Electrochemically-Assisted Isolation of Chitin

A novel electrochemically-assisted method of chitinous scaffold isolation from Cirrhipathes sp. was
performed in two main steps (see Figure 12). In both stages, the sample was treated in the catholyte
solution, and anolyte treatment (low pH) was not necessary to remove proteins, lipids and pigments. It
should be noted that the initial concentration of the electrolyte (Na2SO4) for every step was 1.9 mol L−1

and the starting temperature for both anolyte and catholyte was 40 ◦C.
Pretreatment: A 0.3 g piece was cut from the Cirrhipathes sp. sample and rinsed repeatedly with

distilled water (25 ◦C) in order to get rid of the major solid impurities and water-soluble salts of
marine origin.

Step 1: The first part of the electro-alkali treatment was performed in the cathode chamber for
6 h (16 V, 1.5 A, 70 ◦C). High pH (up to 12.5) of the catholyte caused complete lysis of corals cells and
degradation of lipids and proteins, which resulted in the removal of soft tissues from interlayer spaces
of the chitinous skeleton. Moreover, this effect was followed by partial depigmentation and possible
desilicification of the sample. Remaining chitinous skeleton was in the form of a light brown cell-free
layered tube.

Step 2: In order to complete the depigmentation and deproteinization, the exchange of the
electrolyte was required. With fresh 1.9 M Na2SO4 solution, the process was further carried out in the
cathode chamber for 6 h (16 V, 1.5 A, 70 ◦C). Free access of the catholyte solution to the coral skeleton,
along with high pH (up to 12.5), resulted in complete dissolution of pigments and residual proteins.
After treatment, the remaining sample in the form of a colorless scaffold was extensively rinsed using
distilled water up to neutral pH, and stored in ethanol absolute (4 ◦C).
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4.4. Calcofluor White Staining

The Calcofluor white staining (CFW) (Fluorescent Brightener M2R, Sigma-Aldrich, St. Louis, MO,
USA) was used to confirm the presence of chitin in the sponge skeleton several times (see [5–8]). For
the staining process, 30 µL of a solution containing 10 g glycerin and 10 g NaOH in 90 mL of water
was applied. After a minute, the CFW was added, and the investigated material was incubated in
staining solution for 6 h without light at 25 ◦C. Then, the sample was washed with distilled water to
eliminate the unattached stain, dried at 25 ◦C and analyzed using fluorescent microscopy. On binding
to polysaccharides containing β-glycosidic bonds (such as chitin), this fluorochrome secretes bright
blue light under UV excitation even with a very short light exposure time.

4.5. Chitinase Digestion Test

The fragment of isolated chitinous scaffold from Cirrhipathes sp. was treated with Yatalase enzyme
solution (pH 6.5) [58]. The treatment was carried out for 6 h at 37 ◦C. The progress of digestion was
observed under light microscopy using BZ-9000 microscope (Keyence, Osaka, Japan).

4.6. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) was used for
the qualitative characterization and identification of the isolated materials. The samples were analyzed
by Nicolet 210c spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).

4.7. Estimation of N-acetyl-d-glucosamine (NAG) Contents

The Morgan–Elson assay was used to quantify the N-acetyl-d-glucosamine released after chitinase
treatment, as described previously [79]. Purified and dried Cirrhipathes sp. samples (6 mg) were
pulverized to fine powder in an agate mortar. The samples were suspended in 400 mL of 0.2 M
phosphate buffer at pH 6.5. A positive control was prepared by solubilizing 0.3% colloidal chitin
(INTIB GmbH, Freiberg, Germany) in the same buffer. Equal amounts of 1 mg/mL from three chitinases
(EC 3.2.1.14 and EC 3.2.1.30)—N-acetyl-d-glucosaminidase from Trichoderma viride (Sigma, No. C-8241),
and two poly (1,4-α-[2-acetamido-2-deoxy-d-glucoside]) glycanohydrolases from Serratia marcescens

(Sigma, No. C-7809), and Streptomyces griseus (Sigma, No. C-6137)—were suspended in 100 mM
sodium phosphate buffer at pH 6.0. Digestion was initiated by mixing 400 mL of the sample and
400 mL of the chitinase mix. Incubation was performed at 37 ◦C and stopped after 114 h by adding
400 mL of 1% NaOH, followed by boiling for 5 min. The vessels were centrifuged at 7000 rpm for 5 min
and the purified reducing sugars were used for 3,5-dinitrosalicylic acid assay (DNS) [47,48]. For this
purpose, 250 mL of the supernatants and 250 mL of 1% DNS were dissolved in a solution containing
30% sodium potassium tartrate in 0.4 M NaOH. The reagents were mixed and incubated for 5 min in
a boiling water bath. Thereafter, the absorbance at 540 nm was recorded using a Tecan Spectrafluor
Plus Instrument (Mannedorf/Zurich, Switzerland). Data were interpolated using a standard curve
prepared with a series of dilutions (0–3.0 mM) of N-acetyl-d-glucosamine (Sigma, No. A-8625) and
DNS. A sample, which contained chitinase solution without substrate, was used as a control.

4.8. Electrospray Ionization Mass Spectrometry (ESI-MS)

Specimens obtained after electrochemical isolation in the final step (Figure 7A) were hydrolyzed
in 6 M HCl for 24 h at 50 ◦C. Following the HCl hydrolysis, the samples were filtrated with 0.4 µm filter
and freeze-dried in order to remove excess HCl. The remaining solid was dissolved in water for ESI-MS
analysis. As standard, d-glucosamine was purchased from Sigma-Aldrich (Taufkirchen, Germany).
The ESI-MS analytical measurements were performed using Agilent Technologies 6230 TOF LC/MS
spectrometer (Applied Biosystems, Santa Clara, CA, USA). Nitrogen was used as the nebulizing and
desolvation gas. Graphs were generated using Origin 8.5 for PC (Originlab Corporation, Northampton,
MA, USA).
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4.9. UV-VIS Spectroscopy

To conduct UV-VIS Spectroscopy, 0.5 mg of pigments, electrochemically isolated from
Cirrhipathes sp. (Figure 1), were dissolved in 1 mL of 0.1 M KOH. The spectra were measured
by JASCO V-750 spectrometer, in the wavelength range of 200 to 800 nm, which was operated at
a resolution of 5 nm using a quartz cuvette with path length of 1 cm (quartz suprasil, Hellma Analytics,
Müllheim, Germany).

4.10. Scanning Electron Microscopy (SEM)

The specimens were fixed on an aluminum sample holder with conductive carbon adhesive
tabs and were sputtered with platinum for 15 s at a distance of 30 mm by an Edwards S150B sputter
coater. The scanning electron micrographs were observed using a high-resolution Hitachi S-4700-II
(Hitachi, Ltd., Tokyo, Japan) equipped with a cold field emission gun.

5. Conclusions

In the present work, we utilized the in-situ electrolysis of a 1.9 M Na2SO4 aqueous solution in the
CEM of an electrolyzer as the method for isolating chitinous scaffolds from Cirrhipathes sp. black coral.
The final results of the electrochemically-assisted isolation of chitin were a colorless, membrane-like
film, and catechol-based extracts. The digital light and scanning electron microscopy investigations
of this final product revealed that, despite the highly alkaline environment of the catholyte and the
destruction of proteins within the coral’s skeleton, the general spatial structure of the sample preserved
its original membranous formation, with regular pores up to 100 µm large. Further characterization of
the isolated sample with various techniques proved that a pure chitinous scaffold can be obtained via
the application of the described method. Moreover, as the ATR-FTIR spectroscopy analysis showed,
the electrochemically-supported isolation process does not cause a chitin–chitosan transformation, and
the obtained scaffold was fully α-chitin. All these features, boosted additionally by the advantages of
the electrolysis method (i.e., reduction of time treatment and amount of chemicals used), show that our
method can be considered as an alternative to the standard chemical chitin extraction process. Thus,
without doubt further development of the electrochemical isolation of chitin from marine sources
should be carried out in the near future.
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Abstract: In this study, we aimed to obtain gelatin from the marine snail Rapana venosa using acidic
and enzymatic extraction methods and to characterize these natural products for cosmetic and
pharmaceutical applications. Marine gelatins presented protein values and hydroxyproline content
similar to those of commercial mammalian gelatin, but with higher melting temperatures. Their
electrophoretic profile and Fourier transform infrared (FTIR) spectra revealed protein and absorption
bands situated in the amide region, specific for gelatin molecule. Scanning electron microscopy (SEM)
analysis showed significant differences in the structure of the lyophilized samples, depending on the
type of gelatin. In vitro studies performed on human keratinocytes showed no cytotoxic effect of
acid-extracted gelatin at all tested concentrations and moderate cytotoxicity of enzymatic extracted
gelatin at concentrations higher than 0.5 mg/mL. Also, both marine gelatins favored keratinocyte
cell adhesion. No irritant potential was recorded as the level of IL-1α and IL-6 proinflammatory
cytokines released by HaCaT cells cultivated in the presence of marine gelatins was significantly
reduced. Together, these data suggest that marine snails are an alternative source of gelatins with
potential use in pharmaceutical and skincare products.

Keywords: gelatin; marine gastropod; Black Sea; acidic and enzymatic extraction;
biocompatibility; cytokines

1. Introduction

Gelatin is a protein obtained by thermal denaturation of collagen, the main constituent of
connective tissue. Being a derivate product of collagen, gelatin has similar structural features and
properties [1]. The primary structure of collagen type I consists of two α1-chains and one α2-chain
containing the repeating amino acid sequence Gly–X–Y, where X and Y are mainly proline and
hydroxyproline [2]. The specific primary structure leads to left-handed helices (secondary structure)
and three alpha chains organize into a right-handed triple helix, forming a collagen molecule of 300 nm
in length and less than 2 nm in diameter [3]. The denaturation process of collagen implies partial
destruction of its tertiary, secondary and, to some extent, its primary structure, resulting in gelatin as
a mixture of proteins and polypeptides [4].

Gelatin is extensively used as a natural biomaterial in tissue engineering due to its high
biocompatibility, biodegradability, low antigenicity, and ability to stimulate cellular attachment
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and growth [5]. So far, commercial gelatin is conventionally obtained from mammalian tissues, like
skin and bones from bovine, porcine, or caprine species. Recently, there has been great interest in
obtaining gelatin from other sources, especially marine organisms, in order to avoid transmitting bovine
spongiform encephalopathy or swine flu, as well as for religious reasons [6]. Moreover, byproducts
of different fish species [7,8] and other marine sources have been used for gelatin extraction, such as
sponges [9–11], jellyfishes [12,13], squids [14,15], or snails [16,17].

Rapana venosa is a marine snail belonging to the Muricidae family that is rich in proteins, amino
acids, sterols, and vitamins [18–20]. It is a predatory marine snail that quickly expanded in the Black Sea,
having a negative effect on the ecosystem, especially inducing the decline of different species of mussels
and mollusks [21]. Besides its nutritional value [18,22], R. venosa is also appreciated as a potential
source for biotechnological applications. Previous studies have reported that amino acids and lipids
extracted from R. venosa exhibited wound-healing properties on rat skin burns [18,23]. Recently, Luo et
al. [24] obtained protein hydrolysates from R. venosa with significant antioxidant activity.

The aim of this study was to extract and characterize gelatin from the soft tissue of R. venosa

using acidic and enzymatic methods, in order to assess their use in the pharmaceutical and cosmetic
fields. Its physicochemical and ultrastructural properties were analyzed and compared to those of
commercial pig skin gelatin. In addition, marine gelatins were tested on human keratinocyte cells for
their cytocompatibility, cell adhesion capacity, and irritant potential.

2. Results and Discussion

2.1. Physicochemical and Structural Properties of Marine Gelatins

2.1.1. Yield Extraction and Gelatin Characteristics

In order to obtain gelatin, insoluble native collagen is subjected to thermal hydrolysis, using
chemical and enzymatic methods. Both methods are intended to break the inter- and intramolecular
crosslinks without cleavage of the peptide bonds, so that the polypeptide chains remain intact [25].
In our study, after the pretreatment of the marine snail soft tissue with NaOH, chemical hydrolysis was
performed using acetic acid, an organic acid capable to induce higher solubility of the tissue during the
extraction process [25], resulting in an acid-solubilized gelatin (ASG) solution. The pepsin-solubilized
gelatin (PSG) solution was obtained by enzymatic hydrolysis with pepsin, which cleaves bonds in
the telopeptide region of the collagen structure [26]. Applying these two methods at 60 ◦C, we have
obtained a higher extraction yield for the acidic treatment (9.71%), compared to the enzymatic one
(8.65%) (Table 1).

Table 1. Yield and characteristics of acid-solubilized gelatin (ASG) and pepsin-solubilized gelatin (PSG)
from R. venosa and commercial pig skin gelatin (CG). The results are expressed as mean ± SD (n = 3). *
p < 0.05, compared to CG sample.

Gelatin
Type

Extraction Yield
(%)

Protein Content
(%)

Hyp Content (%) Melting
Temperature (◦C)

ASG 9.71 ± 0.38 91.48 ± 4.61 10.62 ± 0.37 35.30 ± 1.56
PSG 8.65 ± 0.42 83.12 ± 3.30 9.39 ± 0.51 * 33.20 ± 1.38
CG - 86.12 ± 3.23 11.17 ± 0.21 28.80 ± 1.93

The yield values were comparable to those of gelatin extracted from squids (7.5%), but were
lower than those obtained from jellyfish (11.8%–12%) and several fish species (ranging between 11.3%
and 20.27%) [14,27,28]. A previous study reported a yield of 8.69%, 10.57%, and 6.54% of gelatin
extracted from the body, foot, and viscera of Ficus variegata gastropod [16]. The gelatin extraction
yields are affected by the tissue used for extraction, the quantity of soluble components in the source,
or the collagen content [17]. According to Jamilah and Harvinder [29], the yield extraction can also be
influenced by other factors, such as temperature, time of extraction, concentration of NaOH or acetic
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acid, tissue/enzyme ratio, and pH. The temperatures ranging between 45 and 60 ◦C are considered
optimal regarding the extraction yield of gelatin [30,31]. Higher temperature and longer time of
extraction could result in an increased yield, but loss of functional properties of gelatin [30].

The protein content of both marine gelatins was high (91.48% for ASG and 83.12% for PSG)
and comparable to that of the commercial pig skin gelatin (CG), indicating the efficiency of the used
extraction methods (Table 1).

ASG and CG samples showed similar Hyp values (10.62% and 11.17%, respectively), while PSG
exhibited a slightly lower Hyp content (9.39%). Glycine, proline, and hydroxyproline are the most
abundant amino acids found in variable amounts in gelatin compositions depending on the source.
The total amount of proline and hydroxyproline in fish gelatin is about 16%–20% [32]. Our data were
comparable to those reported for gelatin extracted from ribbon jellyfish (Chrysaora sp.) and tilapia fish
skin, with a Hyp content of 8.2% and 10.31%, respectively [33,34].

The melting temperature, determined by differential scanning calorimetry, was higher for ASG
and PSG samples (35.3 and 33.2 ◦C, respectively) compared to CG (28.8 ◦C) (Table 1, Supplementary
Figure S1). However, the melting temperature values of ASG and PSG extracted from R. venosa were
close to those reported for gelatin derived from other marine sources, such as Chondrosia reniformis

(30.48 ◦C) and Thymosia guernei (31.02 ◦C) marine sponges [35]. In our study, the gelatin samples
obtained from the marine snail R. venosa showed thermal stability, indicating the possibility of using
these components for the development of new biomaterials that require heat resistance.

2.1.2. SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Figure 1 shows the marine gelatins from R. venosa evaluated by electrophoresis in polyacrylamide
gel and compared to that of CG from pig skin.

Figure 1. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) showing ASG and PSG marine gelatins
from R. venosa and CG from pig skin; MW—molecular weight marker. Numbers represent the molecular
weight of different protein bands identified in marine and commercial gelatins.

The ASG sample presented α- and β-chains, as major protein constituents, corresponding to the
following molecular weights: ~114–117 and ~194 kDa, respectively. For ASG, a higher molecular
weight protein of ~268 kDa and two lower molecular weight proteins of ~93–98 kDa were also observed.
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The presence of β-dimer and the protein of ~268 kDa indicated that ASG contains intermolecular
crosslinks which have not been hydrolyzed during the extraction. The electrophoretic pattern of ASG
was similar with those reported for gelatin extracted from marine snails Hexaplex trunculus and Ficus

variegate [16,17]. The PSG did not display β-chains, but revealed the presence of α-chains at ~111–114
kDa and several protein bands with low molecular mass of ~90, 73, 63, 58, and 44 kDa. This mixture of
polypeptides is probably the result of a high degree of hydrolysis due to the pepsin treatment for 24 h
and the additional heat treatment at 98 ◦C. Previous studies showed that gelatin extracted from shark
skin and African catfish exhibited an increase in shorter chain fragments and a decrease in the intensity
of high molecular weight chains, findings which were consistent with our results [36,37]. Both gelatin
samples obtained in this study exhibited bands corresponding to α-chains with a lower molecular
mass (~110–117 kDa) than that of CG (123–139 kDa). The CG presented the typical α- (~123–139 kDa)
and β-chains (~250–262 kDa) corresponding to collagen type I and several bands of polypeptides with
molecular weight of 114 and 78 kDa. Similar results were reported for collagen extracted from different
fish species, which consisted of two α1 and one α2 chains with slightly lower molecular weight than
collagen type I from calf skin [38]. Collagen from small-spotted catshark also exhibited α subunits
lower than 110 kDa [39]. The differences in the α- and β-chains position between species is probably
related to the number of amino acids, which differ between marine and mammalian collagens [7].

2.1.3. Fourier Transform Infrared (FTIR) Spectroscopy

In order to study the secondary structure of gelatin samples isolated from marine snail, we have
used FTIR spectroscopy analysis. The FTIR spectra of the tested samples are shown in Figure 2.

Figure 2. Fourier transform infrared (FTIR) spectra of ASG and PSG marine gelatins from R. venosa

compared to CG from pig skin.

R. venosa gelatins exhibited main absorption bands, specific for the peptide bonds in the amide
band regions. Thus, the amide A large band, associated with N–H stretching vibration, depending on
the conformation of gelatin, shifted to lower wavenumbers for ASG (3427 cm−1) and PSG (3429 cm−1)
samples compared to CG (3437 cm−1), which demonstrated a lower structural order of polypeptide
chains. The amide B bands, corresponding to symmetric and asymmetric vibrations of C–H bonds,
were observed at 2881 cm−1 for ASG. The amide I band corresponding to the C=O stretching vibration
from amide group shifted towards higher wavenumbers, at 1660 and 1652 cm−1 for ASG and PSG,
respectively, when compared to CG (1641 cm−1), due to the weaker H-bond formation in snail gelatins.
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The amide II band resulted from the overlap of amide N–H bending and C–N stretching vibrations
appeared at 1548 cm−1 for ASG sample and shifted at 1541 cm−1 for PSG sample, probably as a result
of higher content of imide bonds formation. The amide II band of CG from 1531 cm−1 was larger and
shifted towards lower wavenumbers than that of marine gelatins, which was consistent with a more
disordered helical structure with more imide bonds formation. In the FTIR spectra, the amide III band
was assigned to NH bending at 1230 cm−1, while C–O stretching vibrations superimposed with C–N
stretching vibrations were identified at 1110, 1080, and 1078 cm−1 for ASG, PSG and CG, respectively,
suggesting a degree of glycosylation [40].

Overall, these results indicated a comparable structure and chemical composition of the gelatins
obtained from R. venosa using acidic or enzymatic extraction, but a structure less associated by hydrogen
bonding in the case of ASG. In addition, slight differences between marine and pig skin gelatins were
observed probably due to variations in the sequence of amino acids. Similar FTIR spectra were reported
for collagen/gelatin extracted from C. reniformis marine sponge [10].

2.1.4. Scanning Electron Microscopy (SEM) Observations

The ultrastructure of the obtained samples was observed by SEM. The lyophilized samples of
ASG exhibited a rough, multilayered appearance, in contrast to PSG and CG samples, which showed
a fibril-like network forming a microporous structure with uneven sized pores (Figure 3). A previous
study has reported a nonfibrillar form of collagen/gelatin extract obtained from C. reniformis marine
sponge, which presented a nodular structure with a rough appearance [10].

 

 

 

 

 

 

 

A B C 

Figure 3. Scanning electron micrographs showing the surface of freeze-dried (A) ASG and (B) PSG
from R. venosa and (C) CG from pig skin.

2.2. In Vitro Biocompatibility of Marine Gelatins

2.2.1. Evaluation of Cell Viability

The percentage of cell viability after the treatment with different concentrations of ASG, PSG,
and CG was assessed by MTT assay, which evaluates the activity of mitochondrial dehydrogenases.
ASG sample showed a good biocompatibility at all tested concentrations (0.05–1.5 mg/mL) and at both
exposure times (24 and 48 h) (Figure 4). All cell viability values were above 80% (noncytotoxic effect),
ranging between 90.49% and 97.59% after 24 h of treatment, and between 80.05% and 97.47% after
48 h. On the other hand, PSG sample showed no cytotoxic activity at all tested concentrations after
24 h of exposure (viability values between 82.55% and 98.68%), whereas CG exhibited viability values
above 80% only within the concentration range of 0.05–0.5 mg/mL. After 48 h, PSG maintained a good
biocompatibility up to the concentration of 0.5 mg/mL (viability values between 81.93% and 96.63%),
but cell viability decreased below 75% at higher concentrations. The CG sample showed a similar
profile with that observed after 24 h of treatment, with viability values below 80% at concentrations
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higher than 0.5 mg/mL. Overall, the ASG exhibited no cytotoxic effect at all tested concentrations,
whereas the PSG and CG showed a similar biocompatibility, with cell viability values decreasing below
80% at concentrations higher than 0.5 mg/mL.

 

Figure 4. Cell viability of HaCaT cells exposed to increasing concentrations of ASG, PSG, and CG
samples for 24 and 48 h, as evaluated by MTT assay. The negative control (NC) was represented by
untreated cells and the positive control (PC) was represented by 100 µM H2O2. All samples were
normalized to the NC considered to be 100% viable. Data were presented as mean ± SD (n = 3).
* p < 0.05 compared to the NC.

Previous studies have reported no cytotoxic effects of collagen/gelatin obtained from different
marine sources on various cell lines. For example, collagen from codfish skin did not affect lung fibroblast
metabolism at concentrations ranging between 0.01 and 0.05 mg/mL, but exhibited cytotoxic activity
at concentrations higher than 0.1 mg/mL [41]. Collagen obtained from the starfish Asterias amurensis

also promoted growth and viability of human dermal fibroblasts at concentrations ranging between
0.01 and 1 mg/mL [42], whereas squid gelatin peptides (0.025–0.1 mg/mL) exhibited a dose-dependent
increase of cell viability in oxidation-induced human lung fibroblasts [43].

2.2.2. Morphological Examination

Live/dead staining was used to evaluate the cell morphology and viability after the treatment
with marine gelatin samples. Thus, HaCaT cells maintained their viability after 48 h of cultivation in
the presence of marine and commercial gelatins, while few dead cells could be observed (Figure 5).

 

Figure 5. Live/dead staining with calcein-AM (green) and ethidium homodimer-1 (red) of HaCaT
cells untreated control; (A) and treated with ASG (B), PSG (C), and CG (D) at the concentration of
0.25 mg/mL.
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Furthermore, cells treated with marine and commercial gelatins showed no significant
morphological changes, maintaining their normal phenotype when compared to that of the untreated
cells. In addition, quantitative analysis of cell density performed with ImageJ software showed that
more than 99% of cells were viable for all samples. ASG, PSG, and CG promoted growth and viability of
human keratinocytes, results which correlated well with those obtained by the quantitative MTT assay.

2.3. Biological Properties of Marine Gelatins

2.3.1. Cell Adhesion Capacity

The adhesion of HaCaT cells on gelatin coatings was evaluated using phalloidin TRITC staining,
which highlighted the actin filaments. The distribution of actin revealed the morphological changes at
the cytoskeleton level in HaCaT cells (Figure 6).

Figure 6. Distribution of actin filaments in HaCaT cells, assessed by fluorescence microscopy. HaCaT
cells adhered to plastic (A) and to 0.25 mg/mL ASG (B), PSG (C), and CG coatings (D). Cells were
stained for actin (red) and nuclei (blue).

In the control, cells exhibited a polygonal-shaped morphology typical of HaCaT cells, with actin
filaments assembled into large radial bundles (Figure 6A). The cells cultivated on ASG- and PSG-coated
coverslips presented a different actin distribution, with smaller filaments which were visualized close
to the nucleus (Figure 6B,C). The cells that adhered to the CG coating presented morphological features
similar to the control (Figure 6A,D).

2.3.2. Irritant Potential

According to the Organization for Economic Cooperation and Development (OECD) guidelines
for testing of chemicals, a substance is considered to be an irritant if it has the ability to decrease
cell viability below the defined threshold of 50%, when compared to the negative control (untreated
cells). In our study, marine gelatin samples exhibited cell viability values higher than 50% at all tested
concentrations, with values ranging between 73.33% and 108.33% and, therefore, can be considered
non-irritants for skin. These results were also correlated with the low release of IL-6 and IL-1α
proinflammatory cytokines as measured by ELISA assay. These interleukins are active and pleiotropic
inflammatory cytokines that play a key role in the inflammatory process [44,45]. IL-1α is a known
endpoint to predict skin irritation and the concentration of IL-1α released by keratinocytes in culture
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medium has been reported to increase after exposure to different irritants [46]. In our study, the cytokine
content, expressed as pg/mL, varied with the sample concentration (Tables 2 and 3). Thus, in the case
of ASG, the IL-1α content varied from 1.39 to 6.72, whereas slightly higher values were observed for
PSG (Table 2). For the CG sample, the concentration of IL-1α was similar to that of the negative control,
ranging between 0.37 and 1.06. However, all these values were significantly lower than that of 0.1%
SDS (40.93) used as positive control (Table 2).

Table 2. IL-1α secretion levels expressed as pg/mL in the culture medium of HaCaT keratinocytes
treated with increasing concentrations of marine gelatin samples.

Sample
Tested Concentrations

0.1 mg/mL 0.25 mg/mL 0.5 mg/mL 0.75 mg/mL

ASG 1.39 ± 0.27 * 1.10 ± 0.20 * 3.40 ± 0.55 * 6.72 ± 1.27 *
PSG 1.90 ± 0.87 * 2.82 ± 0.94 * 5.85 ± 1.83 * 7.35 ± 1.00 *
CG 0.37 ± 0.11 * 0.61 ± 0.18 * 0.77 ± 0.21 * 1.06 ± 0.13 *
NC 0.34 ± 0.07 *
PC 40.93 ± 4.02

NC—negative control (untreated cells), PC—positive control (SDS 0.1%). Values are expressed as mean ± SD (n = 3).
* p < 0.05 compared to PC.

The levels of IL-6 increased from 54.08 at the concentration of 0.1 mg/mL to 279.65 at the
concentration of 0.75 mg/mL for ASG, and ranged between 92.67 and 384.02 for PSG (Table 3).
Although the concentration of IL-6 released in culture medium was higher for PSG compared to ASG,
all values were significantly lower compared to the positive control (1094.09). For the CG sample,
the IL-6 content was slightly higher than that of the negative control, ranging between 30.49 and 98.52
(Table 3). For TNF-α, no evidence of the release of this cytokine was detected in the cell culture medium
after the treatment with gelatin samples for 18 h. Similar results were reported by Alves et al. [47]
in the case of human keratinocyte treatment with codfish skin collagen, where no release of IL-6 and
IL-18 was detected in the culture medium, highlighting the non-irritant effect and cosmetic potential of
marine collagen.

Table 3. IL-6 secretion levels expressed as pg/mL in the culture medium of HaCaT keratinocytes treated
with increasing concentrations of marine gelatin samples.

Sample
Tested Concentrations

0.1 mg/mL 0.25 mg/mL 0.5 mg/mL 0.75 mg/mL

ASG 54.08 ± 1.49 * 162.81 ± 3.03
*

244.24 ±
19.70

279.65 ±
41.15 *

PSG 92.67 ± 7.55 * 196.44 ± 6.79
*

311.89 ±
16.10 *

384.02 ±
15.64

CG 46.46 ± 3.10 * 30.49 ± 1.59 * 98.52 ± 1.78 * 42.53 ± 4.65 *
NC 6.45 ± 2.30 *
PC 1094.88 ± 188.96

NC—negative control (untreated cells), PC—positive control (SDS 0.1%). Values are expressed as mean ± SD (n = 3).
* p < 0.05 compared to PC.

3. Experimental Section

3.1. Raw Materials

Marine snails were collected in August 2018 from the Romanian seacoast of the Black Sea between
the 2 Mai and Vama Veche areas. The samples were washed with cold distilled water and stored
at −20 ◦C until use. CG from pig skin and other chemicals were purchased from Sigma-Aldrich
(Saint Louis, MO, USA) unless otherwise specified.
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3.2. Gelatin Extraction

Snail soft tissue was removed from the hard shell, washed with distilled water for 30 min, and cut
into small pieces (2–5 mm) using scissors. In order to remove noncollagenous proteins, the cleaned
tissue was pretreated with 0.5 M NaOH solution in a ratio of 1:10 (w/v) at room temperature for 24 h.
After centrifugation at 5000 g for 30 min, the obtained residue was washed with distilled water until
neutral pH was achieved. Gelatin was extracted using acidic and enzymatic methods.

Acidic extraction was performed by gentle stirring of the pretreated tissue in 0.5 M acetic acid
solution (1:10, w/v) at room temperature for 24 h. The sample was centrifuged at 8000 g for 40 min and
heated at 60 ◦C in a shaking water bath (Witeg, Wertheim, Germany) for 20 h. Then, the ASG solution
was filtered to remove the insoluble material, dialyzed against distilled water, and freeze-dried at
−40 ◦C for 48 h.

For enzymatic extraction, the pretreated tissue was digested using pepsin from porcine gastric
mucosa (2000 FIP-U/g, Carl Roth, Karlsruhe, Germany) in 0.5 M acetic acid solution at a pepsin/dry
tissue ratio of 1:10 (w/w) and continuously stirred at room temperature for 24 h. The sample was
centrifuged at 8000 g for 40 min and the resulting solution was subjected to thermal treatment at 98 ◦C
for 1 min, in order to inactivate the enzyme. Then, the solution was heated at 60 ◦C in a shaking water
bath for 20 h. Finally, the PSG solution was filtered, dialyzed against distilled water, and freeze-dried
at −40 ◦C for 48 h. The obtained gelatin powders were stored at 4 ◦C until use.

3.3. Yield of Gelatin Extraction

The yield of gelatin extraction was calculated based on wet weight of fresh tissue using the
following formula:

Extraction yield (%) = Gelatin dried weight/Fresh tissuewet weight × 100.

3.4. Protein Content

The total protein content was assessed using a bicinchoninic acid (BCA) protein assay kit, according
to the manufacturer’s instructions. The absorbance of the samples was read at 562 nm, using an UV/VIS
spectrophotometer (Jasco, V650, Tokyo, Japan). Bovine serum albumin (BSA) was used as standard.

3.5. Hydroxyproline Content

Hydroxyproline (Hyp) content of gelatin samples was determined according to the method
of Edwards and O’Brien Jr [48], with several modifications. Briefly, gelatin samples (0.05 g) were
hydrolyzed in 5 mL perchloric acid 70 % at 120 ◦C for 8 h. The solutions were neutralized with 2.5
N NaOH at pH 6 and then an oxidant solution (a mixture of 1.41% chloramine T and acetate/citrate
buffer, pH 6) was added. The mixtures were incubated at room temperature for 20 min and, finally,
26% perchloric acid and 10% 4-(dimethylamino)benzaldehyde (DMAB) dissolved in n-propanol were
added. The solutions were heated at 60 ◦C for 20 min and the absorbance was then read at 560 nm
using an UV/VIS spectrophotometer (Jasco, V650, Tokyo, Japan). A hydroxyproline standard curve
was prepared from serial dilutions in the range of concentrations 1–10 µg/mL. The Hyp content was
expressed as g/100 g dry weight.

3.6. Differential Scanning Calorimetry

The melting temperature of gelatins was assessed by differential scanning calorimetry (DSC) using
a Mettler Toledo (Greifensee, Switzerland) equipment. Freeze-dried samples (2–3 mg) were mixed
with 10 µL distilled water and incubated at temperatures ranging between 25 and 85 ◦C, with a heating
rate of 2.5 ◦C/min.
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3.7. SDS-PAGE Analysis

SDS-PAGE was conducted according to the method of Laemmli [49] with minor modifications.
Samples were diluted in Laemmli buffer at a ratio of 1:2 (v/v), heated at 100 ◦C for 5 min, and loaded on
a 5% stacking gel and a 7.5% resolving gel. Then, they were migrated in a vertical gel unit (Biometra,
Analytik Jena, Jena, Germany) at a constant current of 10 mA for 4 h. After electrophoresis, the gels
were stained using Roti Blue solution (Carl-Roth, Karlsruhe, Germany), destained in a solution of
methanol/distilled water 1:3, and photographed. Commercial gelatin (CG) from pig skin was used
as control and high molecular weight marker (55–250 kDa) was migrated in the same conditions.
The molecular weight of protein bands was determined using a logarithmic regression analysis by
plotting the log of molecular weight versus relative mobility.

3.8. FTIR Spectroscopy

Gelatin samples were mixed with potassium bromide (KBr) and ground into powder. FTIR spectra
were performed in the range of wavelength between 4000 and 400 cm−1 with a resolution of 5 cm−1

using a Bruker Tensor 27 (Billerica, MA, USA) infrared spectrometer. A total of 50 scans was carried
out for each sample.

3.9. Scanning Electron Microscopy

The structural morphology of gelatins was examined by SEM. Lyophilized samples were coated
with a gold layer and visualized on TESCAN VEGA 3 LMH scanning microscope (Brno, Czech Republic)
operated at 15 kV in low vacuum mode.

3.10. Cell Viability Evaluation

In vitro experiments were performed on the spontaneously immortalized human keratinocyte
cell line HaCaT purchased from AddexBio, San Diego, CA, USA. Cells were grown in RPMI 1640
culture medium (Biochrom, Berlin, Germany) supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotics (penicillin, streptomycin, and neomycin) at 37 ◦C in a humidified atmosphere with 5% CO2.
In order to evaluate cell cytotoxicity, HaCaT cells were seeded in 96-well culture plates at a density
of 5 × 104 cells/mL and incubated for 24 h to allow cell attachment. After this period, fresh medium
containing different concentrations of ASG, PSG, and CG (0.05; 0.1; 0.25; 0.5; 0.75; 1 and 1.5 mg/mL)
were added into each well and plates were incubated in standard conditions for 24 and 48 h, respectively.
Untreated cells and cells cultivated in the presence of 100 µM H2O2 served as negative and positive
controls, respectively. Cell metabolic activity was measured using an MTT assay [47]. Briefly, MTT
working solution (0.25 mg/mL prepared in culture medium without FBS) was added to the cells and the
plates were incubated at 37 ◦C for 3 h. The insoluble formazan crystals were dissolved using isopropanol
and, after 15 min of incubation at room temperature with gentle stirring, the absorbance was read at
570 nm using a Mithras LB 940 microplate reader (Berthold Technologies, Bad Wildbad, Germany).
The recorded value directly correlates to the number of metabolically active cells. The results of the
MTT assay were calculated using the following equation: %cell viability = sample absorbance/negative
control absorbance × 100. The negative control was considered 100% viable.

3.11. Live/Dead Assay

Cell morphology was assessed by fluorescence microscopy using the Live/Dead assay kit
(Molecular Probes, Thermo Fisher Scientific, Eugene, OR, USA) according to the manufacturer’s
instructions. Briefly, after 48 h of cultivation in the presence of different gelatin samples, cells
were stained with calcein-AM (2 µM) and ethidium homodimer-1 (4 µM) at room temperature for
30 min. Fluorescent images were acquired using an Axio Observer D1 microscope and analyzed using
AxioVision 4.6 software (Carl Zeiss, Oberkochen, Germany). All images were processed using ImageJ
1.51 software (Bethesda, MD, USA) and quantitative analysis of cell density were performed counting
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calcein and ethidium homodimer-1 positive cells. The obtained values have been normalized to the
control (100% viability).

3.12. Cell Adhesion Assay

For cell adhesion assay, solutions containing 0.25 mg/mL of ASG, PSG and CG were added on
coverslips previously inserted in 24-well plates and allowed to dry at room temperature, overnight.
After evaporation, coatings were sterilized by UV irradiation for 3 h. HaCaT cells were seeded at
a density of 1 × 105 cells/mL on coverslips coated with gelatin solution. Coverslips without gelatin
coatings were used as control. After 24 h of incubation at 37 ◦C in a humidified atmosphere with
5% CO2, the culture medium was discarded, and cells were washed with PBS and fixed with 4%
formaldehyde. Cells were permeated with 0.1% Triton X-100 solution at room temperature for 10
min and stained with phalloidin TRITC (50 µg/mL) for 40 min and then with DAPI (1 µg/mL) for 10
min. Fluorescent images were acquired using an Axio Observer D1 microscope and analyzed using
AxioVision 4.6 software (Carl Zeiss, Oberkochen, Germany). All images were processed using ImageJ
1.51 software (Bethesda, MD, USA).

3.13. Irritant Potential Test

In order to assess the irritant potential of gelatins, HaCaT cells were seeded in 24-well culture
plates at a density of 1 × 105 cells/mL and cultivated in RPMI 1640 medium supplemented with 10%
FBS. After 24 h, gelatin samples (0.1; 0.25; 0.5, and 0.75 mg/mL), negative control (cells grown in culture
medium) and positive control (cells treated with 0.1% SDS) were added to the cells and incubated in
standard conditions for 18 h. The culture medium was collected and used for cytokine analysis. Levels
of IL-6, IL-1α, and TNF-α proinflammatory cytokines were determined using commercial ELISA kits,
according to the manufacturer’s instructions (Invitrogen, Thermo Fisher Scientific, Vienna, Austria).
The absorbance was recorded at 450 nm using a microplate reader Tecan Sunrise (Tecan, Grodig,
Austria).

3.14. Statistical Analysis

All experiments were performed in triplicate, and the data are presented as mean ± standard
deviation (SD). Statistical analysis was performed using Student t-test. A value of p < 0.05 was
considered to be significant.

4. Conclusions

Gelatin was isolated for the first time from the marine snail R. venosa using acidic and enzymatic
methods. The samples presented comparable values to commercial gelatin, in terms of protein,
hydroxyproline content, and melting temperature. The structural features highlighted by FTIR spectra
were slightly different for all tested gelatins. The electrophoretic profile showed a high degree of
hydrolysis and peptides with low molecular weight for the enzymatic gelatin compared to acidic gelatin.
Regarding the in vitro tests, gelatin obtained by chemical treatment showed a better cytocompatibility
compared to the enzymatic extracted gelatin, with no signs of cytotoxicity and irritant potential.
In addition, both marine gelatins promoted cell proliferation and cell-induced adhesion capacity when
compared to mammalian gelatin. Overall, our results suggested that R. venosa marine snail could be
a valuable alternative and safe source of gelatin, useful as an additive in biomedical and pharmaceutical
skincare products.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/10/589/s1,
Figure S1: Thermal melting curves of ASG and PSG from R. venosa and CG from pig skin.
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Abstract: This study explores the in vitro anti-proliferative mechanism between Nereis Active
Protease (NAP) and human lung cancer H1299 cells. Colony formation and migration of cells were
significantly lowered, following NAP treatment. Flow cytometry results suggested that NAP-induced
growth inhibition of H1299 cells is linked to apoptosis, and that NAP can arrest the cells at the G0/G1
phase. The ERK/MAPK and PI3K/AKT/mTOR pathways were selected for their RNA transcripts,
and their roles in the anti-proliferative mechanism of NAP were studied using Western blots. Our
results suggested that NAP led to the downregulation of p-ERK (Thr 202/Tyr 204), p-AKT (Ser 473),
p-PI3K (p85), and p-mTOR (Ser 2448), suggesting that NAP-induced H1299 cell apoptosis occurs
via the PI3K/AKT/mTOR pathway. Furthermore, specific inhibitors LY294002 and PD98059 were
used to inhibit these two pathways. The effect of NAP on the downregulation of p-ERK and p-AKT
was enhanced by the LY294002 (a PI3K inhibitor), while the inhibitor PD98059 had no obvious effect.
Overall, the results suggested that NAP exhibits antiproliferative activity by inducing apoptosis,
through the inhibition of the PI3K/AKT/mTOR pathway.

Keywords: lung cancer; nereis active protease; H1299 cells; PI3K/AKT/mTOR pathway

1. Introduction

Lung cancer is a highly malignant form of cancer that has some of the highest rates of morbidity
and mortality worldwide [1,2]. Lung cancers caused the highest incidence of malignant tumors
and led to 380,800 human deaths in Europe in 2018 [3]. Most lung cancer patients are in advanced
stages at the time of diagnosis, which cannot be cured using surgery [4]. Currently, targeted drugs,
such as tyrosine kinase inhibitors and immune checkpoint inhibitors, are used to treat cancers [5,6].
The advantage of targeted drugs is that they work primarily on cancer cells and have fewer side
effects than chemotherapeutics. On the other hand, different cancer types exhibit different pathogenic
behavior, and heterogeneity exists among cancer cells of the same type, so one targeted drug might
be effective for one patient, but not for others [5,6]. Chemical drugs, such as cisplatin, carboplatin,
and etoposide, are often used to treat advanced-stage lung cancers [7,8]. However, these drugs
generally lead to cytotoxicity and side effects that limit their use as clinical treatments [9,10]. Therefore,
improvements in the efficiency and toxicity profiles of anticancer drugs, are necessary for improving
cancer treatments, which might be achievable through the use of natural products.

The earth’s surface is covered by 70% ocean; this is a unique environment that is a resource for
new drug discovery [11,12]. In recent years, the research on marine organisms has expanded, and
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numerous substances with anti-cancer activities have been found [13]. Nereis succinea, for example, has
been used to extract an abundance of materials for pharmacological research [14–16]. In addition, a
decapeptide from Perinereies aibuhitensis was shown to exhibit anti-proliferative activity on human
lung cancer H1299 cells [14]. Ge et al. [15] also found that a serine protease from Neanthes japonica

exhibits anti-cancer activity toward leukemia cells. In our previous study, a serine protease from
Nereis virens (Nereis Active Protease (NAP)) exhibited anti-proliferative activity toward human lung
cancer cells, including A549, 95C, SPC-A-1, and H1299 cells [16], however, the mechanism underlying
this remains unclear.

The PI3K/AKT/mTOR and ERK/MAPK pathways are often used to elucidate anti-tumor
mechanisms [17–21]. The PI3K/AKT/mTOR pathway plays an important role in pathological processes,
including cell differentiation, survival, and proliferation. Therefore, this pathway is considered as a
major regulator of cancer progression [17]. Continuous activation of this pathway causes continuous
cell growth that can lead to the evolution of cancer cells [9,18,22]. Since this is a gradual process,
pan PI3K blockers, subtype-specific PI3K blockers, PI3K/mTOR double blockers, AKT blockers, and
mTOR blockers have been developed to counteract the pathway’s influence on cancer formation [19].
In addition, the PI3K/AKT/mTOR pathway is connected to the ERK/MAPK pathway [20]. The activation
of ERK is related to the continual growth of cells and affects the signal pathways related to cell
proliferation. Previous studies suggest that apoptosis might be associated with the inhibition of the
ERK/MAPK pathway [21,23,24]. Consequently, proteins in the PI3K/AKT/mTOR and ERK/MAPK
signaling pathways could be good targets for cancer therapy.

As the NAP exhibited the strongest anti-proliferative activity toward H1299 cells, in this study,
transcriptome sequencing was first used to identify the significant signal pathways related to the
treatment of H1299 cells with N. virens NAP. Furthermore, the PI3K/AKT/mTOR and ERK/MAPK
pathways were chosen to explore the anti-proliferative mechanism of NAP on H1299 cells. This research
indicated that NAP inhibits H1299 cell proliferation via the PI3K/AKT/mTOR pathway. Therefore,
NAP from N. virens demonstrates a strong potential as an anti-lung cancer drug candidate.

2. Results and Discussion

2.1. NAP Inhibits the Growth and Migration of H1299 Cells

Malignant cell proliferation is an uncontrolled process that increases the risk of carcinogenic
factors that facilitate the dispersion and migration of cancer cells [25]. The inhibition of cancer cell
growth and migration are effective ways to control tumor development [25]. In this work, the influence
of NAP on the proliferation of individual H1299 cells was studied using a colony formation assay.
The results indicated that the colony formation rate of H1299 cells significantly decreased after the
NAP treatment (Figure 1A,B). The results were consistent with our previous studies [16], indicating
that NAP could significantly inhibit the growth and proliferation of H1299 cells. Furthermore, a scratch
wound assay was used to investigate the influence of NAP on the migrative ability of H1299 cells.
Results revealed that NAP could inhibit wound healing through the inhibition of H1299 cell migration,
after 24 h of treatment (Figure 1C,D). A similar phenomenon was reported by Song et al. [26], who
found that a serine protease (Trichosanthes kirilowii) inhibited the proliferation of colorectal cancer cells.
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Figure 1. Nereis Active Protease (NAP)-based inhibition of the growth and migration of H1299 cells.
(A) H1299 cells were treated with NAP (0, 30, 40, and 50 µg/mL) for 24 h and then cultured in RPMI-1640
complete culture medium for 12 days, to investigate the ability of single cells to form colonies through
a colony formation assay. Magnification: 100 ×. (B) Colony formation rate of H1299 cells. (C) H1299
cells were treated with NAP (0, 30, 40, and 50 µg/mL) for 24 h and photographed under a microscope at
0, 6, 12, and 24 h. Magnification: 100 ×. (D) Wound healing rates after treatment of H1299 cells with
NAP for one day. Significant results: * p ≤ 0.05; ** p ≤ 0.01 vs the blank group (0 µg/mL NAP).

2.2. NAP-Induced G0/G1 Phase Block in H1299 Cells

In the process of normal cell growth and proliferation, the cell cycle is divided into G0/G1, S and
G2/M stages. G1 to S is a particularly important stage in the cell cycle [27]. During the period of
complex and active molecular level changes, DNA replication is regulated by cyclin-dependent kinases
(CDK), and cyclin D, and cyclin E proteins, which are easily affected by environmental conditions [28].
The regulation of G1 to S is thought to be of great significance for controlling the growth of tumors [29].

Flow cytometry was applied for subsequent investigation of the influence of NAP on the cell cycle.
The percentages of cells blocked by NAP (0, 30, 40 and 50 µg/mL) at the G0/G1 phase were 60.7% ± 1.8,
68.9 ± 2.1%, 72.0 ± 1.9%, and 74.3 ± 1.5%, respectively (Figure 2A,B). In addition, the expression levels
of CDK4, cyclin E1 and cyclin D1 proteins in the G0/G1 phase were examined [30,31]. Western blot
results showed that CDK4, cyclin E1, and cyclin D1 proteins were down-regulated, indicating that
NAP could have induced apoptosis by blocking the G0/G1 phase in H1299 cells (Figure 2C,D). These
results were supported by results from Han et al. [30] who found that 8-Cetylcoptisine blocked A549
cells in the G0/G1 phase, and Zhang et al. [32] who demonstrated that the up-regulation of MiR-101-3p
could significantly reduce the viability of H1299 cells and that MiR-101-3p up-regulation could block
the cell cycle in the G0/G1 phase of H1299 cells.
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Figure 2. Flow cytometry of the cell cycle phase distribution reveals a NAP-induced G0/G1 stage block
in H1299 cells. (A) Percentage of H1299 cells at each phase A1—control group; A2—30 µM NAP-treated
group; A3—40 µg/mL NAP-treated group, and A4—50 µg/mL NAP-treated group. (B) Percentage of
NAP-treated H1299 cells at the three stages of the cell cycle. (C) Western blot measurements of the
cyclin-related proteins. (D) Ratio of CDK 4/β-actin, cyclin D1/β-actin, and cyclin E1/β-actin values.
* p ≤ 0.05, ** p ≤ 0.01 versus cells without NAP treatment.

2.3. Influence of NAP on the Transcriptome of H1299 Cells

Transcriptome sequencing is a major method used for studying gene expression. This method can
highlight significant differentially expressed genes, which can be used to determine the major signaling
pathways involved in biological processes [33]. In the process of RNA sequencing, a large concentration
of cells was required. When the concentration of NAP is more than 30 µg/mL, cells will apoptosis and
suspend in the medium. This is not conducive to collecting a large numbers of cells. Therefore, in the
present study, 30 µg/mL of NAP was chosen for the transcriptome analysis. However, mRNA from
H1299 cells with and without NAP treatment, was extracted. An mRNA library for the H1299 cells
was constructed and a paired t-test was performed on three balanced experiments, with a p-value
< 0.01 set as the significance level. Two hundred and nineteen differentially expressed genes were
detected between the NAP-treated H1299 cells and the control group (Figure 3). Logarithmic ratios
and p-values of the 219 genes were used to detect up- and down-regulated signaling pathways after the
NAP treatment. Enrichment analysis of the KEGG pathways was performed for the 219 differentially
expressed genes. Pathways with significant differences in pathway enrichment were selected for
further study.

PI3K/AKT/mTOR and ERK/MAPK pathways are often related to the growth and proliferation
of cancer cells [8,34,35]. For example, Li et al. [36] studied Tyr-Val-Pro-Gly-Pro (AAP-H), an active
peptide extracted and purified from Anthopleura anjunae, which induces apoptosis in prostate cancer
DU145 cells, via the PI3K/AKT/mTOR pathway. Liu et al. [37] demonstrated that 1, 4-naphthoquinone
induces apoptosis in lung cancer cells by activating oxygen-dependent down-regulation of the proteins
related to the MAPK cascade. Therefore, these two pathways were selected for investigation, for their
role in NAP-induced apoptosis of H1299 cells.
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Figure 3. Influence of NAP on the transcriptome of H1299 cells. (A) Heat-map for 219 significantly
different genes between the NAP-treated (NAP 1–3) and the control cells (Con 1–3). (B) Differential
genes annotated according to the gene ontology (GO) classification criteria. (C) Annotations according
to the enrichment of pathways and significant enrichment of 20 pathways.

2.4. Influence of NAP on the ERK/MAPK Pathway in H1299 Cells

Previous experiments have shown that the inhibitory activity of NAP on the H1299 cells is related
to regulation of the cell cycle and the induction of apoptosis [16]. Transcriptome sequencing results have
indicated that the PI3K/AKT/mTOR and ERK/MAPK pathways are associated with NAP’s inhibitory
effect on the H1299 cells. Johnson et al. [38] found that MAPK is closely related to the initiation of
apoptosis and cell cycle quiescence, in various tumor cell lines. Therefore, the influence of NAP on the
phosphorylation of the MAPK pathway-related kinases was investigated through Western blotting.

H1299 cells were treated with NAP and Western blots were used to visualize and measure
ERK/MAPK pathway-related proteins (Figure 4). Results indicated that NAP treatment might have
led to down-regulated p-ERK levels in H1299 cells, and the expression of p-P38 and p-MEK protein
did not change significantly, when compared to cells without NAP treatment. Importantly, by
inhibiting the activation of the PI3K/AKT/mTOR pathway, ERK phosphorylation might have been
inhibited [39]. Therefore, we speculated that NAP might inhibit ERK phosphorylation by inhibiting
the PI3K/AKT/mTOR pathway.
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Figure 4. Influence of NAP (0, 30, 40 and 50 µg/mL) on the ERK/MAPK cascade in H1299 cells.
(A) Western blot visualizations of the ERK/MAPK pathway-related proteins from the NAP-treated
H1299 cells. (B) The ratio of phosphorylated ERK (p-ERK) to ERK in the NAP-treated H1299 cells.
(C) The ratio of phosphorylated P38 (p-P38) to P38 in NAP-treated H1299 cells. (D) The ratio of
phosphorylation MEK (p-MEK) to MEK in the NAP-treated H1299 cells. * p ≤ 0.05, ** p ≤ 0.01 versus
cells without NAP treatment.

2.5. Influence of NAP on the PI3K/AKT/mTOR Pathway in H1299 Cells

The PI3K/AKT/mTOR pathway could activate or inhibit ERK, which has the same effect on cell
proliferation and apoptosis [40]. The growth, proliferation, differentiation, and death of cells are
regulated by PI3K and AKT protein kinases [41]. Research has indicated that this pathway plays a
critical role in the abnormal activation of tumor cells [42]. When PI3K is activated, AKT is activated
downstream through phosphorylation, due to the exposure of its phosphorylation site; this leads to
the downstream activation of mTOR and other proteins, which plays an anti-apoptotic role within the
cell [43,44].

To determine the effect of NAP concentrations (0, 30, 40, and 50 µg/mL) on the PI3K/AKT/mTOR
pathway, PI3K, AKT, and mTOR were chosen for study, visualized, and analyzed, using Western blots
(Figure 5). Results indicated that the NAP treatment led to the downregulation of p-mTOR, p-AKT,
and p-PI3K levels in the H1299 cells, while PI3K, AKT, and mTOR levels did not change. Therefore,
this suggests that the role of NAP in promoting apoptosis might be mediated via the inhibition of the
PI3K/AKT/mTOR pathway in H1299 cells.
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Figure 5. Influence of the NAP on PI3K/AKT/mTOR cascade pathway in H1299 cells. (A) Western
blot visualizations of PI3K/AKT/mTOR pathway-related proteins from the NAP-treated H1299 cells.
(B) The ratio of phosphorylated AKT (p-AKT) to AKT in NAP-treated H1299 cells. (C) The ratio of
phosphorylated mTOR (p-mTOR) to mTOR, in the NAP-treated H1299 cells (D) The phosphorylation
ratio of PI3K (p-PI3K) in the NAP-treated H1299 cells. * p ≤ 0.05, ** p ≤ 0.01 versus cells without
NAP treatment.

2.6. NAP-Induced H1299 Cell Apoptosis Involves the PI3K/AKT/mTOR and ERK/MAPK Pathways

A further investigation was carried out to verify if the NAP-induced apoptosis is closely associated
with the PI3K/AKT/mTOR and ERK/MAPK pathways in the H1299 cells. Cells were treated with
40 µg/mL NAP, then tested for changes in p-ERK, p-AKT, and cleaved PARP proteins, at different
times [26,36]. The results indicated that NAP treatment led to the downregulation of p-AKT and p-ERK
levels, and upregulation of the levels of cleaved-PARP (Figure 6). Importantly, the cleaved-PARP levels
began to increase with concurrent decreases in levels of phosphorylated ERK and AKT. Results indicated
that NAP could induce the apoptosis of H1299 cells via the PI3K/AKT/mTOR and ERK/MAPK pathways.

The inhibitors LY294002 and PD98059 were also applied to the cells, to inhibit these two pathways.
Their effects on the NAP-induced apoptosis were assessed by Western blot analysis. Results indicated
that treatment with LY294002 enhanced the NAP’s effects on p-ERK and p-AKT proteins, while treatment
with PD98059 did not enhance the NAP’s effects on p-ERK and p-AKT proteins (Figure 7A–C). Therefore,
our studies suggested that NAP could induce H1299 cell apoptosis by down-regulating the related
proteins in the PI3K/AKT/mTOR pathway.

179



Mar. Drugs 2019, 17, 366               

 

 

                         
        ‐     ‐                
                      ‐       ‐  
            ‐   β‐     ‐        

      ‐ β‐     ‐        ≤     ≤       
     

 
                       
‐                       ‐    

‐             ‐                
  ‐            

Figure 6. Influence of NAP on PI3K/AKT/mTOR and ERK/MAPK cascade at different time points.
(A) Expression of p-AKT, AKT, p-ERK, and cleaved PARP proteins in H1299 cells treated with NAP at
different time points. (B) The ratio of p-AKT (Ser473)/AKT in NAP-treated H1299 cells. (C) The ratio of
p-ERK (Thr202/Tyr204)/β-actin in NAP-treated H1299 cells. (D) The ratio of cleaved-PARP/β-actin in
NAP-treated H1299 cells. * p ≤ 0.05, ** p ≤ 0.01 versus cells without NAP treatment.
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Figure 7. Influence of LY294002 and PD98059 on the PI3K/AKT/mTOR and ERK/MAPK pathway-related
proteins. (A) Influence of LY294002 and PD98059 on ERK, AKT, p-ERK, and p-AKT proteins in H1299
cells. (B) p-AKT/AKT ratio expressed in H1299 cells. (C) Expression of p-ERK ratio expressed in
H1299 cells.
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3. Materials and Methods

3.1. Cell Culture

The H1299 cell lines were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai,
China). The cells were incubated in RPMI-1640 medium containing 10% FBS, 1% 100 U/mL penicillin
and streptomycin, and incubated in an incubator (Forma 3111, Thermo, Waltham, MA, USA) containing
5% CO2 at 37 ◦C.

3.2. Material Sources

NAP was purified from N. virens and stored in our laboratory [16,45]. Fetal bovine serum (FBS)
without mycoplasma, bacteriophage, and low endotoxin was purchased from Zhejiang Tianhang
Biotechnology Co., Ltd. (Hangzhou, China). Antibodies against AKT, ERK, P38, MEK, mTOR, PARP,
p-AKT, p-PI3K, p-mTOR, p-ERK, p-P38, p-MEK, cyclin B1, PARP, CDK4, and cyclin D1, were purchased
from the Cell Signaling Technology (Boston, MA, USA). A cell cycle analysis kit was obtained from
BestBio Science Co., (Shanghai, China).

3.3. Clonogenic Survival Assay

A clonogenic survival assay was applied for detecting single-cell survival, after treatment with
NAP [46]. For adherent cells, 500 single cell suspensions of H1299 cells were inoculated into 6-well
plates. After adherence, NAP (0, 30, 40, and 50 µg/mL) was added and removed after 24 h. Cells were
then cultured in RPMI-1640 complete medium for 12 days, and the medium was washed over with
PBS. Poly-formaldehyde liquid (4%) was applied for approximately 15 min to fix the cells, and the cells
were then stained with 1% crystal violet for 15 min at 25 ◦C. The 6-well plates were rinsed gently with
water and the number of clones (more than 50 cells) were determined using a microscope (OLYMPUS,
Tokyo, Japan). Clone formation rate = (colonies/seed cells) × 100%.

3.4. Cell Migration (Scratch Wound) Assay

The migration of cells after the NAP-treatment was tested by wound scratch assay [47]. H1299
cells were inoculated in a 6-well culture plate and the appropriate medium was added until the cells
covered 80% of the plate’s surface, then, the cells were scraped to form a “wound” with a sterilized
pipette tip. The 6-well plates were then washed twice with PBS, and photographed at 0, 6, 12, and
24 h, respectively. Finally, Image J software (NIH, Bethesda, MD, USA) was used to calculate the
wound area.

Relative mobility (%) =

(

Wound area(0 h) − Wound area(24 h)

)

Wound area(0 h)
× 100

3.5. Cell Cycle Experiment

A cell cycle arrest test was used to determine the proportion of cells in different cell cycle phases
after treatment with NAP [48]. Cells were inoculated in 6-well culture plates, and incubated until the
cells covered 70% of the plate’s surface. Then, the cells were treated with NAP (0, 30, 40, and 50 µg/mL)
for 24 h, respectively. The steps for cell cycle arrest tests were in accordance with the method described
by Li et al. [36]. Finally, flow cytometry was used to detect the cell cycle phase.

3.6. RNA Extraction and Integrity Test

H1299 cells in the log-phase growth were digested and dispersed to form single cells using trypsin,
then incubated in an incubator for 24 h, treated with 0 µg/mL (blank control group), and 30 µg/mL
NAP (medication group), for 24 h, and washed with PBS. The cells were lysed in 1 mL trizol solution to
extract the total RNA. Transcriptome sequencing was performed by Sangon Biotech (Shanghai, China).
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3.7. Western Blotting

The steps of Western blotting were in accordance with a method described by Li et al. [36].
A total of 40 µg of the samples were used for detection, in this study. Western blot membranes were
probed with an enhanced chemiluminescence antibody and the images were obtained using an Alpha
FluorChem FC3 imaging system (ProteinSimple, San Jose, CA, USA). The level of protein expression
was quantified using Image J software. β-actin was used as the control.

3.8. Statistical Analysis

SPSS 19.0 software was used to conduct one-way ANOVA on the data; the results represent the
mean with the standard deviation (n = 3). A p-value of ≤ 0.05 was considered to show a statistically
significant difference between the two groups.

4. Conclusions

This research showed that NAP from N. virens exhibits strong anti-proliferative activity through
the inhibition of proliferation and migration, and by blocking H1299 cells in the G0/G1 phase. Further
studies showed that NAP exhibits anti-proliferative activity against human lung cancer H1299 cells, by
inhibiting the PI3K/AKT/mTOR pathway. Therefore, NAP shows promising results that highlight its
potential for treating lung cancer in the future.

Author Contributions: Y.T. and G.D. conceived and designed the experiments. Y.C., Y.T. (Yanhua Tang), and Z.Y.
performed the statistical analysis of the data. Y.C. and Y.T. wrote the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of China (grant No.
81773629 and No. 41806153).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mohandas, K.M. Colorectal cancer in India: Controversies, enigmas and primary prevention.
Indian J. Gastroenterol. 2011, 30, 3–6. [CrossRef] [PubMed]

2. Liu, Z.; Zheng, Q.; Chen, W.; Man, S.; Teng, Y.; Meng, X.; Zhang, Y.; Yu, P.; Gao, W. Paris saponin I inhibits
proliferation and promotes apoptosis through down-regulating AKT activity in human non-small-cell
lung cancer cells and inhibiting ERK expression in human small-cell lung cancer cells. RSC Adv. 2016, 6,
70816–70824. [CrossRef]

3. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Dyba, T.; Randi, G.; Bettio, M.; Gavin, A.; Visser, O.; Bray, F.
Cancer incidence and mortality patterns in Europe: Estimates for 40 countries and 25 major cancers in 2018.
Eur. J. Cancer 2018, 103, 356–387. [CrossRef] [PubMed]

4. Sarris, E.; Saif, M.; Syrigos, K. The biological role of PI3K pathway in lung cancer. Pharmaceuticals 2012, 5,
1236–1264. [CrossRef] [PubMed]

5. Wu, P.; Nielsen, T.E.; Clausen, M.H. FDA-approved small-molecule kinase inhibitors, trends pharmacol.
Sciences 2015, 36, 422–439.

6. Brahmer, J.R.; Tykodi, S.S.; Chow, L.Q.M.; Hwu, W.-J.; Topalian, S.L.; Hwu, P.; Drake, C.G.; Camacho, L.H.;
Kauh, J.; Odunsi, K.; et al. Safety and activity of anti-PD-L1 antibody in patients with advanced cancer.
N. Engl. J. Med. 2012, 366, 2455–2465. [CrossRef]

7. Chapman, C.J.; Thorpe, A.J.; Murray, A.; Parsy-Kowalska, C.B.; Allen, J.; Stafford, K.M.; Chauhan, A.S.;
Kite, T.A.; Maddison, P.; Robertson, J.F. Immunobiomarkers in small cell lung cancer: Potential early cancer
signals. Clin. Cancer Res. 2011, 17, 1474–1480. [CrossRef]

8. Demedts, I.K.; Vermaelen, K.Y.; van Meerbeeck, J.P. Treatment of extensive-stage small cell lung carcinoma:
Current status and future prospects. Eur. Respir. J. 2010, 35, 202–215. [CrossRef]

9. Taddia, L.; D’Arca, D.; Ferrari, S.; Marraccini, C.; Severi, L.; Ponterini, G.; Assaraf, Y.G.; Marverti, G.;
Costi, M.P. Inside the biochemical pathways of thymidylate synthase perturbed by anticancer drugs: Novel
strategies to overcome cancer chemoresistance. Drug Resist. Updates 2015, 23, 20–54. [CrossRef]

182



Mar. Drugs 2019, 17, 366

10. Memmott, R.M.; Dennis, P.A. The role of the Akt/mTOR pathway in tobacco carcinogen-induced lung
tumorigenesis. Clin. Cancer Res. 2010, 16, 4–10. [CrossRef]

11. Kiuru, P.; D’Auria, M.V.; Muller, C.D.; Tammela, P.; Vuorela, H.; Yli-Kauhaluoma, J. Exploring marine
resources for bioactive compounds. Planta Med. 2014, 80, 1234–1246. [CrossRef] [PubMed]

12. Simmons, T.L.; Andrianasolo, E.; McPhail, K.; Flatt, P.; Gerwick, W.H. Marine natural products as anticancer
drugs. Mol. Cancer Ther. 2005, 4, 333–342. [PubMed]

13. Wu, Z.Z.; Ding, G.F.; Huang, F.F.; Yang, Z.S.; Yu, F.M.; Tang, Y.P.; Jia, Y.L.; Zheng, Y.Y.; Chen, R. Anticancer
activity of anthopleura anjunae oligopeptides in prostate cancer DU-145 cells. Mar. Drugs 2018, 16, 125.
[CrossRef] [PubMed]

14. Jiang, S.; Jia, Y.; Tang, Y.; Zheng, D.; Han, X.; Yu, F.; Chen, Y.; Huang, F.; Yang, Z.; Ding, G. Anti-proliferation
activity of a decapeptide from perinereies aibuhitensis toward human lung cancer H1299 cells. Mar. Drugs

2019, 17, 122. [CrossRef] [PubMed]
15. Ge, X.; Bo, Q.; Hong, X.; Cui, J.; Jiang, X.; Hong, M.; Liu, J. A novel acidic serine protease, ASPNJ inhibits

proliferation, induces apoptosis and enhances chemo-susceptibility of acute promyelocytic leukemia cell.
Leuk. Res. 2013, 37, 1697–1703. [CrossRef] [PubMed]

16. Tang, Y.; Yu, F.; Zhang, G.; Yang, Z.; Huang, F.; Ding, G. A Purified serine protease from nereis virens and its
impaction of apoptosis on human lung cancer cells. Molecules 2017, 22, 1123. [CrossRef] [PubMed]

17. Zhao, R.; Chen, M.; Jiang, Z.; Zhao, F.; Xi, B.; Zhang, X.; Fu, H.; Zhou, K. Platycodin-D induced autophagy
in non-small cell lung cancer cells via PI3K/Akt/mTOR and MAPK signaling pathways. J. Cancer 2015, 6,
623–631. [CrossRef]

18. Li, X.; Wu, C.; Chen, N.; Gu, H.; Yen, A.; Cao, L.; Wang, E.; Wang, L. PI3K/Akt/mTOR signaling pathway and
targeted therapy for glioblastoma. Oncotarget 2016, 7, 33440–33450. [CrossRef]

19. O’Donnell, J.S.; Massi, D.; Teng, M.; Mandala, M. PI3K-AKT-mTOR inhibition in cancer immunotherapy,
redux. Semin. Cancer Biol. 2018, 48, 91–103. [CrossRef]

20. Fruman, D.A.; Rommel, C. PI3K and cancer: Lessons, challenges and opportunities. Nat. Rev. Drug Discov.

2014, 13, 140–156. [CrossRef]
21. Nagata, Y.; Todokoro, K. Requirement of activation of JNK and p38 for environmental stress-induced

erythroid differentiation and apoptosis and of inhibition of ERK for apoptosis. Blood 1999, 94, 853–863.
[PubMed]

22. Juric, D.; Krop, I.; Ramanathan, R.K.; Wilson, T.R.; Ware, J.A.; Sanabria Bohorquez, S.M.; Savage, H.M.;
Sampath, D.; Salphati, L.; Lin, R.S. Phase I dose-escalation study of taselisib, an oral PI3K inhibitor, in patients
with advanced solid tumors. Cancer Discov. 2017, 7, 704–715. [CrossRef] [PubMed]

23. Koo, H.M.; VanBrocklin, M.; McWilliams, M.J.; Leppla, S.H.; Duesbery, N.S.; Vande Woude, G.F. Apoptosis and
melanogenesis in human melanoma cells induced by anthrax lethal factor inactivation of mitogen-activated
protein kinase kinase. Proc. Natl. Acad. Sci. USA 2002, 99, 3052–3057. [CrossRef] [PubMed]

24. Jan, M.S.; Liu, H.S.; Lin, Y.S. Bad overexpression sensitizes NIH/3T3 cells to undergo apoptosis which
involves caspase activation and ERK inactivation. Biochem. Biophys. Res. Commun. 1999, 264, 724–729.
[CrossRef] [PubMed]

25. Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the warburg effect: The metabolic
requirements of cell proliferation. Science 2009, 324, 1029–1033. [CrossRef] [PubMed]

26. Song, L.; Chang, J.; Li, Z. A serine protease extracted from trichosanthes kirilowii induces apoptosis via the
PI3K/AKT-mediated mitochondrial pathway in human colorectal adenocarcinoma cells. Food Funct. 2016, 7,
843–854. [CrossRef]

27. Chang, F.; Lee, J.T.; Navolanic, P.M.; Steelman, L.S.; Shelton, J.G.; Blalock, W.L.; Franklin, R.A.; McCubrey, J.A.
Involvement of PI3K/Akt pathway in cell cycle progression, apoptosis, and neoplastic transformation: A
target for cancer chemotherapy. Leukemia 2003, 17, 590–603. [CrossRef]

28. Vermeulen, K.; Bockstaele DR, V.; Berneman, Z.N. The cell cycle: A review of regulation, deregulation and
therapeutic targets in cancer. Cell Prolif. 2003, 36, 131–149. [CrossRef]

29. Bertoli, C.; Skotheim, J.M.; de Bruin, R.A. Control of cell cycle transcription during G1 and S phases. Nat. Rev.

Mol. Cell Biol. 2013, 14, 518–528. [CrossRef]
30. Han, B.; Jiang, P.; Xu, H.; Liu, W.; Zhang, J.; Wu, S.; Liu, L.; Ma, W.; Li, X.; Ye, X. 8-Cetylcoptisine, a new

coptisine derivative, induces mitochondria-dependent apoptosis and G0/G1 cell cycle arrest in human
A549cells. Chem. Biol. Interact. 2019, 299, 27–36. [CrossRef]

183



Mar. Drugs 2019, 17, 366

31. Sun, P.; Wu, H.; Huang, J.; Xu, Y.; Yang, F.; Zhang, Q.; Xu, X. Porcine epidemic diarrhea virus through
p53-dependent pathway causes cell cycle arrest in the G0/G1 phase. Virus Res. 2018, 253, 1–11. [CrossRef]
[PubMed]

32. Zhang, X.; He, X.; Liu, Y.; Zhang, H.; Chen, H.; Guo, S.; Liang, Y. MiR-101-3p inhibits the growth and
metastasis of non-small cell lung cancer through blocking PI3K/AKT signal pathway by targeting MALAT-1.
J. Hematol. Oncol. 2017, 93, 1065–1073. [CrossRef] [PubMed]

33. Kanehisa, M.; Araki, M.; Goto, S.; Hattori, M.; Hirakawa, M.; Itoh, M.; Katayama, T.; Kawashima, S.;
Okuda, S.; Tokimatsu, T.; et al. KEGG for linking genomes to life and the environment. Nucleic Acids Res.

2008, 36, 480–484. [CrossRef] [PubMed]
34. Morgensztern, D.; Mcleod, H. PI3K/Akt/mTOR pathway as a target for cancer therapy. J. Anticancer Drugs.

2005, 16, 797–803. [CrossRef]
35. Chang, L.; Graham, P.H.; Ni, J.; Hao, J.; Bucci, J.; Cozzi, P.J.; Li, Y. Targeting PI3K/Akt/mTOR signaling

pathway in the treatment of prostate cancer radioresistance. J. Crit. Rev. Oncol. Hematol. 2015, 96, 507–517.
[CrossRef] [PubMed]

36. Li, X.; Tang, Y.; Yu, F.; Sun, Y.; Huang, F.; Chen, Y.; Yang, Z.; Ding, G. Inhibition of prostate cancer DU-145
cells proliferation by anthopleura anjunae oligopeptide (YVPGP) via PI3K/AKT/mTOR signaling pathway.
Mar. Drugs 2018, 16, 325. [CrossRef] [PubMed]

37. Liu, C.; Shen, G.N.; Luo, Y.H.; Piao, X.J.; Jiang, X.Y.; Meng, L.Q.; Wang, Y.; Zhang, Y.; Wang, J.R.; Wang, H.; et al.
Novel 1,4-naphthoquinone derivatives induce apoptosis via ROS-mediated p38/MAPK, akt and STAT3
signaling in human hepatoma Hep3B cells. Int. J. Biochem. Cell Biol. 2018, 96, 9–19. [CrossRef]

38. Johnson, G.L.; Vaillancourt, R.R. Sequential protein kinase reactions controlling cell growth and differentiation.
Curr. Opin. Cell Biol. 1994, 6, 230–238. [CrossRef]

39. Kiyatkin, A.; Aksamitiene, E.; Markevich, N.I.; Borisov, N.M.; Hoek, J.B.; Kholodenko, B.N. Scaffolding
protein Grb2-associated binder 1 sustains epidermal growth factor-induced mitogenic and survival signaling
by multiple positive feedback loops. J. Biol. Chem. 2006, 281, 19925–19938. [CrossRef]

40. Will, M.; Qin, A.C.; Toy, W.; Yao, Z.; Rodrik-Outmezguine, V.; Schneider, C.; Huang, X.; Monian, P.; Jiang, X.;
de Stanchina, E.; et al. Rapid induction of apoptosis by PI3K inhibitors is dependent upon their transient
inhibition of RAS-ERK signaling. Cancer Discov. 2014, 4, 334–347. [CrossRef]

41. Hollander, M.C.; Blumenthal, G.M.; Dennis, P.A. PTEN loss in the continuum of common cancers, rare
syndromes and mouse models. Nat. Rev. Cancer 2011, 11, 289–301. [CrossRef] [PubMed]

42. Bader, A.G.; Kang, S.; Zhao, L.; Vogt, P.K. Oncogenic PI3K deregulates transcription and translation.
Nat. Rev. Cancer 2005, 5, 921–929. [CrossRef] [PubMed]

43. Riquelme, I.; Tapia, O.; Espinoza, J.A.; Leal, P.; Buchegger, K.; Sandoval, A.; Bizama, C.; Araya, J.C.; Peek, R.M.;
Roa, J.C. The gene expression status of the PI3K/AKT/mTOR pathway in gastric cancer tissues and cell lines.
Pathol. Oncol. Res. 2016, 22, 797–805. [CrossRef] [PubMed]

44. Liu, P.; Cheng, H.; Roberts, T.M.; Zhao, J.J. Targeting the phosphoinositide 3-kinase pathway in cancer.
Nat. Rev. Drug Discov. 2009, 8, 627–644. [CrossRef] [PubMed]

45. Zhang, Y.; Cui, J.; Zhang, R.; Wang, Y.; Hong, M. A novel fibrinolytic serine protease from the polychaete
Nereis (Neanthes) virens (Sars): Purification and characterization. Biochimie 2007, 89, 93–103. [CrossRef]
[PubMed]

46. Komina, O.; Wesierska-Gadek, J. Action of resveratrol alone or in combination with roscovitine, a CDK
inhibitor, on cell cycle progression in human HL-60 leukemia cells. Biochem. Pharmacol. 2008, 76, 1554–1562.
[CrossRef] [PubMed]

47. Lin, X.; Chen, Y.; Jin, H.; Zhao, Q.; Liu, C.; Li, R.; Yu, F.; Chen, Y.; Huang, F.; Yang, Z.; et al. Collagen extracted
from bigeye tuna (Thunnus obesus) skin by isoelectric precipitation: Physicochemical properties, proliferation,
and migration activities. Mar. Drugs 2019, 17, 261. [CrossRef] [PubMed]

48. Chen, J. The cell-cycle arrest and apoptotic functions of p53 in tumor initiation and progression. Cold Spring

Harb. Perspect. Med. 2016, 6, a026104. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

184



marine drugs 

Article

Enantioselective Hydrolysis of Styrene Oxide and
Benzyl Glycidyl Ether by a Variant of Epoxide
Hydrolase from Agromyces mediolanus

Huoxi Jin 1,*, Yan Li 1, Qianwei Zhang 1, Saijun Lin 2, Zuisu Yang 1 and Guofang Ding 1

1 Zhejiang Provincial Engineering Technology Research Center of Marine Biomedical Products, School of Food
and Pharmacy, Zhejiang Ocean University, Zhoushan 316022, China; m18625623399@163.com (Y.L.);
zjouzqw@163.com (Q.Z.); abc1967@126.com (Z.Y.); dinggf2007@163.com (G.D.)

2 Hangzhou Institute for Food and Drug Control, Hangzhou 310019, China; saijunlin@126.com
* Correspondence: jinhuoxi@zjou.edu.cn; Tel.: +86-580-2552-395

Received: 14 May 2019; Accepted: 19 June 2019; Published: 20 June 2019
����������
�������

Abstract: Enantiopure epoxides are versatile synthetic intermediates for producing optically active
pharmaceuticals. In an effort to provide more options for the preparation of enantiopure epoxides, a
variant of the epoxide hydrolase (vEH-Am) gene from a marine microorganism Agromyces mediolanus

was synthesized and expressed in Escherichia coli. Recombiant vEH-Am displayed a molecular weight
of 43 kDa and showed high stability with a half-life of 51.1 h at 30 ◦C. The purified vEH-Am exhibited
high enantioselectivity towards styrene oxide (SO) and benzyl glycidyl ether (BGE). The vEH-Am
preferentially converted (S)-SO, leaving (R)-SO with the enantiomeric excess (ee) >99%. However,
(R)-BGE was preferentially hydrolyzed by vEH-Am, resulting in (S)-BGE with >99% ee. To investigate
the origin of regioselectivity, the interactions between vEH-Am and enantiomers of SO and BGE were
analyzed by molecular docking simulation. In addition, it was observed that the yields of (R)-SO and
(S)-BGE decreased with the increase of substrate concentrations. The yield of (R)-SO was significantly
increased by adding 2% (v/v) Tween-20 or intermittent supplementation of the substrate. To our
knowledge, vEH-Am displayed the highest enantioselectivity for the kinetic resolution of racemic
BGE among the known EHs, suggesting promising applications of vEH-Am in the preparation of
optically active BGE.

Keywords: benzyl glycidyl ether; epoxide hydrolase; enantioselective; marine microorganism

1. Introduction

Because of significant differences in the pharmacological activities, metabolic processes, and
toxicity of enantiomers in the human body, one isomer of chiral drugs may be effective while another
may be ineffective or even harmful. Chiral drugs with high enantiopurity can not only improve the
specificity of the drug by eliminating side effects caused by ineffective enantiomers but also reduce the
amount of the drug needed to be taken by the patient. Due to these motivations, chiral drugs have
become one of the main focuses of international drug research.

Chiral synthons play a key role in preparing chiral pharmaceuticals. As one of the important
chiral synthons, chiral epoxides have been widely used to produce many chiral drugs due to their
versatile reactivity. For example, chiral styrene oxide (SO) was an important chiral intermediate for the
production of nematocide, levamisole, and hyperolactone C [1–3]. Chiral benzyl glycidyl ether (BGE)
can be used for the synthesis of (+)-cryptocarya diacetate and synargentoide A, which have been found
to show anti-tumor activity and have been used in the treatment of cancer pulmonary diseases [4,5].

One alternative method for preparing chiral epoxides is the enantioselective hydrolysis of racemic
epoxides using epoxide hydrolase (EH, EC 3.3.2.3), which have been discovered in and cloned from
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many organisms such as plants, mammals, insects, bacteria, fungi, and yeasts [6–8]. To date, several
EHs have been used to prepare chiral SO, but the enantiomeric excess (ee) or yields are always low.
For example, the (R)-SO was obtained with an ee value of 91.6% and yield of 33.4% by using EH
from Vigna radiata [9]. EH from Gordonia sp. H37 preferentially hydrolyzed (R)-SO, resulting in the
preparation of an (S)-SO with ee > 99% and yield of 19.6% at 4 mM substrate concentration [10]. In
addition, only a few EHs have been shown to be stereoselective for BGE. For example, EH from bacillus

alcalophilus was used to provide (S)-benzyl glycidyl ether, but the ee value was only 30% [11]. EH from
Talaromyces flavus resolved racemic BGE with moderate ee (< 98%) and selectivities (E < 15) [4]. The EH
from Aspergillus niger M200 and its variants showed very low enantioselectivity (E < 5) for substrate
BGE [12]. The limited number of EHs with high enantioselectivity for certain substrates demands
studies that explore new EHs.

The ocean is rich in marine organisms that often have special metabolites and biosynthetic
pathways because of their dramatically different environments. This poses potentially promising
methods to screen highly for stereoselective EH from marine organisms. However, only a few EHs from
marine organisms have been reported. To date, the EHs from marine microorganisms Erythrobacter

litoralis HTCC2594, Rhodobacterales bacterium HTCC2654, Erythrobacter sp. JCS358, Aspergillus sydowii,
and Trichoderma sp have been reported to produce chiral epoxides such glycidyl phenyl ether (GPE)
and SO [13–16]. Xue et al. isolated a new marine microorganism Agromyces mediolanus from the
coastal wetlands of Yancheng city, and found EH activity for epichlorohydrin (ECH), SO, and
BGE [17]. However, the wild-type EH exhibited moderate enantioselectivity with only a 21.5% yield
of (S)-ECH. Therefore, the author focused on improving enantioselectivity by site-saturation and
site-directed mutagenesis of positions Ser207, Asn240 and Trp182 based on homologous modelling of
the wild-type EH. Consequently, the variant (W182F/S207V/N240D) of this EH (vEH-Am) was found to
enantioselectively hydrolyze racemic ECH with>99% ee and a 45.8% yield of (S)-ECH [18]. However, its
application in the kinetic resolution of SO and BGE has still not been described. In general, the enzyme
could exhibit different catalytic properties for different substrates because of the substrate specificity.

Due to the need for more information about the catalytic properties of vEH-Am for substrates SO
and BGE, we synthesized the gene of vEH-Am and expressed it in Escherichia coli in the present study.
The recombinant vEH-Am was used in the preparation of chiral SO and BGE (Scheme 1). We also
focused on improving the yield of (R)-SO and (S)-BGE by adding surfactant or intermittent feeding of
the substrate.

Scheme 1. Kinetic resolution of racemic styrene oxide (SO) and benzyl glycidyl ether (BGE) by a variant
of the epoxide hydrolase gene from Agromyces mediolanus (vEH-Am).

2. Results and Discussion

2.1. Purification of the Recombinant vEH-Am

The recombinant E. coli BL21(DE3)/pET28a-vEH-Am was successfully constructed. After induction
by 0.2 mM isopropyl β-D-thiogalactoside (IPTG), the expression of the recombinant vEH-Am was
purified by His-tag affinity chromatography. The result of SDS-PAGE (Figure 1) showed a clear band
with a molecular mass of approximately 43 kD in lane 2, which was consistent with the value predicted
by the amino acid sequence of vEH-Am. The highest activity of vEH-Am was obtained at a pH of
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8.0 and 35 ◦C (data not shown), which was the same as the original enzyme EH-Am [17]. This result
indicated that there was no significant effect on the optimum reaction temperature and pH of the
enzyme by the mutation treatment of W182F/S207V/N240D.

Figure 1. SDS-PAGE analysis of vEH-Am. Lane 1: cell extract; Lane 2: purified vEH-Am; Lane M:
marker proteins.

2.2. Thermal Stability of vEH-Am

Enzyme stability is a very important indicator of enzyme properties and a very important
parameter in catalytic processes. Although there are many factors affecting the stability of enzymes,
including inhibitors, pH, organic solvents, etc., temperature is one of the most important factors
affecting the stability of enzymes. To determine the thermal stability of vEH-Am, the enzyme solutions
were pre-incubated at various temperatures (30, 37, and 50 ◦C) for different times (0–8 h) and then
cooled immediately to measure the residual activity of vEH-Am at 30 ◦C. As shown in Figure 2, the
residual activity of vEH-Am was more than 98% after 1 h at 30 ◦C, while only 81% was observed at
50 ◦C. After incubation for 8 h, 90% of activity was still obtained at 30 ◦C, but only 50% at 37 ◦C and
30% at 50 ◦C. The inactivation constant and half-life of vEH-Am at each temperature were calculated
based on Equations (1) and (2). The results in Table 1 suggest that the half-life of vEH-Am is 51.1 h at
30 ◦C. As the temperature increased, the half-life decreases sharply. The half-life decreased to 8.0 h at
37 ◦C, and only 4.7 h at 50 ◦C. Therefore, although the highest activity of vEH-Am was obtained at
35 ◦C, 30 ◦C was selected as the reaction temperature for further studies in order to avoid a significant
drop in enzyme activity during the reaction process.

Figure 2. Thermal stability of vEH-Am at different temperatures. Symbols: 30 ◦C (�), 37 ◦C (•),
50 ◦C (N).
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Table 1. The inactivation constant and half-life of vEH-Am at different temperatures.

Temperature (◦C) Inactivation Constant (h−1) Half-Life (h)

30
37
50

0.014
0.087
0.15

51.1
8.0
4.7

2.3. Hydrolysis of Racemic SO and BGE by vEH-Am

Enantiomerically pure epoxides can be directly prepared by the kinetic resolution of racemic
epoxides with EH. However, the same enzyme shows different enantioselectivity for different substrates
due to the substrate specificity. Under this context, SO and BGE were used to assess the vEH-Am’s
performance and selectivity.

The time courses of the kinetic resolution of racemic SO and BGE by vEH-Am were performed
under optimal reaction conditions (pH 8.0, 30 ◦C). Figure 3A shows that the hydrolysis rate of (S)-SO is
much faster than for (R)-SO. After 10 h of reaction, (S)-SO was hydrolyzed completely, and the ee of
the remaining (R)-SO exceeded 99% with a yield of 25%. For substrate BGE, as shown in Figure 3B,
vEH-Am preferentially converted (R)-BGE, and the remaining epoxide (S)-BGE ee was >99% when
(R)-BGE was entirely consumed, leaving 34% of (S)-BGE. These results indicate that vEH-Am can
enantioselectively hydrolyze both racemic SO and BGE, but results in different enantiomers and yields.
It also seemed that BGE is more of a suitable substrate than SO for vEH-Am due to its higher activity
and enantioselectivity.

Figure 3. Time course of resolution of racemic SO (A) and BGE (B) by vEH-Am. Symbols: (R)-SO and
(S)-BGE concentration (�); (S)-SO and (R)-BGE concentration (•); ee of (R)-SO and (S)-BGE (H).

The kinetic resolution of racemic epoxides by EH was typically carried out in the aqueous medium,
as described above. However, epoxides would spontaneously hydrolyze in this reaction system,
resulting in a decrease in the yield of the optically pure epoxides. To overcome these disadvantages, the
enzymatic reactions can also be performed in the presence of surfactants. Surfactants are amphoteric
substances whose hydrophobic groups encapsulate hydrophobic substrates such as SO, reducing
the occurrence of spontaneous hydrolysis [19]. Therefore, the hydrolysis of racemic SO and BGE
by vEH-Am was investigated by adding 2% (v/v) Tween-20 to the reaction system. As shown in
Figure 4, the kinetic resolution of racemic SO was also observed in the presence of Tween-20, but the
hydrolysis rate of (R)-SO was significantly slower than that in Figure 3A (without Tween-20). After
10 h, the optically pure (R)-SO was obtained with a yield of 34%, which increased by 9 percentage
points compared to the original 25% obtained without Tween-20. However, in BGE reactions compared
to without Tween-20 (Figure 3B), the yield of (S)-BGE was not significantly improved by adding 2%
(v/v) Tween-20 (data not shown). This result was probably attributed to the fact that the BGE was still
mostly dissolved in the aqueous phase during the addition of the small amount of Tween-20.

188



Mar. Drugs 2019, 17, 367

Figure 4. Effect of the Tween-20 on resolution of racemic SO by vEH-Am. Symbols: (R)-SO concentration
(�); (S)-SO concentration (�); ee of (R)-SO (H).

Although kinetic resolution of racemic SO by EH has been reported in many papers, there are only
a few EHs that have been obtained from marine resources. EH from the marine fish (Mugil cephalus)
exhibited (R)-preferred hydrolysis activity towards racemic SO, and (S)-SO was obtained with >99% ee
and yield of 15.4% [8]. The kinetic resolution of racemic SO also was performed by EH from a marine
microorganism (Erythrobacter spp), (S)-SO with an ee > 99%, but only an 8.5% yield was obtained [14].
In our study, (R)-SO was obtained with >99% ee and 34% yield from racemic SO by using vEH-Am
from the marine microorganism Agromyces mediolanus, which was better than any previous EHs from
marine resources.

Optically pure BGE is an important precursor for the synthesis of many drugs and natural products.
However, as shown in Table 2, there are only a few studies in the literature for the preparation of chiral
BGE by EH. (R)-BGE with an ee of 96% and E value of 13 was obtained by kinetic resolution of racemic
BGE with EH from Talaromyces flavus. The EH from Yarrowia lipolytica enantioselectively hydrolyzed
the racemic BGE with 95% ee and an E value of 10.4. In addition, the EH from Bacillus alcalophilus,
Aspergillus niger, Aspergillus sydowii, Streptomyces griseus, and Trichoderma sp. were also used to produce
chiral BGE, but ee values were all very low (<60%). Of course, enzyme catalysis is affected by many
conditions, so it is possible that enzymes in Table 2 could display better performance if the conditions
were altered. The vEH-Am from Agromyces mediolanus showed the highest ee and E value for substrate
BGE in all the reported literature, suggesting the promising future of applications for vEH-Am.

Table 2. Kinetic resolution of racemic BGE with known epoxide hydrolases.

EH Source Absolute Configuration ee (%) E-Values Reference

Talaromyces flavus R 96 13 [4]
Rhodotorula glutinis R 98 6.5 [20]
Yarrowia lipolytica R 95 10.4 [21]
Aspergillus niger R <60 3 [22]

Aspergillus sydowii R <46 / [15]
Streptomyces griseus R 7 1.5 [6]

Trichoderma sp. S <60 / [15]
Bacillus alcalophilus S 30 / [11]

Agromyces mediolanus
(W182F/S207V/N240D) S >99 14.5 This study

2.4. Kinetic Study of vEH-Am

To explore the detail of the catalytic properties of vEH-Am, kinetic studies for SO and BGE were
performed using enantiopure as substrate. Kinetic parameters (Vm and Km) of vEH-Am toward
(R)-SO, (S)-SO, (R)-BGE, and (S)-BGE were measured, and the results are shown in Table 3. The Vm

and Km for the (R)-SO were 15.9 µmol·min−1·mg−1 and 5.2 mM, whereas 3.4 µmol·min−1·mg−1 and
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0.9 mM were obtained for (S)-SO. The lower Km for (S)-SO than (R)-SO indicated that (S)-SO had a
higher affinity for vEH-Am and was preferentially hydrolyzed. However, the Vm of (S)-SO was also
lower than that of (R)-SO, suggesting that (R)-SO was hydrolyzed with a much faster rate compared
to (S)-SO when (S)-SO was completely converted. The Vm for (R)-BGE and (S)-BGE were 32.1 and
63.3 µmol·min−1·mg−1, respectively, which were significantly higher than those for (R)-SO and (S)-SO.
The result indicated that vEH-Am showed a higher activity for substrate BGE than SO. In addition, the
(R)-isomer of BGE was preferentially hydrolyzed because of the lower Km, which was different from
the preferential hydrolysis of (S)-isomer for SO. This result indicated that vEH-Am exhibits different
stereoselectivity for different substrates.

Table 3. Kinetic parameters of hydrolysis of (R)-SO, (S)-SO, (R)-BGE, and (S)-BGE using the vEH-Am.

Kinetic Parameters (R)-SO (S)-SO (R)-BGE (S)-BGE

Vm (µmol·min−1·mg−1)
Km (mM)

15.9
5.2

3.4
0.9

32.1
9.3

63.3
36.5

2.5. Homology Structual Modeling and Substrate Docking

Homology modeling and molecular docking are the important methods for investigating the
binding mode of the substrates and the origin of regioselectivity [9,23,24]. The 3D structure of vEH-Am
was homologically modeled by Xue et al. [17,18]. In order to deeply understand the interactions
between substrates and vEH-Am, the (R)-SO, (S)-SO, (R)-BGE, and (S)-BGE were antomatically docked
into the active sites of vEH-Am using the Autodock 4.2 program (The Scripps Research Institute,
USA). The binding modes of each enantiomer in the active site from molecular docking are shown in
Figure 5. As in Figure 5A,B, both of (R)- and (S)-SO formed hydrogen bonds between Tyr 308 and the
epoxide oxygen. The distance of the hydrogen bond (d1) between Tyr 308 and the epoxide oxygen in
(S)-SO was shorter than that in (R)-SO. However, it was observed that the distance of the hydrogen
bond (d2) between Asp181 oxygen and the attacked epoxide carbon in (S)-SO was slightly longer than
that in (R)-SO. The total distance of hydrogen bonds, d (d = d1 + d2), was thought to be of particular
importance for the catalytic efficacy. The d value should be shorter for the preferred enantiomer [25].
The differences in the modeled distance, △d, for the (R)-enantiomer and (S)-enantiomer were well
consistent with regioselectivity. The d value for (S)-SO was 5.1 Å, which was shorter than 6.7 Å
for (R)-SO, indicating that (S)-SO was preferably hydrolyzed by vEH-Am. For the substrate BGE
(Figure 5C,D), the d value for (R)-BGE was 5.5 Å, while it was 7.3 Å for (S)-BGE, suggesting that
(R)-BGE was preferentially hydrolyzed. Furthermore, the △d value between (R)-BGE and (S)-BGE was
1.8, which was longer than 1.6 Å between (R)-SO and (S)-SO, showing that vEH-Am revealed a higher
regioselectivity for the kinetic resolution of racemic BGE than SO. The results were consistent with
those obtained in Figure 3.
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Figure 5. Molecular docking simulations between vEH-Am and (R)-SO (A), (S)-SO (B), (R)-BGE (C),
and (S)-BGE (D).

2.6. Biocatalytic Synthesis of (R)-SO and (S)-BGE

To test the feasibility of vEH-Am and its potential application in the synthesis of (R)-SO or (S)-BGE,
the effect of the substrate concentration on the reaction was investigated. As shown in Figure 6, >99%
ee of (R)-SO or (S)-BGE was obtained in all tested substrate concentrations, but the yields of them
were both decreased with increasing substrate concentrations. For the substrate SO (Figure 6A), the
yield of (R)-SO was 30.2% at the 180 µM of racemic SO, but decreased to 27.6% at concentration of
700 µM. When the concentration of racemic SO reached 2110 µM, the yield of (R)-SO was only 24.8%.
Furthermore, a similar trend was observed for the substrate BGE (Figure 6B). With 670 µM racemic BGE
as substrate, the optical purity of (S)-BGE was obtained with yield of 40.1%. When kinetic resolution of
racemic BGE was performed at concentration of 5380 µM, the yield of (S)-BGE sharply decreased to
25.1%. If the concentration of racemic BGE continued to increase to 10750 µM, the yield of (S)-BGE
was only 21.2%. The phenomenon that the yield decreased with increasing substrate concentration
was also observed in kinetic resolution of epoxides by other EHs [26,27]. The result may be ascribed to
enzyme inactivation caused by high concentrations of the substrate.

Figure 6. The effect of substrate concentration on the production of (R)-SO (A) and (S)-BGE (B). Symbols:
yield of (R)-SO or (S)-BGE (�); ee of (R)-SO or (S)-BGE (•).

191



Mar. Drugs 2019, 17, 367

Substrate inhibition has always been observed in many reactions by enzyme catalysis. It is well
known that the substrate inhibition can be alleviated or even eliminated by intermittent feeding of the
substrate. For example, in the kinetic resolution of racemic epichlorohydrin by recombinant EH from
Agrobacterium radiobacter, the substrate concentration increased from 320 mM to 448 mM by intermittent
feeding of the substrate [28]. We therefore performed kinetic resolutions of racemic SO and BGE by
intermittent feeding of the substrate to increase the yield of (R)-SO and (S)-BGE. The kinetic resolution
of racemic SO was initiated at 50 mL phosphate buffer (0.2 M, pH 8.0) with 1056 µM of the initial
concentration substrate and 0.5 mg of vEH-Am. A volume of 1.5 µL of racemic SO was added to the
reaction system every 30 min until the final concentration was 2110 µM. As shown in Figure 7A, during
the addition of the substrate, the concentration of (R)-SO was always higher than the concentration of
(S)-SO, and this gap gradually increased with the extension of the reaction time. When the addition of
racemic SO was halted after 2 h, the (S)-SO hydrolyzed rapidly, while the rate of hydrolysis of (R)-SO
was slower. Ultimately, 701 µM of (R)-SO remained from 2110 µM of racemic SO after (S)-SO was
completely consumed at 12 h of reaction. The yield of (R)-SO with >99% ee was 33.2%, which was
significantly higher than the 24.8% obtained by adding substrate only once, as shown in Figure 6A.

The reaction of racemic BGE was performed at an initial concentration of 5380 µM, and 20 µL of
racemic BGE was added every 30 min until the final concentration was 10,750 µM. Finally, (S)-BGE
with ee > 99% was obtained at a yield of 26.9% from 10750 µM racemic BGE (Figure 7B). Compared
to 21.2% obtained without addition of substrate (Figure 6B), the yield of (S)-BGE was significantly
improved by intermittent feedings. However, it was observed that the extent of improvement in
yield of (S)-BGE (increasing 5.7%) was not as significant as (R)-SO (increasing by 8.4%). This similar
result was also observed in biosynthesis of (R)-SO and (S)-BGE by addition of Tween-20, as shown in
Figure 4. These results indicate that the substrate inhibition of SO is stronger than that of BGE, which
may be mainly attributed to the more hydrophobic tendency of SO than BGE. Another promising way
to overcome substrate inhibition is to perform the reaction in an aqueous/organic two-phase system,
which had been used in previous research to improve substrate concentration [28,29]. In the future, we
would try to use a two-phase reaction system to increase the substrate concentration and yield of the
chiral epoxide.

Figure 7. Production of (R)-SO (A) and (S)-BGE (B) by intermittent feeding of the substrate. Symbols:
(R)-SO or (S)-BGE concentration (�); (S)-SO or (R)-BGE concentration (•); ee of (R)-SO or (S)-BGE (H).

3. Materials and Methods

3.1. Materials

(R,S)-SO, (R)-SO, (S)-SO, (R,S)-BGE, (R)-BGE, and (S)-BGE were obtained from Aladdin Bio-Chem
Technology Co., Ltd. (Shanghai, China). E. coli BL21(DE3) and pET-28a were used for the expression of
vEH-Am. All other chemicals were of analytical grade from commercial sources.
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3.2. Cell Culture and Protein Expression

The vEH-Am sequence was synthesized according to the gene of EH from Agromyces mediolanus

ZJB120203 (GenBank accession no. JX467176) and mutant sites (W182F/S207V/N240D) using the PCR
method [30]. Six His-tags were added at the 3′ end of the vEH-Am gene. The synthesized gene
was inserted into pET28a between NcoI and XhoI sites. The recombinant E. coli was obtained by
transforming the pET28a-vEH-Am into E. coli BL21(DE3). The strain was inoculated into 50 mL of LB
liquid medium containing 50 µg/mL kanamycin and cultured overnight at 37 ◦C as a seed solution.
A volume of 0.5 mL of seed solution was then transferred into 50 mL of the same LB medium and
incubated at 37 ◦C at 200 rpm until the OD600 of the fermentation liquid was about 0.7. Isopropyl
β-D-thiogalactoside (IPTG) was added with the final concentration of 0.2 mM. The fermentation liquid
was further cultured for 8 h at 28 ◦C and then centrifuged at 10,000 rpm for 15 min to obtain cells.

3.3. Purification of vEH-Am

Four grams of wet cells were suspended in 40 mL of phosphate buffer (20 mM, pH 8.0) and broken
by a 30 min ultrasound treatment. The disrupted solution was centrifuged at 10,000 rpm for 20 min to
remove cell debris. The supernatant solution (crude enzyme solution) was collected for subsequent
separation and purification. The purification column was Nickel–nitrilotriacetic (Ni-NTA), and the
packed volume was 10 mL. The Ni-NTA column was equilibrated with buffer A (20 mM phosphate
buffer, 500 mM NaCl and 20 mM imidazole, pH 8.0) for 10 min. The crude enzyme solution was then
inflowed into the column at a rate of 1 mL/min. After the unbound proteins were eluted by buffer
A, the target protein vEH-Am was collected by elution at a rate of 3 mL/min with buffer B (20 mM
phosphate buffer, 500 mM NaCl and 500 mM imidazole, pH 8.0). The enzyme solution was dialyzed
overnight in a phosphate buffer of 20 mM (pH 8.0), and the purified enzyme was analyzed by 12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

3.4. Thermostability of vEH-Am

The temperature stability of vEH-Am was determined in 10 ml of phosphate buffer (0.2 mM,
pH 8.0) containing 0.1 mg of vEH-Am. The mixture was pre-incubated for different times at 30, 37,
and 50 ◦C, and the remaining activity was assayed by adding 10 µL of racemic BGE. The inactivation
constant kd and half-life t1/2 were calculated based on the following formula:

ln(
[E]

[E0]
) = −kd×t (1)

t1/2 = 0.693/kd (2)

3.5. Activity Assay and Analytical Methods

The racemic substrate (1 µL SO or 10 µL BGE) and 0.1 mg vEH-Am were mixed in 10 mL of
phosphate buffer (0.2 M, pH 8.0). The reaction was performed for 15 min at 30 ◦C at 150 rpm. The
1.0 mL reaction solution was then taken and added to 2 mL of hexane. After 3 min, 1 mL of the
organic layer was separated and dried with anhydrous sodium sulfate. The reaction solution was
treated with a 0.2 µm filter membrane after centrifugation at 4000 rpm for 3 min and then analyzed
by HPLC to determine the enzyme activity and ee value. The concentrations of the substrates were
analyzed using an Agilent LC 1260 with a CHIRALPAK AS-H column (5 µm, 4.6 × 250 mm). Detection
conditions were as follows: 20 µL injection volume, mobile phase n-hexane/isopropanol (95:5), 210 nm
detection wavelength, 30 ◦C column temperature, 1 mL/min flow rate. Retention times: 5.3 min for
(R)-SO, 5.6 min for (S)-SO, 8.3 min for (S)-BGE, and 9.8 min for (R)-BGE. The ee was calculated from
the concentrations of the two enantiomers based on the formula: ee (%) = (S − R)/(S + R) × 100.
The enantiomeric ratio (E value) was calculated based on the ee of the remaining epoxide and the
conversion (C) of racemate according to equation: E = ln[(1 − C)(1 − ee)]/ln[(1 − C)(1 + ee)]. One unit
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of enzyme activity was defined as the amount of enzyme required to convert 1 µmol of substrates at
30 ◦C.

3.6. Determination of Kinetic Properties

The kinetic study of the vEH-Am was performed by measuring the initial rate at different
concentrations of (R)-SO, (S)-SO, (R)-BGE, and (S)-BGE. The kinetic parameters Vm (maximum
reaction rate) and Km (Michaelis constant) were calculated based on the Michaelis–Menten equation:
1/v = Km/Vm[S] + 1/Vm, where v is the initial velocity and [S] is the substrate concentration.

3.7. Homology Modeling and Docking

The three-dimensional structure of vEH-Am was generated by Modeller 9.12 in Discovery studio
(DS) 2.1 (Accelrys Software, San Diego, CA, USA) based on the crystal structure of EH (PDB accession no.
4i19) [18]. The docking studies were performed by Autodock 4.2 (The Scripps Research Institute, USA).

3.8. vEH-Am Hydrolysis of Racemic SO and BGE

Hydrolysis of racemic SO and BGE was performed in 50 mL 0.2 M sodium phosphate buffer
(pH 8.0) containing 0.5 mg vEH-Am. The reactions were initiated by adding various concentrations of
racemic substrates at 30 ◦C and 200 rpm. The 1.0 mL mixtures were taken out regularly at different
times intervals and added to 2 mL of hexane to stop the reaction. The hydrolysis progressions of
racemic SO and BGE were analyzed by measuring the concentrations of each enantiomer.

4. Conclusions

In this study, we report on the kinetic resolution of racemic SO and BGE by the particular variant of
epoxide hydrolase from Agromyces mediolanus (vEH-Am). The vEH-Am enantioselectively hydrolyzed
(S)-SO and (R)-BGE, leaving (R)-SO and (S)-BGE with >99% ee. Moreover, the yield of optically pure
(S)-BGE reached 34%, which was the highest among all reported epoxide hydrolases. Molecular
docking simulations showed that the hydrogen bonds between vEH-Am and (S)-SO or (R)-BGE were
shorter than the other enantiomers. The concentration of the substrate had a negative impact on the
yield of (R)-SO or (S)-BGE, which could be significantly improved by adding Tween-20 or intermittent
feeding of the substrate. This study lays the theoretical foundation for the application of vEH-Am in
the preparation of enantiopure SO and BGE.
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Abstract: Collagen was extracted from bigeye tuna (Thunnus obesus) skins by salting-out
(PSC-SO) and isoelectric precipitation (PSC-IP) methods. The yield of the PSC-IP product was
approximately 17.17% (dry weight), which was greater than the yield obtained from PSC-SO (14.14%
dry weight). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis indicated that
collagen from bigeye tuna skin belongs to collagen type I. Inductively coupled plasma mass
spectrometry results indicate that the heavy metal abundance in PSC-IP was lower than the
maximum acceptable amounts according to Chinese regulatory standards. In addition, results from a
methylthiazolyldiphenyl-tetrazolium bromide assay and an in vitro scratch assay demonstrated that
PSC-IP could promote the proliferation and migration of NIH-3T3 fibroblasts. Overall, results suggest
PSC-IP could be used to rapidly extract collagen from marine by-products instead of traditional
salting-out methods. Collagen from bigeye tuna skin may also have strong potential for cosmetic and
biomedical applications.

Keywords: Thunnus obesus; collagen; isoelectric precipitation; physicochemical properties;
proliferation and migration

1. Introduction

Rapid developments of seafood products in the marine product processing industry have led to
a large number of marine by-products being discarded without treatment, such as fish skin, bones,
scales, and swimming bladders [1,2]. By-products are a cause of environmental issue and are wastes of
biological resources, therefore the utilization of by-products to produce high-added-value compounds
is an urgent problem, such as the blue granary scientific and technological innovation plan in China.
Collagen, which accounts for approximately thirty percent of the total protein content, is the most
abundant fibrous protein in animals [3,4]. Recently, marine collagen has been extracted from sponges,
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octopus, jellyfishes, squids, and fish offal such as skins, bones, fins, and scales [5–8]. Marine collagen has
attracted an increasing interest for applications in the biomedical, and pharmaceutical, cosmetic and food
industries, as it has no religious limitations, and shows low immunogenicity and non-cytotoxicity [9–11].
Therefore, the extraction of collagen from marine by-products would be a suitable way to utilize them,
which could produce a high-added-value compound.

Neutral salt solubilization, acid solubilization, and pepsin solubilization are three major methods
for extracting collagen in the collagen extraction phase [6]. However, the recovery phase is also an
extremely important step during industrial collagen production. The salting-out method was often used
for precipitating collagen during the recovery process [12–14]. The main principle of the salting-out
method is that the charge carried by salt ions in solution neutralizes the surface charge of collagen
molecules, which decreases the electrostatic interactions between collagen molecules and leads to
their gradual precipitation. The salting-out method offers high recovery rates of collagen and does not
affect its triple helix structure; therefore, it has often been used in previous studies [14,15]. However,
the addition of high concentrations of salt can greatly prolong the downstream dialysis process.
Generally, it takes three to four days of dialysis after salting-out to ensure that the final product
is not affected by the salt and acid [3,15]. Moreover, dialysis of collagen extract containing a high
concentration of salt produces a large amount of wastewater. Therefore, the purification process could
be improved by the development of a highly efficient, highly productive, and sustainable method to
take full advantage of collagen-rich fish by-products.

Isoelectric precipitation has become a popular method for protein purification due to its high
efficiency and strong specificity; it also does not often require a lengthy downstream dialysis for the
product [16–18]. Isoelectric precipitation is based on the principle that proteins have their lowest
solubility at their isoelectric point and that different proteins have different isoelectric points. Isoelectric
precipitation has been used for the separation and purification of proteins such as PSE-like chicken
protein [19], walnut protein [20], Chinese quince seed protein [21], and ovalbumin [22]. However,
there are few reports demonstrating the use of isoelectric precipitation for the recovery and purification
of collagen.

Tuna are an economically important fish worldwide; in 2018 the estimated global harvest of
tuna was 7.5 million tons [23]. Because the white meat of tuna is only used for sashimi or canned,
the tuna industry produces a lot of waste or by-products, which includes fish heads, bones, skins, scales,
internal organs, and dark meat, which account for approximately 50% to 70% of the total mass [24].
However, there are no reports of the use of isoelectric precipitation to extract collagen from bigeye
tuna (Thunnus obesus) skins. Therefore, the aim of this study is to use isoelectric precipitation to extract
collagen from bigeye tuna skin. The physiochemical properties of collagen obtained from isoelectric
precipitation, and its activity on NIH-3T3 proliferation and migration are also evaluated to assess its
suitability for biomedical and cosmetic applications

2. Results and Discussion

2.1. Determination of the Isoelectric Point of Collagen

The determination of the collagen isoelectric point is necessary for using isoelectric precipitation to
recover and purify collagen. As shown in Figure 1, pepsin-solubilized collagen (PSC) from bigeye tuna
skin had the best solubility in the range of acidic pH values (≤4.0) and had lower solubility in the range
of neutral or alkaline pH values. Similarity, the PSC from Nibea japonica skin and the PSC from silver
carp showed the maximum solubility in the pH range of 1.0–4.0, and lower solubility in the neutral or
slightly alkaline pH range [9,25]. Our result was consistent with these studies. When the pH value
is above or below the isoelectric point of a protein, the net charge, repulsive forces, and interaction
capacity with water, increase. However, if the protein has no net charge at the isoelectric point, the
protein will aggregate and precipitate due to hydrophobic–hydrophobic interactions. In the present
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study, PSC showed the lowest solubility at pH 7.0, therefore, this value was selected for collagen
extraction from bigeye tuna skin.

 

–

of α α and α α
fold greater than α

Figure 1. Determination of the isoelectric point of pepsin-solubilized collagen (PSC) from bigeye
tuna skin.

2.2. Collagen Yield from Bigeye Tuna Skin

The PSC from the bigeye tuna skin was precipitated using the salting-out method (PSC-SO) and
isoelectric precipitation method (PSC-IP) separately. The yield of PSC-SO and PSC-IP was 14.14% (dry
weight) and 17.17% (dry weight), respectively (Figure 2). Due to the high concentration of NaCl (1.5 M)
in PSC-CO, it took four days of dialysis after salting-out to ensure that PSC-SO was not affected by
NaCl and acetic acid. In addition, large amounts of wastewater were produced due to the use of high
salt concentrations. Our results were consistent with previous studies that demonstrated the use of
NaCl (0.5–1.5 M) to precipitate collagen [3,15]. Due to the low salt concentration required for PSC-IP,
dialysis only took two days after the process and less waste water was produced than for PSC-SO.
Since collagen yields were greater from PSC-IP, and a shorter time of dialysis was required than for
PSC-SO, the PSC-IP method was selected for extracting PSC from bigeye tuna skin.

–

 

of α α and α α
fold greater than α

Figure 2. Comparison of extraction yield of collagen by the salting out method and isoelectric
precipitation method (dry weight).

2.3. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) Analysis

Figure 3 indicates the SDS-PAGE patterns of PSC-SO and PSC-PI products extracted from bigeye
tuna skin, along with bovine collagen type I for comparison. The band patterns of PSC-SO and PSC-PI
were highly identical, which contained two clear bands attributed to two different types of α-chains
(α1 and α2) in accordance with bovine collagen type I (Figure 3). The density of α1-chain band was
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approximately 2-fold greater than α2-chain band, indicating that collagen type I was the main collagen
in bigeye tuna skin. In addition, high molecular weight compounds, including β compounds as well as
a small number of γ compounds were also observed in PSC-SO and PSC-PI products. Ahmed et al. [26]
explored bacterial collagen protease to extracted collagen from bigeye tuna, and their SDS-PAGE
results indicated that collagen from bigeye tuna consisted of two different types of α-chains (α1 and
α2), which was consistent with our result. Our results were also consistent with previous results
from PSC extracted from other marine fish skins, including Scomberomorous niphonius [27], Evenchelys

macrura [28], and Aluterus monocerous [29], which also belongs to collagen type I.

β 
as well as a small number of γ compounds were 

different types of α α and α

 

– –
– – –

Figure 3. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) analysis of PSC-SO
and PSC-PI product from bigeye tuna skin. M: Protein markers; Lane 1: Bovine collagen type I; lane 2:
PSC-SO from bigeye tuna skin; lane 3: PSC-PI from bigeye tuna skin.

2.4. Amino Acid Contents

The amino acid contents of the PSC-IP product are shown in Figure 4. The major amino acid in
the PSC-IP product is glycine, which constitutes approximately 24% of the total amino acid contents.
Other amino acids that were in high proportions were proline (10.86%), hydroxyproline (9.56%),
alanine (9.04%), glutamic acid (9.13%), and arginine (7.49%). Cysteine was not detected in the PSC-IP
product from bigeye tuna skin. The amino acid contents in PSC-IP product were consistent with the
collagen from bigeye tuna in the previous study (glycine (22.2–22.7%), proline (14.8–15.1%), alanine
(9.7–9.9%), glutamic acid (9.8–9.9%), hydroxyproline (8.0–8.2%)) [26]. In addition, the high content of
glycine, proline, and hydroxyproline in the PSC-IP product is consistent with the high frequency of
occurrence of the glycine-proline-hydroxyproline sequence in collagen, which is essential for triple
helical formation [4,5]. The content of amino acids (proline and hydroxyproline) in PSC-IP product is
20.42%, which was similar to jellyfish Acromitus hardenbergi collagen (19.50%) [2], crap scales or bones
collagen (19.2%) [30].

β 
as well as a small number of γ compounds were 

different types of α α and α

– –
– – –

 

Figure 4. Amino acid contents of PSC-IP product extracted from skin of bigeye tuna. Note: * Essential
amino acid.
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2.5. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Figure 5 indicates the FTIR spectra of the PSC-IP product from bigeye tuna skin. The five main
absorption bands of the PSC-IP product were located in the amide zone, containing a peak for amide A
(3425. 57 cm−1), B (2930.97 cm−1), I (1646.26 cm−1), II (1550.75 cm−1), and III (1238.94 cm−1). The amide
A wavenumber of the PSC-IP product was located at 3425.57cm−1, which fits the common wavenumber
of free N–H vibrations as an indication of hydrogen bonds [31]. The wavenumber of the amide B
band of the PSC-IP product was 2930.97 cm−1, indicating the existence of the asymmetrical stretch of
CH2. The amide I band is associated with C=O stretching vibration on the main polypeptide chain or
the hydrogen bond coupled with COO- [4]. The amide I band from the PSC-IP sample is supported
by strong absorbance shown in the range of 1600–1700 cm−1. The amide II band represents the N–H
bending vibration couples with C–N stretching vibration, and the measured wavenumbers of PSC-IP
are within the range of 1550–1600 cm−1. In addition, the appearance of the PSC-IP sample amide III
band corresponds to the helical arrangement in the PSC sample.

− − − − −

−

–
−

– −

– –
– −

 

≤
≤

Figure 5. FTIR spectra of PSC-IP product from bigeye tuna skin.

2.6. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Heavy metal ions such as As, Pb, and Hg were often used for evaluating the extracted collagen
for cosmetic and biomedical applications [4,14]. For example, Tang et al. [4] used ICP-MS to detect As,
Pb, and Hg content in collagen from Nibea japonica skin and found the content of these heavy metal
ions was significantly lower than Chinese regulatory standards. Zhang et al. [14] used ICP-MS to
detect these heavy metal ions in collagen from frog skin, which was also lower than Chinese regulatory
standards. Thus, the contents of As, Pb, and Hg in PSC-IP product were analyzed using ICP-MS to
verify the possibility of applying PSC-IP for cosmetic and biomedical applications (Table 1). ICP-MS
results indicate that the heavy metal abundance in PSC-IP was lower than the maximum acceptable
amounts according to Chinese regulatory standards (GB 6783-2013). Our results indicate that the heavy
metal ions As, Pb, and Hg did not accumulate during the PSC-IP extraction process. Thus, the PSC-IP
process is safe for use on bigeye tuna skin for cosmetic and biomedical applications.

Table 1. Elemental analysis of PSC-IP product from bigeye tuna skin by ICP-MS.

Collagen Element Content (mg/kg)
National Standard of Edible Gelatin

(GB 6783-2013 in China) (mg/kg)

PSC-IP
As 0.51 ± 0.04 ≤1.0
Pb 0.17 ± 0.02 ≤1.5
Hg 1.18 ± 0.07
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2.7. Cytotoxic and Allergenic Tests

The cytotoxicity and sensitization of the PSC-IP product from bigeye tuna skin were detected using
a methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay and lactate dehydrogenase (LDH) toxicity
assay. The MTT assay was used to assess the cell compatibility of the PSC-IP product, and results
are shown in Figure 6A. Results indicate that after treatment with increasing concentrations of the
PSC-IP product, the viability of NIH-3T3 fibroblasts did not decrease after 24 h incubation. In addition,
the PSC-IP product promoted the growth of NIH-3T3 fibroblasts. Therefore, results demonstrate that
collagen from bigeye tuna skin has no significant cytotoxic effect in vitro. Our finding agreed with that
of Jeong et al. [32], where pre-osteoblast (MC3T3-E1) cells were used for biocompatibility evaluation
of collagen from Thunnus obesus bone. Their results revealed that collagen scaffolds from Thunnus

obesus bone were biocompatible and non-toxic in vitro. The cytoplasm in every human tissue contains
LDH, and the disruption of cell membrane integrity leads to an increase in LDH concentration in the
surrounding matrix. Thus, due to its close association with allergic reactions and inflammation, LDH
release has been utilized as a criterion to evaluate allergenicity [33,34]. As shown in Figure 6B, the
LDH release of cells in the presence of the PSC-IP product was relatively low when compared with
untreated cells. The results indicate that PSC-IP extract from bigeye tuna skin could be considered as a
non-cytotoxic and hypoallergenic biomaterial for cosmetic and biomedical applications.

 

and 100 μg/mL) from bigeye tuna skin.

μg/m

Figure 6. Relative cell viability (A) and lactate dehydrogenase (LDH) release (B) as affected by 24 h
treatment of PSC-IP product (0, 6.25, 12.5, 25, 50, and 100 µg/mL) from bigeye tuna skin.

2.8. Morphological Examination

Morphological examination of cells with collagen solutions could also reveal its biocompatibility
and non-toxicity [2,4]. For example, 3T3 F442A cells were treated collagen solutions from jellyfish and
there were no observable changes among cells when compared with control group [2]. In the present
study, NIH-3T3 cells were treated with PSC-IP (12, 25, and 50 µg/mL) and examined for morphological
changes. Treated cells showed no significant change in comparison with the untreated cells, as cells
in all groups grew uniformly and presented normal morphologies (Figure 7). The PSC-IP product
facilitated the growth of NIH-3T3 cells, which is in agreement with our MTT results. This phenomenon
also suggests that collagen from bigeye tuna skin is non-toxic and has the potential to be utilized in
biomaterials, for example as a humectant agent and in wound dressing.
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Figure 7. Morphological changes of NIH-3T3 cells treated with 0, 12.5, 25, and 50 µg/mL of PSC-IP
product from bigeye tuna skin, respectively (40×, 200×, 400×). A1–A3: Untreated cells; B1–B3: Treated
cells with 12.5 µg/mL of PSC-IP; C1–C3: Treated cells with 25 µg/mL of PSC-IP; D1–D3: Treated cells
with 50 µg/mL of PSC-IP.

2.9. In Vitro Scratch Wound Closure

PSC extracted from various marine organisms have been shown to be beneficial for wound
healing, as they can reinforce the adhesion and proliferation of the fibroblasts, and influence
inflammatory cytokines such as IL-1β [35]. Fibroblast migration can accelerate the process of wound
re-epithelialization and promote wound closure during wound healing [36]. In the previous studies,
in vitro scratch test was often used to simulate wound healing [36,37]. Thus, in our study, the effects of
the PSC sample on wound healing were estimated via an in vitro scratch test (Figure 8). The scratch
closure rate at different time points was recorded and calculated. Figure 8A shows that the wound
scratch area decreased remarkably in a dose-dependent manner when treated with the PSC-IP product
in comparison with the negative control group area. In addition, the scratch closure rates of the
PSC-IP product treated groups were apparently greater than the control group (Figure 8B). It is worth
noting, that the scratch nearly closed in the experimental groups, and showed a stronger healing effect
similar to bovine collagen after 24 h of treatment. Overall, in vitro wound healing results indicate that
collagen from bigeye tuna skin can effectively promote cell migration and has the potential for wound
healing. However, the molecular mechanism of collagen promoting cell migration and proliferation is
also unclear. In our further study, some biochemical/cellular signaling pathways will be chosen for
investigating, such as AKT/mTOR signaling or nuclear factor kappa enhancer binding protein (NF-kB)
signaling pathway [36].
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Figure 8. Effects of PSC-IP product from bigeye tuna skin on the scratch closure rate. (A) PSC-IP
promoted cell migration was evaluated using a scratch wound healing assay. (B) Wound closure rate.
* p < 0.05 and ** p < 0.001 vs. control.

3. Materials and Methods

3.1. Raw Materials

Bigeye tuna skin was provided by Zhejiang Ocean Family CO., LTD (Zhoushan, China).
The NIH-3T3 fibroblasts were stored in the laboratory [4]. Bovine collagen type I (cat. no. C8060) was
purchased from Solarbio (Beijing, China). The LDH cytotoxicity assay kit (cat. no. C0016) and the high
molecular weight markers (cat. no. P0068) was obtained from Beyotime Biotechnology (Shanghai,
China). The MTT cell proliferation and cytotoxicity assay kit (cat. no. AR1156) was obtained from
Boster Biological Technology Co., Ltd (Wuhan, China). All other reagents were of analytical grade.

3.2. Extraction of Collagen from Bigeye Tuna Using the Salting-Out Method

The extraction procedure of PSC extraction from bigeye tuna skin was performed at 4 ◦C according
to Tang et al. [4]. Fish skins that had been removed from non-collagenous protein and defatted were
cut into small pieces and incubated in 0.5 M acetic acid (1:50, w/v) and 1200 U/g pepsin to extract PSC.
The extract was then filtered and the supernatants were salted-out using 1.5 M NaCl. After 24 h, the
precipitate was harvested by centrifugation (10,000× g, 15 min) and dissolved in acetic acid (0.5 M)
subsequently. The PSC was dialyzed with deionized water until the pH was neutral and the silver
nitrate method was used to detect the presence of chloride ions. The resultant suspensions (PSC-SO)
were lyophilized and stored at −20 ◦C for further study.
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3.3. Extraction of Collagen from Bigeye Tuna by Using Isoelectric Precipitation

The small pieces of fish skins mentioned above were incubated in 0.5 M acetic acid (1:50, w/v)
and 1200 U/g pepsin to extract PSC. The extract was then filtered and the obtained supernatants were
named as collagen stock solution. Then, the pH of collagen stock solution (3 mg/mL) was adjusted
to 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, or 10.0 with HCl (6 N) or NaOH (6 N), allowing to stand for
approximately 3 h. The supernatant was obtained after centrifugation (10,000 × g, 15 min) and used to
determine the protein concentration according to the instructions of the BCA protein detection kit.
Then, the collagen stock solution was adjusted to the isoelectric point of collagen. The precipitate was
harvested by centrifugation (10,000× g, 15 min), and dissolved in acetic acid (0.5 M). The samples were
dialyzed with deionized water until the pH value was neutral. The resultant suspensions (PSC-IP)
were lyophilized and stored at –20 ◦C for further study.

3.4. SDS-PAGE Analysis

The SDS-PAGE method was performed according to Laemmli et al. [38]. Protein (30 µg) obtained
from PSC-SO and PSC-IP was loaded in each well of pre-made 8.0% SDS-PAGE gels. The molecular
weights of collagen samples were then estimated by inferring from the high molecular weight markers.
Bovine collagen type I was used as a positive control.

3.5. Amino Acid Analysis

PSC-SO and PSC-IP products (0.02 g each) were hydrolyzed in 6 N HCl at 110 ◦C for approximately
24 h. The hydrolysates were diluted and then analyzed using an amino acid analyzer (Hitachi L-8800,
Tokyo, Japan). The chloramine T method was used to analyze the content of hydroxyproline [15].

3.6. FTIR Analysis

FTIR spectra of PSC-IP product were determined using a Bruker Tensor 27 FTIR spectrometer
(Bruker, Rheinstetten, Germany) under dry conditions. The infrared spectra were recorded in the
4000–500 cm–1 range at 1 cm–1 resolution for a single scan.

3.7. ICP-MS

The contents of heavy metals in the PSC-IP product were analyzed using ICP-MS (Agilent, CA,
USA). The PSC-IP (0.5 mg/mL) was dissolved in deionized water and cooled to room temperature
before detection [14].

3.8. Cytotoxic and Allergenic Properties of PSC-IP

NIH-3T3 fibroblasts were used to determine the cytotoxic and allergenic properties of PSC-IP
product according to the MTT assay kit instructions. Cells were inoculated in 96-well plates
(1 × 105 cells/well) and incubated in a 5% CO2 incubator for 24 h at 37 ◦C. Then, cells were dealt with
PSC-IP (0, 6.25, 12.5, 25, 50 and 100 µg/mL) and cultured for another 24 h. The cytotoxic possibility of
the PSC-IP product was determined by MTT assay and the absorbance values were determined at
490 nm. Cell growth inhibition (%) was obtained according to the MTT assay kit instructions.

The allergenic properties of the PSC-IP product were determined using the LDH release assay.
Cells were inoculated in 96-well plates (1 × 105 cells/well) and cultured for 24 h. The cells were dealt
with PSC-IP (0, 6.25, 12.5, 25, 50, and 100 µg/mL) and cultured for another 24 h. The LDH release rate
(%) was calculated according to the LDH cytotoxicity assay kit instructions.

3.9. Morphological Changes

NIH-3T3 fibroblasts (1 × 105 cells/mL) were suspended and cultured in a 6-well flat bottom plate
with a cover glass (20 × 24 mm) for 24 h. Cells were dealt with PSC-IP (0, 12.5, 25, and 50 µg/mL).
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After 24 h incubation, the changes in cell morphology were assessed using an inverted microscope
(Olympus, Tokyo, Japan).

3.10. In Vitro Scratch Closure Assay

NIH-3T3 cells were inoculated into 6-well plates (2 × 105 cells/well) and cultured for 24 h at 37 ◦C
in 5% CO2 to reach 80–90% cell confluency. A scratch wound was created using a 200 µL pipette tip
and the wound debris was washed away using PBS. PSC-IP product (0, 12.5, 25, and 50 µg/mL) was
added and cultured for a further 12 or 24 h. The phase-contrast microscope (CKX41-A32PH, Olympus,
Tokyo, Japan) was used to observed the scratch closure and the scratch area was obtained using Image
J software.

The scratch closure rate (%) was calculated as follows:

Scratch closure rate (%) = (A0 − At)/A0 × 100%

where A0 represents the scratch area at 0 h and At represents the scratch area at the designated
time point.

3.11. Statistical Analysis

All tests were expressed as mean ± standard deviation (SD, n = 3). Data were analyzed by
analysis of variance (ANOVA) using IBM SPSS 19.0 software (Ehningen, Germany). A difference was
considered statistically significant when * p < 0.05 and ** p < 0.001.

4. Conclusions

In the present study, PSC was extracted from bigeye tuna skin using salt outing (PSC-SO) and
isoelectric precipitation (PSC-IP) methods. Considering the high yield and short time for extracting PSC,
the isoelectric precipitation method was chosen for obtaining PSC-IP product from bigeye tuna skin.
SDS-PAGE analysis indicated that PSC-IP product from bigeye tuna is a collagen type I. Furthermore,
ICP-MS analysis showed that the PSC-IP product was free of heavy metals. The effects of the PSC-IP
on proliferation and migration PSC-IP indicates that collagen from bigeye tuna skin has good potential
for use in cosmetic and biomedical applications.
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