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Collagen Extraction Optimization from the Skin of the Small-Spotted Catshark (S. canicula) by
Response Surface Methodology
Reprinted from: Mar. Drugs 2019, 17, 40, doi:10.3390/md17010040 . . . . . . . . . . . . . . . . . 217

Emna Ben Slimane and Saloua Sadok

Collagen from Cartilaginous Fish By-Products for a Potential Application in Bioactive
Film Composite
Reprinted from: Mar. Drugs 2018, 16, 211, doi:10.3390/md16060211 . . . . . . . . . . . . . . . . . 231

Jeevithan Elango, Jung Woo Lee, Shujun Wang, Yves Henrotin, José Eduardo Maté Sánchez
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Collagen is the main fibrous structural protein in the extracellular matrix and connec-
tive tissue of animals. It is a primary building block of bones, tendons, skin, hair, nails,
cartilage, and all joints in the body. It is also considered a "glue" that holds the body
together. In this regard, it receives great attention in healthcare and wellbeing, both as a
functional ingredient in different formulations and as a component of several products,
such as medical devices and pharmaceutical systems. The production of collagen begins
to slow down, and cell structures start losing their strength as we get older, and supple-
menting with collagen is being explored as a vital way to help our body revive and stay
youthful. Indeed, a wide range of products comprising collagen (or collagen hydrolysates,
in most cases) can be found, such as lotions, creams, face masks and even nutraceuticals.
On the other hand, collagen-based biomedical materials have also been developed, with
important and clinically effective materials gaining wide acceptance.

However, collagen extraction from land animal sources is complex, time-consuming
and expensive. Moreover, there are some concerns over adverse inflammatory and immuno-
logic response and the prevalence of various diseases among land animals which causes
health complications, resulting in ethical and regulatory constraints, pushing industry—
and scientists—to look for alternatives. Hence, marine sources have started to be researched
and have been found to be quite convenient and safe for obtaining collagen. The main
advantages being claimed over the land animal sources are (1) a high content of collagen;
(2) environmentally friendly; (3) the presence of biological contaminants and toxins being
almost negligible; (4) low inflammatory response; (5) greater absorption due to low molec-
ular weight; (6) less significant religious and ethical constraints; (7) minor regulatory and
quality control problems.

Marine resources for the production of collagen include both invertebrates and verte-
brates, such as sponges, coralline red algae, sea urchins, octopi, squids, jellyfish, cuttlefish,
starfish, sea anemones, and prawns; in addition to the different species of fish, the latter
has the advantage that much biomass being used for collagen extraction is a by-product of
fish processing for food, such as fish skins, scales, etc., thus offering both economic and
environmental benefits. Moreover, several applications for marine collagens have been
studied and proposed, promising a great contribution to marine biotechnology products
and medical applications in the short term. Aware of the significant scientific relevance
of marine collagens and the pivotal role they can assume in human health, we edited this
Special Issue comprising a series of original studies and reviews on the biological sources
of these proteins, including production methodologies and on their promising applications
in medical and related fields.

Mar. Drugs 2022, 20, 170. https://doi.org/10.3390/md20030170 https://www.mdpi.com/journal/marinedrugs
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In particular, the collagens that can be found in the different marine invertebrates and
ways to extract them have been overviewed in a review paper [1], followed by another
review focusing particularly on the marine sponges [2], an ancestral group of animals
widely studied for their biological role played in marine ecosystems, and additionally for
being an untapped source of bioactive compounds. Herein, a special focus can be found on
three sponge species: Axinella cannabina, Suberites carnosus and Chondrosia reniformis. The
former two were the subject of a study by Tziveleka et al. [3], where insoluble collagen,
intercellular collagen, and spongin-like collagen were extracted (Figure 1) and characterized
envisaging biotechnological application.

Figure 1. SEM micrographs of insoluble collagen (InSC; A,E), intercellular collagen (ICC; B,C,F,G),
and spongin-like collagen (SlC; D,H) from Axinella cannabina (row 1) and Suberites carnosus (row
2), respectively. TEM micrographs of insoluble collagen before (InSC; I,M) and after (SF-InSC; J,N)
spicule removal, intercellular collagen (ICC; K,O) and spongin-like collagen (SlC; L,P) from Axinella
cannabina (row 3) and Suberites carnosus (row 4), respectively.

The latter sponge species, Chondrosia reniformis, is well known for its richness in col-
lagen, and different methodologies have been proposed for its extraction, enabling the
production of hydrogel-like materials with interesting rheological behavior and sticky
features [4]. Moreover, collagen membranes derived from sponges were assessed for their
water-binding capacity, antioxidant activity, and cytocompatibility envisaging skincare
application [5]. Considering the biomedical relevance promised by this sponge collagen,
efforts have been made on the aquaculture of Chondrosia reniformis [6], aiming to establish
a sustainable route providing the biomass needed for collagen production. Still, in inver-
tebrates, other phyla have been also researched, namely Cnidaria, in which jellyfish have
been particularly explored considering the biomass availability resulting from blooms. In
this regard, Bernhardt et al. [7] studied the use of Rhopilema esculentum jellyfish collagen for
the development of biphasic scaffolds (interestingly, in combination with another marine
collagen, from salmon skin) for osteochondral tissue engineering. Other cnidarians also
inspiring scientists are corals, with Benayahu et al. [8] studying the unique collagen fibers
identified in Sarcophyton soft corals and further combining them with alginate to produce
biocomposite hydrogels for biomedical application.

Despite the advancements achieved with marine invertebrate collagens and the in-
triguing features exhibited by some of these organisms, such as the dynamic collagenous
tissues observed in echinoderms, fish (vertebrates) are, by far, the most explored group of
marine animals for collagen production. Different species have been studied, researching

2
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several parts of the animal, namely skin, scales, bones, swim bladders and fins. In this Spe-
cial Issue, studies can be found addressing collagen from giant croaker (Nibea japonica) [9],
codfish (Gadus morhua) [10], Nile tilapia (Oreochromis niloticus) [11,12], pufferfish (Takifugu
flavidus) [13], small-spotted catshark (Scyliorhinus canicula) [14], common smooth-hound
(Mustelus mustelus) [15] and blue shark (Prionace glauca) [16]. These species are, in general,
already known for the production of collagen, with the herein-reported studies exploring
advances in the extraction methodologies and the evaluation of applicability of these colla-
gens, mostly regarding human health. In this perspective, the optimization of extraction
conditions, such as acid and enzyme concentrations, biomass-to-solution ratio, temperature
or time of reaction, has been pursued [9], including by the application of specific statistical
tools, such as response surface methodology (RSM) [14]. In addition, new purification
techniques have been also proposed, such as electrodialysis that promises economic and en-
vironmental advantages over traditional dialysis [13]. Moreover, thorough characterization
of collagen was implemented by different authors to understand the main properties of the
isolated materials, namely the molecular weight, by assessing the electrophoretic profile,
the denaturation temperature, extract purity, and effect on cell behavior, in which a positive
effect was observed over the cell adhesion or proliferation of fibroblasts [10], endothelial
cells [11], osteoblasts [11,16] and mouse bone marrow–mesenchymal stem cells [16].

The field of biomaterials and biomedical applications is expanding at an unprece-
dented pace, trying to face the challenges of a growing population and longer life ex-
pectancy, and collagen-based devices are playing a relevant role. In this perspective, this
Special Issue includes studies using marine collagen for the development of different types
of products, such as wound dressings [12], bioactive films [15], membranes [5] and scaffolds
for tissue regeneration [7,8]. With the same rationale, the use of collagen on bone substitutes
for facial bone reconstruction has been systematically reviewed by Cicciù et al. [17] and,
although not clarifying the advantages of biomaterials vs. autologous bone, the use of ma-
rine collagens seems to provide dimensional stability and growth factor carrier versatility
to the constructs.

In addition to the use of the integral protein, the use of collagen hydrolysates and
peptides is also of great interest for healthcare and wellbeing, as illustrated by the study
reported by Ito et al. [18], in which a pilot study in humans has shown the benefits of
a supplement comprising fish collagen peptide in the improvement of skin conditions,
including elasticity and hydration.

Overall, we hope that this Special Issue elucidates the importance of marine collagens
in biomedicine, appearing as an alternative to mammal collagens. It demonstrates the
wide biodiversity that can be explored as a raw material for the production of collagen.
Additionally, it provides representative examples of biomedical products and devices being
proposed for wound healing, tissue regeneration and globally improving human health.
This is a growing field, not only among scientists, but also in industry and public policies,
and although delivering valuable information, this Special Issue reveals only a small part
of the puzzle, hopefully triggering the curiosity of the readers to research further and
contribute to the new knowledge being built.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The extraction and purification of collagen are of great interest due to its biological function
and medicinal applications. Although marine invertebrates are abundant in the animal kingdom,
our knowledge of their extracellular matrix (ECM), which mainly contains collagen, is lacking.
The functions of collagen isolated from marine invertebrates remain an untouched source of the
proteinaceous component in the development of groundbreaking pharmaceuticals. This review
will give an overview of currently used collagens and their future applications, as well as the
methodological issues of collagens from marine invertebrates for potential drug discovery.

Keywords: collagen; chitin; corals; extracellular matrix; marine invertebrates; marine proteins

1. Introduction

Collagen is one of the most abundant proteins in the extracellular matrix of animal bodies. This
protein is the main fibrous, structural protein and supports the formation of all joints in the body.
Supplementing collagen is an important way to keep our body healthy. Nowadays, collagen-based
biomedical materials are used for the treatment of many human diseases (e.g., bone tissue regeneration).
The challenge currently facing scientists is to find a suitable source of collagen, and the extraction and
purification of collagen, which would be appropriate for applying to medical applications.

There is a huge source of collagen from marine organisms, and recent research has demonstrated
that the marine source is the most convenient and safest way to obtain it, with invertebrates
and crustose coralline algae [1–9] being the most abundant and potential sources (see Figure 1A
for examples). A marine source also has lots of advantages over land animals such as being
environmentally friendly, having a high quantity of collagen, having biological toxins that are almost
negligible, having better absorption due to low molecular weight, having a minimal inflammatory
response, having less religious and ethical constraints, being metabolically compatible, and having
few regulatory and quality control problems.

In this review, I included crustose coralline algae (CCA) because they have similar characteristics
of proteinaceous components and mineralization processes like calcifying marine invertebrates. CCA
are rock-hard calcareous with two key functional roles in coral reef ecosystems: (1) reef calcification
and cementation and (2) inducing the larval settlement of many benthic organisms. CCA contain
calcium carbonate with hard skeletons and minerals (e.g., calcite) similar to coral skeletons. In addition,
CCA have a high content of organic matrix skeletal proteins, including chitin and collagen [5,9]. CCA
are abundant and are found in marine waters all over the world. I therefore introduce these abundant
marine sources with the invertebrates presented in this review, which might have a high potential for
the extraction of collagens, and moreover use for medical applications.

Invertebrates make up almost 95% of the animal kingdom, but our knowledge of their extracellular
matrices, in particular, the polymer collagen is very weak. The information on the biology of

Mar. Drugs 2019, 17, 118; doi:10.3390/md17020118 www.mdpi.com/journal/marinedrugs5
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collagen within the extracellular matrix is scanty. A large number of marine invertebrates produce
polysaccharides and extracellular matrices [10–14] within their connective tissues, and their molecular
structures and functions are similar to humans [15,16]. Moreover, polysaccharides extracted from
marine calcifiers that contain extracellular matrices have an enormous assortment of structures
(Figure 1B), and they can be considered an extraordinary source of biochemical variety. We therefore
discuss the studies of collagens of invertebrates (including related marine calcifiers) and their plausible
medical application.

Treatment of bone defects such as replacing tissue or regeneration requires biomaterials with
similar mechanical integrity to natural bone, which can adapt and contribute to the tissue growth
processes. From an applicable biomaterials point of view, the mineralized extracellular matrix
of collagen in marine invertebrate structures has a vast richness for tissue engineering [17,18].
The skeletons in marine invertebrates are classic bio-resources that have tailored architectures to give
structural support, and their functions are feasible for human tissue regeneration and repair. Marine
calcifiers, for example, coralline, sea urchin, and coral, have interconnected porous structures that are
enriched with bioactive elements and medical materials that could be used for tissue engineering and
drug design applications [5,11,12,19–23]. The main purpose of this review is to provide an overview
of currently used collagens from marine invertebrates and related calcifying organisms, and their
medicinal potential, as well as the technical issues in purifying collagen from them.
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Figure 1. Marine calcifiers and their collagens. (A) Examples of marine calcifiers/invertebrates.
(B) A model image on the biological synthesis of collagens from the marine invertebrates and crustose
coralline algae.

2. Current State of Collagen Research and its Medical Application

There has been significant progress in the research of marine natural products in the purpose of
medical application nowadays. Marine invertebrates are the main source of this purpose; however,
finding collagen for the treatment of bone-related diseases is not well established yet. Many research
groups have been studying collagen in some marine calcifier tissues with a focus on structure and
functional relationships [1–10]. The biology of the extracellular matrix (Figure 2), particularly of
collagen in invertebrates is essential to understanding the continuing research in the field of marine
natural products. One of the key components of the structure of the collagen is a glycoprotein (see
Figure 2, left panel), and many organisms in the CCA and invertebrate such as corals (especially, soft
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corals), coralline algae, and jewelry corals [5,24–26] have already demonstrated this key molecule (see
Figure 3 for some examples). Helman et al. [24] reported collagen production in the ECM of both
soft (Xenia elongata) and hard (Montipora digitata) corals. They clearly demonstrated the presence of
glycoprotein in the ECM of corals, which means the presence of collagen must exist if the glycoprotein
is present in the species. This is an indicator for species that contain collagen molecules.

Figure 2. Collagen of extracellular matrix and its biology in invertebrates. The right panel shows
a model of cells. The left panel shows the structural components of the extracellular matrix, which are
involved in the formation of collagen in marine invertebrates.

To date, collagen has been identified in corals, sponges, sea urchin, salmon, jellyfish, mollusk, and
coralline red algae [2–5,7–10,20,27–33], among others. Most of these organisms have also been applied
for use in tissue engineering [34]. Collagen from marine invertebrates and related calcifiers have been
discussed in numerous review papers [5,6,31,35–42] where the authors highlighted details regarding
the structure and application of the collagen of this abundant marine source. It is a great possibility
to use the huge source of marine invertebrates for extracting and purifying collagen, not only for the
medical application and bone-related disease but also for use in cosmetics and anti-aging [43–48].

Recently, our group explored collagen in coralline red algae [5,9]. The research is now continuing,
and a high number of collagens have now been extracted from this organism (papers in preparation).
Some portions of this organism contain both chitin and collagen (Figures 4 and 5). Because of the huge
number of these organisms available in shallow water of the sea, it would be an easy way to collect
this marine group for extracting collagen. However, purification of collagen from these organisms has
been a problem, and this issue has already been mostly solved (see Section 3 for details). This is a new
group of marine organisms, which could get special attention for the extraction of collagen molecules
in the near future.
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Figure 3. Collagen associated glycoproteins in marine calcifiers. Coralline red algae: Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with a periodic acid-schiff (PAS) staining to
detect glycoprotein in the extracellular matrix of Clathromorphum compactum. M, protein ladder. Lane 1
and 2, high molecular weight (250 kDa) of a glycoprotein. Soft coral (Sinularia polydactyla): SDS-PAGE
with a PAS staining to detect glycoprotein in the extracellular matrix of S. polydactyla. M, protein
ladder. Two glycoproteins (83 and 63 kDa) were identified in this species. Soft Coral (Lobophytum
crassum): SDS-PAGE with a PAS staining. The PAS staining to detect glycoprotein in the extracellular
matrix of L. crassum. M, protein ladder. Two glycoproteins (102 and 67 kDa) were identified in this soft
coral species. The Precision Plus SDS-PAGE protein ladder (Bio-Rad) was used for the electrophoresis
analysis of all above-mentioned glycoproteins. The glycoproteins presented here were reproduced
from Rahman [5] for the coralline red algae and Rahman et al. [25] for the two soft corals (S. polydactyla,
L. crassum).

Figure 4. X-ray diffraction (XRD) analysis of C. compactum. The 2θ scan identifies the mineral form of
CaCO3 crystal planes, which were nucleated by chitin and collagen matrices. Purple arrows show the
collagen bands. Reproduced with permission from Rahman and Halfar [9].
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Figure 5. Infrared (IR) of collagens in C. compactum. Attenuated total reflection (ATR)–Fourier–transform
infrared spectroscopy (FTIR) spectra reveal the collagen bands in both soluble (A) and insoluble (B) organic
matrix fractions. [Reproduced from Rahman and Halfar (9)].

It is assumed that half of all marine-derived biomaterials are sourced from marine sponges, which
might be the highest number of organisms in the invertebrates currently being used for the extraction
of collagen. In sponges, collagen fibers have an interesting structural feature [45,49], and the molecules
isolated from this group have a wide range of activities that can be used for promising biomedical
applications [4,6], especially collagenous marine sponge skeletons, which are extremely strong, highly
absorbent, elastic, and resistant to bacterial attack. A recent review by Ehrlich et al. [6] described
details about collagen and collagen-like structural proteins from sponges. They also highlighted the
prospects and trends of collagen extracted from sponges in biomedical applications, materials science,
and technology. From the same research group [1], a hydroxylated fibrillar collagen containing an
unusual motif of “Gly–3Hyp–4Hyp” was isolated from the glass sponge (Hexactinellida). The authors
hypothesized that this motif in fibrillar collagen subject is a silica precipitation and a template for
biosilicification. Recently, Tziveleka et al. [4] isolated and characterized the collagens from the marine
demosponges Suberites carnosus (Suberitidae) and Axinella cannabina (Axenillidae) and found three
different collagen-insoluble collagen (InSC), spongin-like collagen (SlC), and intracellular collagen
(ICC) for biomedical applications. Collagen was isolated from many other marine sponges, for instance,
Chondrosia reniformis [47], Microciona prolifera, Spongia graminea, Haliclona oculata [42], Cacospongia
scalaris, Hippospongia communis [49], Chondrosia reniformis [50,51], Geodia cydonium [52], and several
Ircinia species [53].

Corals are an abundant source of biologically and structurally active compounds. Coral
skeletons have interconnected pores and are composed of CaCO3, with appropriate porosity and
pore sizes, making them a suitable material for bone implant application [17]. Regarding its interesting
structural formation, coral has been in use commercially since the 1990s and is available as interpore
and bio-coral [21]. There are several studies that have been found for such kinds of application,
e.g., a three-dimensional coral skeleton structure endorsed the hard tissue growth and was totally
replaced by new bone [22]. Similarly, a coral skeleton was used in human grafting [23]. Because of the
structural compositions of coral, it absorbed CaCO3 very quickly in growing new bone tissue, allowing
for a formation of a scaffold. These reports indicate that the corals might have collagenous molecules,
which can be applied as a treatment for bone-related disease.

However, the research for collagen on corals, especially for soft corals, has remarkably improved.
Over the last several years [2,3,44,54], very interesting findings on collagen molecules have been
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demonstrated from soft corals. Also, a number of collagen-associated glycoproteins have been
detected in soft corals [14,24,25,55,56]. The researchers found unique collagen fibers from the soft
coral Sarcophyton ehrenbergi [2,3]. These fibers expose a 3D structure and hyper-elastic behavior, which
are analogous to natural human tissues. The peculiarity of these fibers is too long (9 ± 0.37 μm).
The research also demonstrated the collagen I and II types. The structural characterization of these
collagen fibers reveals a highly suitable biomaterial for medical applications. Benayahu et al. [54]
invented an interesting patent from the same soft coral species S. ehrenbergi. The inventors claimed
that “(1) the collagen fibers from the soft coral have high adjustable extensibility compared with
mammalian collagen fibers and (2) the stiffness of the collagen fibers isolated from this species is at the
top range of the reported stiffness range of mammal collagen fibers”. Another study [24] demonstrated
the structural differentiation of collagen production in the ECM of soft corals; however, the authors
did not investigate the types of collagen. Besides the above-mentioned marine organisms, sea urchin,
marine fish, and mollusk organisms have been used for extracting different types of collagen, and the
evidence showed that these collagen molecules have a strong role in the treatment of bone-related
disease [20,27,29–31,33].

As mentioned above, research on the medical application of marine invertebrate collagen
is currently progressing well. However, most collagen research findings from marine
calcifiers/invertebrates are used in the application of bone-related disease (34), but the research
in this field is still suffering from various complications. The medical application of marine collagens
has been highlighted in recent reviews [6,31,35,57,58]. A review report by Cicciù et al. [57] suggested
the facial bone reconstruction defect by applying marine collagen. During this review, the authors
conducted a search using the MEDLINE and EMBASE databases (2007 to 2017), and their search results
suggested that marine collagen can support the stability of the bone graft and could be an excellent
carrier for growth factors. There are some recent reports of marine sources (coral, sponge, sea urchin,
and fish) focused on the medical application (including bone tissue engineering and related diseases)
of collagen available in the literature [3,6,17,31,59–61]. Moreover, collagen derived from mollusks,
echinoderms, and sponges was reported [62–71], with some other important medical applications.

3. Purification Technique of Collagens from Marine Invertebrates

The molecules in invertebrates are complex, and therefore the purification of any specific molecule
from this group is tricky. An individual species is required to apply different techniques, as the
characterization of their components is multifaceted. For instance, soft corals have sclerites and soft
tissue (unlike the stony corals) comprising complex organic matrices [14]. For these complexities,
it was difficult to purify molecules; however, our group successfully purified the molecules [11,14],
including the functional extracellular matrix proteins (e.g., ECMP-67), enzymes, calcium-binding
proteins, and glycoproteins (see Figure 3 for examples). Glycoprotein in the extracellular matrix
protein is a key component of collagen (Figure 2) that plays the main role in the biological process of
collagen in invertebrates. Applying similar techniques, we recently investigated coralline algae, which
have a high concentration of both chitin and collagen biopolymers and are functional in both soluble
and insoluble organic matrix fractions (Figures 4 and 5) [5,9].

Coralline algal concentrations of the soluble organic matrix (0.9%) and insoluble organic matrix
(4.5%) fractions are significantly higher than those of other marine invertebrates such as soft corals,
with a soluble organic matrix and insoluble organic matrix of 0.03% and 0.05%, respectively [56,72].
The evidence of purified collagen in the coralline skeletons was also shown by X-ray diffraction (XRD)
analysis (Figure 4). Jiang et al. [73] identified mineral crystals in collagen fibrils in a different marine
invertebrate. The findings by Jiang et al. support our XRD results, and this technique has been revealed
as a promising tool in analyzing collagens in the mineralization process. The results obtained by XRD
demonstrated that XRD will become an important tool to study biological materials like collagen from
the ECM of invertebrates. Such a high concentration of collagen present in the organic matrices of
marine calcifiers presents the opportunity for future drug development in bone-related disease, and,
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moreover, both chitin and collagen present in the same species can take a significant role in drug design
of other related diseases, because these two polymers are commonly used in drug design [74–83].

At present, the methods for the isolation and purification of collagens from the octocorals have
been significantly improved. A patented protocol on the collagen purification from the soft coral [54]
is now on the market. Since this method is patented, it is not open to the public. However, there
are several publications by the same research group that currently exist in the literature, in which
they established the methods in purifying collagens (including collagen types I and II) from the soft
coral [2,3]. The development of these new technologies, along with the technologies established by our
group as mentioned above, will be extremely beneficial for purifying functional collagens from these
marine organisms.

Despite the importance of collagenous marine sponge skeletons being documented, the techniques
for the purification of collagens from this group are not well-established yet because of their insolubility
and mineralization, which might cause difficulties in its separation and characterization [84,85].
However, researchers are trying to resolve these issues, and numerous investigations have so far been
reported in this group [47,50,53,86,87]. Recently, Pozzolini et al. [47] established several new methods
to purify collagenous fibrillar suspensions from the Chondrosia reniformis demosponge. The authors
demonstrated that the obtained fibrillar collagens are extensively useful for tissue engineering and
regenerative medicine, as well as in antioxidant activity.

There are some techniques that have been established in purifying collagens from the invertebrates;
however, a proteomic approach might be a useful tool to learn more about the collagen and
its functions in detail. Proteomics have already been established as an important tool for the
detection, characterization, and analysis of pharmaceutically useful proteins from marine organisms,
and this approach provides the most precise evaluation of protein identities, abundance, composition,
and protein expression profiling [5,26,88–90]. Therefore, in regard to collagen, the proteomics
approach could be a promising toolkit in the near future. The overview regarding marine collagen of
invertebrates stated above allows us to understand some newly developed techniques and suitable
methods for extracting and purifying collagen, as well as for applying proteomics approach for
medical applications.

4. Future Applications of Invertebrate Collagens in Medical Field

The marine ecosystem provides suitable and numerous diversified resources for human health
in comparison to the terrestrial ecosystem. In the last few decades, marine resources, especially
invertebrates, have been recognized to be a promising source for many drugs (e.g., Cytarabine,
Vidarabine, and Halichondrin B) [91]. According to the discussion above (Sections 1–3), marine
invertebrates and related calcifying organisms such as soft and hard corals, sponge, mollusk, sea
urchin, and coralline algae could be a major source of medicines over the next decades. However,
extraction and purification of collagen for the purpose of medical application of these resources is still
under investigation developing. Despite some impressive work having been performed on collagenous
sponges and corals [1–4,6,7,15–17,47,54,91–93], an intensive study is necessary with these two groups
and other invertebrates to use these huge apposite resources in future years. The potential of marine
invertebrates for collagen could be realized by developing new technologies; indeed, there are many
methods such as proteomics, computer-aided design, bioinformatics, and combinatorial synthesis that
are now being applied.

The biological diversity of marine invertebrates and complex protein and peptide components
direct us toward discovery of many new drugs for various therapeutic areas, including bone-related
disease (e.g., osteoporosis) [94]. Besides cancer, microbial infections, and inflammation, drug discovery
for bone-related disease is the biggest challenge of the current century, and collagen extraction from
marine invertebrates shows new promise in fighting against this and other related diseases.
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5. Concluding Remarks

In this review, the current state of research on collagen extracted from the ECM of invertebrates
and its applications in the medical field have been discussed, and some light has been shed on future
perspectives of this important marine material. The methodological issues of collagen purification
from invertebrates, which the researchers are currently struggling with, have also been highlighted.
The discussion concerning the purification techniques in this review could be of tremendous help
in the extraction of purified collagen from invertebrates. The extracellular matrix, which is one
of the key components in invertebrates and is responsible for producing collagen in this marine
group, has been elaborated with informative imaging. In addition, the glycosylation activity with the
formation of glycoproteins (size of the protein, which varies from species to species) in invertebrates,
whose biological processes are involved in producing collagen, has been discussed for the first time in
this review. The obtained results demonstrate the potential for marine invertebrates to generate new
drugs, especially for bone tissue regeneration.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The biosynthesis, structural diversity, and functionality of collagens of sponge origin
are still paradigms and causes of scientific controversy. This review has the ambitious goal of
providing thorough and comprehensive coverage of poriferan collagens as a multifaceted topic with
intriguing hypotheses and numerous challenging open questions. The structural diversity, chemistry,
and biochemistry of collagens in sponges are analyzed and discussed here. Special attention is paid
to spongins, collagen IV-related proteins, fibrillar collagens from demosponges, and collagens from
glass sponge skeletal structures. The review also focuses on prospects and trends in applications of
sponge collagens for technology, materials science and biomedicine.
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1. Introduction

Collagens constitute a superfamily of long-lived extracellular matrix structural proteins of
fundamental evolutionary significance, found in both invertebrate and vertebrate taxa. They are among
the most studied proteins due to their important functions in mammals, including humans. In addition
to their structural function in cartilage and skin formation [1,2], as well as in the biomineralization of
hard tissues [3] including bone [4] and dentine [5], collagens are involved in the regulation of diverse
cellular functions and processes. During the last 60 years, research into collagens has evolved from the
discovery of the structure of collagen [6,7], through studies on its chemistry and biochemistry [8–10],
to present-day applications in cell therapy [11], biomedicine [12–14], cosmetics [15], and the food
industry [16]. A rod-like triple-helical domain is the typical structural element in all collagens.
However, they differ in their size, dislocations of the globular domains and imperfections within the
triple helix, self-assembly behavior, and functional roles. The classification of collagens is based on
structural and functional features of vertebrate collagens. For example, 28 collagen types have so far
been identified and characterized at the molecular level in mammals (see for review [1,17]). Collagens
are also divided into subfamilies based on their supramolecular assemblies: fibrils, beaded filaments,
anchoring fibrils, and networks [11]. Usually, the amino acid sequences in collagens are responsible for
the corresponding functional properties: energy storage capacity, stiffness, or elasticity [18]. Even the
type of amino acid motif within the tropocollagen molecule of a collagen can significantly affect its
mechanical properties. Consequently, it can be hypothesized that the diversity of collagen polyforms
determines their future functions, even within the same organism.

Marine vertebrate collagens have attracted scientific attention, mostly as products of fisheries [19].
In particular, fish-sourced collagens from skins and scales [20–22] have been studied and used as
alternative collagen sources to avoid the potential risks associated with mammalian collagen due to
bovine spongiform encephalopathy and the swine influenza crisis [23].

Mar. Drugs 2018, 16, 79; doi:10.3390/md16030079 www.mdpi.com/journal/marinedrugs17
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In contrast to marine vertebrate collagens, similar structural proteins found in marine
invertebrates represent one of the most ancient protein families within Metazoa. Marine invertebrate
collagens arose earlier than their vertebrate analogs, and possess diverse unique structural features,
including very special structure–function interrelations. Collagens from poriferans, coelenterates,
annelids, mollusks, echinoderms, and crustaceans have been discussed in detail in several review
papers (e.g., [24–32]) and books (e.g., [33,34]). The limiting factors that have hindered progress in
this field of research are the difficulty of purifying marine invertebrate collagens and their relative
species-dependent complexity. However, there are more than enough examples in practically every
order of marine invertebrates to inspire experts in materials science and biomedicine, especially
because the similarities in structure and biosynthesis between vertebrate and invertebrate collagens
appear to be more impressive than the differences [24].

Sponges (Porifera) are the most simple and ancient multicellular organisms on our planet,
and mostly live attached to a suitable substratum (rock, sandy sediments) on the seabed. Poriferans
diverged from other Metazoans earlier in evolutionary history than any other known animal
phylum, extant or extinct [35], with the first fossilized sponge remnants found in 1.8 billion-year-old
sediments [36–41]. The phylum Porifera is divided into four classes: Hexactinellida, Demospongiae,
and Homoscleromorpha, with silica-based skeletons; and Calcarea, with a skeletal network made of
calcium carbonates [42]. According to Exposito et al. [27], before the divergence of the sponge and
eumetazoan lineages took place, the genes which were responsible for the synthesis of some kind of
ancestral fibrillar collagen arose at the dawn of the Metazoa. The duplication events leading to the
formation of the A, B, and C clades of the fibrillar collagens occurred before the eumetazoan radiation.
Interestingly, the similarity in the modular structure of sponges and humans is preserved only in the B
clade of fibrillar collagens. This phenomenon correlates well with the hypothesis of the primordial
function of type V/XI fibrillar collagens in initiating the formation of collagen fibrils [27].

Different systems of terminology relating to poriferan collagens are found in the literature,
as sponges also display considerable polymorphism with respect to their collagenous structures.
The insolubility of most poriferan collagens has been the main obstacle to carrying out any detailed
biochemical analysis. Studies on the morphology and nanotopography of the collagenous fibrils have
shown that they are dispersed throughout the intracellular matrix within the skeletons of sponges.
Cuticular structures have been found in some sponges, but their molecular composition has not been
determined [43].

It was accepted very early that collagen fibers in sponges can possess quite different morphological
features [44]. Gross et al. isolated two distinct forms of collagen from Spongia graminea, which they
called spongin A and spongin B [29]. The first corresponds to fine intercellular collagen fibrils,
visible only by electron microscopy. The second, spongin B, forms macroscopically-visible rigid fibers
which are characteristic of keratosan demosponges [43]. This was probably the moment when the
terminological divergence arose with regard to the term spongin, which was initially proposed by
Städeler [45] to denote the skeletal fibrous matter of bath sponges, and was also used for spongins A
and B defined by Gross et al. [29]. Up to the present, the authors of numerous publications—especially
those on applications of spongin-based scaffolds in tissue engineering [31,46–51]—have used the
term collagen for spongin, or even defined spongin as “collagenic skeleton” [52]. Very recently,
Tziveleka et al. [53] studied collagen from the marine demosponges Axinella cannabina and Suberites
carnosus, and proposed three different terms: insoluble collagen (InSC), intercellular collagen (ICC),
and spongin-like collagen (SlC). It is worth noting that the isolation of each form of collagen from
demosponges is based on the selectivity of the method used. Data on collagen extraction methods from
diverse mineralized sponges (Hexactinellida, Demospongiae) and sponges which lack mineralized
skeletons (the subclass Keratosa)—including yields of the extracted collagens—may be found in the
relevant papers.

In this review, we focus on the structural diversity of collagens and collagen-like proteins
in selected sponges, with particular focus on their origin, structural features, and applications in
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biomedicine and technology, including materials science and biomimetics. The review has the
ambitious goal of providing thorough and comprehensive coverage of poriferan collagens (Figure 1)
as a multifaceted topic with controversial hypotheses and numerous open questions. We begin with a
brief description of spongins and their practical applications. Next, we examine the collagen IV-related
proteins in diverse representatives of Porifera. Special attention is paid to Chondrosia sp. collagens and
their applications in marine biotechnology, biomedicine, and cosmetics. Finally, we discuss the current
state of work related to the unique hydroxylated collagen discovered in anchoring siliceous spicules of
psychrophilic deep-sea glass sponges. We are optimistic that both the attempts to establish implications
for poriferan collagens and the numerous open questions raised in this review will inspire the scientific
community to carry out research into collagens and collagen-related proteins from sponges, as ancient
and intriguing structural biopolymers.

 

Figure 1. Schematic overview of the collagens and collagen-like structural proteins of poriferan origin
described in this review.

2. Spongins as Enigmatic Structural Proteins in Sponges

It is recognized that so-called spongioblasts—derived from the epithelium of sponges—are
responsible for the formation of spongin. Minchin claims that the fibers of skeletal spongin are formed
extracellularly; however, the cuticular spongin fibrils are of intracellular origin [19]. In contrast to such
structural proteins as collagen, fibroin (silk), elastin, resilin, and keratin, the chemistry and molecular
biology—including the sequences—of spongins so far remain unknown. It seems that spongin is the
last enigmatic proteinaceous biopolymer, although it is of very ancient origin and has undergone more
than 300 years of investigations. Spongin in the form of cell-free skeletons of diverse bath sponges
(Figures 2 and 3) has been used for more than 3000 years [54,55] for painting, bathing, and cleaning,
as padding for battle armor, for medical purposes, and as a vessel for drinking water [56]. A brief
overview of the practical applications of spongin from bath sponges in biomedicine and technology in
recent times is given in the next section.

A suggestion of a similarity between silk and bath sponge skeletal fibers was reported for the
first time by Geoffroy in 1705 [57], and was based on his chemical experiments. After that, attention
was paid to practical applications of sponges in pharmacology due to the presence of iodine in their
skeletons. For example, in 1819, Andrew Fyfe—a professor of chemistry in Aberdeen—identified
large quantities of iodine in the marine sponge Spongia usta, the “Coventry Remedy”, which was
used even in ancient China [58]. In 1841, bath sponges were described as those in which the essential
base of the skeleton consists of keratose fibrous matter. At that time, the structural and chemical
similarity between horny fibers of sponges and silk was again suggested by Croockewit [59]. It would
appear that the horny matter of sponge is closely analogous to silk and related proteins, differing from
them only in that it contains additional halogens. According to Croockewit, the chemical formula
of horny matter must be as follows: 20(C39H62N12O17) + I2S3P10 [59]. Schlossberger [60], however,
reported the very slight solubility of the fibrous matter in ammoniacal solution of copper hydroxide.
Additionally, treatment with diluted sulfuric acid leads to the identification of leucine and glycocoll,
in contrast to the isolation of tyrosine and serine from sericin under similar conditions. Städeler in 1859
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obtained similar results [45] and introduced for the first time the scientific term spongin for this horny
matter. Then, in 1864, von Kölliker [61] carried out the first histological studies on sponges, including
investigations of the structural features of fibrous spongin. Diverse iodine-containing sponges and
the matter termed as “Jodospongin” were discussed by Hundeshagen in 1895 [62]. The organic origin
of iodine in bath sponge skeleton was suggested by Harnack [63]. He estimated the concentration of
iodine in spongin at 1.1–1.2%, and demonstrated that superheated steam destroys the organic portion
of spongin fibers completely, liberating iodine.

Figure 2. The mineral- and cell-free skeleton of commercial Hippospongia communis bath sponge is an
example of a 3D spongin scaffold.

In 1898, Harnack isolated the “Jodspongin” and characterized it as an albuminoid-like product,
containing over 8.5% iodine and 9.4% nitrogen [63]. In 1926, Clancey carried out a critical analysis
of the literature to-date relating to the identification of spongin by other authors. In contrast to other
physiologists, he suggested that the origin of the skeletal spongin in Euceratosa was not the same as that
of the spongin which surrounds the spicules in the Pseudoceratosa [64]. At that time, the common bath
sponge Hippospongia equina and the “Turkey cup sponge” Euspongia officinalis were the sponges most
studied with respect to spongin. The results published in various papers [65,66] showed remarkable
differences, due to insufficiently effective analytical methods and the use of commercial sponges that
had been variously prepared and bleached. Consequently, different results on the chemical nature of
spongins from particular species were obtained.

Figure 3. Scaning electron microscopy (SEM) image of anastomosed spongin fibers from
the demosponge H. communis, which are organized as sets of unconnected structures with
dendritic architecture.
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For example, Clancey [64] isolated up to 7% of iodogorgonic acid besides the other amino acids
in acidic hydrolysates of spongin. Clancey [64] did not identify hydroxyproline in spongin fibers
of Hippospongia equina which had been treated with acid and alkali. It should be noted here that
in natural collagen, a 3(S)-hydroxy-L-proline (3-Hyp) residue occurs together with a 4-Hyp residue,
which is known to markedly increase the conformational stability of the collagen triple helix [67].
Hydroxyproline is found almost exclusively in collagen [8]. Thus, Clancey found a remarkably high
amount of glutamic acid (18.4%), as well as 14% glycine, 5.7% proline, 2.8% tyrosine, 11% tryptophan
or histidine, and a trace of cystine. Block and Bolling [68] presented the following results on the
chemistry of spongin (Table 1).

Table 1. Amino acid composition of spongin.

Constituent Content (%)

Nitrogen 13.0–14.8
Sulfur 0.7
Iodine 0.84–1.46

Histidine 0–0.2
Lysine 3–3.6

Arginine 4.3–5.9
Cystine 2.8
Tyrosine 0–0.8

Tryptophan 0
Phenylalanine 3.3

Glycine 13.9–14.4
Diiodotyrosine 4.7

Molecular ratio of lysine to arginine 4:6

The content of glycine (about 14%) in this spongin is significantly lower than in collagen (between
25% and 33%) [8]. Thus, until the identification of two different spongins by Gross et al. in 1956,
spongin was recognized, for the most part, as a halogenated scleroprotein (see Table 2) [69–71] or
neurokeratin-like protein [68] due to the presence of cystine.

Table 2. The chemistry of spongin according to Ackerman and Burkhard [69].

C H N I Br S Cl Ashes

47.00 6.28 16.06 1.41 2.93 0.87 0 1.16

Consequently, it is very curious that the two morphologically-distinct forms of spongin
fibers—termed spongin A and spongin B—were classified by Gross et al. [29] as members of the
collagen family. This was probably because such an analysis was supported by electron microscopy
and X-ray diffraction, and by their general amino acid pattern, including corresponding glycine and
hydroxyproline content. Ratios of glycine to hydroxyproline were 1.6 and 1.8 for spongins A and B,
respectively. The results obtained with small-angle X-ray diffraction and electron microscopy showed
the diameter of the spongin A unbranched fibril to be on the order of 20 nm, with an axial period
of about 650 Å. The large and branched fibers of spongin B were 10–50 μm in width and composed
primarily of bundles of thin unbranched filaments less than 10 nm wide [29]. Both fiber types and the
amorphous matrix contain hexosamine, hexose, pentose, and uronic acid. Glucosamine, galactosamine,
glucose, galactose, mannose, fucose, arabinose, and uronic acid were identified chromatographically in
both spongin A and in the amorphous substance. It was shown that spongin B contains a small amount
of amino sugar plus glucose and galactose. In contrast to mammalian collagen, neither spongin can
be dissolved at all by collagenase (Clostridium hystolyticum) or pepsin, nor were they dissolved to any
appreciable extent in alkali solutions or dilute acid [29]. In a paper by Katzmann et al. [72], it was
reported that spongin B accounts for over 70% of the dry weight of the bath sponge H. gossypina,
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and contains approximately 7% by weight of glucosylgalactosylhydroxylysine but a negligible amount
of other sugars.

Recently, Langasco et al. [52] isolated glycosaminoglycans (GAGs) from sponginous skeletons
of selected bath sponges. Total GAG content—expressed as μg hexuronate/mg dry weight—shows
some variability among the tested species, being 0.171 ± 0.021, 0.367 ± 0.028, and 0.460 ± 0.081 for
H. communis, Spongia officinalis, and S. lamella, respectively. The data obtained suggest that these sponge
GAGs are structurally divergent from vertebrate GAGs [52].

Thus, it seems that spongin chemistry is made very complex by the presence of diverse halogens
(I, Br) which have never been reported in natural collagens or keratins. This may explain the very high
resistance of this proteinaceous biopolymer to enzymatic treatment. Its unique resistance to various
enzymes—including amylases, lysozymes, trypsin, pronase, collagenases, and other proteases—is
well reported [44,72]. On the other hand, in the natural environment diverse bacteria are able to
destroy spongin enzymatically and lead to extremely high levels of damage to the structure of the
spongin-based skeletal fibers (see for details [73]). The isolation and purification of such special
“sponginases” remain a challenge for future research, and will provide a key way to obtain peptides
that will be useful for detailed proteomic analysis and the sequencing of spongin.

Understanding of the nature and origin of spongins—especially in keratosan demosponges (the
orders Verongiida, Dictioceratida, and Dendroceratida)—changed dramatically after the discovery of
chitin as a second structural component of the skeletal fibers of demosponges in the order Verongiida
by the Ehrlich Group in 2007 [74–76]. It was shown that anastomosing and macroporous skeletons of
diverse verongiids are made of some kind of spongin–chitin biocomposites. The content of chitin in
such composites ranges between 10% and 60% depending on the sponge species [76]. The isolation
and characterization of chitin in these composites was possible due to the well-known resistance of
chitin to dissolution in alkaline solutions [77–79], in contrast to spongins, which are quickly dissoluble
in alkali [72,80]. Consequently, all publications prior to 2007 on spongins found in Verongiida sponges
must be re-examined. The only existing and up-to-date classification of spongins is that proposed by
Garrone in 1978 [43]. He states that the following types of spongins can be defined and discussed
(see Figure 4). The first spongin is to be found in the form of spiculated fibers. These structures
are associated with the endogenous mineralized skeleton of the sponge. It is also responsible for
the formation of wide fibers which include only a very thin mineral element in the core. This kind
of spongin is also resistant to mild acid or alkaline hydrolysis, as well as to pepsin and diverse
bacterial collagenases. However, this spongin can be partially destroyed by cuprammonium hydroxide
treatment at room temperature.

 

Figure 4. Diversity of spongins according to [43].

Second are the spongin fibers which form the skeleton of the keratosan demosponges: the
abundance and compactness of the spongin and the almost complete lack of its own inclusions—which
are replaced with foreign particles—testify to the originality of the spongin in this group. A typical
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example of such spongin can be found in the genus Ircinia, characterized by spongin fibers cored
with foreign debris (sand microparticles) [81]. Recently, Castritsi-Catharios et al. [82–84] described
the chemical elements and the physical properties of such skeletal spongin from diverse commercial
sponges before and after chemical treatment.

The importance of the so-called basal spongin is evident for all sponges as sessile animals.
In sponges with no organized internal skeleton, the organism is attached to the substratum by a more
or less continuous layer of external spongin. This spongin is secreted by the basopinacocytes. The basal
spongin is continuous with the internal spongin only in poriferans with an organized skeleton,
formed either of spongin fibers or spiculated fibers. Due to the function of the basal spongin in such
demosponges as Chondrosia reniformis (a species lacking spicules and internal spongin), the animal
is attached strongly to its substratum. The basal spongin is discontinuous in erect sponges, where it
forms the starting points of the internal organized skeleton. However, in the endemic fresh water
demosponge Lubomirskia baicalensis, the holdfast which is responsible for attaching the sponge body to
the hard substratum contains both basal spongin and chitin [77].

The extremely flexible and elastic organic structures which are morphologically similar to
mineralized spicules are known as spiculoids [85]. They have been described in representatives
of the genera Darwinella and Igernella (order Dendroceratida), where they are either free or partly
joined to the fibers of the skeleton. They are compressible and can be easily torn apart. Finally,
spongin may be responsible for the protection of gemmule shells. Gemmules are formed within the
tissues of most freshwater and some marine sponges, and represent morphologically diverse asexual
reproductive spherical bodies a few tenths of a millimeter to more than 1 mm in diameter, composed
of a dense mass of identical cells and surrounded by an organic coat called the shell. The shell of
gemmules is fortified with siliceous spicules and gemmoscleres, which are embedded into a matrix
composed of both chitin and a collagenous protein. This collagen has been referred to as spongin [43].

Trends in the Applications of Spongins

The history of studies on the chemistry, molecular biology, biochemistry, and bioinspired materials
science of spongins remains relevant today, partly due to the poorly understood basis of ecological
disaster in the case of sponge diseases, but mostly due to recent progress in the direct applications
of sponge skeletons as 3D spongin scaffolds in tissue engineering and biomimetics. Additionally,
the marine ranching of bath sponges worldwide is a crucial factor in the adoption of spongins as
renewable naturally prestructured proteinaceous scaffolds.

The spongin-based skeletons of bath sponges appear to possess a number of unique and useful
properties, which had been exploited long before such scientific fields as tissue engineering and
bioengineering were proposed. As reviewed by Szatkowski et al. [86], from the 18th century
commercial bath sponges were valued in medicine due to their softness, high compressive strength,
ability to retain shape, and high sorption rates. For these reasons, they were used as compression
bandages for pressing open sinuses, in overcoming strictures of body passages (including the rectum),
for dilation of the cervix uteri [86–90], and in the form of sponge tents applied in the uterus to expand
the cavity and enable examination. More intriguingly, fragments of sponge skeleton were used as small
prostheses in early “plastic surgery” [91]. Revolutionary results were obtained by Hamilton in 1881.
In a paper entitled “On sponge-grafting” [92], he reported the following case. A woman underwent
surgery for removal of a mammary tumor, during which a large area of skin was removed. The skin
was replaced with a thin slice of an aseptic sponge skeleton, which ten days after the surgery was
observed to be vascular, and three months later was covered with epithelial tissue (Figure 5).
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Figure 5. Sketch of a fragment of spongin framework (b) surrounded by a great number of living cells
(a,c) in a sponge-grafting application (adapted from [92]).

Today, spongin-based scaffolds are actively used in diverse applications related to tissue
engineering. Positive results have been reported with human osteoprogenitor cells on the skeleton of
S. officinalis [46], with osteoblast-like MG-63 cells growing on spongin from Hymeniacidon sinapium [93]
and with mouse primarily osteoblasts on spongin from Callyspongiidae marine demosponges [49].
Recently, Nandi et al. [51] have proposed that the skeleton of the marine sponge Biemna sp.—alone and
in combination with growth factors—is a promising biomaterial for bone repair and bone augmentation.

Besides applications in the biomedical field, spongin-based scaffolds have been successfully
used as adsorbents of diverse dyes [94,95] and as supports for enzyme immobilization [96]. It was
recently shown that spongins are thermostable up to 260 ◦C [86,97,98]. This property opens the door
for applications of spongin-based scaffolds with 3D architecture in such novel scientific disciplines as
Extreme Biomimetics [99], with the aim of developing novel advanced composite materials.

3. Collagen IV and Related Proteins in Sponges

It is now well established that collagens are key to the structural integrity and biomechanical
properties of various tissues of Metazoans. One of them, the basement membrane-forming collagen
IV, is extremely ancient. Collagen IV networks have a polygonal architecture that endows basement
membranes (BMs) with a tensile strength sufficient to protect tissues from mechanical stress, in addition
to serving as important regulators of the dynamic events associated with cell adhesion, signaling,
and survival [100]. According to the modern view [101], only the presence of the collagen IV gene was
precisely correlated with the emergence of BMs in animals. Thus, the triple helical collagen IV was
required for the development of BMs.

BMs underlie the epithelia in Metazoa from sponges to humans [102]. Interestingly, until 1996,
basement membrane structures and type IV collagen were known to be present in all multicellular
animal species except sponges. In Porifera, BMs are associated with the basal surfaces of polarized
epithelial cells [103]. After the first report on the identification of type IV collagenous sequences in
the homoscleromorph sponge Pseudocorticium jarrei by cDNA and genomic DNA [103], this collagen
has been found in diverse poriferans. For example, in corresponding transcriptome data from a
calcareous sponge (Sycon coactum) and another homoscleromorph sponge (Corticium candelabrum),
two new type IV collagen genes were found in each [104]. Homologs of important components
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of basement membrane genes, including type IV collagen, have been found in the Demospongiae
Spongilla lacustris, Ircinia fasciculata, and Chondrilla nucula [105]. The discovery of type IV collagen in
Calcarea and Demospongiae is very important, because nowhere in this group has a BM-like structure
been noted. The presence of type IV collagen in glass sponges (Hexactinellida) remains to be detected.
Polyclonal antibodies have detected type I (but not type IV) collagen in the anchoring spicules of the
Hyalonema sieboldii glass sponge [3].

The relationship between type IV collagen and the so-called spongin short chain collagen
(SSCC) [106] is still under investigation [101]. SSCC has been considered as ancestral to type IV
collagen [107]. Like type IV collagen, SSCC also has NC1 domains which produce the globular heads
particular to type IV collagen and which are required for assembly of the unique scaffold of the BM (see
for review [104]). It is suggested that collagen IV and its spongin variant are primordial components of
the extracellular microenvironment, where collagen IV especially was a key player in the evolution of
epithelial tissues in Metazoa, including sponges, due to the transition to multicellularity [101].

Interestingly, collagen IV from the demosponge Chondrosia reniformis has recently been patented
as a source of special membranes for biomedical applications [108]. The collagen was isolated with
an extraction solution of 100 mM Tris-HCl, 10mM EDTA, 8 M urea, and 100 mM 2-mercaptoethanol,
rendering the protein in the form of a precipitate. This was used for the development of stable
and non-cytotoxic type IV collagen membranes, which can be applied in tissue engineering and
regenerative medicine approaches for epithelial repair, regeneration, or replacement. The technology
includes the re-epithelialization of any single and stratified epithelium, with emphasis on the skin.

4. Fibrillar Collagens in the Mesohyl of Demosponges

The mesohyl includes a noncellular colloidal mesoglea with embedded collagen fibers, spicules,
and various cells, being as such a type of mesenchyme. It is currently debated whether the mesohyl
and pinacoderm layers in sponges are true tissues [109]. Collagens serve several functions in
sponges [27,106,110]. The formation of mesohyl certainly involves the activity of fine fibrils made of
fibrillar collagen. The collagen fibrils both mediate cell–matrix interactions via membrane receptors
and provide the structure of the extracellular matrix (ECM), a situation observed in vertebrates.
The increase in the structural diversity of fibrillar collagen chains, their different forms of maturation,
and interactions with other ECM components appeared during the process of evolution [111].
The diversity of sponges which contain high amounts of fibrillar collagen within their mesohyl
has been described previously (see for review [110–112]).

Fibrillar bundles, formed by the association of several hundred collagen fibrils, have been
observed in diverse species of Tethya, Chondrosia, Chondrilla, Jaspis, and Suberites (see for
details [112,113]). The densely packed bundles of collagen fibrils are secreted exclusively by the
highly polarized lophocyte cells [43,111]. These are actively moving cells, pulling behind them a
bundle of regularly arranged collagen fibrils.

Another kind of collagen-producing cell has been discovered in the mesohyl of the demosponge
Suberites domuncula [114,115], in which the expression of collagen genes is controlled by silicate and
myotrophin [116]. SEM observations have revealed the complex collagen network surrounding the
spicules within the mesohyl of adult specimens (Figure 6).

Collagen fibers have also been identified in the mesohyl of the demosponge Haliclona rosea [116].
Collagen has also been reported in the mesohyl of such Calcarea sponges as Leucosolenia sp. and
Leucandra sp. [117].

Collagen fibril content is also high in the external asexual buds that occur in Tethya lyncurium [118].
Similarly, the buds of T. sychellensis contain a dense collagen matrix [119]. Buds consist of cellular
masses that sprout out from the surface of adults and are able to develop into new functional
individuals [119].

Recently, special attention has been focused on fibrillar collagens in the mesohyl of C. reniformis.
This species is the only sponge which has been experimentally proven to contain a dynamic collagenous
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mesohyl capable of stiffening upon being manipulated [120]. It was shown that the different
physiological states recorded in laboratory experiments are expressions of the mechanical adaptability
of the collagenous mesohyl of C. reniformis, and suggest that stiffness variability in this sponge is under
cellular control [121].

 

Figure 6. SEM view through the collagenous mesohyl of the demosponge S. domuncula. Layers of
collagen fibrils (A,B) are a result of the activity of the unique collagen-producing cells which are seen
to line up along the surface of the spicules (C–E). The line of cells (A) can move from left to right along
the spicule, depositing a rough, nanofibrillar collagenous layer in their wake (C) (see also [114]).

5. Chondrosia Collagens

Collagens from the demosponge Chondrosia reniformis (Nardo 1847) have received attention from
researchers since 1970 [113,117–119] due to their diversity (type IV collagen, fibrillar and nonfibrillar
collagens) [120] and interesting structural [121], physicochemical [122], and ecophysiological
properties [123–127]. For example, slices of fibrillar collagen incubated with collagenase are not
modified even after 48 h of incubation, and do not show any changes in the aspect, consistency, or fine
structure of the fibrils. No kind of enzymatic damage was observed by electron microscope on the
isolated collagen fibrils after collagenase treatment.
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The mechanical properties of this collagen have been partially described by Garrone et al. [117].
The cortex of Chondrosia sponges is less resistant than calf skin, but has mechanical properties of the
same order as those of bovine nasal cartilage (Young’s modulus 150–250 kg/cm2 and 100–250 kg/cm2

respectively). Probably due to special mechanical features, the body of Chondrosia can slowly become
flat and slide to avoid compression or stretch itself into a slender thread under continuous stress.
Such creeping behavior of a fibrous and living material provides a remarkable example for the study of
mechanical stresses as morphogenetic factors [117]. Although the nanomorphology of C. reniformis
collagen fibrils has now been well investigated (Figure 7) [121], there is still a lack of knowledge
about the relationship between the ultrastructural features of this collagen and its mechanical and
physicochemical properties.

Figure 7. Schematic diagram of C. reniformis collagen fiber with numerous nanofibrils with characteristic
nanotopography. Along the fibril, one characteristically thick segment (protrusion) about 28 nm in
diameter is followed by two equal thinner and closer conjoined segments (interband) about 20 nm in
diameter. The average distance between the protrusions is about 67–69 nm. The distance between two
consecutive peaks of the interband regions or between a protrusion and an adjacent interband region
is about 21–23 nm. The average step height between the protrusions and the interband regions was
calculated to be about 4 nm (see for review [121]).

The well-known biocompatibility of C. reniformis fibrillar collagen has stimulated many studies on
its possible applications in cosmetics and pharmacology (see for review [31]), including in transdermal
drug delivery [128].

The production and selection of a triple transformed Pichia pastoris yeast strain expressing
a stable P4H tetramer derived from C. reniformis sponge and a hydroxylated nonfibrillar procollagen
polypeptide from the same organism have recently been reported by Giovine et al. [118]. The obtained
recombinant sponge P4H has the ability to hydroxylate its natural substrate in both X and Y positions
in the Xaa-Yaa-Gly collagenous triplets. It is suggested that the Pichia system could be used for the
large-scale production of hydroxylated sponge- or marine-derived collagen polypeptides, which have
high pharmacological potential [118].

The possibility of the application of Chondrosia fibrillar collagen as an organic template for
in vitro silicification has been confirmed in several studies [121,129,130]. There are no doubts that the
mechanical properties of biomimetically-inspired hybrid composites can be significantly improved
with the presence of this special collagen.

6. Glass Sponge Collagen

Collagen is known as a universal template in biomineralization, including both calcification
and silicification. It is proposed that this biopolymer functions as a fundamental template in
biomineralization, inasmuch as it is very ancient from an evolutionary point of view and is common
to many species and biological systems with a global distribution [131]. The identification of diverse

27



Mar. Drugs 2018, 16, 79

collagens in demosponges as described above suggests that they may also be found within skeletal
structures in the sister group, the glass sponges. Hexactinellida Schmidt (Porifera), with more than
700 species, consists exclusively of marine glass sponges. These are psychrophilic organisms which
can produce huge biosilica-based skeletons and anchoring spicules at temperatures between −2 ◦C
and 4 ◦C [132].

The challenging task of isolating and identifying collagen in the skeletal structures of diverse
glass sponges was completed successfully only in 2010 [3], following numerous attempts at gentle
demineralization [133,134]. Studies in this area have been motivated by the great flexibility of the
glassy spicules, which allows researchers to tie a spicule into a bundle (Figure 8). It has been suggested
that this peculiar feature of spicules in the hexactinellids must be due to the presence of a structural
carcass of organic nature both on the surface (Figure 9) and within the spicules [133].

 

Figure 8. Photograph demonstrating the unique flexibility of the H. sieboldi anchoring spicule,
and schematic view of the role of special hydroxylated collagen in silica condensation in this natural
basilica structure (for details see [3]).

The organic phase has been identified as a highly hydroxylated fibrillar collagen which contains
an unusual [Gly–3Hyp–4Hyp] motif predisposed for silica precipitation, and provides a novel template
for biosilicification in nature [3]. This collagen presents a layer of hydroxyl groups that can undergo
condensation reactions with silicic acid molecules with consequent loss of water. As a result, the initial
layer of condensed silicic acid will be held fixed to the collagenous template in a geometric arrangement
that will favor further polymerization of silicic acid. It therefore appears that collagen was a novel
template for biosilicification that emerged at an early stage during metazoan evolution, and that the
occurrence of additional trans-3-Hyp plays a key role in stabilizing silicic acid molecules and initiating
the precipitation of silica.

Collagen has also been reported as the main organic component of the spicules of the glass sponge
Monorhaphis sp. [135] (Figure 10). Results of the amino acid analysis of protein extracts isolated from
demineralized spicules of this sponge showed an amino acid content typical for collagens of the same
origin. Comparison with the Microsatellite Database (MSDB) protein database led to the identification
of alpha 1 collagen in two high-MW bands. In contrast to its analog in H. sieboldi, collagen isolated

28



Mar. Drugs 2018, 16, 79

and identified from Monorhaphis sp. was matched only to the type I collagen pre-pro-alpha (I) chain
(COL1A1) from dog (AAD34619) (MW 139,74) [135].

 

Figure 9. SEM image of the nanofibrillar collagenous layer on the surface of an H. sieboldi glass sponge
anchoring spicule.

 

Figure 10. High-resolution transmission electron microscope image of a fragment of M. chuni collagen
nanofibril isolated from the glassy spicule (for details see [135]). The nanomorphology of such fibrils is
similar to that from H. sieboldi glass sponge collagen [3], but different from the striated collagen fibrils
from the demosponge C. reniformis [121].
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The existence of naturally occurring collagen–silica-based composites in the form of spicules of
glass sponges stimulated material scientists to develop analogous hybrid materials. Due to the limited
available amounts of glass sponge collagen for the development of silica-based composite materials,
fibrillar collagen from the demosponge C. reniformis has been successfully used as an alternative by
the Ehrlich research group [121,129]. More recently, a new concept in biosilica material synthesis
which does not require phosphate supplements and is based on the fusion of stabilized polysilicic acid
into a fluidic precursor phase upon infiltration into polyamine-enriched collagen has been proposed
by the Tay research group [136–138]. It has recently been shown that silicified collagen scaffolds
produced by infiltrating collagen matrices with intrafibrillar amorphous silica exhibit angiogenic and
osteogenic potential and can be used in tissue engineering [139]. In work by Aime et al. [140], collagen
triple helices have been confined on the surface of sulfonate-modified silica particles in a controlled
manner. This gives rise to hybrid building blocks with well-defined surface potentials and dimensions.
Additionally, oligomeric collagen-fibril matrices with tunable microstructural properties have been
used to template and direct the formation of biocompatible mesoporous sol–gel silica to develop
nanostructured hybrid organic–inorganic composites [141]. It was experimentally confirmed that
silica mineralization kinetics are critical for the precision-tuning of properties of the hybrid materials,
including porous microstructure, mechanical strength, depth of silica penetration, and mass transport
properties. It has also been shown that microstructural properties of the collagen-fibril template are
preserved in the silica surface of hybrid materials [142]. Such novel silica-collagen hybrid materials
may be useful, for example, in the regeneration of bone tissue or in cellular microencapsulation [141].

7. Conclusions

We have presented here only a brief discussion of selected examples, which nonetheless provide
novel data concerning poriferan collagens. In spite of the progress made in this research field, numerous
open questions remain. For example, additional investigations are necessary to obtain understanding
of the nature and origin of halogenated spongins. It is still not clear how many collagen and/or
keratin domains they contain. Additionally, the unique resistance of these biopolymers against
diverse chemicals and enzymes remains poorly investigated. The possible role of collagens in the
spiculogenesis of demosponges and formation of axial filaments must also be researched. The discovery
of crystalline proteins within amorphous biosilica-based structures in sponges is ground-breaking in
the understanding of biomineralization. What can be discovered about the crystallinity of collagen
within biosilica-related structures in sponges? The existence of collagen-based crystals within siliceous
biominerals could revolutionize our understanding of the origin and evolution of collagens, from the
point of view of biomineralization in sponges as the first multicellular organisms on Earth. Further,
the relationship of collagen and chitin in the skeletal structures of diverse sponge classes and orders is
entirely unknown. Consequently, we believe that the use of modern X-ray imaging techniques based
on the “diffraction before destruction” principle is the best way forward to gain understanding of
the principles of the unique organization of collagen within both fossil and recent collagen-based
biomineralized constructs.

Novel approaches must be proposed which will bring together modern bioanalytical and
molecular biology methods for better understanding of the fundamental principles of collagen
fibrillogenesis and the mechanisms of its cross-linking in sponges, as well as details of the structural
organization of poriferan collagens at the molecular and atomic levels. The best way to address this
challenging task on these levels is by coherent synergetic collaboration using explicit reasoning and
well-tested explanatory principles of multidisciplinary knowledge, experience, and new technologies.
Finally, we suggest that studying the processes of marine farming of the collagen-producing
demosponges has implications for a variety of practical large-scale applications, ranging from the
design of highly effective extraction techniques to the development of novel collagen-containing
composites for biomedicine and technology.
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97. Szatkowski, T.; Siwińska-Stefańska, K.; Wysokowski, M.; Stelling, A.; Joseph, Y.; Ehrlich, H.; Jesionowski, T.
Immobilization of titanium(IV) oxide onto 3D spongin scaffolds of marine sponge origin according to
extreme biomimetics principles for removal of C.I. Basic Blue 9. Biomimetics 2017, 2, 4. [CrossRef]
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Abstract: In search of alternative and safer sources of collagen for biomedical applications, the marine
demosponges Axinella cannabina and Suberites carnosus, collected from the Aegean and the Ionian
Seas, respectively, were comparatively studied for their insoluble collagen, intercellular collagen,
and spongin-like collagen content. The isolated collagenous materials were morphologically,
physicochemically, and biophysically characterized. Using scanning electron microscopy and
transmission electron microscopy the fibrous morphology of the isolated collagens was confirmed,
whereas the amino acid analysis, in conjunction with infrared spectroscopy studies, verified
the characteristic for the collagen amino acid profile and its secondary structure. Furthermore,
the isoelectric point and thermal behavior were determined by titration and differential scanning
calorimetry, in combination with circular dichroism spectroscopic studies, respectively.

Keywords: Axinella cannabina; Suberites carnosus; sponges; marine collagen

1. Introduction

Collagen is an ubiquitous high molecular weight fibrous protein occurring in both invertebrate
and vertebrate organisms, existing in more than 20 different types depending on its role in distinct
tissues [1,2]. Its polypeptide chains are organized in a unique structure, in which three α-helices
are intertwined forming a characteristic right-handed triple helix. These peptides are rich in
glycine, proline, and hydroxyproline amino acids, all being crucial for the formation of the helical
configuration [3].

Due to its high biocompatibility and biodegradability, collagen finds a plethora of applications,
primarily in the sectors of cosmetics, pharmaceuticals, and medical care products [4,5]. Additionally,
gelatin, the denatured form of collagen obtained by its partial hydrolysis, is used as an additive in
the food processing industry and in nutraceuticals [6]. Its intrinsic low immunogenicity renders
this natural biopolymer an ideal material for bone grafting, tissue regeneration, and construction of
artificial skin [7,8]. Collagen destined for industrial use originates mainly from bovine and porcine
sources, via an acid hydrolysis-based procedure [9]. Incidences of allergic reactions and connective
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tissue disorders, such as arthritis and lupus, as well as bovine spongiform encephalopathy and
transmissible spongiform encephalopathy [10], have led to the reconsideration of cattle as the main
source for collagen production. Furthermore, porcine collagen is prohibited for the Muslim and Jewish
communities due to religious restrictions. Taking into account these two limitations, an alternative and
safer source is currently actively sought.

Nowadays, collagen of marine origin as an alternative to mammalian sources is gaining ground,
especially since the employment of recombinant technology is excluded due to its high cost [11,12].
Since collagen is the major constituent of the extracellular matrices of all metazoans, sponges are
considered as one of the most promising sources [13–15]. Sponges, belonging in the phylum Porifera,
composed of a mass of cells forming a porous skeleton made of organic (collagen fibers and/or
spongin, especially in the case of the class Demospongiae) and inorganic (spicules) components, are the
most primitive among multicellular animals (Metazoa) [16,17]. Marine sponges have been proven an
inexhaustible source of secondary metabolites exhibiting diverse pharmacological properties [18–21].
In addition to these, macromolecules have gained interest since such biopolymers possess a wide
range of bioactivities that can find applications in the biomedical sector. Collagen has been isolated
from different marine sponges, e.g., Spongia graminea, Microciona prolifera, Haliclona oculata [22],
Hippospongia communis, Cacospongia scalaris [23], Geodia cydonium [24] Chondrosia reniformis [25,26],
and various Ircinia species [27], and in certain cases has shown high potency in tissue regeneration [28].
Although the importance of marine collagen has been recognized, only a few thorough investigations
on marine sponges have so far been reported [25,27,29], probably due to its characteristic insolubility
and mineralization, which cause difficulties in its isolation and characterization [30,31].

In the present study we report, for the first time, the isolation and characterization of collagens
from the marine demosponges Axinella cannabina (Axenillidae) and Suberites carnosus (Suberitidae).
By employing two different experimental approaches, the insoluble collagen (InSC), intercellular
collagen (ICC), and spongin-like collagen (SlC) were obtained. The morphology of these collagens
was analyzed by scanning electron microscopy (SEM), and their fibril formation and characteristic
band periodicity was studied by transmission electron microscopy (TEM). Their secondary structure
was evaluated based on their FT-IR spectra, while the amino acid composition of the ICCs was also
determined. The thermal behavior of the ICCs was investigated by differential scanning calorimetry
(DSC) and circular dichroism (CD) analyses.

2. Results

2.1. Isolation of Sponge Collagen

Two different procedures were used for the isolation of collagens from the demosponges
A. cannabina and S. carnosus. The first method was initially introduced for the isolation of insoluble
collagen (InSC) from G. cydonium [24] and C. reniformis [26] by employing an alkaline, both denaturing
and reducing, homogenization buffer affording collagen in high yield. The second one utilizes a
trypsin-containing extraction buffer, known to destroy the interfibrillar matrix and, therefore, releasing
the collagen fibrils (ICC) [22,23]. After exhaustive water extraction, the remaining debris generally
comprises the spongin/spongin-like collagen. In our case, since the specific sponges are deprived of
spongin, the isolated samples are considered to contain spongin-like collagen (SlC).

The InSCs obtained by the application of the first method corresponded to 12.6% and 5.0% of the
sponges’ dry weight for A. cannabina and S. carnosus, respectively (Table 1). Application of the second
method resulted in the isolation of ICC and SlC, leveling to 3.0% and 42.8% dry weight for A. cannabina
and 1.9% and 21.8% dry weight for S. carnosus, respectively (Table 1). The percentages found for the
ICC yield are in accordance with previously-reported results for Hippospongia gossipina [32].

The siliceous or calcareous sponges are characterized by a large number of inorganic spicules,
which, in Haliclona and Microciona, are bound together by spongin [22]. In order to remove the
expected siliceous spicules in the InSC, the samples were treated with an HF solution for 20 min at
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room temperature to obtain spicule-free insoluble collagen (SF-InSC). The spicules accounted for 32%
and 49% (w/w) of the sponges’ InSCs from A. cannabina and S. carnosus, respectively.

Table 1. Collagen composition (w/w %) 1 of the sponges A. cannabina and S. carnosus.

Isolated Collagen A. cannabina S. carnosus

Insoluble collagen (InSC) 12.6 5.0
Intercellular collagen (ICC) 3.0 1.9
Spongin-like collagen (SlC) 42.8 21.8

1 Data are presented as the percent of sponge dry weight.

2.2. Examination of Surface Morphology

The collagenous nature of the isolated materials was investigated by SEM and TEM. Overall, the
microscopically-observed structures (Figure 1) were similar to those already reported for collagen
isolated from other sponges [25–27,29]. Figure 1A,E show the microstructure of the InSCs from
A. cannabina and S. carnosus, respectively, as observed by SEM analysis. Smoothly wrinkled and folded
sheets were evident. Additionally, the SEM pictures revealed that both sponges possess significant
amount of spicules embedded in the very thin and soft sheet-like collagenous structure [22]. After
removal of the spicules, the SF-InSCs appeared more as an amorphous matrix, while TEM depicted
(Figure 1J,N) the collagenous material as appearing transparent, resembling those obtained before
treatment with HF (Figure 1I,M). The complete removal of spicules was also confirmed by SEM
(data not shown), where no silicate spicules were observed.

In the case of the SlCs, analogous structures were visible. In particular, siliceous spicules, known
to support the sponges and provide defense against predation, were also detected (Figure 1D,H).
On the other hand, ICCs presented the typical striation and sheet-like appearance of collagen fibers
(Figure 1B,C,F,G), which conclusively proved the collagenous nature of the materials. Specifically,
the ICCs from both sponges were observed as threads of various diameters along with the collagen
sheets which is a combination of several collagen fibrils and fibers that are bundled together to form a
fibril network and a dense pleated sheet-like structure. Sheets were smoothly wrinkled and folded,
and appeared as very thin and soft (Figure 1C,G). Pleating of the sheets was visible at a magnification
of 5000×.

The collagenous nature of the ICCs of A. cannabina and S. carnosus was further proved by TEM
studies (Figure 1K,O). The obtained micrographs revealed the existence of filaments composed of
striated collagen fibrils with repeated band periodicity, a characteristic feature of collagens, as observed
earlier for sponge collagen fibrils [16]. Collagen fibrils were organized into bundles, while fibrils
became aligned laterally in an ordered way, or curled into bundles consisting of up to 20 fibrils [24].
The individual fibrils displayed a visible, regular transverse banding pattern of about 300 Å periodicity
(313 and 288 Å for A. cannabina and S. carnosus, respectively). These banding patterns are in accordance
with the one reported for collagen fibrils isolated from C. reniformis [25,26]. The bundles revealed
remarkable uniformity in the diameter of their constitutive fibrils (Table 2) with an average of 187 and
199 Å for A. cannabina and S. carnosus, respectively, in accordance with previously-reported data for
other sponges [25,29].

The recorded TEM micrographs for the InSCs (Figure 1I,M) and the SlCs (Figure 1L,P) samples
did not present a characteristic pattern. However, in the case of the SlC isolated from S. carnosus
an area with clearly-striated collagen was detected (Figure 1P insert), most likely due to the nature
of the preparation, composed of a mixture of ICC and SlC, also previously reported by Gross and
coworkers [22]. The lack of a clear banding pattern might be attributed to the isolation, under
the described conditions, of dominating collagenous structures presenting common characteristics
with basement membrane (type IV) collagen. Transparent sheets of collagenous material were also
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previously observed for irciniid collagens, attributed to the non-fibrillar basement-type resembling
collagens [27].

Figure 1. SEM micrographs of insoluble collagen (InSC; A,E), intercellular collagen (ICC; B,C,F,G),
and spongin-like collagen (SlC; D,H) from A. cannabina (row 1) and S. carnosus (row 2), respectively.
TEM micrographs of insoluble collagen before (InSC; I,M) and after (SF-InSC; J,N) spicule removal,
intercellular collagen (ICC; K,O) and spongin-like collagen (SlC; L,P) from A. cannabina (row 3) and S.
carnosus (row 4), respectively.

Table 2. Morphological characteristics (presented as means ± S.E.) of insoluble collagen (InSC),
intracellular collagen (ICC) and spongin-like collagen (SlC) isolated from A. cannabina and S. carnosus.

Isolated Collagen Period (nm) n = 10 Fibril Width (nm) n = 10

ICC from A. cannabina 31.29 ± 1.14 1 18.74 ± 1.27 1

ICC from S. carnosus 28.81 ± 1.73 2 19.91 ± 1.65 1

SlC from S. carnosus 26.60 ± 0.95 3 24.10 ± 1.54 3

InSC from S. carnosus 17.62 ± 2.91 1,4

1,2,3,4 Data denoted by the same superscript are not significantly different (p > 0.05).

2.3. Infrared Spectroscopic Analysis

In the IR spectra of the isolated collagenous materials, all characteristic absorption bands of
amides I, II, and III, as well as amides A and B (Table 3), indicative of the secondary structure of
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the different materials [33], were observed. The amide A absorption band, associated with the
hydrogen-bonded N-H stretching vibration [34], was observed at lower frequencies (3279–3294
cm−1), as opposed to the free N-H stretching vibration that appears in the range of 3400–3440 cm−1.
This peak is shifted at lower frequencies than the ones reported for the collagen of the marine sponge
C. reniformis [25] and the calf skin type I collagen, indicating that the N-H group is involved in
extensive hydrogen bonding, which stabilizes the helical structure of collagen [34–36]. On the other
hand, the amide B band, related to the asymmetrical stretch of CH2 and NH3

+ [36,37] remained
relatively constant (~2924 cm−1), pointing to the absence of major differences in the lysine content in
all of the examined samples [37].

Table 3. IR spectra peak position and assignments for insoluble collagen before (InSC) and after
(SF-InSC) spicules removal, intracellular collagen (ICC), and spongin-like collagen (SlC) isolated
from A. cannabina and S. carnosus. For comparison reasons, the respective peaks for bovine collagen
(BOC) [34] are also included.

Region

Peak Wavenumber (cm−1)

A. cannabina S. carnosus BOC

InSC SF-InSC ICC SlC InSC SF-InSC ICC SlC

Amide A 3288 3279 3294 3286 3282 3282 3292 3287 3295
Amide B 2924 2924 2922 2926 2924 2922 2922 2923 2933
Amide I 1622 1627 1654 1639 1622 1628 1652 1647 1635
Amide II 1543 1529 1547 1539 1535 1527 1543 1543 1545
Amide III 1232 1226 1238 1222 1234 1230 1238 1232 1235

C-O stretch 1055 1059 1078 1074 1066 1078
1035 1037 1028 1028 1028 1031 1035 1001

The amide I band, mainly associated with the C=O stretching vibration coupled with the
N-H bending vibration along the polypeptide backbone or with hydrogen bonding coupled with
COO−, C-N stretching, and CCN deformation, is the most intense band in proteins and, therefore,
the most sensitive and useful marker for the analysis of the secondary structure of proteins
with IR spectroscopy [38]. Normally resonating in the range of 1600–1700 cm−1 [39,40], bands
around 1630 cm−1 indicate imide residues, and bands around 1660 and 1675 cm−1 are assigned
to intermolecular crosslinks and b-turns, respectively [38]. In our samples, the amide I peaks are
shifted to lower frequencies, indicative of higher hydrogen bonding potential [37], less intermolecular
cross-linking, and decreased molecular order [39]. The lowest frequencies were observed in both
InSCs, before and after treatment with HF, whereas the frequencies increased in the cases of the SlC
and ICC samples, concomitantly to the molecular order increase. Additionally, the amide II band,
associated with the N-H bending vibration coupled with the C-N stretching vibration, was also shifted
to lower frequencies (1527–1547 cm−1), indicative of the involvement of the N-H group in hydrogen
bonding [35]. Finally, the amide III band, attributed to the C-N stretching vibration in combination
with the N-H deformation, is considered as the collagen fingerprint because it is accredited to the
characteristic collagen repeating tripeptide (Gly-X-Y) [38]. Furthermore, in the IR spectra of the
isolated collagenous materials, additional bands at about 1030 cm−1 appeared, mostly attributed to
C-O vibrations due to the presence of carbohydrates [25,41]. In the case of the SF-InSCs, in the recorded
IR spectra (Figure 2) a less intense peak at ~1030 cm−1 appeared, possibly corresponding also to the
Si-O-Si asymmetric bond stretching vibration, known to absorb in the range of 1030–1100 cm−1.

The absorption intensity ratio between the amide III band (1238 cm−1) and the band at
approximately 1450 cm−1 was 0.88 and 0.89 for the ICCs of A. cannabina and S. carnosus, respectively,
indicating that the triple helix has been adequately preserved during the isolation procedure [34,36,37,40].
Generally, a ratio of approximately 1 indicates that the triple helical structure of collagen is intact [42].
In the case of the InSCs, this ratio is low for both sponges (~0.7), indicating that the triple-helical
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structure might be slightly affected during the extraction procedure. It was shown earlier that this
ratio might be lower when the collagen triple helix is affected by cleavage of telopeptides through
pepsin digestion [36]. Moreover, upon treatment for the removal of spicules, the absorption intensity
ratio between amide III band and the band approximately at 1450 cm−1 increased to 0.96 and 0.94 for
A. cannabina and S. carnosus, respectively, demonstrating the removal of other impurities.

Figure 2. IR spectra of insoluble collagen before (InSC; upper) and after (SF-InSC; lower) spicule
removal isolated from A. cannabina (A) and S. carnosus (B).

2.4. Isoelectric Point Determination

The SF-InSCs were subjected to titration for the determination of the acid-base properties and
the isoelectric point. The titration curves are shown in Figure 3. The pH of freshly-prepared InSC
dispersions were 3.48 and 3.54 for A. cannabina and S. carnosus, respectively. After the HF treatment,
the pH of the SF-InSC dispersions were slightly altered (3.66 and 3.34 for A. cannabina and S. carnosus,
respectively). These values are lower than those reported for C. reniformis [26], probably due to
the higher content in acidic amino acids (aspartic acid or glutamic acid), as also supported by the
high contents of Asx and Glx found in both sponges from the amino acid content analysis (Table 4).
The isoelectric point was calculated to be approximately 6.7 and 6.3 for A. cannabina and S. carnosus,
respectively. These results are in agreement with previously-reported data determining the isoelectric
point of insoluble collagen at pH values around 7 [26].

Figure 3. Titration curves of insoluble collagen after spicules removal (SF-InSC) isolated from
A. cannabina (A) and S. carnosus (B).

44



Mar. Drugs 2017, 15, 152

2.5. Amino Acid Profile

The amino acid composition of collagen is one of the key factors affecting its properties. Therefore,
the amino acid profile of the ICCs from both sponges was determined (Table 4). Their composition
was analogous to that described for the sponges G. cydonium, C. reniformis, and I. variabilis [23–26].
Glycine (Gly) was found to be the major amino acid in both ICCs with 257 and 295 residues/1000
residues for A. cannabina and S. carnosus, respectively. This result is in accordance with the Gly-X-Y
amino acid model in which Gly occurs in every third position. Relatively high contents of aspartic
acid (Asx; 100 and 94 residues/1000 residues), glutamic acid (Glx; 82 and 84 residues/1000 residues),
alanine (Ala; 72 and 89 residues/1000 residues), and proline (Pro; 58 and 56 residues/1000 residues)
were observed for A. cannabina and S. carnosus, respectively. Both ICCs presented the characteristic
high threonine (Thr) and serine (Ser) content (approximately 6% each) and low lysine (Lys) and
hydroxylysine (Hyl) content, previously reported for Ircinia [23]. Low Hyl content (5–6 residues/1000
residues) has also been reported for acid- and pepsin-soluble collagens isolated from shark skin [39].
Moreover, the sum of Thr and Ser of both sponges’ ICCs is similar to that of collagens reported
for lower vertebrates and invertebrates. Additionally, no differences in the Lys content of the two
different ICCs were observed, as already indicated from the same absorption bands in the IR spectra at
2922 cm−1 attributed to amide B (Table 3) [37].

Table 4. Amino acid composition (residue/1000) of intercellular collagen (ICC) isolated from A. cannabina
and S. carnosus.

Amino Acid A. cannabina S. carnosus Amino Acid A. cannabina S. carnosus

Hyp 38 47 Met 21 11
Asx 1 100 94 Ile 37 24
Thr 56 56 Leu 62 48
Ser 63 57 Tyr 13 12

Glx 2 82 81 Phe 33 22
Pro 58 56 Hyl 6 6
Gly 257 295 Lys 15 15
Ala 72 89 His 6 4
Val 44 43 Arg 37 43

Total imino acids 96 103
1 Asx: Asp + Asn. 2 Glx: Gln + Glu.

Compared to S. carnosus, ICC from A. cannabina contained higher amounts of methionine
(Met), phenylalanine (Phe), leucine (Leu), and isoleucine (Ile), but lower amounts of Gly, Ala,
and hydroxyproline (Hyp). The percentage of the remaining amino acids is in relatively good
agreement to the above-mentioned studies, especially the amounts of Asx, Glx, Pro, His, and Ala.
The number of sulfur-containing Met residues was significantly higher in the ICCs of both sponges
(Table 4), as compared to collagen from porcine dermis (6 residues/1000 residues) [43].

Nevertheless, the overall percentages of Hyp were lower than those reported for other
sponges [22]. Imino acids are involved in hydrogen bonding, therefore affecting the stability of the
collagen triple helix and its thermal behavior [37,39,44]. The imino acid content value is usually lower
in marine collagens in comparison to mammalian collagens, resulting in a lower thermal denaturation
temperature [33].

The ICCs from both sponges contained approximately 12 tyrosine (Tyr) residues per collagen
molecule, indicating that their nonhelical telopeptides, where all of the Tyr residues are located,
were intact [45]. The reduced values for Gly, Hyp, and Hyl can also be attributed to the existence of
glycoproteinaceous impurities, known to be strongly associated with collagen [46].
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2.6. Thermal Behaviour

It is well established [47] that upon increasing temperature, thermal denaturation of collagen
is taking place, during which hydrogen bonds break and helices unfold, leading to the formation
of collagen coils. This process is accompanied with appreciable heat absorption and can, therefore,
be monitored with DSC. Indeed, the DSC curves of the hydrated collagen samples (Figure 4) clearly
indicate two major endothermic peaks. Previous DSC studies also revealed collagen’s bimodal
transition and concluded that the higher temperature peak was due to the helix-coil transition of
collagen (denaturation of collagen), while the lower temperature peak originated from the breaking
of the hydrogen bonds between collagen molecules or the defibrillation of the solubilized collagen
fibrils [48,49]. This is attributed to the fact that the inter-triple helix hydrogen bonds responsible for
the fibrillation are easier to break than the intra-triple hydrogen bonds that are responsible for helix
formation [48].

In the present study, the thermal behavior of the ICCs isolated from A. cannabina and S. carnosus
were monitored after removal of the entangled glycoconjugates [46]. The yield of the described
procedure was 38% and 46% (w/w) for A. cannabina and S. carnosus, respectively. The low endothermic
transition had its peak maximum transition temperature (Tmax) at 25.4 ◦C (ΔH value 1.27 J g−1)
and 32.9 ◦C (ΔH value 5.74 J g−1) for the ICCs from A. cannabina and S. carnosus, respectively
(Figure 4). The high temperature endothermic peak had a Tmax of 44.6 ◦C (ΔH value 0.37 J g−1)
and 51.6 ◦C (ΔH value 17.65 J g−1) for the A. cannabina and S. carnosus ICCs, respectively (Figure 4).
As is clearly evident from the examination of both reversing and non-reversing components of the
thermograms, the total heat flow for the thermal denaturation of collagen involves a significant
non-reversing component, while the reversing component is negligible. This is in line with previous
studies that showed that collagen denaturation endotherms in fibers and in basement membranes are
governed by an irreversible rate process [50,51] and not by equilibrium thermodynamics, as previously
hypothesized. Given the irreversibility of the process within the time frame of temperature modulation
(60 s), the transitions are registered as essentially a non-reversing event in temperature-modulated
differential scanning calorimetry (TMDSC), although, in general, unfolding of proteins is a complex
phenomenon that encompasses both reversible and irreversible steps [52].

Figure 4. Temperature modulated DSC data of intercellular collagen (ICC) isolated from A. cannabina
(A) and S. carnosus (B). The total (- - -), non-reversing (—) and reversing heat (-·-) flows are presented
(curves are shifted vertically for clarity).

A rather low Tmax value, as that observed for the ICC from A. cannabina, was reported earlier
for collagen isolated from edible jellyfish (26.0 ◦C) [53]. On the other hand, Tmax values around 31 to
33 ◦C, as that measured for the ICC from S. carnosus, have been observed for an array of collagens
isolated from tropical fish [34,54]. Moreover, the ICC from S. carnosus exhibited a higher ΔH value

46



Mar. Drugs 2017, 15, 152

(5.74 J g−1) than that of A. cannabina (1.27 J g−1). It is widely accepted that Tmax is directly correlated
with imino acid content, body temperature of the specimen, and environmental temperature [55,56],
whereas the enthalpy change (ΔH) can be influenced by molecular stability, directly correlated with
the amino acid sequence in collagen.

In our case, the ICCs from both sponges contain low amount of iminoacids (Table 4) in comparison
to that of terrestrial organisms (approximately 200 residues/1000 residues), with the ICC from
A. cannabina displaying the lowest content (96 residues/1000 residues). The observed difference
between the Tmax of the ICC samples from the two sponges could, therefore, be attributed to the imino
acid content difference, and especially to the Hyp content difference. This phenomenon might also
be related to the superior stability of the ICC from S. carnosus, due to the high content of the Gly-X-Y
sequence, as confirmed by the elevated percentage of Gly (17.9% vs. 15.0% w/w for S. carnosus and
A. cannabina, respectively). This, in agreement with previous reports [33,57], might be an additional
justification for the high value of Tmax despite the low amount of imino acids. Additionally, as
previously reported [58], the high Asp (pK ≈ 3.9) and Glu (pK ≈ 4.3) content can contribute to ion pair
formation with the basic residues at neutral pH, resulting in increased stability, which might partially
compensate for the decreased stability deriving from the low Hyp content (Table 4) [59]. Another
possible reason might be the intensely-localized sulfur bonding interactions associated with the higher
Met content [43].

Finally, an additional low temperature endothermic peak (Tmax = 17.9 ◦C, ΔH = 1.65 J g−1)
was observed in the case of the ICC from A. cannabina. In contrast to the previous transitions
discussed, the examination of both the reversing and non-reversing components of this specific
transition suggests that this process is, to a great extent, reversible. Taking into consideration that
during the denaturation of small proteins (for instance lysozyme) [60] the reversible unfolding has
the largest contribution, whereas the irreversible process still remains well detectable, we tentatively
ascribe this low temperature transition to the denaturation of small molecular weight collagen species
that are present in this sample.

The CD spectra of the ICCs from the two sponges in the region of 190 to 250 nm are depicted in
Figure 5A,B. Both samples showed a rotatory maximum at about 221 nm, a minimum at 193–196 nm,
and a consistent crossover point (zero rotation) at about 212 nm. These spectral characteristics are
typical of a collagen triple-helix structure [61–63]. The corresponding mean residue ellipticities, [θ]221,
as a function of temperature, are shown in Figure 5C,D. The [θ]221 values decreased with temperature
due to decomposition of the collagen triple helical structure, and indicated denaturation temperatures
of 24.3 ◦C and 28.2 ◦C for the ICCs from A. cannabina and S. carnosus, respectively, in good agreement
with the obtained results from the conducted DSC studies.

It has been earlier shown that thermal denaturation temperature of collagens from different
sources correlates directly with the imino acid (Pro and Hyp) content [43,64]. Actually, higher imino
acid content facilitates intra- and intermolecular crosslinking resulting in a more stable triple helical
structure of the collagen molecule [44]. A good linear correlation was observed earlier when measured
denaturation temperatures were plotted against the corresponding numbers of Hyp residues, this effect
being less pronounced with respect to the Pro content [43]. The amino acid composition analysis of the
investigated sponges (Table 4) confirms the above observations, since A. cannabina presents a lower
Hyp, but equal Pro, content as compared to S. carnosus resulting, therefore, in a concurrently-reduced
Td. Interestingly, cold-water fish collagens have low Td since their imino acid contents are very
low [65], in contrast to the Td of skin collagen of terrestrial mammals which are 37 ◦C and 40.8 ◦C,
respectively [43], both possessing high imino acid content.
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Figure 5. CD spectra in the region of 190–250 nm (recorded at 20 ◦C) and temperature effect on the CD
spectra at 221 nm of intercellular collagen (ICC) isolated from A. cannabina ((A) and (C), respectively)
and S. carnosus ((B) and (D), respectively).

3. Discussion

The presence of collagen in freshwater, as well as marine sponges, was unequivocally established
more than 50 years ago by the work of Bronsted and Carlsen [66] and Gross and his coworkers [22].
Since then, many investigations regarding the fine structure and physicochemical properties of marine
collagen have been performed. However, to the best of our knowledge, such extensive studies on
the collagenous profile of sponge material have been conducted only on C. reniformis and Ircinia
species [23,25–27,29]. In this context, the main purpose of the current study was the morphological
characterization of various isolated collagenous materials (InSC, ICC, and SlC) from A. cannabina and
S. carnosus, while further biochemical and biophysical characterization was undertaken only for the
ICCs, given their relatively higher solubility and purity.

It has also been proven that in Demospongiae, collagen, constituting exclusively the intercellular
organic framework, amounts to approximately 10% of the total organic matter [27,67]. In the present
study, collagen content was experimentally calculated to amount for the 12.6% and 5.0% dry weight of
A. cannabina and S. carnosus, respectively. The co-isolation of collagen with spicules is justified by the
spicule formation procedure, generally accomplished by specialized cells that supply mineral ions or
organic macromolecular particles, primarily consisting of proteins, carbohydrates, lipids, and seldom
by nucleic acids [68].

Furthermore, the aforementioned characteristic insolubility has prevented the determination of
the thermal behavior of sponge collagens. To our knowledge, only a few efforts have been made to
determine their thermal behavior [25,69]. Our results corroborate to the existing knowledge that the
thermal stability of marine collagens, which exhibit lower denaturation temperatures due to their lower
content of imino acids, is generally lower than that of mammalian collagens. The low denaturation
temperature of sponge collagen may also reflect the ambient temperature in which marine organisms
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live [70]. Moreover, the thermal stability of collagen is also directly correlated with the environmental
and body temperatures of organisms [71].

Overall, the low denaturation temperature of sponge collagen observed in the present study
enables gelatin extraction at lower temperature compared to mammalian gelatin, therefore providing
an economic benefit for using marine sponges as a raw material of gelatin for the food industry [72].

All of our results point out that sponges contain collagen that retains its helical structure
throughout the isolation procedure and all of its measured characteristics confirm the less crosslinked
form, as verified by the IR, amino acid analysis, DSC, and CD data.

4. Materials and Methods

4.1. Animal Material

Specimens of A. cannabina were collected by SCUBA diving in Kea Island, Aegean Sea,
Greece, at a depth of 15–20 m, whereas specimens of S. carnosus were collected by dredging at
Kyllini Bay, Ionian Sea, Greece, at a depth of 50–70 m, and kept frozen until analyzed. Voucher
specimens have been deposited at the animal collection of the Department of Pharmacognosy and
Chemistry of Natural Products, National and Kapodistrian University of Athens (ATPH/MP0300 and
ATPH/MP0106, respectively).

4.2. Chemicals

Tris(hydroxymethyl)aminomethane was from Mallinckrodt (Dublin, Ireland) and EDTA from
Serva (Heidelberg, Germany). Urea and sodium carbonate were from Merck (Kenilworth, NJ, USA),
while trypsin from bovine pancreas Type I, (~12,443 benzoyl L-arginine ethyl ester BAEE units/mg
protein) was from Sigma (Darmstadt, Germany).

4.3. Isolation of Insoluble Collagen, Intercellular Collagen, and Spongin-Like Collagen

Sponge specimens were chopped and foreign inorganic and organic material was removed before
washing with tap water. Before further processing the sponge tissues were immersed in EtOH for 24 h.
InSC was isolated using an alkaline denaturing homogenization buffer (0.1 M Tris-HCl, pH 9.5, 0.01 M
EDTA, 8 M urea, 0.1 M 2-mercaptoethanol), as previously described [24,26], whereas ICC and SlC
were isolated using a trypsin-containing extraction buffer (0.1% trypsin in 0.1 M bicarbonate buffer,
pH 8.0) [22,23]. All collagen samples were collected after centrifugation (at 20,000× g and 50,000× g,
respectively) and lyophilization.

4.4. Removal of Spicules from Insoluble Collagen

In order to remove the siliceous spicules, InSC was treated with an HF solution (10% v/v) for
20 min at room temperature. The exact conditions were standardized using siliceous spicules isolated
as previously described [73]. The material was rinsed with distilled-deionized water until pH ~ 6 was
reached and the HF-treated spicule-free collagen (SF-InSC) was isolated by centrifugation at 12,000× g
for 20 min and subsequently lyophilized.

4.5. Electron Microscopy

For SEM analysis lyophilized collagen samples were placed on stubs by using a double face
adhesive tape, covered with a thin layer of gold using a Bal-tec SCD 004 sputter coater and examined
under either a Cambridge Stereoscan 240 scanning electron microscope or a Philips Quanta Inspect
(FEI Company) scanning electron microscope with a tungsten filament (25 kV).

For TEM analysis a small amount of sample dispersed in distilled-deionized water was placed on
a Formvar-coated grid and stained with 2% aqueous solution of PTA (phosphotungstic acid hydrate;
pH adjusted to 3.3 by using a solution of 1 N NaOH), which revealed the banding pattern of the fibrils,
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but not the whole periodicity. Each grid was examined under a Philips CM10 transmission electron
microscope equipped with an Olympus Veleta digital camera.

4.6. Infrared Spectroscopy

IR spectra of lyophilized collagen samples were measured on a Bruker Tensor 27 FT-IR
spectrometer using the attenuated total reflection (ATR) method, at room temperature, in the range of
500–4000 cm−1.

4.7. Amino Acid Analysis

The amino acid profile analysis was performed at TAMU Protein Chemistry Lab (College
Station, TX, USA). Finely-ground ICC samples (30–40 mg) were used for liquid HCl (6 N)
hydrolysis. Hydrolyzed proteins were derivatized pre-column with o-phthalaldehyde and
9-fluoromethyl-chloroformate prior to separation and quantitation by reverse phase HPLC.
The component amino acids were then separated by HPLC (Agilent 1260), detected by UV (Agilent
G1365D) or fluorometry (Agilent G1321B), and quantitated. All system control and data analysis was
performed by Agilent Chemstation software. Values are the means of two independent experiments
that did not differ by more than 2.9%.

4.8. Titration

Samples (70 mg) of freeze-dried material (SF-InSC) were dispersed in 7 mL distilled-deionized
water by ultrasonication (GeneralSonic GS3) [26]. One sample was titrated with 0.1 N NaOH and
the other with 0.1 N HCl. After each titrant addition, the suspension was stirred for 10 min at room
temperature and subsequently the pH was recorded (Jenway 3310 pHmeter). A blank sample without
collagen was titrated under the same conditions. The resulting pHs versus the amount of NaOH and
HCl were plotted within the pH range from 2 to 12.

4.9. Differential Scanning Calorimetry

ICCs were initially dispersed in 0.01 M EDTA, pH 8.0 and the resulting suspension remained under
stirring overnight at 8 ◦C. The collagens were collected after centrifugation at 13,000 rpm for 15 min.
Subsequently, a 1% SDS (w/v) solution was used for the removal of entangled glycoconjugates [46].
Finally, the collagens were collected after centrifugation, washed exhaustively with distilled-deionized
water, and lyophilized.

TMDSC measurements were performed by employing a MDSC 2920 calorimeter (TA Instruments,
New Castle, DE, USA) under nitrogen flow (20 mL/min), using a heating rate of 2 ◦C/min,
a temperature modulation amplitude of 0.318 ◦C every 60 s, and an empty pan as a reference. In such
experiments the linear heating rate is superimposed by a sinusoidal temperature variation and it
is, thus, possible to separate the total signal (corresponding to that of a conventional DSC) into two
different components, corresponding to the reversible and the irreversible heat flows. The TMDSC
profiles were obtained only on heating. Heat and temperature calibrations were performed by using
indium as a standard. The enthalpic content (ΔH) of each transition was calculated from the area
under each peak, while the transition temperature was taken at the center of each transition. For each
experiment ~2 mg of lyophilized collagen, weighted with an accuracy of ± 0.01 mg, was hydrated
with distilled-deionized water at a collagen/water ratio of 1:20 (w/w) and placed in sealed aluminum
pans. The samples were then kept at 4 ◦C for 48 h before analysis.

4.10. Circular Dichroism Spectroscopy

The molecular conformation and denaturation temperature (Td) of ICCs, dissolved in
distilled-deionized water to a concentration of 0.1 mg/mL, were assessed by CD spectroscopy using a
Jasco J-715 circular dichroism spectropolarimeter equipped with a Peltier-type temperature control
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system (Jasco PTC-348Wi). CD spectra were recorded at 20 ◦C using a 0.1-cm path length quartz cell at
190–250 nm with a step size of 0.5 nm and a band width of 1.0 nm. Experiments were run in triplicate,
and 10 scans for each spectrum were signal-averaged.

To determine the Td, the rotatory angle at a fixed wavelength of 221 nm, [θ]221, was recorded with
heating from 15 to 50 ◦C at a rate of 1 ◦C/min. The collagen concentration was adjusted to 0.1 mg/mL
and the temperature was controlled. The Td was determined as the midpoint temperature between
native-folded and completely unfolded forms. The mean molecular ellipticity (θ) was calculated using
the equation [θ] = 10−3 θ M/LC (expressed in deg cm2 dmol−1), where θ is the measured ellipticity in
degrees, L is the path length in mm, C is the concentration in mg/mL, and M is the average residue
molecular weight of collagen equal to 91.2 [74].

5. Conclusions

In the present study, the collagenous content of the demosponges A. cannabina and S. carnosus
was exhaustively examined. The insoluble, intercellular, and spongin-like collagens were isolated
from A. cannabina and S. carnosus, representing 12.6%, 3.0%, and 42.8% dry weight for the former and
5.0%, 1.9%, and 21.8% dry weight for the latter sponge. SEM and TEM observations confirmed the
characteristic fibrous structures, while IR spectroscopic analysis verified the characteristic absorption
bands for proteins of the collagen class. Moreover, the acid–base properties of the insoluble collagen
were investigated by titration, placing the isoelectric point approximately at pH 7. Marine sponge
collagen, as compared to that derived from terrestrial animals and other marine collagen sources,
has been reported to differentiate in its characteristics, such as amino acid composition, which
consecutively affects collagen’s thermal behavior, isoelectric pH, solubility, and many other properties.
In our case, the measured low imino acid content for the intercellular collagen, already reported being
low in marine sources and even lower, specifically, in sponges, results in thermal stability comparable
to that determined for collagen isolated from edible jellyfish and tropical fish. Indeed, the denaturation
temperatures of the intercellular collagen isolated from A. cannabina and S. carnosus were determined
by DSC studies at 25.4 ◦C and 32.9 ◦C, respectively, the first one being relatively lower than that
reported for other marine organisms, while the second one being comparable to values observed
for an array of collagens isolated from tropical fish. CD spectra indicated the existence of helical
structures and the fact that the denaturation temperatures were dependent on the amount of imino
acids. Marine collagen is considered as an equivalent, although safer, biomaterial than the one from
terrestrial sources dominating the market nowadays. Our results suggest that the sponges A. cannabina
and S. carnosus can be considered as an alternative source of collagen.
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of sponge cells to collagen substrata: Effect of a collagen assembly factor. J. Cell Sci. 1985, 79, 271–285.
[PubMed]

25. Garrone, R.; Huc, A.; Junqua, S. Fine structure and physicochemical studies on the collagen of the marine
sponge Chondrosia reniformis Nardo. J. Ultrastruct. Res. 1975, 52, 261–275. [CrossRef]

26. Swatschek, D.; Schatton, W.; Kellermann, J.; Müller, W.E.G.; Kreuter, J. Marine sponge collagen: Isolation,
characterization and effects on the skin parameters surface-pH, moisture and sebum. Eur. J. Pharm. Biopharm.
2002, 53, 107–113. [CrossRef]

52



Mar. Drugs 2017, 15, 152

27. Pallela, R.; Bojja, S.; Janapala, V.R. Biochemical and biophysical characterization of collagens of marine
sponge, Ircinia fusca (Porifera: Demospongiae: Irciniidae). Int. J. Biol. Macromol. 2011, 49, 85–92. [CrossRef]
[PubMed]

28. Ferreira, A.M.; Gentile, P.; Chiono, V.; Ciardelli, G. Collagen for bone tissue regeneration. Acta. Biomater.
2012, 8, 3191–3200. [CrossRef] [PubMed]

29. Heinemann, S.; Ehrlich, H.; Douglas, T.; Heinemann, C.; Worch, H.; Schatton, W.; Hanke, T. Ultrastructural
studies on the collagen of the marine sponge Chondrosia reniformis Nardo. Biomacromolecules 2007, 8,
3452–3457. [CrossRef] [PubMed]

30. Imhoff, J.M.; Garrone, R. Solubilization and characterization of Chondrosia reniformis sponge collagen.
Connect. Tissue Res. 1983, 11, 193–197. [CrossRef] [PubMed]

31. Ehrlich, H.; Hanke, T.; Simon, P.; Goebel, C.; Heinemann, S.; Born, R.; Worch, H. Demineralisation von
natürlichen Silikat-basierten Biomaterialien: Neue Strategie zur Isolation organischer Gerüststrukturen.
BIOmaterialien 2005, 6, 297–302. [CrossRef]

32. Katzman, R.L.; Lisowska, E.; Jeanloz, R.W. Invertebrate connective tissue. Isolation of D-arabinose from
sponge acidic polysaccharide. Biochem. J. 1970, 119, 17–19. [CrossRef] [PubMed]

33. Barzideh, Z.; Abd Latiff, A.; Gan, C.-Y.; Benjakul, S.; Abd Karim, A. Isolation and characterisation of collagen
from the ribbon jellyfish (Chrysaora sp.). Int. J. Food Sci. Technol. 2014, 49, 1490–1499. [CrossRef]

34. Wang, L.; An, X.; Xin, Z.; Zhao, L.; Hu, Q. Isolation and characterization of collagen from the skin of deep-sea
redfish (Sebastes mentella). J. Food Sci. 2007, 72, E450–E455. [CrossRef] [PubMed]

35. Duan, R.; Zhang, J.; Du, X.; Yao, X.; Konno, K. Properties of collagen from skin, scale and bone of carp
(Cyprinus carpio). Food Chem. 2009, 112, 702–706. [CrossRef]

36. Kittiphattanabawon, P.; Benjakul, S.; Visessanguan, W.; Shahidi, F. Isolation and characterization of
collagen from the cartilages of brownbanded bamboo shark (Chiloscyllium punctatum) and blacktip shark
(Carcharhinus limbatus). LWT-Food Sci. Technol. 2010, 43, 792–800. [CrossRef]

37. Ahmad, M.; Benjakul, S. Extraction and characterization of pepsin-solubilised collagen from the skin of
unicorn leatherjacket (Aluterus monocerous). Food Chem. 2010, 120, 817–824. [CrossRef]

38. Cao, H.; Xu, S.-Y. Purification and characterization of type II collagen from chick sternal cartilage. Food Chem.
2008, 108, 439–445. [CrossRef] [PubMed]

39. Kittiphattanabawon, P.; Benjakul, S.; Visessanguan, W.; Kishimura, H.; Shahidi, F. Isolation and
characterisation of collagen from the skin of brownbanded bamboo shark (Chiloscyllium punctatum).
Food Chem. 2010, 119, 1519–1526. [CrossRef]

40. Pati, F.; Adhikari, B.; Dhara, S. Isolation and characterization of fish scale collagen of higher thermal stability.
Bioresour. Technol. 2010, 101, 3737–3742. [CrossRef] [PubMed]

41. Jackson, M.; Choo, L.; Watson, P.H.; Halliday, W.C.; Mantsch, H.H. Beware of connective tissue
proteins: Assignment and implications of collagen absorptions in infrared spectra of human tissues.
Biochim. Biophys. Acta 1995, 1270, 1–6. [CrossRef]

42. Plepis, A.M.D.G.; Goissis, G.; Das-Gupta, D.K. Dielectric and pyroelectric characterization of anionic and
native collagen. Polym. Eng. Sci. 1996, 36, 2932–2938. [CrossRef]

43. Ikoma, T.; Kobayashi, H.; Tanaka, J.; Walsh, D.; Mann, S. Physical properties of type I collagen extracted
from fish scales of Pagrus major and Oreochromis niloticas. Int. J. Biol. Macromol. 2003, 32, 199–204. [CrossRef]

44. Wong, D.W.S. Mechanism and Theory in Food Chemistry; Van Nostrand Reinhold: New York, NY, USA, 1989.
45. Na, G.C. UV spectroscopic characterization of type I collagen. Collagen Relat. Res. 1988, 8, 315–330. [CrossRef]
46. Junqua, S.; Lemonnier, M.; Robert, L. Glycoconjugates from “Spongia officinalis” (phylum porifera). Isolation,

fractionation by affinity chromatography on lectins and partial characterization. Comp. Biochem. Physiol. B
1981, 69, 445–453. [CrossRef]

47. Bischof, J.C.; He, X. Thermal stability of proteins. Ann. N. Y. Acad. Sci. 2006, 1066, 12–33. [CrossRef]
[PubMed]

48. Mu, C.; Li, D.; Lin, W.; Ding, Y.; Zhang, G. Temperature induced denaturation of collagen in acidic solution.
Biopolymers 2007, 86, 282–287. [CrossRef] [PubMed]

49. Liu, W.; Li, G. Non-isothermal kinetic analysis of the thermal denaturation of type I collagen in solution using
isoconversional and multivariate non-linear regression methods. Polym. Degrad. Stab. 2010, 95, 2233–2240.
[CrossRef]

53



Mar. Drugs 2017, 15, 152

50. Miles, C.A. Kinetics of collagen denaturation in mammalian lens capsules studied by differential scanning
calorimetry. Int. J. Biol. Macromol. 1993, 15, 265–271. [CrossRef]

51. Miles, C.A.; Burjanadze, T.V.; Bailey, A.J. The kinetics of the thermal denaturation of collagen in unrestrained
rat tail tendon determined by differential scanning calorimetry. J. Mol. Biol. 1995, 245, 437–446. [CrossRef]
[PubMed]

52. Vyazovkin, S.; Vincent, L.; Sbirrazzuoli, N. Thermal denaturation of collagen analyzed by isoconversional
method. Macromol. Biosci. 2007, 7, 1181–1186. [CrossRef] [PubMed]

53. Nagai, T.; Ogawa, T.; Nakamura, T.; Ito, T.; Nakagawa, H.; Fujiki, K.; Nakao, M.; Yano, T. Collagen of edible
jellyfish exumbrella. J. Sci. Food Agric. 1999, 79, 855–858. [CrossRef]

54. Kittiphattanabawon, P.; Benjakul, S.; Visessanguan, W.; Nagai, T.; Tanaka, M. Characterisation of acid-soluble
collagen from skin and bone of bigeye snapper (Priacanthus tayenus). Food Chem. 2005, 89, 363–372. [CrossRef]

55. Nagai, T.; Araki, Y.; Suzuki, N. Collagen of the skin of ocellate puffer fish (Takifugu rubripes). Food Chem. 2002,
78, 173–177. [CrossRef]

56. Muyonga, J.H.; Cole, C.G.B.; Duodu, K.G. Characterisation of acid soluble collagen from skins of young and
adult Nile perch (Lates niloticus). Food Chem. 2004, 85, 81–89. [CrossRef]

57. Bae, I.; Osatomi, K.; Yoshida, A.; Osako, K.; Yamaguchi, A.; Hara, K. Biochemical properties of acid-soluble
collagens extracted from the skins of underutilised fishes. Food Chem. 2008, 108, 49–54. [CrossRef]

58. Venugopal, M.G.; Ramshaw, J.A.; Braswell, E.; Zhu, D.; Brodsky, B. Electrostatic interactions in collagen-like
triple-helical peptides. Biochemistry 1994, 33, 7948–7956. [CrossRef] [PubMed]

59. Miki, A.; Inaba, S.; Baba, T.; Kihira, K.; Fukada, H.; Oda, M. Structural and physical properties of collagen
extracted from moon jellyfish under neutral pH conditions. Biosci. Biotechnol. Biochem. 2015, 79, 1603–1607.
[CrossRef] [PubMed]

60. Blumlein, A.; McManus, J.J. Reversible and non-reversible thermal denaturation of lysozyme with varying
pH at low ionic strength. Biochim. Biophys. Acta 2013, 1834, 2064–2070. [CrossRef] [PubMed]

61. Harrington, W.F.; Josephs, R.; Segal, D.M. Physical chemical studies on proteins and polypeptides.
Ann. Rev. Biochem. 1966, 35, 599–650. [CrossRef] [PubMed]

62. Engel, J.; Bächinger, H.P. Structure, stability and folding of the collagen triple helix. Top. Curr. Chem. 2005,
247, 7–33. [CrossRef]

63. Heidemann, E.; Roth, W. Synthesis and investigation of collagen model peptides. Adv. Polym. Sci. 1982, 42,
143–203. [CrossRef]

64. Burjanadze, T.V. New analysis of the phylogenetic change of collagen thermostability. Biopolymers 2000, 53,
523–528. [CrossRef]

65. Sadowska, M.; Kolodziejska, I.; Niecikowska, C. Isolation of collagen from the skins of Baltic cod
(Gadus morhua). Food Chem. 2003, 81, 257–262. [CrossRef]

66. Brønsted, H.V.; Carlsen, F.E. A cortical cytoskeleton in expanded epithelium cells of sponge gemmules.
Exp. Cell Res. 1951, 2, 90–96. [CrossRef]

67. Wiens, M.; Koziol, C.; Batel, R.; Müller, W.E.G. Prolidase in the marine sponge Suberites domuncula: Enzyme
activity, molecular cloning, and phylogenetic relationship. Mar. Biotechnol. 1999, 1, 191–199. [CrossRef]
[PubMed]

68. Sethmann, I.; Wörheide, G. Structure and composition of calcareous sponge spicules: A review and
comparison to structurally related biominerals. Micron 2008, 39, 209–228. [CrossRef] [PubMed]

69. Sudharsan, S.; Seedevi, P.; Saravanan, R.; Ramasamy, P.; Vasanth Kumar, S.; Vairamani, S.; Srinivasan, A.;
Shanmugam, A. Isolation, characterization and molecular weight determination of collagen from marine
sponge Spirastrella inconstans (Dendy). Afr. J. Biotechnol. 2013, 12, 504–511. [CrossRef]

70. Wood, A.; Ogawa, M.; Portier, R.J.; Schexnayder, M.; Shirley, M.; Losso, J.N. Biochemical properties of
alligator (Alligator mississippiensis) bone collagen. Comp. Biochem. Physiol. Part B 2008, 151, 246–249.
[CrossRef] [PubMed]

71. Rigby, B.J. Amino acid composition and thermal stability of the skin collagen of the Antarctic ice fish. Nature
1968, 219, 166–167. [CrossRef] [PubMed]

72. Minh Thuy, L.T.; Okazaki, E.; Osako, K. Isolation and characterization of acid-soluble collagen from the
scales of marine fishes from Japan and Vietnam. Food Chem. 2014, 149, 264–270. [CrossRef] [PubMed]

54



Mar. Drugs 2017, 15, 152

73. Shimizu, K.; Cha, J.; Stucky, G.D.; Morse, D.E. Silicatein a: Cathepsin L-like protein in sponge biosilica.
Proc. Natl. Acad. Sci. USA 1998, 95, 6234–6238. [CrossRef] [PubMed]

74. Li, Y.; Douglas, E.P. Effects of various salts on structural polymorphism of reconstituted type I collagen
fibrils. Colloids Surf. B Biointerfaces 2013, 112, 42–50. [CrossRef] [PubMed]

© 2017 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/).

55





marine drugs 

Article

Bioinspiring Chondrosia reniformis (Nardo, 1847)
Collagen-Based Hydrogel: A New Extraction
Method to Obtain a Sticky and Self-Healing
Collagenous Material

Dario Fassini 1,2, Ana Rita C. Duarte 1,2, Rui L. Reis 1,2 and Tiago H. Silva 1,2,*

1 3B’s Research Group—Biomaterials, Biodegradables and Biomimetics, University of Minho,
Headquarters of the European Institute of Excellence on Tissue Engineering and Regenerative Medicine,
AvePark, Barco, Guimarães 4805-017, Portugal; dario.fassini@gmail.com (D.F.);
aduarte@dep.uminho.pt (A.R.C.D.); rgreis@dep.uminho.pt (R.L.R.)

2 ICVS/3B’s PT Government Associated Laboratory, Braga/Guimarães 4710-057, Portugal
* Correspondence: tiago.silva@dep.uminho.pt; Tel.: +351-253-510-900

Received: 30 September 2017; Accepted: 16 November 2017; Published: 4 December 2017

Abstract: Collagen is a natural and abundant polymer that serves multiple functions in both
invertebrates and vertebrates. As collagen is the natural scaffolding for cells, collagen-based
hydrogels are regarded as ideal materials for tissue engineering applications since they can mimic
the natural cellular microenvironment. Chondrosia reniformis is a marine demosponge particularly
rich in collagen, characterized by the presence of labile interfibrillar crosslinks similarly to those
described in the mutable collagenous tissues (MCTs) of echinoderms. As a result single fibrils can
be isolated using calcium-chelating and disulphide-reducing chemicals. In the present work we
firstly describe a new extraction method that directly produces a highly hydrated hydrogel with
interesting self-healing properties. The materials obtained were then biochemically and rheologically
characterized. Our investigation has shown that the developed extraction procedure is able to extract
collagen as well as other proteins and Glycosaminoglycans (GAG)-like molecules that give the
collagenous hydrogel interesting and new rheological properties when compared to other described
collagenous materials. The present work motivates further in-depth investigations towards the
development of a new class of injectable collagenous hydrogels with tailored specifications.

Keywords: marine collagen; hydrogel; collagen rheology; marine sponge GAG; marine biomaterials;
Chondrosia reniformis

1. Introduction

Collagen is the most abundant protein of the extra cellular matrix and can be found in all Phyla [1]
with the remarkable exception of Placozoa [2] and Rotifera [3]. Collagen is the natural cell scaffolding
and has several domains that bind proteoglycans [4,5], growth factors [6] and other cell signalling
molecules [7,8]. In this view, it is regarded as an ideal material for many applications dealing with
human health and wellbeing, including regenerative medicine [9–16]. Although collagens sources
are still mainly derived by mammals (bovine and porcine), scientists and entrepreneurs are being
challenged by specific concerns regarding zoonosis, potential immunogenic reactions [14,15] as well as
ethical and religious concerns [17]. For those reasons marine organisms in the last years have gained
much popularity as potential alternative source of safer and more acceptable source of collagen [17].

The potential applications of collagens extracted from marine organisms include Tissue
Engineering and Regenerative Medicine (TERM); wound healing, drugs and gene delivery/carrier;
cosmetic, food industry as well as nutraceutics [17]. Once sufficiently purified, collagen used
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in Tissue Engineering and Regenerative Medicine is generally processed in order to obtain solid
scaffolds or highly hydrated scaffolds; also knew as hydrogels. One of the most common steps
during collagen processing consists in the introduction of artificial crosslinks in order to stabilize
the structure and to control its degradation rate once grafted. Crosslinks can be achieved by:
physical [18,19]; chemical [20–27]; enzymatic [28] treatments or, less frequently, by combining two
different approaches [29,30].

Chondrosia reniformis Nardo, 1847 is a common marine demosponge that lives in the shallow costs
of the Mediterranean Sea and the South-West cost of the Atlantic Ocean [31]. The skeleton elements
of the class Demospongiae are composed of an inorganic and an organic component. The inorganic
component consists of a broad array of siliceous spicules [32] while spongin, collagen and chitin are
the three constituents of the organic skeleton [33,34]. In contrast to most demosponges skeletons,
which are constituted of spicules in association with one or more organic components, C. reniformis
lacks both endogenous spicules and spongin/chitin elements. By contrast C. reniformis is particularly
rich in collagen. This species has attracted the attention of scientists for the capability to modulate
its mechanical properties by acting on the collagen crosslinks [35–37] and, since its high content,
as an alternative source of collagen [11,38–41]. Intact fibrils, which resemble type I collagen [38], can be
isolated using 4% EDTA [42], the alkali method described by Swaschtek and colleagues [11] or using
a solution containing both EDTA and 2-mercaptoethanol based on a slightly modified protocol [37]
firstly developed by Matsumura and coworkers for echinoderms [43]. C. reniformis collagen is
particularly insoluble in acidic organic and inorganic media [38], and so far collagen/gelatin have been
obtained only after trypsin digestion of sponge material [42]. Nonetheless, a recently reported study
refers the use of water acidified with CO2 for the successful extraction of collagen/gelatin from this
sponge species [40,41], in a mixture with other unidentified compounds.

The aim of the present work was to establish a new method to increase the amount of collagen
that can be extracted from the marine sponge C. reniformis preserving intact fibrils and able to directly
produce a collagenous hydrogel. The extraction was performed separately for the two different sponge
regions: the ectosome (Ec; the outer cortical layer), and the choanosome (Ch) that constitutes the main
bulk of sponge. Independent collagen extractions from the two regions were run in parallel in order to
evaluate potential differences in the characteristics of hydrogels given that type IV collagen is more
abundant in the ectosome than in the choanosome [44].

2. Results

2.1. Collagen Extraction

In comparison with the method described by Fassini et al. [37] and herein referred as the
reference procedure, a pre-treatment step in phosphate buffer saline/ethylenediaminetetraacetic
acid (PBS/EDTA) followed by a significantly longer period of incubation in disaggregating solution
(DS) was necessary to directly obtain the collagenous hydrogels (Scheme 1).

During the collagen extraction process, sponge pieces significantly shrink and take on a more
whitish color during the treatment with EDTA. While still in DS the material has a homogeneous liquid
consistency similar to that observed during the reference procedure (Figure 1a), during the dialysis the
new material precipitates (Figure 1b).
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Scheme 1. Schematic representation of the extraction procedure as described in Fassini et al. 2014 [37]
(blue squared text, left side) and the new extraction procedure (black squared text, right side). The initial
step is the same for both the treatments (broken line); different treatments with similar aims are put on
the same line in order to highlight the similarities and differences between the two extraction procedures.
The final results of the two protocols is showed in the double bounded squares. PBS = phosphate
buffer saline; EDTA = ethylenediaminetetraacetic acid; DS = disaggregating solution.

 
(a) (b)

Figure 1. Image of a choanosome sample before (a) and during (b) the dialysis step.

At the end of the dialysis process, the collagenous materials obtained either from Ch or Ec consist
of a sticky jelly-like body (see Video S1 in Supplementary Materials). The obtained materials were
dramatically different from that where the pre-EDTA treatment was skipped. While the latter material
was still liquid, the former material was almost solid and able to adhere moderately to plastic and
nitrile materials (such as containers and gloves) and remarkably also onto wet surfaces. The materials
showed also evident self-healing properties being able to regenerate its integrity after it has been
disrupted. Following repeated manipulations aimed to stretch the collagenous gel-like body, it recovers
the initial shape when the force is withdrawn (see Video S1 in Supplementary Materials). Furthermore,
the material extracted could be concentrated by centrifugation or diluted by adding a water-based
buffer and generous shaking.

A large variability in terms of concentrations (dry weight/mL) was observed. The range was
comprised between 16.8 and 6.92 mg/mL. Higher concentrations were obtained from Ec samples given
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the fact that Ec is characterized by a higher abundance of both non fibrillar [44] and fibrillar [45,46]
collagen than choanosome. In this view the higher yield of extracted material from Ec (126–109 mg/g
of fresh sponge tissue) compared to Ch (77–50 mg/g of fresh sponge tissue) was not surprising.
Remarkable differences in the concentrations were also observed among different hydrogels obtained
from the same batch (Table 1, confront batch 2a and 3a). The variability is likely produced during the
dialysis step. Indeed the use of dialysis membrane tubes does not allow to control the water uptake.
Significant discrepancies were discovered between the total dry mass and the collagen/protein content
(Table 1).

Table 1. Collagen and total proteins quantification of Ch batches determined by using Sircol and
Bicinchoninic Acid (BCA) assays respectively. Batch 2a and 2b were obtained from an independent
extraction starting from a different specimen.

Batch Dry Weight (mg/mL) Sircol (μg/mL) BCA (μg/mL)

1 6.92 17.02 133.04
2 10.6 7.94 87.91
3 9.6 6.59 66.12

Collagen content of Ch batches extracted from different specimens was not directly related to the
dry content and varied between 7 and 17 μg/mL while proteins range was comprised between 66 and
133 μg/mL (Table 1), being the latter quantified as smaller than 2% of the extract and collagen as roughly
10% of the total protein mass. This suggests that some other compounds like Glycosaminoglycans
(GAG, see below) and, possibly, salts were present in the extracts. Moreover, it is highly plausible
that sponge collagen did not react extensively with the chemicals in either the both Sircol and BCA
assay due to the presence of non-solubilized collagen fibrils, the high HLys content and the presence
of attached glycans [39].

2.2. Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The obtained extracts were submitted to electrophoretic analyses to better characterize their
biochemical composition. Conventional collagen extracts and most of proteins are easily stained with
Coomassie dye also at rather low concentrations. However, this was not the case of C. reniformis
collagens, which were detected only after staining the gels with alcian blue (Figure 2).

 

Figure 2. SDS-PAGE of ectosome (Ec) extract after one month (lane 1A, 1B) or two months (lane 2A, 2B)
in DS stained with Coomassie R-250 (1A, 2A) or alcian blue (1B, 2B). A volume corresponding to 250 μg
of material was added to each well.
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Indeed, at 1 mg/mL, a concentration generally sufficient to well resolve the characteristic chain
composition of fibrillar collagens, sponge collagen bands were rather evanescent when stained with
R-250 Coomassie, but well visible when stained with alcian blue.

Comparing the protein profile one month after the start of the incubation (Figure 2—compare
lanes 1A, 1B) and at the end of the second month (Figure 2—compare lanes 2A, 2B) in the DS, it is
possible to see the effects of a prolonged incubation. Most of the collagen after one month in the DS
is still in the form of large fibrils that cannot be solubilized and thus remain trapped in the stacking
gel. However, after an additional month in DS, collagen fibrils are almost completely solubilized in
their single components. In our gels we observed at least seven bands in the high molecular weight
region plus a broad band that runs faster than the frontline. While some bands did not change over
time (i.e., at one and two months of incubation), others appeared only after the complete incubation in
DS solution, suggesting a significant increase in the solubility of collagen fibrils. Indeed, the fibrils
trapped in the stacking gel (Figure 2—lane 1B), which are likely associated in small bundles as a result
of interactions with other proteins, completely disappear between month 1 and 2 (Figure 2—lane 2B).
On the other hand, we found a new band that was blocked at the beginning of the stacking gel.
Considering its very high molecular weight, together with results detailed in Section 2.3 (below),
i.e., the sensitivity to both Coomassie and alcian blue dyes as well as its resistance to a long pepsin
digestion, this band was likely to have originated from the presence of isolated collagen fibrils.

2.3. Effect of Pepsin Digestion

Samples were treated with pepsin in order to evaluate whether some proteins or the collagen
telopeptides were responsible for the gel consistency of the obtained materials and to confirm the
collagenous materials of the bands observed in the SDS-PAGE.

We found that there were no qualitative macroscopic differences between untreated extracts and
the ones treated with pepsin; on the other hand, the supernatant obtained after a rapid centrifugation,
was significantly different. Supernatants of undigested samples formed a nearly 90◦ meniscus while
the digestion caused a change in the meniscus angle that was >90◦ (Figure 3).

 
 

(a) (b)

Figure 3. Effects of pepsin digestion on choanosome (Ch) collagen extract. (a) Images of the materials
soon after the digestion/control treatment; and (b) meniscus details of the supernatants obtained after
the removal of the insoluble component. Tubes legend: A = Ec digested; B = Ec control; C = Ch digested;
D = Ch control.

SDS-PAGE analysis was carried out on all the samples, including the supernatants obtained after
the removal of the insoluble parts. In terms of composition, the material obtained from Ch was less
complex than that extracted from Ec (Figure 4, compared undigested Ec and Ch).
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(a) (b)

 
(c) (d)

Figure 4. 7.5% (a,b) and 15% (c,d) sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) stained with R-250 Coomassie (a,c) and alcian blue (b,d) of digested and undigested
samples. Lanes 1/5 = digested Ec; 2/6 = undigested Ec; 3/7 = digested Ch; 4/8 = undigested Ch.
Lanes 1–4 = pellet; 5–8 = supernatant. Pellets obtained after centrifugation were resuspended in 800 μL
of loading buffer and freeze-dried supernatants in 80 μL; 40 μL of the resulting dispersions were added
in each well. Arrowhead = presumptive collagen; broken line rectangle = possible glycan.

Moreover, the SDS-PAGE profile of collagens treated with pepsin revealed a significant difference
with the untreated ones. In particular, several bands in the higher (>100 kDa) molecular weight
appeared in the Ec (compare lane 12 s—tained with Coomassie of Figure 4) suggesting that pepsin
treatment was able to solubilize different proteins. Both Ec and Ch-solubilized collagens had a lower
molecular weight when treated with pepsin suggesting that the enzyme was able to remove collagens
telopeptides. Our data suggests that a slight difference between Ec and Ch collagens does exist,
while both seems to be homotrimeric. Pepsin treatment seems to increase the solubility and the
Coomassie sensitivity of other kind of collagens present in the ectosome. Considering the evident
effect of pepsin treatment on the supernatant (Figure 4) it is likely to be that some pepsin-sensitive
molecules not stained with the employed dyes were present in the samples.

The combined analysis of Coomassie/alcian blue staining (Figure 4) revealed the presence
of a glycan that, since it was not found in the supernatant, should be stably associated with the
material itself.

The materials obtained from either Ch or Ec were completely dissolved after few hours when
treated with papain at 50 ◦C. After the precipitation of GAGs and the following freeze-drying
step, quite a large amount of material was obtained. About 3 mg per mL of starting materials
(Ec 14.4 mg/mL and Ch 10.6 mg/mL) were recovered; however, when run trough Tris/borate/EDTA
polyacrylamide gel electrophoresis (TBE-PAGE), only a small band was detected (Figure 5).

Neither of the bands were susceptible to an extensive incubation with Chondroitinase ABC
(data not shown), and thus the nature of this molecules could not be assessed.
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Figure 5. 10% Tris/borate/EDTA polyacrylamide gel electrophoresis (TBE-PAGE) of glycosaminoglycans
(GAG) extracted from choanosome (Ch; lane 2) and ectosome (Ec; lane 3), after staining with alcian
blue. A similar quantity (170 μg) of shark chondroitin sulfate was loaded into lane 1 as reference.

2.4. Fourier-Transformed Infrared Spectroscopy (FTIR)

Collagens extracted from both the Ec and Ch were characterized in their IR absorption spectra.
Overall, the obtained spectra (Figure 6) are in accordance with the results described in literature [38,42].

 

700120017002200270032003700
Wavelength 1/cm

 

Figure 6. FTIR spectra of Sigma bovine type I collagen (black); Ec (dark grey); Ch (light grey);
Ch supernatant (red). Broken line rectangle indicate Amide A region. Absorbance values have been
shifted to facilitate the reading.

In more detail, the analysis of the obtained FTIR peaks indicated the presence of significant
differences in the amide A region for both Ec and Ch. The asymmetric NH2 stretching peak in the
Ec samples was difficult to identify due to a nearby strong peak associated with the presence of
hydrogen bonds. This result is again in accordance to the FTIR collagen spectra describe by Garrone
and coworkers [42]. All other major peaks, listed in Table 2, correspond quite well type I collagen
(Sigma Aldrich, Merck KGaA, Darmstadt, Germany), used as reference material.

The comparison of the FTIR spectra with Type I collagen (Sigma Aldrich, Merck KGaA, Darmstadt,
Germany) revealed a substantial similitude in the peaks; finally the ratio of absorbance measured at
1235 cm−1 and 1450 cm−1, which were all >0.9, suggests the presence of native collagen triple helix in
all the samples [49].
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Table 2. List of representative FTIR peaks and the values obtained from FTIR analyses of Ch and Ec
extracts. S = stretch; B = bend; s = symmetric; as = asymmetric; HB = hydrogen bonds.

Peak Wave Number/cm−1
Assignment Reference

Sigma Type I Ch Ec

3414 3414 3421 NH S, coupled with H-bond [47]
3325 3331 as NH [38]
3080 3082 3082 NH S [48]
2951 2956 2962 CHx [38]
2926 2924 2935 as CH2 [47]

2852 2848 s CH2 [47]
1666 1654 1660 C=O [38]
1651 1647 1654 C=O S/HB coupled with COO- [47]
1556 1560 1556 NH B coupled with CN S [38]
1545 1540 1544
1450 1448 1450 Pyrrolidine ring [49]
1458 1458 1458 CH2 B, CH2 S [38]
1400 1396 1404
1339 1340 1340 CN S [38]
1235 1240 1240 CH2 [49]
1081 1082 1078

CO S
[38]

1033 1031 1033

2.5. Rheology

Considering the unusual properties of the obtained collagenous materials and to better understand
their mechanical performance the rheological properties of the collagenous materials isolated from
both Ec and Ch were characterized using a rheometer. Both materials display a clear shear thinning
behavior (Figure 7a,b respectively).

(a) (b)

(c)

Figure 7. Flow curves of ectosome (Ec) and choanosome (Ch) subjected to increasing shear rates.
(a) = Ec 14.4 mg/mL; (b) = Ch 9.6 mg/mL; (c) = Ch 8.2 mg/mL (Ch 9.6 mg/mL after centrifugation
and resuspension). Square = viscosity; diamonds = shear stress. Values are expressed as the average of
three repeated experiments; bars = standard deviation.
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In all the samples the viscosity, which at low shear rates tends initially to increase, decreased
almost constantly at higher shear rates. The sample extracted from the Ec was much more concentrated
than the one obtained from the choanosome, which partially justifies the differences observed in
absolutes values when viscosity is considered. Additionally, we cannot exclude that differences in the
composition may also be responsible for the observed disparities in the viscosity values.

Figure 7b,c presents the results of the same Ch sample before and after a centrifugation/
resuspension step. In this step, the sample was diluted in dH2O 2:1, mixed thoroughly, centrifuged
(6600 g for 1 min) to concentrate the collagenous part and then brought to the initial volume using dH2O.
Upon this procedure it is worth remarking that a significant amount of soluble material was extracted.
Indeed, the dry weight decreased from 9.6 mg/mL to 8.2 mg/mL. This treatment revealed that the
soluble molecules present in the supernatant play an important role in the rheological properties
as their absence brings a significant change in the response of the material (Figure 7). In particular,
the treatment decreased the viscosity at low shear strain and the overall shear thinning behavior.

The gel nature of the collagenous materials was confirmed by analyzing the storage (G′) and the
loss modulus (G′′) at frequency between 0.1 and 100 Hz. The oscillatory measures provide relevant
information on the molecular arrangement of the network of the gel and allowed the determination of
the solid-like (elastic) and liquid-like (viscous) regions of the material. In the frequency range studied,
the gel formed by the choanosome-derived material is in the plateau zone of the viscoelastic region,
i.e., for frequencies lower than 1 Hz both G′ and G′′ are nearly constant (Figure 8).

(a) (b)

(c) (d)

Figure 8. Storage and loss modulus measurements of choanosome (Ch) and ectosome (Ec) materials.
Changes in the storage (G′, closed symbols), and loss (G′′, open symbols) moduli at increasing frequency
(a,c) and loss tangent (b,d) of Ec 14.4 mg/mL (a,b) and Ch 9.6 mg/mL (c,d). Values are expressed as
the average of three repeated experiments; bars = standard deviation.

Furthermore, in this region the storage modulus is higher than the loss modulus, which is
a characteristic behavior of a viscoelastic fluid. The G′′/G′ ratio, called the loss tangent (Tan ∂),
gives a clear indication of the solid/liquid responses. Values lower than 1 indicate a more solid
behavior while at values >1 a liquid-like behavior is prevalent. The curve shown in Figure 8 revealed
that at 1.5 Hz the material starts to have a more liquid response. At higher values we observe clear
crossing points at 20 and 80 Hz. This phenomenon is related with the entanglements of collagen
chains [50]. The entanglements limit the mobility of the chains contributing to a stiffer structure,
and hence a higher loss tangent. From our observations the Tan ∂ values suggest that the material
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retained a more solid response also at high frequencies. The storage modulus of Ec was also higher
than the loss modulus, at low frequencies (Figure 8).

Here we noticed an apparent decrease in both G′ and G′′, with the latter slightly more pronounced
than the former as demonstrated by the Tan ∂ values between 0.01 and 0.15 Hz. Ch samples (similarly
to the Ec ones) at higher frequencies tend to remain at Tan ∂ values lower than 1 although rapid changes
in the Tan ∂ values have been observed.

Following these observations, which suggest that the materials have a thixotropic behavior,
specific rheological tests were further performed to confirm it. The thixotropic behavior of the Ch
sample, less complex in terms of composition with respect to the Ec, was thus evaluated by the
hysteresis loop obtained after a two-step experiment in which ramp-up and ramp-down experiments
were performed. A large hysteresis area, as it can be observed in Figure 9, indicates the thixotropic
properties of the gel, namely the ability of the gel to recover the initial structure after a certain stress is
applied [51].

(a) (b)

Figure 9. Ramp-up and ramp-down experiment showing the thixotropic property of the collagenous
materials. Shear stress/rate (a) and viscosity/shear rate (b) curves of coanosome (Ch) 9.6 mg/mL in
a ramp up/down experiment. Open grey symbols = ramp up; closed black symbols = ramp down.
Lines connecting the points have been added, the points represent the average values of three different
experiments. Standard deviations bars have been omitted to facilitate the reading of the graphs.

The thixotropy of a material is also characterized by the ability to restore its original viscosity
after a stress has been applied. Figure 10 presents the thixotropic behavior of the Ch sample in terms
of viscosity in a three-step experiment.

Figure 10. Viscosity values (grey dots) of coanosome (Ch) 9.6 mg/mL in a three-step experiment.
Black dots = shear rate. Values are expressed as the average of three repeated experiments;
bars = standard deviation.
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We observed that during the ramp down phase, after a first rapid increase of viscosity, the values
start to decrease and at very low shear rates are eventually much higher than the ones observed for
higher shear rates, in which the viscosity should be around 10 Pa·s.

On the other hand, we found that after a steady increase of shear rate and a following decrease
the material was not able to fully recovery its initial viscosity (Figure 10). However the evident initial
loss of viscosity observed in the first phase of the experiments suggests that: small but prolonged shear
stresses are able to modify the inner structure of the material suggesting that a much longer period to
reach a viscosity equilibrium. In this view the viscosity values obtained after the stronger shear stress
was removed are likely the real viscosity value of the material at the specific shear stress of 0.1 s−1.

3. Discussion

Collagen, which constitutes the bulk of the extracellular matrix of most of the animals, provides,
among others features, the mechanical support of tissues and serves as well as anchoring points
for cells and other molecules [52]. In this view, it is not surprising that it has long been proposed as
a natural material for tissue engineering and regenerative medicine [53,54]. Among lower invertebrates,
and sponges in particular, C. reniformis has been considered an interesting source of alternative and
biocompatible collagen given its high collagen content [42] and for its interactions with silicic acids
(Heinemann et al., 2007b). Moreover, among Porifera, C. reniformis is the reference model of dynamic
collagenous tissues, which are characterized by the presence of labile and variable collagen crosslinks,
and has been extensively investigated [35–37,55].

Standard acidic treatments, able to solubilize most of animal fibrillar collagens, have proven
to be inefficient in the extraction of C. reniformis collagen and other dedicated protocols have been
developed [11,37,41,42,56].

Our method is a substantial modification of the procedure described in Fassini et al. [34] and
directly produced a collagenous hydrogel. In terms of FTIR spectra the collagenous hydrogels obtained
were similar to data present in the literature. In particular, Ec collagen was very similar to the
spectra provided by Garrone and coworkers [42], while Ch profiles were similar to what reported by
Heinemann and coworkers [38]. Considering the fact that Garrone investigated the cortex (ectosome)
while Heinemann investigated the whole sponge (where choanosome mass is predominant) our
results are in line with both the previous publications. Our results provide evidence that some
slow chemical modifications, able to increase the dissociation of collagen fibres, occur during the
incubation in DS. Furthermore, we observed that the acidic pre-treatment with EDTA, which caused
a significant bleaching and shrinkage of the mesohyl pieces, is necessary to obtain the sticky gel
materials. Indeed the longest incubation period itself was not sufficient and the final product was
a liquid collagen suspension identical to what described by Fassini et al. [37]. Given that acidic
treatments do not influence the properties of C. reniformis collagen [38], the chelation activity on divalent
ions of EDTA is most likely involved in the process. A solution of 4% EDTA is proven to influence
the integrity of collagen bundles and to promote the formation of fibrils suspension [42], possibly
by competing with the formation of the labile and calcium-dependent bonds that stabilize sponge
collagen [36,37]. On the other side, our samples were exposed to significantly lower concentrations
of EDTA, which apparently was not enough to dissociate the tissue. The significant increase in the
solubilisation of the collagenous materials that was observed after two months is not clear. In the
DS solution, EDTA and 2-mercaptoethanol are the active molecules that are mostly involved in the
chelation of collagen stabilizing ions and in the reduction of disulphide bonds [43]. The fact that the
solubilisation of the materials in reducing conditions occurred only after at least one month in DS,
together with the relatively short half-life of 2-mercaptoethanol, signals that some other slow reaction
occurred in the mixture during the incubation period. The nature of this possible reaction(s) is also
still unclear.

The materials obtained from the two different regions of the sponge have quite similar
compositions although material obtained from Ch region has a higher collagen/non-collagen ratio
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than the one obtained from the Ec. The SDS-PAGE profile of digested samples revealed the presence
of hydrolysis products, one single putative band for collagen at around 110 kDa and another three
main bands of other unidentified proteins that appears to be stably associated with collagen. Indeed,
proteins such as pepsin and peptides originating from the enzymatic digestion were more abundant in
the supernatant obtained after the centrifugation than in the pellets while, on another hand, no proteins
were found in the supernatant of untreated samples. Collagen extracted and solubilized from sponge
was composed of a homotrimeric chain of around 105/115 kDa, the small molecular weight differences
found between digested and undigested collagens suggest that the telopeptides are maintained during
the extraction while differences between Ec and Ch might result from a different glycosylation level,
different transcriptions, or by the presence of two different collagen types. Indeed, while the presence
of type I collagen has been demonstrated in the sponge Ircina fusca [57], recent transcriptomic data
from several sponges revealed the presence of the fibrillar type XI collagen [58].

The gel structure of both Ch and Ec was also transferred to the surrounding media and can be
disrupted by the enzymatic digestion suggesting that some pepsin-sensitive protein is involved in the
gel structure formation. However our efforts to investigate the nature of the molecules present in the
supernatant were not conclusive.

The rheological properties of the materials obtained are difficult to compare with other described
collagenous gels due to the complex nature of the extracts obtained. Moreover, C. reniformis collagen
fibrils are rather different from type I collagen having an aspect ratio of 1:5000 [35], thus significantly
inhibiting a proper comparison with the shorter and bigger mammal type I collagens.

Our data demonstrates the shear thinning and pseudoplastic properties of the materials,
which exhibited gel like behavior. Moreover, considering the thixotropic behavior and the dramatic
increase of its viscosity once the shear rate is decreased (i.e., recovering the viscosity properties
when the external stimulus—stress—is removed), the possibility of modulating the mechanical
properties while keeping the collagenous matrix unaltered suggests that the materials might be
further investigated in order to design an injectable collagenous hydrogel.

In the recent years much effort has been focussed on collagenous hydrogels and on the strategies
to control their biochemical and physical properties [9,59,60]. Hydrogels are particularly interesting
for several tissue-engineering applications given their capability to provide a suitable substrate for
cell growth and encapsulation and their high water content [61,62]. Other interesting and regarded
properties of new designed hydrogels concerns their injectability and the capability to strongly adhere
to wet surfaces [60], as well as the possibility to control their stiffness with simple changes in the
pH, temperature or ionic strength, remaining inside the physiological boundaries of human tissues.
In this sense, the extracts obtained with the methodology proposed in this work may see exciting
developments in the future, namely in the context of advanced tissue regeneration therapies.

4. Materials and Methods

4.1. Sponge Sampling

C. reniformis specimens were collected at Paraggi (Eastern Ligurian Sea, 44◦18′40′ ′ N, 9◦12′46′ ′ E),
transferred in a thermic bag to a tank filled with artificial sea water (Instant Ocean®, Blacksburg, VA,
USA) and left rest for at least one night. Specimens were then frozen at −20 ◦C until further processing.

4.2. Collagen Extraction

Sponges were thawed and cut in small (1 × 1 × 1 mm) cubes with a scalpel; the outer brownish
layer—the ectosome (Ec)—was separated from the inner yellowish core—the choanosome (Ch). Briefly
5 g of dry material (Ec or Ch) were transferred into two 50 mL tubes and in each tube 40 mL of
5× phosphate buffer saline (PBS, Sigma Aldrich, Merck KGaA, Darmstadt, Germany) were added
before putting the samples on a vertical rotator at room temperature (RT). After 24 h, 10 mL of
supernatant were removed and 100 mg ethylenediaminetetraacetic acid (EDTA, Sigma Aldrich) per
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gram of sponge material were added in the each tube. After three days on the vertical rotator, the pieces
were transferred into a new tube containing the disaggregating solution (DS) composed of 0.1 M Tris,
0.5 M NaCl, 0.05 M EDTA, and 0.2 M 2-mercaptoethanol. Ten milliliters of DS/g of fresh sponge
material were used, and samples were left in DS for two months at RT. The resulting mixtures were
then centrifuged (15 min at 500 g) to remove undissolved parts and the extracts obtained were then
extensively dialyzed against dH2O (ratio about 1:1000, two changes per day for 5 days) using a 14 kDa
molecular weight cut off (MWCO) membrane tubing (Sigma Aldrich, Darmstadt, Germany) in order
to remove all the 2-mercaptoethanol.

4.3. Collagen and Protein Quantification

Sircol Collagen Assay (Biocolor®, Carrick, UK) and BCA assay (MicroBCA protein detection
kit, Pierce®, Thermo fisher Scientific, Waltam, MA, USA) were performed on the extracts from the
choanosome according to the indications provided by the manufacturer, to quantify the amount
of collagen and total proteins in the extracts, respectively. Readings were performed on a plate
microreader (Synergy HT, Bio-Tek Instruments, Winooski, VT, USA), with calibration curve and
concentrations of collagen/proteins being obtained by using the mean of at least three values for each
standard/sample. Both Sircol and BCA assay were performed only on Ch hydrogels. The total amount
of the extracted material was calculated by weighting standard amounts of freeze-dried material
(mg/mL) and multiplying the values for the final volumes.

4.4. Enzymatic Digestions of Collagen and GAGs Extraction

In total 200 μL of extracts (in dH2O) obtained either from Ch or Ec were mixed with 200 μL of
pepsin (porcine pepsin, Sigma) solution (2.1 mg/mL in 6 mM HCl). The digestion was performed for
72 h at 37 ◦C. After the digestion, the samples were observed and photographed capsize-down to check
the effect of the digestion. Samples were then centrifuged for 15 min at 17,000 g to better separate the
collagenous part from the above supernatant. Both supernatants and the pellets were freeze dried and
stored at −80 ◦C for further experiments. Control samples were obtained in parallel in the absence of
pepsin in order to exclude possible changes induced by the temperature, acidity and dilution.

GAG extraction: 3 mL of the extracted collagen was mixed with 5 mL of digestion solution
(5 mg/mL of papain in 1 M NaBH4, 0.05 M NaOH) and placed at 45 ◦C overnight. Materials were
completely dissolved after 2 h and GAG precipitation was performed slowly adding trichloroacetic
acid (strong reaction) to reach a 50% vol/vol concentration according to the procedure reported by
Nandini et al. [63]. The powders obtained were stored at RT for further characterization steps.

GAGs digestion: 10 mg of precipitated GAG were resuspended in 300 μL of PBS; 30 μL of 5 U/mL
chondroitinase ABC (Sigma) were then added and enzymatic digestion was performed at 37 ◦C during
24 or 72 h. At each endpoint GAG were separated from the enzyme as described by Silva et al. [64];
briefly: 150 μL of the GAGs/enzyme mix were heated for 25 min at 70 ◦C and then centrifuged
at 12,000 g for 25 min. The pellet was discarded while supernatant containing digested GAGs was
recovered, freeze-dried and kept for further analysis.

4.5. Electrophoresis

4.5.1. SDS-PAGE

All used reagents were purchased from Fluka (SDS-PAGE Kit, Thermo fisher Scientific, Waltam,
MA, USA). Collagen batches were analysed after one month in DS through a fast dialysis (2 step
at 1:10,000) and at the end of the second month in DS after the extensive dialysis above described.
Samples were mixed 1:1 with loading buffer, boiled for 5 min at 100 ◦C and run in 1.5 mm 7.5% or 15%
gels in a MiniProtean system (Biorad, Hercules, CA, USA).

Coomassie R-250 staining: gel was stained according to Laemmli [65]. Alcian blue staining:
gels previously stained with Coomassie were treated with 12.5% thrichloroacetic acid for 30 min.;
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after 4 washes in dH2O gels were treated with 1% sodium metaperiodate in 3% acetic acid for 1 h.
After numerous washes (until the discarded water was not reacting with 1% silver nitrate) gels were
immersed in 0.5% alcian blue in 3% acetic acid for 4 h; excess of alcian blue was removed with extensive
washes in 7% acetic acid.

4.5.2. Tris/Borate/EDTA Polyacrylamide Gel Electrophoresis (TBE-PAGE)

TBE-PAGE was prepared using 10× TBE buffer (Bioland) and reagents from Fluka (SDS-PAGE
Kit). The 1.5 mm gels were run in a MiniProtean system (Biorad©), using 0.1 M Tris/borate, 1 mM
NaEDTA, and pH 8.3 buffer. GAG (2 mg/mL) were mixed (1:5) with 2 M sucrose (Sigma) 0.02%
bromophenol blue (Sigma) in 1× TBE. Gels were run at constant 60 V for 15 min and then at 150 V
for 60 min at RT. After, gel was stained with 0.5% alcian blue in 2% acetic acid for 30 min; excess of
staining dye was removed by rinsing the gel in 2% acetic acid for 30 min.

All the staining/washes steps were performed on an orbital shaker at room temperature.

4.6. FTIR

FTIR analysis was performed on freeze-dried samples. Dried materials were mixed with
potassium bromide (Sigma), crushed with a pestle and processed into a thin pellet using a hand
press. Spectra were recorded from 32 scans with a resolution of 2 cm−1 from 4000 to 700 cm−1 using
a Shimadzu IR Prestige 21 Infrared spectrometer (Shimatzu, Kyoto, Japan).

4.7. Rheology

The rheological properties of the collagenous materials obtained after the dialysis process were
investigated by means of a Kinexus Prot rheometer (Malvern instruments, Malvern, UK). Steady-state
flow measurements were carried out using a controlled-stress rheometer fitted with parallel plate
geometry with a 10-mm diameter (PU20 SR1740 SS) and 1-mm gap. The torque amplitude was imposed
by using a logarithmic ramp of shear rate, in a range of 0.1 to 100 s−1. Rheological measurements in
oscillatory frequency sweep strain controlled were performed in using the same parallel plate geometry
with a 1 mm gap. Gel rheological behavior with storage/loss moduli and cross-over analysis was
assessed at a constant 1% strain in a frequency region from 0.01 to 100 Hz.

All experiments were performed at a controlled temperature of 37 ◦C and results represent the
average of three measurements.

5. Conclusions

We described a new method to extract collagen from the marine sponge C. reniformis resulting
in sticky collagenous hydrogels. The materials obtained from two sponge regions, ectosome and
choanosome, have singular rheological properties, with the observed shear thinning behavior seeming
to depend on the presence of collagen fibrils and other associated proteins/GAGs. The weak interaction
between those macromolecules have shown to be reversible and induce a fast recovery to the rest state
of the viscosity after manipulation, suggesting their possible use as an injectable hydrogel medium for
biomedical applications. The material obtained should be, however, further investigated to completely
characterize its content and to fully address the role of the soluble compound(s). The data presented in
this study represent a detailed starting point for further investigations aimed at producing tailored
hydrogels with different interesting properties through a biomimetic approach.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/15/12/380/s1,
Video S1: demonstration of the adhesive and self-healing properties of the collagenous materials obtained from
the choanosome.
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Abstract: Collagen is involved in the formation of complex fibrillar networks, providing the structural
integrity of tissues. Its low immunogenicity and mechanical properties make this molecule a
biomaterial that is extremely suitable for tissue engineering and regenerative medicine (TERM)
strategies in human health issues. Here, for the first time, we performed a thorough screening of
four different methods to obtain sponge collagenous fibrillar suspensions (FSs) from C. reniformis
demosponge, which were then chemically, physically, and biologically characterized, in terms
of protein, collagen, and glycosaminoglycans content, viscous properties, biocompatibility, and
antioxidant activity. These four FSs were then tested for their capability to generate crosslinked or
not thin sponge collagenous membranes (SCMs) that are suitable for TERM purposes. Two types
of FSs, of the four tested, were able to generate SCMs, either from crosslinking or not, and showed
good mechanical properties, enzymatic degradation resistance, water binding capacity, antioxidant
activity, and biocompatibility on both fibroblast and keratinocyte cell cultures. Finally, our results
demonstrate that it is possible to adapt the extraction procedure in order to alternatively improve the
mechanical properties or the antioxidant performances of the derived biomaterial, depending on the
application requirements, thanks to the versatility of C. reniformis extracellular matrix extracts.

Keywords: collagen; Porifera; biomaterials; tissue engineering; membranes

1. Introduction

Collagen is the most abundant protein in animals; in particular, it is involved in the formation
of a variety of fibrillar networks, providing the structural integrity of the tissues. This molecule,
and its derived gelatin, is used as a biomaterial for tissue engineering and regenerative medicine
(TERM) purposes, thanks to its low immunogenicity and mechanical properties. Collagen-derived
biomaterials can be obtained in two ways: (i) by preserving as much as possible the shape of
the original tissue via isolation of a de-cellularized extracellular matrix (ECM); or, (ii) by in vitro
polymerization of soluble tropo-collagen, alone or combination with other ECM components, such as
glycosaminoglycans (GAGs) [1,2], elastin [3,4] or chitosan [5,6]. These additions are meant to improve
the enzymatic resistance and mechanical properties of the derived biomaterial. According to their
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application, collagen-based biomaterials can be used in the form of (i) collagen sponges, employed
as three-dimensional (3-D) scaffolds in bone and cartilage repair; (ii) injectable hydrogels for drug
delivery; and, (iii) two-dimensional (2-D) thin films or membranes suitable in wound dressing, dural
closure, reinforcement of a compromised tissue and guided tissue regeneration [7]. The sources of
collagen for these applications are mainly waste of bovine and porcine skin and bones. However, the
risk of BSE (bovine spongiform encephalopathy), TSE (transmissible spongiform encephalopathy), and
religious constraints (e.g., avoidance of porcine derivatives), has recently led to considering different
sources of collagen. The most intriguing and promising ones come from the marine environment (for a
review see [8]). In order to obtain economically sustainable amounts of these molecules, particular
attention has been paid to collagens derived from fish or mollusks waste of food industry [9,10].
Besides, studies have also been done on collagens that were extracted from marine invertebrates, such
as jellyfishes, generating real “blooms”, in particular, environmental or seasonal conditions [11,12].

Marine sponges (Porifera) are the oldest metazoan group still extant on our planet [13]. Unlike
other animal groups, they are characterized by a simple level of organization, they lack real tissues
and organs, and are only formed by specialized cells types (e.g., choanocytes and pinacocytes [14]).
These cells are embedded in a complex 3-D matrix network that is rich in collagen, which, in
the Demospongiae class, is generically referred to as spongin [15]. It is formed by proteoglycans,
glycoproteins, conventional striated collagen fibrils, and thin collagen microfilaments forming large
structures that may be associated to siliceous spicules, or, in horny sponges, to foreign materials [16].
Although still being poorly characterized at the molecular level [17,18], spongin extracts [19], or sponge
intact skeletons [20–22] provide a suitable framework for mammalian cell attachment and for migration
and the proliferation of osteoprogenitor cells. These features reveal a promising biomaterial for bone
repair. Furthermore, new fields of application of spongin are also arising, such as its use as supports
for the immobilization of dyes [23–33]. Interestingly, in the Hexatinellida, a new unexpected structural
role of collagen has been recently described. Indeed, this protein was identified within the basal
siliceous spicules of the glass sponge Hyalonema sieboldii Gray, 1835 [34,35], stimulating further research
on sponge collagen for a better comprehension of the skeletal structures of these deep-sea organisms.

Sponges are also organisms with a high biotechnological potential, since they are a relevant marine
source of bioactive compounds. These animals, in fact, have developed a large variety of secondary
metabolites for their defense from competitors, predators, and pathogens. The types of molecules
produced are mainly nucleosides, toxins, and terpenoids with antibacterial, antifungal, or antiviral
activity [36]. Notably, of the 18,000 marine natural bioactive products that have described until now
in the pharmaceutical field, more than 30% have been isolated from sponges [37]. Unfortunately,
wild sponge populations are frequently insufficient or inaccessible to produce sustainable commercial
quantities of metabolites of interest. Thus, various mariculture [38,39] and in vitro cell culture [40,41]
methods have been developed to fully exploit their interesting pharmaceutical features. In this
perspective, the waste of sponge biomasses remaining after bioactive compound extraction could be
used as a source of marine collagen.

One of the most studied sponge collagen is derived from the Chondrosia reniformis species, which is
a member of the Demospongiae class. Its marine habitat includes a broad geographic (and bathymetric)
range of marine environments, among which is the Mediterranean Sea. The body of C. reniformis
is mainly made of tightly packed collagenous fibres that are lacking the typical needle-like silica
spicules that strengthen the body of most other species of the same class. Its collagen is characterized
by a unique dynamic plasticity due to the ability to reversibly alter its viscoelastic properties in an
extraordinary short-time span. These features seem to be under the control of a calcium-dependent
extracellular aggregating factor [42,43]. In the past, this collagen was partially biochemically
characterized [44,45], and, more recently, some of its gene sequences were identified [46,47], as well as
that of a collagen-maturation enzyme [48]. Moreover, an ultra-structural study was performed thanks
to its partial solubilization [49]. Its biocompatibility on human skin has already been evaluated [50],
and its use in the form of nanoparticles as carriers and coatings for drug preparations has been
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also described [51,52]. Notwithstanding, the use of C. reniformis collagen for membranous scaffold
production in TERM applications has never been reported.

The aim of the present work was to evaluate the performance of various types of C. reniformis
collagen extracts for the production of membranous scaffolds for TERM strategies. For this purpose,
intact collagen fibrillar extracts were obtained, using four different methods that were previously
described in literature [46,53–55]. Following their physico-chemical and biological characterization, the
four extracts were used for the generation of collagenous membranes. Finally, the obtained membranes
were characterized, and their biocompatibility evaluated, in order to establish the best extraction
procedure to generate suitable tools for TERM applications.

2. Results

2.1. Fibrillar Collagen Suspensions Extraction and Characterization

Fibrillar collagen suspensions (FS) were extracted from C. reniformis tissue using four different
methods, as indicated in Scheme 1, in order to evaluate the more suitable for collagenous membrane
production. The total soluble proteins, collagen and GAGs content were then quantified in each FS.
Table 1 reports the total yields obtained in each extract (from F1 to F4) in terms of FS, collagen, and
GAGs, expressed as total mg/g of dry sponge tissue. Conversely, Table 2 shows a comparison of the
composition by the quantification of total soluble proteins, collagen, and GAGs, which were calculated
as weight percentage with respect to the total FS content of each extract. Moreover, a collagen/GAGs
ratio (RC/GAG) was calculated in order to establish the optimal collagen/sugar composition for the
further membrane production.

Table 1. Yield value for each of the four extraction procedures (F1–F4) of the total FS (column 3),
collagen (column 4) and glycosaminoglycan (GAGs) (column 5), expressed as mg/g dry sponge tissue.
1 From [53]; 2 from [54]; 3 from [46]; 4 from [55].

Sample # Extraction Method
mg FS/g Dry

Tissue
mg Collagen/g

Dry Tissue
mg GAG/g
Dry Tissue

F1 0.1% tryp, 2 rounds in H2O 1 338.27 ± 25.23 192.13 ± 22.15 12.85 ± 5.10

F2 8 M urea, tris 0.1 M, pH 9,
βMe, EDTA 2 422.83 ± 68.15 24.16 ± 1.30 20.44 ± 8.79

F3 NaCl 1 M, tris 50 mM pH 7.4,
EDTA, βMe 3 998.35 ± 16.12 355.68 ± 56.01 26.89 ± 7.52

F4 NaCl 0.5 M, tris 0.1 M pH 8,
EDTA, βMe 4 837.21 ± 75.87 139.02 ± 44.63 19.78 ± 3.67

Table 2. Percentage composition of total soluble proteins (column 2), GAGs (column 4) and collagen
(column 5) in the four FSs expressed as mg/100 mg of total FS. Percentage composition of collagen
(column 3) in the four FSs expressed as mg/100 mg of total soluble proteins. RC/GAG values (column 6)
obtained from the ratio between the collagen content and GAG content in the four extracts.

Sample # % Soluble Proteins/FS % Collagen/Proteins % GAG/FS % Collagen/FS RC/GAG

F1 95.00 57.34 3.80 56.81 14.95
F2 34.00 16.76 4.83 5.73 1.18
F3 64.80 48.08 2.68 35.65 13.23
F4 27.39 60.62 2.36 16.63 6.99
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Scheme 1. Extraction methods used. Schematic representation of the four extraction procedures used to
obtain four different sponge fibrillar suspensions (F1–F4) as detailed in Section 4.1. Method 1 from [53];
method 2 from [54]; method 3 from [46]; and, method 4 from [55].

F1 extract was obtained, as described by Gross et al., 1956 [53], by an overnight trypsin digestion
at 37 ◦C in order to remove non collagenous proteins as much as possible. The digested sponge
tissue was then subjected to two rounds of water extraction at 5 ◦C. After the second step of water
extraction, the resulted sponge tissue completely dissolved. The collagen extract resulted viscous and
light colored (Figure 1A). The yield of F1 suspension had the lowest values with respect to the yields
of the other FS extracts (Table 1, column 3). The yield in collagen had intermediate values, while the
GAGs had the lowest values of extraction with respect to the values that were obtained in the other
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extracts (Table 1, columns 4 and 5, respectively). Conversely, in terms of percentages, F1 suspension
resulted composed almost all of the soluble proteins, half of which were collagen (Table 2, columns 2
and 3, respectively). Finally, the RC/GAG was of 14.95, the highest value observed with respect to the
other FS extracts (Table 2).

Figure 1. Fibrillar suspensions (FS) appearance and viscosity test. (A) Appearance of F1-F4 sponge
FSs obtained through the four different extraction methods summarized in Scheme 1; (B) Flow sweep
curves obtained in the viscosity tests of the four FSs by rheological measurements (for methods
see Section 4.3.6). Curves were fitted by the Carreau-Gahleitner model (Mezger, 2006) as shown in
Equation: η−η∞

η0−η∞
= 1

(1+(a· .
γ)

b
)

P where η is the shear viscosity, η∞ is the infinity-shear viscosity, η0 is

the zero-shear viscosity, a is the Carreau constant, b is the Gahleitner exponent, and P is the Carreau
exponent. The experimental values of η0 and η∞ are shown in Table 3.

F2 extract obtained, as described previously by Diehl-Seifert et al. (1985) [54], was characterized
by sponge tissue extraction under alkaline and reducing conditions in 8 M urea. The concentrated
urea was used to improve fibre dissolving, whereas 2-mercapto-ethanol was used to ensure the intra
and interchain disulfide collagen bridge break. At the end of the 24 h incubation at room temperature
(RT), the sponge tissue was not completely dissolved and the insoluble fraction was removed by

79



Mar. Drugs 2018, 16, 111

centrifugation. The collagen fibres were then precipitated by lowering the pH with the addition of
acetic acid. The repeated centrifugation steps during the washings were necessary to neutralize the
pH, but made the suspension less homogeneous than the others (Figure 1A), with several aggregates
that necessitated a further homogenization step. It is to note that, in these extraction conditions the
collagen retained in the F2 suspension had the lowest yield respect to the other extracts (Table 1).
Furthermore, less than half of the F2 suspension was composed of soluble proteins, of which only the
16% was collagen (Table 2). Conversely, the percentage of GAGs extracted was the highest with respect
to the other FSs, and consequently, the RC/GAG was the lowest (1.18), amounting to less than 1/10 of
the F1 RC/GAG (Table 2, columns 4 and 6, respectively).

F3 and F4 extracts were obtained with a similar procedure [46,55], in both cases in fact, sponge
fragments were incubated in an orbital shaker disk for four days at 17 ◦C in the presence of
2-mercapto-ethanol and EDTA. The only differences were that in F3 the pH was 7.4, whereas in
F4, it was adjusted to 8.0, and that for F3 extraction, 1 M NaCl was used, while for F4, the NaCl
concentration was only of 0.5 M. With the F3 extraction method, complete sponge tissue dissolution
was observed at the end of the 4 day incubation. Conversely, using the F4 extraction method some
insoluble tissue fragments were still present. F3 final extract resulted viscous and lightly colored,
quite similar to F1, while F4 resulted clearer than the other FSs (Figure 1A). With these two extraction
methods, the total yields of the two suspensions were the highest with respect to the other two methods
(Table 1, column 3). Moreover, the F3 method showed the highest collagen and GAGs yields with
respect to all of the other extraction procedures (Table 1, columns 4 and 5, respectively). For what
concerns protein percentages, with the F3 method, the suspension obtained was composed of more
than 60% of soluble proteins, of which nearly the 50% was collagen, while in the F4 method, less than
30% of the suspension was composed of soluble proteins, of which the collagen amounted to 60%
(Table 2, column 2 and 3, respectively). Finally, the RC/GAG was higher in the F3 suspension, and was
similar to the F1 value, and lower in the F4, pointedly nearly a half with respect to F1 and F3 (Table 2,
column 6).

2.2. Viscosity Evaluation

Figure 1B reports the flow sweep curves fitted by the Carreau-Gahleitner model [56], while the
values that were obtained by the experimental rheological measurements of η0 and η∞ are shown in
Table 3.

Table 3. Rheological measurements values of η0 and η∞ of the four FSs from which were derived the
flow sweep curves shown in Figure 1B.

Sample # η0 (mPa s) η∞ (mPa s)

F1 495 3.84
F2 911 3.93
F3 2412 3.90
F4 336 1.70

All of the tested solutions showed a low viscosity and typical gel behaviour, with a yield point
in the low-shear range; moreover, an evident shear thinning behaviour was observable. Indeed, the
samples were characterized by a shear-dependent viscosity (i.e., η decreases quickly with the increasing
of the shear rate). F1, F2, and F3 samples showed similar values of η∞, but significantly different
values of zero-shear rate (η0); in particular, in steady state, F3 and F4 appeared to be, respectively,
the most and the lowest viscous samples, while F1 and F2 showed intermediate values of η.

2.3. Transmission Electron Microscopy Analysis of the FSs

To evaluate the state of integrity of the collagen fibrils that was extracted with the four different
methods, TEM analyses were performed on the four different FSs.
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At the ultrastructural level, all of the negatively-stained FS samples contained long unbranched
single fibrils that was characterized by a periodicity pattern (Figure 2). F1, F2, and F4 samples (panel A,
B and D, respectively) showed small clots (white arrows) that were closely apposed to the fibrils and
thin curled filaments of bona fide mucopolysaccharides (MPS), which were completely absent in the
F3 preparation (panel C). Of note, the F2 sample showed many curled fibrils, indicating a possible
damage of the structural integrity of the fibrils (not shown). No curled collagen fibrils were observed
in the other preparations.

Figure 2. TEM analysis. Representative negatively stained transmission electron microscopy images
of the four FSs (F1–F4) taken at 92,000× magnification (scale bar: 200 nm) with a CM10 Philips
transmission electron microscope equipped with Megaview 3 camera and Olympus SIS iTEM software
for digital image acquisition. (A) F1; (B) F2; (C) F3; and, (D) F4. All of the FSs show long unbranched
banded fibrils of uniform size and periodicity band pattern. F1, F2, and F4 show small clots and
filaments (white arrows) of putative mucopolysaccharides.

2.4. Qualitative Evaluation of the FSs by Histological Methods

FS composition was also qualitatively evaluated by standard histological methods. Different
molecular components were highlighted on each FS, smeared and dried on histological slides, and
observed in light microscopy (Figure 3).

Alcian staining (pH 2.5) allowed to highlight in light blue the presence of MPS by reacting with
acidic groups. Alcian staining on the smeared FSs showed the following results: in F1 sample (panel A),
small and uneven clots of MPS were observable; in the F2 (panel B), a strong coloration of uniformly
distributed MPS clots was evidenced; in F3, only a weak MPS staining was detectable in some portions
of the sample (panel C); in F4 (panel D), in addition to a weak and diffused coloration, some fibres
with an irregular pattern were observable showing the presence of MPS.
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Figure 3. FS histological staining. The four FSs (F1–F4) smeared on histological slides and
stained according to four different staining procedures, as described in Section ??, and observed by
optical/polarized microscopy. (A–D) Alcian pH 2.5 staining, highlighting mucopolysaccharides (MPS)
and glycoproteins in blue, by reacting with acidic groups; (E–H) Periodic Acid Schiff (Hotchkiss–Mc
Manus) (PAS)_staining highlighting MPS, glycoproteins, glycolipids, mucins, and polysaccharides
such as glycogen in pink/red, by reacting with basic groups; (I–L) Picro-Sirius Red staining of collagen
bundles in different shades of green, red, or yellow, depending on the thickness and the packing of
fibres, from thinner to thicker, respectively. Each column of panels represents the various histological
stainings of each FS. Scale bars in each panel span 20 micrometer.

PAS staining, on the other hand, highlights in pink/red, the presence of MPS by reacting with
basic groups. In the F1 sample (panel E), a poorly concentrated staining of basic little clots was
observable. In the F2 (panel F), basic MPS clots were still poorly concentrated. In F3 (panel G), a matrix
of transparent/pink fibres was clearly visible by DIC (Differential Interference Contrast), with red clots
indicating the presence of basic MPS, likely not being associated with fibres. Finally, in F4 samples
(panel H) a weak PAS positive staining of fibrous material was observable, similarly to that observed
with Alcian and Picro-Sirius Red (PicroS) in panels D and L, respectively, with the presence of MPS
distributed in an irregular pattern.

With the PicroS collagen staining, and through the use of polarized microscopy, it is possible to
distinguish small-caliber collagen fibres that result in highlighted in shades of green with respect to
thicker fibres that appear to be yellow/red. PicroS staining of the F1 preparation (panel I), showed
a discontinuous film of small-caliber fibres. Collagen appeared to be distributed non-uniformly, but
in bundles with the presence of small lumps of about 20 μm in diameter showing larger caliber
collagen fibres (in red/yellow). Conversely, in the F2 preparation, it was possible to observe an uneven
distribution of thicker collagen fibres that are highlighted in red (showed in panel J). Finally, in the F3
and F4 preparations (panels K and L, respectively), the method was able to highlight two continuous
fibre films, even if with different chromatic characteristics, pointing out smaller caliber fibres in F3,
and thicker in F4.

2.5. Sponge Collagen Membrane Production

Sponge Collagen Membranes (SCMs) were produced using 2 mg/mL of F1, F2, F3, and F4 fibrillar
suspensions in the presence of EDC/NHS crosslinking solution for 4 h at RT. As shown in Figure 4,
the only FSs that were able to generate suitable SCMs were F1 and F3 extracts. In fact, F1- and
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F3-derived SCMs looked like thin, clear, films (Figure 4A). Conversely, using F2 and F4 suspensions,
even by increasing the FS concentration (data not shown), it was not possible to obtain any suitable
membrane. In fact, when dried the derived films resulted lacking texture, extremely fragile and easy to
break. Hence, all of the following characterization analyses were performed only on F1- and F3-derived
SCMs named SCM-F1 and SCM-F3, respectively.

Figure 4. Sponge Collagen Membranes (SCMs). (A) SCMs derived from F1–F4 sponge
extracts crosslinked with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide
(EDC/NHS) solution; (B) not crosslinked SCMs derived from F1 and F3 sponge extracts. Scale bars in
each panel span 2.0 cm.

As shown in Figure 4B, the membranes were also prepared using not crosslinked F1 and F3
suspensions casting the collagen suspensions without adding the cross-linker. This procedure
generated the nc-SCM-F1 and nc-SCM-F3 membranes, respectively, which were macroscopically
similar to their crosslinked counterparts.

2.6. SCMs Characterization

2.6.1. Mechanical Tests

The elastic moduli G’ (filled symbols) and the viscous moduli G′ ′ (open symbols) of the F1 and
F3 SCMs and nc-SCMs are reported in Figure 5. G′ indicates the capability of the material to store
energy and G′ ′ refers to the capability of the material to dissipate energy. All of the samples that were
examined showed relatively high moduli (in the range of 104–105 MPa for the elastic modulus).
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Figure 5. The elastic moduli G′ (filled symbols) and the viscous moduli G′ ′ (open symbols) of the
SCMs (SCM-F1, triangles; SCM-F3, stars) and not crosslinked SCMs (nc-SCM-F1, circles; nc-SCM-F3,
diamonds) reported in function of the frequency applied by the rheometer in the dynamic mechanical
analysis (for methods see Section 4.5.3).

As expected, for a gel system, a solid-like behaviour was observable. Indeed, it was possible to
note the predominance of G′ upon G′ ′ at low frequencies in all of the membranes, while G′ ′ increased
on increasing the frequency till reaching a crossover between the moduli. These data indicate that all
of the tested samples show an evident elastic behaviour in the frequency range that was studied.

Both SCM-F1 (triangles) and nc-SCM-F1 (circles) showed lower moduli than SCM-F3 (stars) and
nc-SCM-F3 (diamonds), indicating, in general, a lower mechanical stiffness. Moreover, as is clearly
observable, the crosslinking did not affect the mechanical performance of F1-derived SCMs, with the
two samples (nc-SCM-F1 and SCM-F1) showing comparable values of both G′ and G′ ′. On the contrary,
in F3-derived SCMs, a significant difference was observable between the nc-SCM-F3 and the SCM-F3,
with an evident increase of the mechanical properties in the crosslinked sample, as evidenced by a
higher G′ elastic modulus when compared to the nc-SCM-F3.

2.6.2. In Vitro Resistance to Enzymatic Degradation

In vitro biodegradation of F1 and F3 derived SCMs and nc-SCMs was evaluated by incubation
at 37 ◦C with native fetal bovine serum (FBS) for 15 day and by collagenase digestion for 6 days.
The results showed that all of the membranes were completely intact after both of the treatments.
This indicates a strong resistance of the marine biomaterials to enzymatic degradation at physiological
conditions, even for the not crosslinked versions nc-SCM-F1 and nc-SCM-F3 (not shown). Conversely,
a parallel incubation of a commercial mammalian collagen membrane (Bio-Gide®, Geistlisch Pharma,
Wolhusen, Switzerland), which is usually employed in dental surgery, showed a complete collagenase
digestion after 6 days incubation. Furthermore, after FBS treatment, all of the SCMs (crosslinked or
not) resulted visibly opaque (Figure 6A) as compared to the negative controls that were incubated
in phosphate buffered saline (PBS). Other than opaque, FBS-treated membranes also appeared to be
thicker than their controls in PBS, as observed by optical stereomicroscope (Figure 6B). Both features,
i.e., opacity and thickness, were likely due to the serum protein adsorption onto the membrane surfaces.
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Figure 6. SCM serum interaction and water absorbing capacity. (A) SCM-F1 incubated in 1 mL of FBS
(left) or PBS (right) for 15 day at 37 ◦C; (B) Stereo-microscope observation of SCM-F1after incubation
for 15 days at 37 ◦C in FBS (left) or PBS (right); scale bar, 50 micrometer; (C) Not cross-linked (nc-SCM)
and cross-linked SCM derived from F1 and F3 fibrillar extracts after soaking in PBS for 1 h.

2.6.3. Water Binding Capacity

The water binding capacity (WBC) of SCMs and nc-SCMs was assessed by the evaluation of their
weight variation after 1 h soaking in PBS at RT. nc-SCM-F1 and SCM-F1 showed a WBC of 652 ± 35%
and of 280 ± 33%, whereas the WBC of nc-SCM-F3 and of SCM-F3 were 701 ± 40% and 420 ± 55%,
respectively. Thus, F3-derived membranes showed a slightly higher WBC than F1. Conversely,
the commercial not crosslinked collagen membrane Bio-Gide® in the same soaking conditions showed
a WBC of 442 ± 41%, which is a value that is significantly lower than the two nc-SCMs, but comparable
to the SCMs.

Once hydrated, it was also clearly observable a significant different behavior of the SCMs with
respect to the nc-SCMs. The latter, in fact, although much more hydrophilic than their crosslinked
counterparts, completely loosed consistency and resulted in being very difficult to manipulate, as
shown in Figure 6C.

2.6.4. Biocompatibility

To evaluate the biocompatibility of SCM-derived membranes, a fibroblast cell line and a
keratinocyte cell line were tested for their ability to adhere and to grow on FS-coated plates using
all of the extracts (F1–F4). Cell adhesion was evaluated 16 h after plating both qualitatively and
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quantitatively by the crystal violet staining and the MTT assay, respectively (Figure 7A,B). The crystal
violet qualitative assessment of both fibroblast and keratinocyte cell adhesion revealed that the cell
shape, and thus the interaction with the different matrices, was very similar in all of the conditions for
both of the cell lines. A slight, qualitative difference could be observed only for the fibroblasts on F4
coating. In particular, a circular shape seemed to be predominant with respect to the physiological
spindle/triangular shape typical of these cells, probably indicating a not preferred interaction with
this type of coating (Figure 7A). Similarly, the MTT cell viability assay at 16 h of adhesion indicated
a reduction of the attached cells only for fibroblasts (Figure 7B, black bars) and only on the F4
coating (21.75% cell reduction as compared to controls). These results confirm a poorer short-term F4
compatibility with respect to the other FSs and to the control, where cells were seeded onto rat tail
collagen coated wells, namely stCol.

Figure 7. Cell adhesion evaluation. (A) Cell adhesion qualitative evaluation, by optical microscopy,
of crystal violet stained L929 fibroblasts (first row) and National Collection of Type Cultures (NCTC)
keratinocytes (second row) on the four different FS pre-coated plates (F1–F4) after 16 h incubation.
Scale bars, 20 micrometer; (B) Cell adhesion quantitative evaluation, by MTT test, of L929 fibroblasts
(black bars) and NCTC keratinocytes (grey bars) on the four different FS pre-coated plates after 16 h
incubation. Results are expressed as cell percentages with respect to controls that were seeded on
standard rat tail collagen-coated (stCol) wells and are the mean ± S.D. of two experiments that were
performed in quadruplicate. Asterisks indicate significance in Tukey test (black bars ANOVA, p < 0.05;
Tukey, F4 vs. stCol p < 0.05).

Cell viability and proliferation was also evaluated for longer periods of time on FS-coated plates
by using the MTT assay. In particular, both fibroblasts and keratinocytes were evaluated after 3 days,
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6 days, and 15 days of cultivation (Figure 8) on the FS-coated plates and compared to control cells
that were grown onto rat tail collagen coated wells (stCol). In detail, fibroblasts showed a slight
cell number reduction on F4 coating and a slight increase on F1 coating at 3 day with respect to the
control (Figure 8A, black bars 19.4% decrease and 12.2% increase, respectively). Conversely, both at
6 day and 15 day of prolonged cell culture (Figure 8A, white bars and grey bars, respectively), no
significant differences with respect to the controls grown on rat tail collagen were observed. This
indicates a long-term good biocompatibility of the four FS coating for cells of fibroblastic nature. For
what concerns keratinocytes, they showed good compatibility and reasonable cell growth, which
was comparable to the controls, after 3 day of culture and after prolonged culture for 15 onto all
of the FS-coated plates (Figure 8B, black bars and grey bars, respectively). Conversely, a slight, but
significant, decrease of cell number at 6 day onto F3 and F4 coatings, as compared to the control, was
observed (white bars, 36.0% and 37.2% decrease, respectively), probably indicating that keratinocyte
cells undergo a period of adaptation, especially on F3 and F4 coatings, before restarting cell growth.

Figure 8. Cell growth evaluation. (A) L929 fibroblast cell growth evaluation, by MTT test, on the four
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different FS pre-coated plates (F1–F4) after 3 day (black bars), 6 day (white bars) and 15 day (grey bars)
incubation. Results are expressed as cell percentages respect to controls seeded on standard rat tail
collagen-coated (stCol) wells and are the mean ± S.D. of two experiments performed in quadruplicate.
Asterisks indicate significance in Tukey test (black bars ANOVA, p < 0.0001; white bars ANOVA,
p < 0.0001; grey bars ANOVA, p < 0.05; Tukey vs. stCol: * p < 0.05, ** p < 0.001, respectively); (B) NCTC
keratinocytes cell growth evaluation, by MTT test, on the four different FS pre-coated plates after 3
day (black bars), 6 day (white bars), and 15 day (grey bars) incubation. Results are expressed as cell
percentages with respect to controls that are seeded on standard rat tail collagen-coated (stCol) wells
and are the mean ± S.D. of two experiments that were performed in quadruplicate. Asterisks indicate
significance in Tukey test (black bars ANOVA, p < 0.00001; Tukey vs. stCol: * p < 0.05).

2.6.5. Environmental Scanning Electron Microscope (ESEM) Analysis

ESEM analyses were performed on the SCMs that were derived from the four FSs, or fragments
thereof for F2 and F4. Furthermore, the analyses were also performed on F1 and F3-derived membranes
in the presence of fibroblasts and keratinocytes that were cultured on their sterilized surfaces for 3 day.
The ultramicroscopic analysis of the four SCMs alone showed randomly distributed fibril patterns
in F1, F3, and F4-derived SCMs (Figure 9A,C,D). Conversely, in F2-derived membranes, the surface
that resulted was characterized by an unidentifiable clumped layer (Figure 9B). From F1, F3, and
F4-derived SCMs, it was possible to calculate the average of the fibril diameter of C. reniformis collagen,
which was of 21.08 ± 4.93 nm. Furthermore, in of all the three samples, it was possible to observe either
the presence of free single fibrils or bundles of aggregated fibrils forming fibres of higher dimensions.
No ultrastructural differences were observed between F1 and F3 crosslinked and not crosslinked
membranes (data not shown). In SCM-F1 and F3, the random presence of pores on the surface of
the membranes was also observed. SCM-F1 and SCM-F3 pores were measured and they spanned an
average value of 6167 ± 2826 nm2 and 3211 ± 1494 nm2, respectively. The significant difference in
the pore dimensions of the two membranes (p < 0.005) indicates a higher level of fibre cohesion in
F3-derived membranes with respect to F1.

For what concerns the ultrastructural analysis of cells grown onto the SCM-F1 and SCM-F3
membranes, no significant differences could be observed in the degree of cell adherence and surface
contact on both of the SCMs, either for fibroblasts (panel E for SCM-F1 and F for SCM-F3), either for
keratinocytes (panel G for SCM-F1 and H for SCM-F3). In fact, all of the images that were obtained
by the high resolution cell analysis showed a tight adherence to both SCM surfaces, especially in
fibroblasts (E,F), and the presence of several cellular elongated processes taking contact with the SCM
surface surrounding the cell body in keratinocytes (G,H). These results suggest that both membranes
could have a good biocompatibility.
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Figure 9. Environmental Scanning Electron Microscope (ESEM) analysis. All crosslinked SCMs (A–D),
dehydrated at critical point and graphite covered, were observed with a FESEM Zeiss SUPRA 40
VP instrument, while only SCM-F1 and SCM-F3, in the presence of fibroblasts and keratinocytes
(E–H) dehydrated at critical point and graphite covered, were observed with an ESEM Vega3–Tescan
instrument. (A) SCM-F1; (B) SCM-F2; (C) SCM-F3; (D) SCM-F4; (E,F) Visualization of L929 fibroblasts
adhesion to the two SCMs; (E) SCM-F1; (F) SCM-F3; (G,H) Visualization of NCTC keratinocytes
adhesion to the two SCMs; (G) SCM-F1; (H) SCM-F3. In (A–D) scale bars span 200 nm; in (E–H) scale
bars span 2 micrometer.

2.7. DPPH Radical Scavenging Activity

Since it is known that the amino acid residues that are present in collagens show a certain level
of antioxidant activity [57], the radical scavenging activity of each FS was evaluated using the DPPH
standard assay.

As indicated in Figure 10A, F1 showed the highest radical scavenging activity of 61.78 ± 2.84%, F2
of 14.61 ± 0.61%, whereas for F3 resulted of 26.97 ± 0.23%, and finally F4 showed a radical scavenging
activity of 28.89 ± 2.28%. The radical scavenging activity resulted to persist also in F1- and F3-derived
membranes (Figure 10B). In this case, the radical scavenging activity was expressed in the function
of the membrane surface. In particular, the surface exerting the 50% of the total radical scavenging
activity (SA50) measured 242.81 mm2 for SCM-F1, and 665.84 mm2 for SCM-F3.

89



Mar. Drugs 2018, 16, 111

Figure 10. FS and SCM radical scavenging activity. (A) Antioxidant activity of the four different
FSs (F1–F4) measured by the spectrophotometric DPPH oxidation assay using a concentration of
1 mg/mL of each FS. Results are expressed as percentages of radical scavenging activity based on the
inhibition of DPPH oxidation calculated, as described in Section 4.7, and are the mean ± S.D. of two
experiments performed in triplicate (ANOVA, p < 0.000001); (B) Antioxidant activity of SCM-F1 and
SCM-F3 measured by the DPPH assay. Results are expressed as percentages of radical scavenging
activity in function of the SCM surface area of the two membranes, and are the mean ± S.D. of two
experiments performed in triplicate (ANOVA, p < 0.000001).

3. Discussion

The ability of the micro-environment and the adhesion substrate to affect various biological
processes, i.e., differentiation and proliferation, has been shown in the evolution since the low
metazoans [58]. The extracellular matrix (ECM) of multicellular animals is a complex, dynamic system.
It is mainly formed by collagen fibrils structured in a highly organized, three-dimensional scaffold
supporting cell adhesion and playing a crucial role in differentiation and tissue remodelling [59,60].
Indeed, collagen is considered to be extremely attractive to the manufacturing of biomaterials for
TERM applications. The production of collagen-based biomaterials has intensively grown over the
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past decades. Besides, always new techniques are being developed to improve their performance in
terms of mechanical properties and the resistance to enzymatic degradation. Collagenous biomaterials
are used as composite materials [61], or as de-cellularized derivatives, obtaining scaffolds that closely
mimic the ECM structure and its properties [62]. Marine collagen is considered as one of the most
promising sources for these purposes. In particular, the collagen that was derived from the marine
sponge C. reniformis, due to its dynamic plasticity [43], is particularly interesting for biotechnological
applications. In fact, it is considered as a marine biopolymer that is suitable for the production of
dynamic biomaterials thanks to its ability to rapidly change stiffness and viscosity similarly to what
was observed in the mutable collagenous tissues of echinoderms [63]. Collagenous membranes
that are made from ECM extracts, containing native collagen fibrils of echinoderms with good
mechanical/biological properties, have been already produced [55]. Conversely, although C. reniformis
collagen has been studied for a long time [44–46], collagenous membranes that are derived from this
species have not yet been described.

The aim of the present work was to obtain marine collagen membranes using intact collagen fibres
of this animal. In the production of de-cellularized tissue scaffolds, the purification procedures have a
key role, since the removal or maintenance of certain residues may strongly affect their biocompatibility
or mechanical properties [64]. In this study, intact sponge collagen fibres were isolated using four
different extraction methods (see Scheme 1), and then SCMs were produced from each of them
(Figure 4). Finally, the chemical and physical properties of the four extracts were related to the
mechanical and biological performances of the respective membranes. These evaluations allowed for
selecting the optimal procedures and obtaining the best compromise among yield, 3-D fibre integrity,
resistance, and biocompatibility of said membranes.

When comparing the yield values that were obtained in the different FSs (Table 1), the highest
total yield and the highest collagen/GAGs recovery was obtained in the F3 suspension. The strongly
reducing conditions, due to the presence of 2-mercaptoethanol in the F3 and F4 method, likely
contributed to the higher sponge tissue disaggregation and FS yields of these two extraction methods.
These results could be explained by C. reniformis presence of peculiar short-chain collagen types,
which were related to the mammalian type IV, which seem to be involved in the tissue stiffness.
In particular, the five conserved cysteines at the C-terminal of these proteins [46], suggest the presence
of a disulphide-bridge crosslinking system for a supramolecular arrangement, as already reported in
type IV collagen organization in mammalian basal membranes [65]. Thus, the addition of the reducing
agent is likely to act at this disulphide-bond level, promoting the complete sponge tissue disruption in
the F3 and F4 extraction procedures.

Conversely, for what concerns collagen extraction total yield (Table 1), although the F3 and F4
methods were very similar, the total ionic strength of the extraction buffer seemed to be fundamental to
enhancing collagen fibril release. Indeed, the presence of a double NaCl concentration in F3 determined
a proportional double release of collagen fibrils from the sponge tissue with respect to the F4 extract.

In the F2 extraction method, where the chaotropic conditions were used in addition to the reducing
agent, the total FS yield and low collagen content were significantly different than F3 and F4, which is
probably due to the shorter time of incubation in this extraction buffer (i.e., 1 day vs. 4 day, respectively).
Conversely, the F1 extraction method provided the highest collagen percentage with respect to the total
FS content, indicating trypsin digestion as the best strategy to obtain highly collagen-enriched sponge
FSs (Table 2). Furthermore, when comparing the total protein and the collagen percentages in the four
FSs (Table 2), we observed that the four methods provided very different values, with F1 suspension
showing the highest content of soluble proteins. Conversely, all of the other FSs showed lower and
variable percentages of soluble proteins with respect to the total FS. This indicates that these methods
(especially F2 and F4) also provided significant amounts of uncharacterized, microscopic materials
that are retained in the final FS, despite centrifugation. Notwithstanding the variability of the soluble
protein percentage, the collagen/protein ratio seems more homogeneous in the four FSs. Indeed, all of
the extraction preparations showed a collagen/protein ratio in a range that was close to 1:2, except for

91



Mar. Drugs 2018, 16, 111

F2, in which the proportion was ≈1:6, indicating that the F2 extraction method retrieves the lowest
amount of collagen fibrils from the sponge tissue. Overall, the four methods allowed for obtaining
collagen fibrils in good state of integrity, as showed by the ultrastructural qualitative analysis by TEM
(Figure 2). Although, in F2 suspension, the presence of many curled fibrils (not shown) likely indicate
a slight damage of the extracted collagen. These observations strengthen the idea that the F2 extraction
method is less efficient than the others.

The qualitative evaluation of the four FSs by histological staining indicated that the collagen
component in F2 preparation had thicker collagen fibres than the other three extracts (Figure 3, PicroS
series: panel J vs I-K-L, respectively). Since fibres of such dimensions are supposed to be removed
in the centrifugation steps during the extraction, it is probable that the strong PicroS F2 coloration is
due to the artificial clotting of the collagen fibres during the acetic acid precipitation step. This again
suggests that F2 may not be optimal for subsequent scaffolding procedures. Conversely, a low-diameter
fibrillar organization was observable in F1, F3, and F4 PicroS staining, with the bigger collagen bundles
that are typically present in C. reniformis native tissues [66] being completely removed during the first
centrifugation steps.

In C. reniformis, tissue collagen fibres are closely associated to complex carbohydrates [44]. Besides,
it is known that this component improves the mechanical and the biocompatibility properties of the
collagen scaffolds [67]. Thus, the GAG content was also evaluated quantitatively and qualitatively in
the four FSs that were obtained from C. reniformis. Our data indicate that, even if GAGs are present in
low percentages in the four FSs (Table 2), from a qualitative evaluation they seem associated to the
collagen fibres extracted with the various methods (Figure3 Alcian and PAS panels). Although, the F2
suspension differs from the others, showing, respectively, the highest percentage of GAG and the
lowest percentage of collagen extracted. In this case, the Alcian histological staining could highlight a
significant concentration of GAGs (panel B) probably associated to non-fibrillar proteins. Interesting
differences were also observed in the RC/GAG, with F1 and F3 showing significantly higher ratios than
the other two (Table 2). Considering that these two FSs were the only ones able to generate suitable
SCMs and nc-SCMs, we could infer that the ratio between collagen and GAG content in the FS may be
determinant for a successful reticulation during the membrane formation. Indeed, our results suggest
that a RC/GAG <10 is inappropriate for SCM production.

The viscosity values that were measured in the four extracts (Figure 1B), do not seem to reflect
the different collagen or GAG percentages, likely indicating that other factors (i.e., insoluble protein
content, electrostatic interactions) could come into play, thus influencing this parameter. These results
are in conflict with that observed visually in F1 and F3 suspensions, which appear as dark coloured
viscous hydrogels respect to the other FSs. These features probably indicate a higher thixotropic
behaviour and the presence of aggregates/micro-gels in solution. Conversely, the hydrogel consistency
may be related to the collagen/FS percentage, which is the highest in these two samples, and where
the fibrillar network could give a hydrogel aspect to the suspension [68].

SCMs were produced by EDC/NHS crosslinking of the four FSs; however, only F1 and F3 extracts
could generate manageable membranes (Figure 4, SCM-F1 and SCM-F3, respectively). Conversely, F2
and F4 tentative membranes lacked structure and texture, were extremely fragile, and were difficult
to recover from the silicon mould, also increasing the FS concentration (data not shown). These data
indicate that C. reniformis-derived FSs with a collagen/FS percentage that is lower than 35% (Table 2)
are unsuitable for membrane production.

ESEM analysis indicated that SCM-F1 and SCM-F3 (as well as also the fragmented SCM-F4) had a
fibrillar organization. This further confirms that F1 and F3 extraction procedures were able to maintain
an intact fibrillar structure with a significant difference in random pore dimensions between the two
(Figure 9 A,C,D). Indeed, the higher mechanical resistance that was showed by SCM-F3 (Figure 5)
could be explained by the presence of a smaller mesh of the fibrillar interlace with respect to SCM-F1.

Using the same FS concentration, F1 and F3 were also casted in silicon moulds without
crosslinking. Surprisingly, both F1 and F3 formed collagenous membranes, named nc-SCM-F1 and
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nc-SCM-F3, respectively. These membranes showed macroscopic (Figure 4B) and ultrastructural (data
not shown) features that were similar to their crosslinked counterparts. These data suggest that the
collagen extracted from C. reniformis is naturally provided with a complex system of preformed fibrillar
crosslinks, which may justify either their strong mechanical properties [44] or their insolubility in
acidic solutions [49,50].

Another important consideration arising from the results of the membranes mechanical tests
is about collagen/total protein content in F1 and F3 suspensions. Due to the higher resistance of
SCM-F3 (Figure 5), we can also infer that the higher percentage of non-collagenous proteins present
in F3 respect to F1 may have positive impact on the mechanical properties of the sponge FS-derived
membranes. Although their exact nature is still unknown, it has been reported that these proteins
constitute an amorphous inter-fibrillar matrix in the sponge ECM and are actively involved in the
formation of the sponge fibre network [53]. These proteins are susceptible to trypsin treatment, being
consequently digested in the F1 extraction procedure, and their absence could help to explain the
significant reduction of the mechanical properties that were observed in SCM-F1. Moreover, while no
differences were observed for SCM-F1 with respect to nc-SCM-F1 in terms of resistance improvement,
a better performance was instead observed in SCM-F3 when compared to nc-SCM-F3. These data
indicate that the higher non-collagenous protein content in F3 may participate to the formation of the
crosslinks in the membrane, further strengthening this collagenous film.

Biomaterials originating from collagen still have some limitations to their use in human tissues
due to inflammation arising from their biodegradation and relatively short durability [69]. It is known
that, both living sponge tissues as well as isolated collagen fibres that are derived from C. reniformis are
particularly resistant to bacterial collagenases [44]. In our strong experimental conditions (five times
higher collagenase concentration than Garrone et al. [44], and 6 day incubation instead of 2 day), all of
the membranes, crosslinked or not, maintained their intact structure. This evidence, in addition to
confirming previous data on C. reniformis collagen, tell us that thin collagen membranes that are derived
from this species possess a high stability in strong enzymatic degradation conditions. Conversely, in
the same conditions, a commercial not crosslinked collagenous membrane, Bio-Gide®, was completely
dissolved (not shown). Since this commercial product, which is mainly used in dental surgery,
shows an in vivo resorption rate of 2–4 weeks [70], it is reasonable to believe that SMCs may show
significantly longer resorption rates. If this was the case, another important requisite for implantable
tissue engineering scaffolds would be met by these membranes. Also, extensive membrane treatment
(15 day) with native FBS did not show any sign of disaggregation or enzymatic digestion. However, a
higher opaqueness and thickness was observed with respect to control membranes that were incubated
in PBS (Figure 6A,B). This was likely due to serum protein adsorption on the SCM surface. Indeed,
also this feature is considered to be important in the long-term performance of implants [71]. In fact,
once the proteins are adsorbed onto the material surface, cell adhesion and growth are facilitated. This
adsorbed protein layer can also mediate the type of cells that adhere to the surface, which ultimately
can determine the type of tissue that develops. The data collected in the present work indicate that F1
and F3 SCMs, either crosslinked or not, show strong in vitro enzymatic degradation resistance and are
able to interact with serum proteins. Thus, they are suitable for the production of biomaterials needing
long-term stability in guided tissue and bone regeneration applications.

The ability to bind water is another fundamental aspect of biomaterials. The WBC of SCMs and
nc-SCMs indicated a slightly higher WBC in the F3-derived membranes than F1. Moreover, SCMs
showed lower WBC than nc-SCMs, likely because most of the functional groups in the membranes
are crosslinked and are less available for water interaction. Furthermore, the WBC values of the two
nc-SCMs seem quite remarkable if compared to the value of the mammalian collagen not-crosslinked
membrane Bio-Gide®. The latter, in fact, was 33% and 37% less hydrated than nc-SCM-F1 and
nc-SCM-F3, respectively. The increased WBC in the nc-SCMs as compared to the commercial membrane
could be explained by the presence, solely in the sponge membranes, of the ECM-derived GAGs.
Indeed, their addition has been reported to proportionally improve the membrane’s ability to bind

93



Mar. Drugs 2018, 16, 111

water [72]. However, although nc-SCMs were much more hydrophilic than SCMs and commercial
membranes, they appeared to be less easy to manipulate when hydrated (Figure 6C), which is a feature
that has to be accurately considered when designing new biomaterials.

Preliminary biocompatibility assays showed good and encouraging results for a further
employment of these biomaterials for medical purposes. Both fibroblasts and keratinocytes were
able to adhere and grow on all coated plates when compared to control samples (Figures 7 and 8).
In particular, for fibroblasts, the slight cell decrease and the rounded shape onto F4 coating at 16 h
indicated a lower short-term biocompatibility with respect to the other FSs and to the controls that
were grown onto standard rat tail collagen-coated plates. Conversely, for keratinocytes, a cell decrease
was observed only at the 6 day mid-term for the F3 and F4 coatings, maybe indicating the necessity
of a period of adaptation onto these two matrices with respect to the other FSs and to the controls.
Anyway, this apparent difficulty of adhesion of fibroblasts at 16 h and the growth of keratinocytes at
6 day was only temporary. In fact, long-term analyses at 15 day showed similar growth rates for the
two cell lines onto all of the FSs and all closely comparable to the controls (Figure 8). In addition to
this, a good cell-SCM surface interaction was observed by ESEM analysis for both cell types on SCM-
F1 and SCM-F3, as evidenced by the presence of a tight adherence and a multitude of cell processes
interacting with the collagenous membranes (Figure 9E–H).

Marine sponges are also important sources of bioactive metabolites [36], including compounds
with antioxidant properties [73,74], and it is also known that marine collagen-derived peptides possess
radical scavenging activity. All of the four FSs that were extracted from C. reniformis showed antioxidant
properties (Figure 10). These properties, however, did not reflect their collagen percentage; hence,
the antioxidant activity may be determined by other molecular types, which were probably co-extracted
during collagen fibril isolation. The significantly higher scavenging value of F1 suspension could
be due to the absence of reducing conditions in this extraction method, as compared to the other
three, which could have partially inactivated the antioxidant component. Surprisingly, the antioxidant
properties were also retained in SCM-F1 and SCM-F3, even if reduced with respect to the radical
scavenging values of the respective FS. This suggests that these marine membranes are suitable for
wound healing applications, for skin repair after superficial cancer treatments, or for the prevention of
skin photo-damage and photo-ageing.

In conclusion, as previously reported [20,21,75,76], collagen derived from marine sponges is an
extremely performant biopolymer that is suitable for biomedical applications. Here, for the first time, a
thorough analysis and chemical characterization of four different sponge collagenous extracts allowed
for generating crosslinked thin collagenous membranes from C. reniformis demosponge that is suitable
for TERM purposes. The two types of SCMs that were obtained showed good mechanical properties,
enzymatic degradation resistance, water binding capacity, and biocompatibility. In addition to this,
our results demonstrate that it is possible to adapt the extraction procedures in order to alternatively
improve the mechanical properties or the antioxidant performances of the derived biomaterials thanks
to the versatility of C. reniformis-derived extracts.

4. Materials and Methods

Chemicals
All reagents were acquired from SIGMA-ALDRICH (Milan, Italy), unless otherwise stated.

4.1. Sponge Sampling

Specimens of C. reniformis were collected in the area of the Portofino Promontory (Liguria, Italy)
at depths of 10–20 m and were transferred in laboratory in a thermic bag. During transport, the
temperature was maintained at 14–15 ◦C. A short-term stabulation was performed, as described in [27].
In particular, the sponges were stored at 14 ◦C in 200-L aquaria containing natural sea water that was
collected in the same area of the Portofino Promontory with a salinity of 37‰ and was equipped with
an aeration system. Finally, the sponge specimens were frozen at −20 ◦C until further processing.
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4.2. Fibrillar Collagen Suspension Extracts

C. reniformis fibrillar collagen suspensions (FSs) were obtained using four different extraction
procedures, obtaining, respectively, F1, F2, F3, and F4 extracts. As indicated in Scheme 1, for each
procedure, about 25 g of frozen sponge tissue was thawed, extensively rinsed with cool deionized
water, cut in small slices, and then minced in a blender in ice, with five volumes of the respective
extraction buffer (step 1).

F1 collagen suspensions were obtained, as described in Gross et al. (1956) [53], with some
modifications. Briefly, sponges tissue was minced in step 1 in five volumes of 100 mM ammonium
bicarbonate pH 8.5, then 0.1% trypsin was added and the sample incubated overnight at 37 ◦C on a
horizontal shaker. Afterwards, the fluid was removed by filtration with a metallic strainer and the solid
material was suspended in three volumes of cool deionized water and incubated at 5 ◦C for three days
in a rotary disk shaker aliquoted in 50 mL-tubes. The dark and viscous suspension was then filtered
with a metallic strainer and the remained solid material was subjected at a second round of 3 day of
water extraction. The viscous fluid that was obtained from the two rounds of water extraction was
pooled and centrifuged at 1200× g, 10 min at 4 ◦C, in order to remove cell debris and sand particles.
The supernatant fluid containing the collagen suspension was frozen at −20 ◦C for long-term storage.

F2 collagen suspensions were obtained using the protocol that was described by Diehl-Seifert et
al. [52], with some modifications. Here, the sponge specimens were minced in step 1 in five volumes of
100 mM Tris–HCl buffer, pH 9.5, 10 mM EDTA, 8 M urea, and 100 mM 2-mercaptoethanol. The sample
was incubated at room temperature (RT) continuously stirring for 24 h. Afterwards, the viscous extract
was centrifuged at 5000× g, for 5 min at 4 ◦C. The pellet was discarded and the collagen precipitated
from the supernatant by adding 1/3 of its volume of glacial acetic acid, and finally centrifuged at
20,000× g for 30 min at 4 ◦C. The collagen pellet was washed twice with distilled water until the pH
was neutral and was finally suspended in 50 mL of 100 mM Tris–HCl buffer pH 9.0, homogenized
for 30 s at 24,000 rpm with a T25 basic ULTRA-TURRAX® (IKA®-WERKE, Verke Staufen, Staufen im
Breisgau, Germany) and stirred overnight at 4 ◦C. The collagen suspension that was obtained was
frozen at −20 ◦C for long-term storage.

For F3 collagen suspension extraction, as already reported [46], sponge tissue was minced in step
1 in presence of 5 volumes of 50 mM Tris–HCl buffer pH 7.4, 1 M NaCl, 50 mM EDTA and 100 mM
2-mercaptoethanol. The sample was incubated at 17 ◦C for 4 days in a rotatory shaker disk aliquoted
in 50 mL-tubes. The viscous extract was then centrifuged at 1200× g, for 10 min at 4 ◦C in order to
remove cell debris and sand particles and the supernatant was extensively dialyzed against deionized
water (ratio about 1:20, two changes per day for 5 days at 4 ◦C) using a 12 kDa molecular weight cutoff
membrane tubing, in order to remove excess of 2-mercaptoethanol. The collagen suspension obtained
was frozen at −20 ◦C for long-term storage.

F4 collagen suspensions were obtained as described by Di Benedetto et al. [55] with some
modifications. Sponge tissue was minced in step 1 in five volumes of disaggregating solution
that was composed of 100 mM Tris–HCl buffer pH 8.0, 0.5 M NaCl, 50 mM M EDTA, and 0.1 M
2-mercaptoethanol. The sample was incubated at 17 ◦C for 4 days in a rotatory shaker disk that
was aliquoted in 50 mL-tubes. The viscous extract was then centrifuged at 1200× g, for 10 min at
4 ◦C in order to remove cell debris and sand particles, and the supernatant was extensively dialyzed
against deionized water, as described for F3 collagen extraction, and at the end, it was frozen at
−20 ◦C for long-term storage. Finally, in order to obtain the fibrillar concentration of each FS extract,
1 mL of suspension was lyophilized and weighted. All of the procedures were carried out two times
in duplicate.
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4.3. FS Characterization

4.3.1. BCA Total Protein Quantification

0.2 mL of each FS sample (F1, F2, F3, and F4) were centrifuged at 18,000× g, for 5 min at RT,
the supernatant was discarded and the insoluble collagenous pellet was solubilized in 0.2 mL of 8 M
urea pre-heated at 50 ◦C. The samples were then centrifuged at 18,000× g, for 2 min at RT in order
to remove any insoluble residues. Total protein content was assayed in the soluble supernatant with
Bicinchoninic Acid Protein Assay kit, following the manufacturer’s instructions. Absorbance of each
sample was read at 562 nm using a Beckman spectrophotometer (DU 640, Beckman Coulter SpA,
Milan, Italy), in comparison to a skin porcine gelatin standard curve. The procedure was carried out
in duplicate.

4.3.2. Collagen Quantification

The total collagen present in each FS was determined by the estimation of the hydroxyproline
content using a modified method that was based on the Cloramine T reaction [77].

0.2 mL of each FS was hydrolyzed with 2 N NaOH by autoclaving at 120 ◦C for 20 min. Samples
were neutralized by adding one volume of 2N HCl and were diluted fourfold in deionized water.
The hydroxyproline concentration evaluation was obtained by adding Cloramine T and Ehrlich’s
reagent, as described previously [77]. Absorbance of each sample was read at 550 nm using a Beckman
spectrophotometer (DU 640), in comparison to a cis-4-hydroxy-L-proline standard curve, and, finally,
the content of hydroxylated proline residue was used to infer collagen content of each FS using the
proportion factor of 1 g of hydroxyproline per 10 g of collagen [44]. The procedure was carried out
in duplicate.

4.3.3. Alcian Blue GAG Assay

The glycosaminoglycan (GAGs) content was measured in each FS by the Alcian blue GAG assay,
as described by [78]. To 20 μL of each FS extract, 20 μL of 0.027 M H2SO4, 0.375% Triton X-100, and
4 M guanidine-HCl were added, and then GAGs were stained with 0.2 mL of working dye solution
containing 0.25% Triton X-100, 0.018M H2SO4 and 0.005% Alcian blue. All samples were incubated
10 min at RT in a horizontal shaker and then centrifuged at 18,000× g, for 10 min at 4 ◦C. The stained
GAG pellet obtained was solubilized with 0.4 mL of 4 M guanidine-HCl and the absorbance of each
sample was read at 620 nm using a Beckman spectrophotometer (DU 640), in comparison to shark
cartilage chondroitin sulfate standard curve. The procedure was carried out in duplicate.

4.3.4. Transmission Electron Microscopy: Negative Staining

FS samples (F1, F2, F3, and F4) were fixed in 2% PFA in PBS for 20 min at RT and were washed out
in PBS. 5 μL drops of fixed FS were placed on formwar-coated grids for 20 min. When the suspension
was partially dried, grids were washed by touching them three times to the surface of a drop of
distilled water. Grids adsorbed with FS samples were then stained with 2% uranyl acetate in 0.15 M
oxalic acid for 5 min and an additional 5 min in a 9:1 mixture of 2% uranyl acetate and metylcellulose
25 ctp. FS samples were imaged with a CM10 Philips transmission electron microscope equipped with
Megaview 3 camera and Olympus SIS iTEM software for digital image acquisition. Representative
images of the four FS preparations were taken at 92,000× magnification (scale bar: 200 nm).

4.3.5. FS Qualitative Evaluation by Histological Methods

100 μL of each FS were smeared in triplicate on histological slides and were dried for 30 min
at 37 ◦C. The slides were stained similarly to standard histological sections with various methods,
(all products by Bio-Optica SpA, Milan, Italy): Periodic Acid Schiff (Hotchkiss-Mc Manus) (PAS)
that produces a red staining reacting with glycol-containing cellular elements, e.g., glycogen or
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neutral mucopolysaccharides; Alcian (pH 2.5), whih stains in blue acidic polysaccharides, such as
glycosaminoglycans and some types of mucopolysaccharides, and finally, Picro-Sirius Red (PicroS),
which stains specifically collagen fibres: in bright-field microscopy collagen appears red, when
examined through crossed polarized light the larger collagen fibres are bright yellow or orange,
and the thinner ones, including reticular fibres, are green [79]. The sections were observed through a
Leica DMRB light and epifluorescence microscope equipped with DIC (Leica microsystems srl, Milan,
Italy). Images were acquired using a Leica CCD camera DFC420C.

4.3.6. Rheological Characterization

The rheological measurements were performed with an Anton Paar Physica MCR 301 Rheometer
(Anton Paar, GmbH, Ostfildern, Germany), which was equipped with a 50 mm cone/plate geometry
(CP50). The viscosity curves were carried out using a shear rate range between 0.1 and 2500 s−1, and
each sample was tested twice to check for repeatability. The Rheometer was used with a Peltier heating
system for an accurate control of the temperature. All of the measurements were performed at 20 ◦C.

4.4. SCM Production

For biocompatibility tests, all four FS were used to directly coat 24-well and 96-well plates.
300 μL (for 24-well plates) or 50 μL (for 96-well plates) of 2 mg/mL of each FS and of a standard
rat tail collagen in the presence of 0.01% TritonX-100 were placed on the plates and were left to dry
at 37 ◦C overnight. The coated plates were then incubated with 300 μL (24-well plates) or 50 μL
(96-well plates) of EDC/NHS cross-linker solution: 30 mM (EDC 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/15 mM NHS N-hydroxysuccinimide in MES (N-morpholinoethanesulfonic acid buffer
100 mM, pH 5.5) for 4 h at RT in the dark. Crosslinked coated wells were then washed twice with
0.1 M Na2HPO4 for 30 min and twice with deionized H2O for 15 min, and then finally dried/sterilized
with 70% ethanol solution.

SCMs were produced using silicone molds as rectangular (25 × 28 mm) sheets for in vitro
biodegradation, water binding capacity, and ultrastructural analyses that were filled with 3.3 mL of
2 mg/mL of each FS and as rectangular (10 × 45 mm) sheets for mechanical tests, filled with 2.25 mL of
2 mg/mL of each FS. The FSs were left to dry at 37 ◦C, successively incubated, as previously described
with EDC/NHS cross-linker solution for 4 h, washed with Na2HPO4, and deionized H2O and finally
dried/sterilized with 70% ethanol solution.

Negative controls, lacking the cross-linker step, were prepared as well using 3.3 mL of 2 mg/mL
F1 and F3 fibrillar suspensions casted in the same molds without adding the cross-linker solution.

4.5. SCM Characterization

4.5.1. In Vitro Enzymatic Resistance

In vitro enzymatic resistance of the F1- and F3-derived SCMs and nc-SCMs was determined by
evaluating their stability in native fetal bovine serum (FBS, Euroclone, Milan, Italy) and in the presence
of a commercial bacterial collagenase. For the FBS stability test, F1- and F3-derived SCMs (6 mg) were
incubated with 1 mL of FBS at 37 ◦C in a humidified atmosphere for 15 day. The collagenase stability
evaluation was determined, as already described [44]. Briefly, collagenase from Clostridium histolyticum
in a ratio of 1:10 (enzyme:substrate) was used in 1 mL of PBS at 37 ◦C for 6 day. The enzymatic
solution was refreshed daily to ensure continuous enzymatic activity on the SCMs. As a control,
a commercial porcine collagen membrane (25 × 25 mm), called Bio-Gide® (Geistlich Pharma AG,
Wolhusen, Switzerland), which is widely used in dental and bone surgery, was submitted to digestion
as well. Experiments were performed three times in duplicate.
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4.5.2. Water Binding Capacity

The water binding property of SCMs and nc-SCMs, was evaluated according to an already
described method [80]. In brief, phosphate buffered saline (PBS, pH 7.4) was used as hydration
medium, and the membranes were soaked for 1 h at RT by complete immersion. Then, the surface
excess medium was removed by touching to a filter paper and then the SCMs were weighed (wet
weight). As a control, the commercial porcine collagen membrane Bio-Gide®, with the same surface
area of the SCMs and nc-SCMs, was submitted to hydration as well. The water binding capacity (WBC)
was determined using the following Equation:

WBC (%) = (Ww − Wd)/Wd × 100.

Experiments were performed three times in duplicate.

4.5.3. Dynamic Mechanical Tests

Dynamic mechanical analysis was performed with an Anton Paar Physica MCR 301 Rheometer
(Anton Paar, GmbH, Ostfildern, Germany), using a Solid Rectangular Fixtures (SFR) system.
The temperature was set at 20 ◦C and each sample was tested at least twice. Tests were performed
both in Amplitude Sweep and Frequency Sweep modes.

The values of the stress amplitude were checked by means of an amplitude sweep test, with a
deformation range (γ) from 0.001 up to 0.1% at a fixed frequency of 0.1 Hz, in order to ensure that all
of the measurements were performed within the linear viscoelastic region (LVER).

In order to obtain information about the storage (or elastic) modulus (G′), the loss (or viscous)
modulus (G′ ′), the complex viscosity (η*) as a function of the frequency and the Frequency Sweep tests
in the range 0.01–10 Hz, at a fixed deformation of 0.01% within LVER, were performed.

The data were collected and analysed using Rheoplus/32 Service V3.40 software.

4.6. SCM Biocompatibility Evaluation

4.6.1. Cell Cultures

The L929 mouse fibroblast cell line and the National Collection of Type Cultures (NCTC) human
keratinocyte cell line were obtained from the American Type Culture Collection (LGC Standards srl,
Milan, Italy). Cells were cultured at 37 ◦C in a humidified, 5% CO2 atmosphere, in high glucose
Dulbecco’s modified Eagle’s medium (D-MEM) with glutamax (Euroclone, Milan, Italy), which was
supplemented with 10% FBS (Euroclone) with penicillin/streptomycin as antibiotics.

4.6.2. Cell Growth and Cell Adhesion

To evaluate cell growth on SCM-coated plates, experiments were performed in quadruplicate
on 96-well plates. Both L929 and NCTC cell lines were plated at a density of 5000 cells/well on
96-well plates pre-coated with F1, F2, F3, and F4. C. reniformis FSs extracts, prepared, as described in
Section 4.4. Conversely, controls were grown onto rat tail standard collagen coated plates, prepared,
as already described in the same paragraph. Cells were incubated for 3 days, 6 days, and 15 days
at 37 ◦C in complete medium. At the end of the experiments cell viability was assayed by the MTT
test (0.5 mg/mL final concentration), as already reported [81]. For the evaluation of cell adhesion on
FS-coated wells, experiments were performed in duplicate on 24-well plates. Both L929 and NCTC cell
lines were plated at a density of 50,000 cells/well on 24-well plates that were pre-coated with F1, F2,
F3, F4 extracts, or rat tail standard collagen as control. Cells were allowed to adhere for 16 h at 37 ◦C in
complete medium and then the MTT test was performed as well to estimate the attached cells when
compared to control cells on uncoated wells. Data are means ± S.D. of four independent experiments.
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4.6.3. Light and ESEM Microscopy

For image acquisition in light microscopy cells were seeded at a density of 50,000 cells/well on
24-well plates pre-coated or not with F1, F2, F3, and F4 C. reniformis FSs, prepared as described in
paragraph 4.4, and allowed to adhere for 16 h in complete medium. At the end of the experiment,
the cells were washed with PBS to remove floating-unattached cells and stained with crystal violet by
standard procedures (0.1% crystal violet in methanol for 30 min, followed by extensive washing with
water). For image acquisition, an inverted optical microscope (IX53 Olympus, Tokyo, Japan) was used
equipped with a CCD camera (U-LH100HG Olympus, Tokyo, Japan) and the relative software.

For ESEM observation of mammalian cells adhering to F1 and F3-derirved SCMs, 50,000 L929
fibroblasts or NCTC keratinocytes were seeded or not onto 0.25 cm2 ethanol-sterilized membranes and
incubated for 3 day at 37 ◦C in complete medium. At the end of the experiment SCMs were washed
with PBS and fixed with with a mixture of 2% paraformaldehyde and 2.5 % glutaraldehyde 7.4 pH for
30 min, washed with PBS, extracted from the well plates, and mounted on a plastic support.

Specimens of F1, F2, F3, and F4 SCMs alone and of cells adhering to SCM-F1 and F3 were
dehydrated by passing through a series of ethanol alcoholic solutions with an increasing concentration
of up to 100%. The dehydrated membranes were further dehydrated at critical point, avoiding the use
of acetone due to the presence of the plastic support, and then graphite was covered and observed.
Observation and acquisition of the images of cells adhering to SCM-F1 and F3 were performed
with an ESEM Vega3–Tescan, type LMU (Tescan Brno s.r.o., Brno, Czech Republic) equipped with a
microanalyzer system EDS-Apollo_x and EDS Texture And Elemental Analytical Microscopy software
(TEAM). Observation and acquisition of the four SCMs per se were performed with a FESEM Zeiss
SUPRA 40 VP (Carl Zeiss AG, Oberkochen, Germany) and its associated software. The showed results
are representative of three independent experiments.

Physical measurements of the fibrillar diameter and of the pore areas observed in the collagen
membranes was performed on the images that were obtained by the FESEM analysis of the various
membranes, using the ImageJ free software (Rasband, W.S., ImageJ, U. S. National Institutes of Health,
Bethesda, MD, USA, https://imagej.nih.gov/ij/, 1997–2016). Means ± S.D. were calculated on at least
10 measurements of fibril diameter or pore areas performed on each membrane.

4.7. DPPH Radical Scavenging Activity

The radical scavenging activity was evaluated on each FS and on SCMs that were obtained from
F1 and F3 suspensions. 500 μL of 1 mg/mL of each FS were added to 500 μL of methanol, and
then to 250 μL of 0.1 mM DPPH in methanol solution (2,2-diphenyl-1-picrylhydrazyl, Calbiochem®,
Millipore SpA, Milan, Italy). A negative control sample with deionized water was prepared in the
same manner. All of the samples were incubated for 30 min at RT in the dark. Then, the samples
were centrifuged at 18,000× g, for 3 min at RT, and finally the supernatant was read at 517 nm using a
Beckman spectrophotometer (DU 640). In the blank sample, the DPPH solution was substituted with
methanol. The antioxidant activity of the samples was evaluated by the inhibition percentage of DPPH
radical using the following equation:

DPPH radical scavenging activity (%) = (A0 − A)/A0 × 100% (1)

where A was sample absorbance rate; A0 was the absorbance of the negative control. The procedure
was carried out in duplicate.

For the evaluation of the radical scavenging activity of SCM-F1 and SCM-F3, fragments of 87.5,
175, 350, and 700 mm2 were immersed in 500 μL of deionized water, and, after 15 min of incubation at
RT, the samples were processed, as described above. The DPPH radical scavenging activity values
were plotted in function of the SCM surface and the surface value of the 50% of scavenging activity
(SA50) was consequently calculated.
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4.8. Statistical Analyses

Statistical analysis was performed using one-way ANOVA plus Tukey’s post-test (GraphPad
Software, Inc., San Diego, CA, USA). p values < 0.05 were considered to be significant.
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Abstract: In this study, novel methods were tested to culture the collagen-rich sponge Chondrosia
reniformis Nardo, 1847 (Demospongiae, Chondrosiida, Chondrosiidae) in the proximity of floating
fish cages. In a trial series, survival and growth of cultured explants were monitored near a polluted
fish farm and a pristine control site. Attachment methods, plate materials, and plate orientation
were compared. In a first trial, chicken wire-covered polyvinyl chloride (PVC) was found to be the
most suitable substrate for C. reniformis (100% survival). During a second trial, survival on chicken
wire-covered PVC, after six months, was 79% and 63% for polluted and pristine environments,
respectively. Net growth was obtained only on culture plates that were oriented away from direct
sunlight (39% increase in six months), whereas sponges decreased in size when sun-exposed. Chicken
wire caused pressure on explants and it resulted in unwanted epibiont growth and was therefore
considered to be unsuitable for long-term culture. In a final trial, sponges were glued to PVC plates
and cultured for 13 months oriented away from direct sunlight. Both survival and growth were
higher at the polluted site (86% survival and 170% growth) than at the pristine site (39% survival and
79% growth). These results represent a first successful step towards production of sponge collagen in
integrated aquacultures.

Keywords: mariculture; sponge; Chondrosia reniformis; fishfarm; integrated multitrophic aquaculture

1. Introduction

The first attempts to farm sponges date back to the 19th century, presumably as a consequence of
periodical depletion of “bath-sponge” stocks [1,2], or—in more recent times—in pursuit of a safer and
economically more attractive alternative to wild collection [3,4]. Overfishing and repeated outbreaks of
mass mortality events halted the ancient tradition of Mediterranean fishing of commercially important
“bath sponge” species, such as Spongia officinalis (Linnaeus) and Hippospongia communis (Lamarck) [3–6].
Sponge mariculture has received increased attention over the last two decades (e.g., [7–9]; see also
reviews or comparative studies by [10–12]), particularly driven by the discovery of biologically
active metabolites in many sponges (e.g., [13,14]). Sponge mariculture could potentially provide for
a sustainable supply of sponge-derived bioactive compounds and biomaterials.

Sponges can be co-cultured with other organisms in so-called integrated mariculture systems,
in which sponges take up metabolic wastes from other system components, including bacterioplankton
growing on these metabolic wastes [15–19]. This way, sponges can effectively reduce waste streams
from fish farms [2,5,20], since they have been shown to exhibit retention efficiencies of up to
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99% for nano- and picoplankton (e.g., [21–23]), while processing large volumes of water, up to
0.6 cm3 cm−3 sponge s−1 (e.g., [24–26]). Hence, a large-scale sponge culture facility that is constructed
near a fish farm may positively affect the quality of the surrounding water. Conversely, the additional
nutrition originating from the farmed fish may enhance the growth of the sponges in culture,
thus providing a more efficient and profitable business.

In 2006–2007, an integrated mariculture approach using sponges was tested in the coastal
waters around the Bodrum Peninsula, Turkey [27]. Two Mediterranean demosponge species with
possible commercial interest, Dysidea avara (Schmidt, 1862) and Chondrosia reniformis Nardo, 1847
(Demospongiae, Chondrosiida, Chondrosiidae), were cultured at a pristine site (i.e., no fish farms
within the nearest 30 km) and an organically polluted fish farm site, the latter sponges being directly
cultured underneath an open cage fish farm. D. avara was chosen since it produces the bioactive
compound avarol, a potential anti-psoriasis agent [14,28]. Chondrosia reniformis synthesizes large
amounts of collagen, which is suitable for cosmetic and medical applications [29–31]. Type I &
IV mammalian-like collagens can be effectively extracted from C. reniformis [32,33] and they can
be used to promote the regeneration of human tissue and bone tissue engineering scaffolds [31].
Chondrosia reniformis showed better growth and survival rates at the pristine site, whereas D. avara
grew and survived better at the polluted site [27]. The low survival rates of C. reniformis at the polluted
site were largely due to the farming protocol used. Chondrosia reniformis is a highly plastic sponge,
being able to de-attach and move around [34], a phenomenon that was frequently encountered using
common culturing structures, such as pins, lines, plaques or metal/net grids [5,8,35,36]. To avoid
displacement, explants of C. reniformis were put inside cages on the seafloor [27]. However, due to
the high particle load in the water around the fish farm, the explants in these cages were suffocated
by sediment.

This study describes progress towards the development of a raw collagen production pipeline
using the sponge C. reniformis in an integrated multi-trophic aquaculture approach, i.e., by culturing the
sponges in the vicinity of offshore floating fish cages. Using thin plastic plates as substratum, a series
of consecutive trials were executed, aimed at developing an optimal, species-specific culture method.
We monitored survival and growth rates of cultured explants of C. reniformis, thereby comparing
a polluted fish farm site to a pristine site. Variables studied included methods for attaching explants
to plates, plate materials and plate orientation. The culture methods (glue, cable-ties on plaques,
net/mesh cover) were applied previously on other sponge species by several authors; for detailed
information, see review by Duckworth et al. [10].

2. Materials and Methods

2.1. Mariculture Sites and Monitoring of Water Quality

All of the studies were carried out in the coastal waters around the Bodrum Peninsula, Southwest
Turkey (Figure 1). Meteoroloji Bay (Figure 1 Pr.1), a shallow area with an abundant population of
C. reniformis was selected as a pre-culture and initial testing site (Trial 1). Based on water visibility
(Secchi disk, cf. [37]) and organic loading (total organic carbon (TOC) measurements), two additional
sites were selected for subsequent testing (Trials 2 and 3): Kargi Island (Figure 1 Pr. 2) at the Southern
side of the Bodrum Peninsula was selected as a pristine site, whereas Guvercinlik Bay (Figure 1 Po. 1),
located at the Northern side of the peninsula, was selected as a polluted site.

Water temperature (Uwatec Aladin Air X Nitrox dive computer, calibrated with mercury
thermometer) and visibility were measured 17 times during periodic visits at the polluted site
throughout the experimental period from April 2011 to December 2013. To determine organic loading,
three replicate water samples (50 mL) were taken within 10 m from the culture platforms by SCUBA
diving from each location for TOC analysis using the wet oxidation method [38]). TOC samples
were stored in pre-combusted (450 ◦C for 6 h) 50 mL glass bottles with glass caps at −20 ◦C until
analysis. Prior to analysis, sulphuric acid was added to the samples (end concentration 2 mmol L−1)
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to remove dissolved inorganic carbon species. The acidified samples were supplemented with
sodium tetraborate and potassium persulphate and processed using segmented flow analysis (SFA) on
a Continuous Flow Analyser (Skalar, Breda, The Netherlands). In SFA, TOC is first oxidized using
UV light and then measured as CO2 while using infrared detection. The TOC detection limit of the
method, as intercalibrated with other labs, is 25 μmol L−1, the average TOC variation among replicate
measurements is 10 μmol L−1. The internal standards used were 3.3 μmol L−1 EDTA, 3.3 μmol L−1 of
a humic acid, and 3.6 μmol L−1 phenylalanine.

 

Figure 1. Map of the Bodrum Peninsula. Small white circle (Pr.1: Pre-culture site—Meteoroloji Bay).
Large white circles (Pr.2: Pristine—Kargı island) and large black circles (Po.1: Polluted—Guvercinlik
Bay) circles point the approximate locations of the sites used for growing sponge explants in this
study. GPS coordinates 36.9444444, 27.27611111; 36.95166667, 27.30694444; 36.96861111, 27.45083333,
respectively. (Source: Google Earth, 2018).

2.2. Sponge Collection and Seeding

Sponge specimens were collected by SCUBA at 5–10 m water depth in the Bay of Meteoroloji
(Figure 1 Pr.1). Explants were cut with sharp razor blades and detached from rock surfaces with
a spatula [8,39], leaving the majority (at least 75%) of the donor sponge unaffected. The explants
received maximally two cut surfaces and more than 50% of their surface was always covered with
intact pinacoderm (i.e., the sponge outer tissue layer). The explant size ranged between 10–15 cm2

with an average thickness of 2 cm, and all of the explants had at least one osculum (i.e., outflow
opening). Explants were stored in perforated plastic containers that allowed water flow and they were
left underwater until the seeding operations started. To enable sponges to attach and acclimatize after
seeding, the seeding plates with the explants were left horizontally next to the culture platforms for
three days before the plates were secured to their spots on the culture frame [14].

2.3. Mariculture Trials

Within the period between April 2011 and December 2013, three subsequent mariculture trials
were executed in order to develop and improve a culture method for C. reniformis.

1st mariculture trial, April 2011–June 2011: testing materials and attachment procedures—Sponge
explants (n = 5 specimens per plate) were attached to four types of supports (autoclaved aerated
concrete, white polyvinyl chloride (PVC), black PVC, and cemented PVC) using six different
combinations of attachment methods and substrates (Table 1 (a)). The cementation of plates may
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improve attachment of the sponges to the support and enhance growth, since quartz and silica are
found to promote collagen formation in sponges [34,40]. Accordingly, coarse sea-sand was used to
make cement to cover the cemented-PVC supports. All of the supports were positioned in Meteoroloji
Bay (Figure 1 Pr. 1) at 2–3 m water depth under overhangs or in crevices (i.e., not in direct sunlight)
and fixed with diving weights.

2nd mariculture trial, June 2011–June 2012: testing culture plate orientation and site—Based on
the results of the first trial, PVC plates were chosen for the second mariculture experiment. Explants
(250 in total per site) were positioned on both sides of five 50 × 50 cm plates, with 25 explants on each
side of every plate. In order to find the optimal positioning of the sponges, explants were cultured
at nine different angles, under light (exposed side of plate) or dark (underside of plate) conditions,
resulting in 10 different conditions (n = 1 plate per treatment) (0◦, 30◦, 45◦, 60◦, 90◦ light, 90◦, 120◦,
135◦, 150◦, and 180◦ dark; Supplementary Table S1, Figure 2a,b). In order to keep the sponges attached
to the plates until natural attachment took place, the sponges were covered with chicken wire and left
on the seabed for two days. After the attachment of the explants to the plates, the plates were mounted
on a metal frame. Frames were installed in July 2011 at the two selected sites (Kargı Island (Figure 1 Pr.
2)—pristine and Guvercinlik Bay (Figure 1 Po. 1)—polluted) at a water depth of 10 m.

Figure 2. Schematic drawings of the culture platform designs. (a) 2nd trial—Top view; aluminum
culture frame and attached 50 × 50 cm polyvinyl chloride (PVC) plates covered with chicken wire,
each carrying 25 sponge explants on one side, totaling 50 sponges per plate. (b) 2nd trial—Side view;
plates positioned at 9 different testing angles 0◦, 30◦, 45◦, 60◦, 90◦, 120◦, 135◦, 150◦, 180◦. 3rd trial,
(c) 3rd trial—front view, and (d) 3rd trial—side view showing positioning of glued C. reniformis explants
on 25 × 25 cm PVC plates. PVC plates were secured tightly to the aluminum frame from four corners
with 6-mm thick fishing lines, blue PP plates were attached to the bottom sides of the PVC plates.
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Table 1. Overview of the results of the three culture trials executed in between May 2011 and November
2013. (a) 1st trial, material test and attachment procedures, pristine site (b) 2nd trial, testing culture
orientation and site (c) 3rd trial, assessment of productivity at the optimal culture orientation.

a. 1st trial

Material test
and attachment

procedures

Material
Attachment

Method
Advantage Disadvantage Result

Air-concrete Iron screw No attachment Not suitable

PVC—white
Cable-ties Survival (80%) Dispersion of explants Not selected for 2nd trial
Superglue Ease of operation Lower survival (60%) Selected for 3rd trial

Chicken wire High survival (100%) handling time Selected for 2nd trial

PVC—black Cable-ties Survival (80%) Dispersion of explants
No preference; the color
of the plate did not affect

the result

Cemented PVC Cable-ties High survival (100%) Cost, handling time
and weight Not selected

b. 2nd trial

Testing
culture

orientation
and site

Site Material Disadvantage Survival Rate Average Growth Result
Orientation

(◦)

Pristine

PVC
chicken

wire

Squeezed
explants,

resulted in
unwanted

epibiont growth,
time & cost

63% survival
after 6 months

of culture

Culture frame
demolished by

an anchor

Chicken wire
method is not

suitable

90◦ was
selected for

the next trial
Polluted

79% survival
after 6 months &
1 year of culture

39.2 ± 36.2% in
12 months for

dark angles

−40.9 ± 37.7% in
12 months for

light angles

c. 3rd trial

Assessment of
productivity at the

optimal culture
orientation

Site Species Survival
Rate

Average
Growth

Growth per Culture Interval Range of
Growth for
Individuals0–6 Months 7–13 Months

Pristine C. reniformis
(n = 15 plates) 39% 79.0 ± 37.4%

in 13 months 69.8 ± 33.6% 5.4 ± 5.7% −3.6–135.6%

Polluted C. reniformis
(n = 16 plates) 86%

170.4 ±
109.1% in 13

months
114.0 ± 94.6% 30.1 ± 27.9% 0.8–322.9%

3rd mariculture trial, June 2012–July 2013: assessment of growth at the optimal culture
orientation—Based upon the observations of the 2nd mariculture trial, it was decided to choose
an angle of 90◦ for primary upscaling of the cultures. Two new frames were installed in early June 2012,
one at the pristine site and one at the polluted site, each carrying 20 white PVC plates of 25 × 25 cm
with a total of 100 explants of C. reniformis (5 per plate), attached using gel-based polyacrylate superglue.
A gel-based polyacrylate superglue method was preferred over chicken wire to improve the handling
time and reduce the weight and cost of the culture materials. In addition, horizontal blue polypropylene
PP plates were placed underneath the 90◦ PVC plates to provide extra surface for the explants to
attach and grow, should they fall (Figure 2c,d). Explants were grown for 13 months, photographed,
and measured in June, July, August, September, October, and November 2012 (both sites), in March
and May 2013 (polluted site only, due to weather restrictions), and in July 2013 (both sites).

2.4. Survival Rate Analysis and Sponge Explant Growth

Survival rates in Trial 1 were assessed by visual observation. For Trials 2 and 3, survival was
monitored by underwater photography. Explants were photographed using a Nikon D300s digital
single lens reflex camera (Nikon Corporation, Tokyo, Japan) and a Sigma 10–20 mm wide-angle lens set
(Sigma Corporation, Ronkonkoma, NY, USA), coupled with dedicated Ikelite housing and an DS160
substrobe (Ikelite, Indianapolis, IN, USA). Survival was calculated from the initial and final number
(N) of explants residing on the PVC and/or PP plates, as follows:

Survival = (Nfinal/Ninitial) × 100 (1)
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For Trial 3, as described above, blue PP plates were used to collect detached sponges. To calculate
survival data, sponges that had fallen onto the PP plates were pooled with the sponges that remained
on the PVC plates. However, fallen sponges were excluded from the growth analysis, as PP may affect
sponge growth differently from PVC.

For Trial 2, explant growth rates were calculated by measuring wet weights by using a scale
(Sinbo SKS 4514) at the start and end of the experiment. To reduce measurement error, the sponges
were briefly wiped with clean paper to remove seawater for a duration of approximately 10 s. Growth
was calculated from initial and final explant wet weights (WW) as follows:

Growth (%) = ((WWfinal − WWinitial)/WWinitial) × 100 (2)

For Trial 3, growth was monitored by underwater photography using the same setup, as described
above, for the monitoring of survival. Following each dive, recorded images were transferred to
Photoshop CS5 software (Adobe Systems Incorporated, San Jose, CA, USA) and lens distortion was
corrected using a Camera Raw 6.7.1 plug-in (Adobe Systems Incorporated, San Jose, CA, USA).
The images were calibrated using known plate dimensions, peripheries of explants were marked,
and surface area was calculated from pixel counts of the marked areas [39]. Growth was expressed as
the increase in the number of pixels, calculated with the pixel counter function of the image editing
software. At each time point, the growth in percentage increase in projected surface area was calculated
from initial (at start of the time point) and final explant surface areas (A) as follows:

Growth (%) = (Afinal − Ainitial)/Ainitial) × 100 (3)

To assess the correlation between surface area growth to both biomass and volumetric growth,
an additional 20 sponges of random size were collected from a neighboring site. For all 20 sponges,
the wet weights were determined, as described above. In addition, volume was determined by
measuring displaced seawater in a graduated cylinder. Finally, surface area was determined by using
photography and a ruler as a reference, and photographs were processed, as described above.

2.5. Statistical Analysis

The normality of data was tested by plotting the residuals of each dataset versus the predicted
values, and by performing a Shapiro-Wilk test. Homogeneity of variances was determined using
Levene’s test. All data were found to be normally distributed and showed homogeneity of variance
after a log10 transformation (p > 0.05). Student’s independent t-test was used to determine growth
differences between the light and dark group in the second trial, with n = 5 plates for both groups.
A two-way mixed factorial ANOVA was used to determine the main and interactive effects of culture
site and time on C. reniformis growth in the third trial, with culture site as a between-subjects factor,
and time as a within-subjects factor. In all analyses, the culture plate was considered as an experimental
unit, i.e., data of explants growing on a single plate was pooled. To correlate surface area to mass and
volume, Pearson’s product-moment correlation was used. A p-value of less than 0.05 was considered
to be statistically significant. Statistical analysis was performed with SPSS Statistics 22.0 (IBM, Somers,
NY, USA). Graphs were plotted with SigmaPlot 12 (Systat software, San Jose, CA, USA).

3. Results

3.1. Polluted versus Pristine Site: Water Temperature, Visibility and TOC

Visibility was on average 3.8 times lower at the polluted site (6.5 ± 1.7 m; mean ± SD
throughout text unless stated otherwise) when compared with pristine site (25 ± 1.1 m; Figure 3).
The water temperatures that were recorded at the polluted site ranged between 19–26 ◦C (Figure 3).
During summer periods, especially in August, as a result of intensive fish feeding activities,
Secchi disk water depth dropped to 4–6 m at the polluted site (Figure 3). TOC levels at the
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polluted site (280 ± 0.07 μmol L−1) were 2.4 times higher than the TOC levels at the pristine site
(110 ± 0.01 μmol L−1).

Figure 3. Water temperature (in ◦C, black squares with dottled line) and Secchi water depth (in m,
black and white circles with continuous line) measurements for the pristine and polluted site over
a 31-month time frame (June 2011–December 2013).

3.2. 1st Mariculture Trial: Testing Materials and Attachment Procedures

The air concrete material was found to be unsuitable for further experimentation, as none of
the explants attached to it (Table 1 (a)). In addition, the material was positively buoyant in seawater,
which hampered easy handling. There was no difference in preference between white and black PVC
(80% survival for both plates), as sponges attached equally well to both substrates without showing
any signs of disparity (Supplementary Figure S1a,b, Table 1 (a)). Cable-ties gave a better recovery
percentage than super glue (80% vs. 60%), but, in addition to increasing handling time, cable-ties also
triggered the dispersion of C. renifomis explants into two parts for both black and white PVC’s (fission;
Supplementary Figure S1b). The combinations PVC/chicken wire and cemented PVC/cable-tie were
the most successful methods in terms of recovery percentage (all sponges survived on plate). However,
the cost of material, plate weight, and handling time were factors favoring the PVC/chicken wire
method (Table 1 (a)). Accordingly, PVC/chicken wire method was selected for the 2nd trial.

3.3. 2nd Mariculture Trial: Testing Culture Plate Orientation and Site

The explants at the polluted site (Supplementary Figure S1c) and pristine site (Supplementary
Figure S1d) showed signs of bacterial infections and decay within a week after initiation of the cultures,
causing initial losses at both sites (4.8% and 2% of explants deteriorated in the polluted and pristine
sites, respectively). Among the explants that survived the initial deterioration, overall survival after
six months was slightly better at the polluted site (79% of 238 explants survived at the polluted site
and 63% of 245 explants survived at the pristine site; Table 1 (b)). The culture frame at the pristine site
was found to be demolished, when revisited in May 2012. It was found 50 m away from the culture
site. As a consequence, it was not possible to deduce annual survival and growth rates for the culture
at the pristine site. At the polluted site, survival was highest among sponges that were put at an angle
of 90◦ or higher (Figure 4). Growth rates were highly variable among treatments (Figure 5), but the
average growth at “light” angles of 0–90◦ (−41 ± 38%; negative values points to loss of WW biomass)
was significantly lower than the average growth at “shade” angles of 90–180◦ (39 ± 36%; Student’s
t-Test z = −3.4, p < 0.01, n = 5). The 90◦ plate was selected as the preferred culture orientation in Trial
3, based on the survival rate and the ease of operation (photography, measurements, and handling;
see Table 1 (b) for details). Photographic measurement of growth was found to be impossible with the
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PVC-chicken wire method as a result of continuous movement, splitting, and fusing of C. reniformis
explants, and epibiont growth. In addition, chicken wire compressed the explants, which may not be
beneficial for their development. Also, installing the large 50 × 50 cm PVC plates was time consuming.
Therefore, smaller (25 × 25 cm) PVC plates were used in Trial 3 and superglue was selected as the
attachment method.

Figure 4. 2nd mariculture trial, polluted site, June 2011–June 2012; survival percentage of C. reniformis
explants on PVC plates with various angles (0–90◦ light represents PVC plates with greater light
exposure and 90◦ shade −180◦ plates receiving less light exposure).

Figure 5. 2nd mariculture trial, polluted site June 2011–June 2012; growth rate as percentage wet
weight increase of C. reniformis explants on PVC plates with various angles (0–90 light represents PVC
plates with greater light exposure and 90 shade −180 plates receiving less light exposure; 25 explants
for each plate).

3.4. 3rd Mariculture Trial: Assessment of Sponge Culture Productivity Polluted vs. Pristine Site

During the first week of the experiment, 69 (polluted) and 70 (pristine) out of 200 explants dropped
off the PVC plates. Fortunately, the PP plates that were placed under the PVC plates were able to catch
55 (at polluted site) and nine (at pristine site) of these explants, which attached onto the PP plates and
continued to increase their surface area. Because they could not be related anymore to their original
size, explants that were attached on the PP plates were left out of the surface area increase analysis.
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However, they were included in calculation of survival rates, which were highly different between the
pristine and polluted sites (39–86%, respectively—Table 1 (c)). A total of 61 explants survived on the
vertical PVC plates (30 explants on 15 plates at the pristine site, 31 explants on 16 plates at the polluted
site), which were used for surface area increase analysis. The average increase in surface area over time
of these C. reniformis explants is presented in Figure 6. After being cultured for 13 months, the average
surface area increase was 79.0 ± 37.4% at the pristine site and 170.4 ± 109.1% at the polluted site
(Table 1 (c)). Both culture site and time had a significant main effect on sponge surface area increase
rates (Table 2). At both sites, explant surface area increased significantly, but it slowed down after the
first six months at both sites (two-way factorial ANOVA, F1,27 = 55.550; p < 0.001), and for the pristine
site even stalled after six months. Surface increase was significantly higher at the polluted site as
compared to the pristine site (two-way factorial ANOVA, F1,27 = 14.439; p = 0.001), irrespective of time.

For C. reniformis, a highly significant correlation between surface area and wet weight was found
(Pearson correlation, r = 0.92, n = 20, p = 0.000, two-tailed, Supplementary Figure S2), as well as
between surface area and volume (r = 0.92, n = 20, p = 0.000, two-tailed, Supplementary Figure S3).
The relationships are size-independent, leading to fixed conversion factors of 1.2 g wet mass per cm2

of surface area and 1.1 cm3 sponge volume per cm2 surface area, respectively.

Table 2. Two-way mixed factorial ANOVA, demonstrating main and interactive effects of culture site
and time on C. reniformis growth rates (n = 15–16).

Factor F df Error p

Culture site 14.439 1 27 0.001 **
Time 55.550 1 27 0.000 **

Culture site x Time 2.686 1 27 0.113

** Indicates significant effect (p < 0.01).

Figure 6. 3rd mariculture trial. Annual growth rate as surface area increase for C. reniformis
(n = 15–16 plates) explants in polluted and pristine sites.

4. Discussion

This study explored the feasibility to integrate fish culture with a biomedically promising
Mediterranean sponge species, C. reniformis. The main aim of the study was to derive the best
mariculture practices of C. reniformis from a series of subsequent culture trials.

113



Mar. Drugs 2019, 17, 29

4.1. Explant Survival Rates

Survival of explants can be compromised by detachment and by disease. In terms of initial
survival, cable-ties and chicken wire were the most effective means of attaching explants onto PVC
substrates, with glue giving a slightly lower survival. In the long term, however, the use of chicken
wire (mesh culture) gave ambiguous results. Sandwiched mesh structures were designed to promote
the explants to grow out of the pocket and to ease harvesting [8]. Mesh culture that is used in
turbid waters might reduce water flow and subsequently decrease available food for the explants if
mesh size is too small [10]. Although the mesh size used in the second trial was sufficiently large
(5 × 5 cm) as recommended in [41], after some time the space between meshes and the PVC plate was
covered by epibionts, and the mesh did not prevent some explants from moving or even dropping
themselves off the plate. Despite these drawbacks, the survival rate at the polluted site after one year
was 79%, which is higher than in the study by [8], who reported 55% survival after seven months
and who lost entire C. reniformis explants with the sandwiched mesh method. However, the mesh
method is labor intensive, especially when considering that increased cleaning of biofouling on the
mesh is recommended. By attaching the explants with glue in the third trial, it was anticipated to
reduce both handling time and fouling. Despite the predicted improvements regarding initiation
time (May vs. June) and culture angle (all at 90◦), the third trial showed low survival for the pristine
site. This was probably due to occasional strong currents that prevail at this site, which may make
the explants more prone to dropping of the plates and physical removal from the site. During the
whole month of September 2013, flow velocities above 20 cm/s were recorded at this site by analyzing
the velocity of neutrally buoyant particles (video clips of laterally moving natural particles, data not
shown). Chondrosia reniformis inhabits both nearly stagnant to occasional high flow waters (M. Gokalp;
personal observation), however the attachment of explants to PVC plates is probably less firm than
attachment to natural substrates, especially during the acclimatization time after wounding them to
explant the parent sponges. At the polluted site, the use of glue instead of chicken wire did slightly
improve long-term survival rate, which shows that gluing is a suitable method to attach explants of
C. reniformis. It is also the fastest and easiest method. A future recommendation is to perform the initial
acclimatization (of 7–10 days; see [42]) at a more secluded site, after which the attached explants are
placed at the study site.

During culture Trial 2, initial sponge survival was compromised by disease-like phenomena.
Bacterial infections, which were possibly due to late seeding of explants in Mid-June with relatively
higher water temperatures, might have been responsible for the initial losses at both sites. High water
temperatures in summer have been reported to be a risk for sponge mariculture in temperate and
subtropical climates [11,39,41,43], as it makes cuttings more vulnerable to bacterial attack, although
such increased vulnerability had not been observed in our earlier studies on this species in this
area [27].

Culture angle directly affected explant survival, mainly in association with prevailing light levels.
Lower light levels at the more turbid polluted site may, therefore, also explain the higher explant
survival at the light-exposed angles at the polluted site. These results corroborate the findings of [35],
which purport C. reniformis prefers shaded habitats.

4.2. Explant Growth

Since surface area of C. reniformis showed a size-independent relationship with wet weight and
volume, surface area can be used as a proxy for growth. This enables a direct comparison of growth
data obtained for this species using different methods.

Culture of C. reniformis has been considered to be difficult, to even unsuitable with the methods
applied [5,8]. Wilkinson and Vacelet [35] reported moderate growth rates of 95% per year (55 weeks
doubling time in volume, measured using volume displacement) when C. reniformis was cultured under
shaded conditions. Ref. [27] obtained grow rates of 100 to 200% per year when growing C. reniformis
on the bottom of metal wire cages under pristine conditions, but this study failed to achieve such
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results at a fish farm site as the explants cultured were smothered by effluents from the fish farm.
Conversely, the current study demonstrates that if cultured using an appropriate method, C. reniformis
will survive and grow (up to 170% in 13 months), even in a fish farm environment with a considerable
particle load. These growth rates are considerably higher than those reported for naturally growing
specimen. Garrabou and Zabala [36] reported an in situ growth rate of 2.3% per year (deduced from
two-dimensional (2D) areal growth) for C. reniformis, which was an order of magnitude lower than
the growth rate of three other Mediterranean sponge species in their study Hemimycale Ccolumella
(Bowerbank), Oscarella lobularis, and Crambe Crambe (Schmidt). They ascribed the slow growth rate of
C. reniformis to a greater energy investment in tissue production per unit area as a result of its thick
collagenous cortex. However, the data found by Osinga et al. [27] and those from the current study
indicate that in aquaculture, C. reniformis exhibits growth rates that are nearly two orders of magnitude
higher than the in situ rates reported by Garrabou and Zabala [35]. Under optimal circumstances,
the production of collagen is apparently not hampered by energy input. The current results show a
clear potential for collagen production through the aquaculture of C. reniformis. The highly variable
growth of C. reniformis under different conditions and the high variability within treatments highlight
the need for further optimization studies.

During Trial 3, C. reniformis surface area increase rates were significantly different between culture
sites, with an approximate two-fold higher growth at the polluted site. This may relate to the higher
food availability—i.e., higher TOC concentration as a result of fish farm activities—and, as mentioned
earlier, correspondingly lower light levels at the polluted culture site. Hence, the combination with fish
farming is potentially beneficial for culture success of this sponge species. The surface area increase
of C. reniformis was clearly higher in the first six months after initiation of the cultures, regardless
of culture site. Although this may partially be explained by seasonal effects (growth might cease
in autumn and winter [11,44]), it is possible that the sponges exhibit lower specific growth rates
when being in culture for a longer period [39]. This could be due to initial enhanced surface area
increase due to explant cutting [45], which could hamper growth at later stages, due to high costs
of wound healing and regeneration [42]. Fast initial surface area increase was also found in a side
experiment where the explants were cultured starting in autumn 2013 (data not shown), pointing
towards a wound healing and regeneration effect rather than a seasonal effect, but this observation
needs to be further investigated.

4.3. Culture of Chondrosia reniformis—Best Practices

As stated in Schippers et al. [11], initial mariculture trials should span a complete annual cycle in
order to perceive effects of seasonality, substrate preference, and growth physiology of the sponge,
and possible external impacts to the culture site, such as the occurrence of fouling and specific
sponge predators, boat traffic and anchoring, and the presence of fishermen and divers. Accordingly,
in this study, valuable information was acquired regarding the preferences for attachment, survival,
and growth of C. reniformis during the first two trials. Chondrosia reniformis explants attached to PVC
plates tend to move on the plate, thus obfuscating multiple genotypic comparisons on one plate
(our study was initially designed to investigate genotype effects, but this part of the study could not be
completed due to random movement of the explants over the plates). In addition, fusion and fission
of explants makes the proper assessment of survival difficult. Even though attachment to the PVC
plates has succeeded, some C. reniformis still found ways to divide their body into several parts, moved
around the PVC plate (possibly in pursuit of shaded areas), or dropped themselves to the ground
possibly in search for better living conditions. Survival and growth is best at culture angles of 90◦ and
above, where explants are not being exposed to direct sunlight, as C. reniformis performs better at low
illumination levels.

In experiments 2 & 3, the initial losses and/or droppings of explants were slightly high and
unpredictable, despite the variety of methods applied. Once attached for a longer time, the explants
would remain attached. Therefore, initial losses and/or droppings are the main problem to be solved
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to secure better culture performance. Restraining bacterial attack on freshly cut explants by initiation of
cultures early in the season (spring) and preventing exposure to high currents during the first months
should be practiced together with the best performing methods regarding attachment.

Based upon the three mariculture trials described above, the following best practices have been
deduced for culturing C. reniformis in sea-based aquaculture under turbid conditions:

1. Culture method: Sponge explants cut from parent sponges are glued to PVC plates using
gel-based polyacrylate superglue. PVC plates are best positioned vertically onto frames and they
should be extended with a basket on the bottom site to recover explants falling off the plates.
Chicken wire may be applied during the first few weeks after explanting to prevent early losses
but should be removed once the attachment is stable. Prolonged use of chicken wire cover tends
to hold sediments and promotes epibiont growth and hence undesired space competition with
the cultured sponge.

2. Site selection: Sites should not be prone to strong fluctuations in weather. The area should be
secured and should be clear of boat traffic and anchoring [10,11]. Sites should be carefully assessed
for (e.g., seasonal) strong currents. High water turbidity and increased load of organic content
associated with the presence of fish farms does not appear to hamper growth of C. reniformis
on vertical plates, making this sponge an interesting candidate for integrated multitrophic
mariculture. Daily fish feeding activities and occasional net replacing hinders the use of
culture platforms inside the fish farm area. Thus, sponge culture platforms have to be placed
outside boat traffic area. To eliminate this problem, one method that we consider for future
applications is using layered scallop lanterns placed in between an anchor and a submerged
buoy system (just outside the fish farm culture area), a method that was successfully applied by
both Duckworth et al. [46] and Kelly et al. [12], for Latrunculia wellingtonensis, Polymastia croceus,
and (Heterofibria) manipulatus, respectively.

3. Seasonality: Initiating a culture of C. reniformis in the Mediterranean is best done in either spring
(April-May) or autumn (October-November) to prevent bacterial infections following cutting of
explants from parent sponges.

4.4. Recommendations for Future Research

Culture success can be further improved by optimizing the period of culture. Optimal culture time
can be determined by observing sponge growth rates over a period of two or more subsequent years.
Page et al. [39], found reduced growth rates for Mycale (Carmia) hentscheli (Bergquist & Fromont) [47]
over time. The growth rates in their study dropped from 2437% year−1 to 1355% year−1 from the first
to the third culture period. Moreover, the growth rates of cloned sponges harvested from cultured
explants should also be followed, as Page et al. [39], found reduced growth rates and even negative
growth through repeated cloning (F0 to F2).

Other important aspects to include in future studies are seasonality (e.g., is the fast initial growth
observed in this study season-influenced or a wound-healing response that is irrespective of season)
and genotypic variability.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/1/29/s1,
Figure S1: Overview of culture methods; (a) 1st trial; explants tie-wrapped to black PVC, experiment start (b)
1st trial; sponges tie-wrapped to white PVC, 1 year later explants splitting into two fragments and relocating
position. (c) 2nd trial, polluted site; image of 50 × 50 cm plates, sponge explants secured with chicken wire (0–30◦
plates can be seen, 25 additional explants are on the other side of each plate). (d) 2nd trial, pristine site; infected
explants shortly after seeding. (e) 3rd trial, polluted site; first upscaling of aquaculture of Chondrosia reniformis
on vertical PVC plates. Explants are attached with gel-based polyacrylate superglue to PVC plates (10 plates per
site). (f) 3rd trial, pristine site; explants after 4 months of culture. Some of the explants tend to travel towards the
polypropylene plate and grow on it, but others prefer to stay on the PVC plates. Figure S2: Correlation between
surface area (cm2) and wet weight (g) for Chondrosia reniformis (Pearson correlation, r = 0.92, n = 20, p = 0.000,
two-tailed). Figure S3: Correlation between surface area (cm2) and volume (mL) for Chondrosia reniformis
(Pearson correlation, r = 0.92, n = 20, p = 0.000, two-tailed). Table S1: Experimental design of aquaculture trials 2
and 3. In Trial 3, 10 explants were taken per parent sponge, five explants were attached to each plate.
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Abstract: Background: Collagens of marine origin are applied increasingly as alternatives to
mammalian collagens in tissue engineering. The aim of the present study was to develop a
biphasic scaffold from exclusively marine collagens supporting both osteogenic and chondrogenic
differentiation and to find a suitable setup for in vitro chondrogenic and osteogenic differentiation
of human mesenchymal stroma cells (hMSC). Methods: Biphasic scaffolds from biomimetically
mineralized salmon collagen and fibrillized jellyfish collagen were fabricated by joint freeze-drying
and crosslinking. Different experiments were performed to analyze the influence of cell density
and TGF-β on osteogenic differentiation of the cells in the scaffolds. Gene expression analysis
and analysis of cartilage extracellular matrix components were performed and activity of alkaline
phosphatase was determined. Furthermore, histological sections of differentiated cells in the biphasic
scaffolds were analyzed. Results: Stable biphasic scaffolds from two different marine collagens were
prepared. An in vitro setup for osteochondral differentiation was developed involving (1) different
seeding densities in the phases; (2) additional application of alginate hydrogel in the chondral part;
(3) pre-differentiation and sequential seeding of the scaffolds and (4) osteochondral medium. Spatially
separated osteogenic and chondrogenic differentiation of hMSC was achieved in this setup, while
osteochondral medium in combination with the biphasic scaffolds alone was not sufficient to reach
this ambition. Conclusions: Biphasic, but monolithic scaffolds from exclusively marine collagens are
suitable for the development of osteochondral constructs.

Keywords: jellyfish collagen; mineralized salmon collagen; osteochondral tissue engineering;
biphasic scaffold; osteochondral medium; alginate

1. Introduction

Collagen is one of the most frequently applied biomaterials for biomedical research as well as
clinical applications [1,2]. The main industrial sources of collagen are bovine and porcine tissues;
however, there is increasing demand for alternative sources. Marine collagens which can be obtained
from both invertebrates and vertebrates [3,4] show promising features and have the potential to
overrule mammalian collagens in biomedical applications for several reasons. Marine collagens
do not bear the risk of disease translation and are not allergy-causing; they are not subjected to
ethical or religious concerns, show low inflammatory response and can be obtained with high
yield [1]. From the beginning of the 21st century research on marine collagens has continuously
emerged [5,6]. Scaffolds for tissue engineering applications are increasingly developed from collagens
of marine origin, such as from fish collagen, collagen of marine sponges, jellyfish collagen and
collagen from marine gastropods [5]. In two own studies we applied marine collagens for the
fabrication of porous scaffolds: first we adapted the procedure of biomimetic mineralization of bovine
collagen to collagen of the Atlantic salmon Salmo salar and prepared mineralized porous scaffolds
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from salmon collagen for the application in bone tissue engineering [7]. A second study applied
collagen of the jellyfish Rhopilema esculentum which is structurally similar to human collagen II [8]
for the preparation of porous scaffolds to be used for chondral tissue engineering [9]. In the present
study, we combined fibrillized jellyfish collagen with biomimetically mineralized salmon collagen
to a biphasic scaffold suitable for osteochondral defect regeneration. The applied technique was
already described in 2007 for the generation of biphasic, but monolithic scaffolds from mineralized
bovine tendon collagen and fibrillized collagen from calf skin/hyaluronic acid composite [10]. Joint
freeze-drying and chemical crosslinking of the two different phases resulted in a scaffold material
which overcame the risk of delamination of the mineralized and non-mineralized phases, since the
scaffolds consisted of a unified whole [10]. Challenge in the fabrication of biphasic scaffolds for the
regeneration of both cartilage and the subchondral bone layer is the mechanically stable conjunction
of the different phases, which have different mechanical properties to mimic the chemical nature of
elastic, water-rich chondral ECM, and the stiff, mineralized bone ECM. The main challenge, however,
is the simultaneous chondrogenic and osteogenic differentiation, guided by the scaffold properties
which should recapitulate the native milieu of bone and cartilage development [11–14]. Furthermore,
when osteochondral tissue engineering constructs are differentiated in vitro, a suitable osteochondral
medium should be developed [15,16]. The aim of the present study was to generate biphasic, but
monolithic porous scaffolds from fibrillized jellyfish collagen for the chondral part and biomimetically
mineralized salmon collagen for the bony part. Multipotent human mesenchymal stromal cells (hMSC)
were differentiated simultaneously into chondrocytes and osteoblasts, respectively, in this biphasic
scaffold in vitro. To generate a microenvironment, which guides the cells to the two differentiation
lineages, we inserted the cells into the chondral part with a tenfold higher cell density compared to the
bony part and, furthermore, used an alginate hydrogel for embedding the cells in the porous chondral
part. Furthermore, an osteochondral medium was developed and sequential seeding of the scaffold
phases with pre-differentiated MSC was performed.

2. Results

2.1. Preparation and Characterization of Biphasic Scaffolds from Marine Collagen

Biphasic, but monolithic scaffolds, composed of biomimetically mineralized salmon collagen [7]
and fibrillized jellyfish collagen [9] were successfully obtained by overlaying the two different phases
as liquid suspensions, joint freeze-drying and crosslinking. Figure 1 shows the morphology of these
scaffolds, both in dry and wet state. Although the stronger swelling of the jellyfish collagen phase is
clearly visible, the stability of the whole scaffold is not affected by the different swelling behavior of
the phases. This becomes especially obvious, when the microstructure of the scaffolds is analyzed.
Interconnecting pores were verified in the transition zone between the two phases (Figure 2). Scanning
electron microscopy (SEM) images show the smooth surface of the non-mineralized jellyfish collagen
pore walls, as well as the rough morphology of the mineralized salmon collagen, which originates in
the presence of hydroxyapatite nanocrystals, decorating the surface (Figure 2).

2.2. Evaluation of Optimal Seeding Density for the Osteogenic Differentiation of hMSC

Single scaffolds from mineralized salmon collagen were seeded with hMSC at three different
densities, 2.4 × 105 cells/cm3, 6 × 105 cells/cm3, and 1.2 × 106 cells/cm3 and cultivated under
osteogenic stimulation for 14 and 28 days. Number of viable cells, visualized by MTT staining
(Figure 3a) was still highest in the scaffolds with the highest initial seeding density after 28 days of
osteogenic stimulation. Quantitative analysis of cell number (Figure 3b) confirmed these findings.
Furthermore, it was shown, that cell number did not increase between d14 and d28 of cultivation.
Osteogenic differentiation was evaluated by quantification of specific alkaline phosphatase (ALP)
activity (Figure 3c). Highest specific ALP activities were obtained for the constructs with the lowest
seeding density; however, due to high variations between single samples the effect was not statistically
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significant. Furthermore, the ALP activity in scaffolds seeded with the lowest cell density was close
to the detection limit of the colorimetric test. Therefore, for the seeding of biphasic scaffolds, the
intermediate cell density (6 × 105 cells/cm3) was chosen, since specific ALP activity was still higher
compared to the highest seeding density.

 

Figure 1. Biphasic scaffolds from mineralized salmon collagen (lower layer) and fibrillized jellyfish
collagen (upper layer) in dry state (a) as well in wet state (b). Arrows indicate the transition zone
between the layers. Scale bar represents 5 mm.

 

Figure 2. SEM image of a cross section of a biphasic scaffold at the transition zone between jellyfish
collagen (upper layer) and mineralized salmon collagen (lower layer). Scale bar represents 200 μm.
Insert showing the transition zone with higher magnification; scale bar represents here 20 μm.
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Figure 3. (a) MTT staining of osteogenically differentiated hMSC seeded in mineralized salmon
collagen scaffolds at different densities and cultivated for 28 days; (b) cell number, calculated from
DNA content and (c) specific ALP activity (ALP activity related to cell number) of osteogenically
differentiated hMSC in salmon collagen scaffolds with different seeding densities after 14 and 28 days
of cultivation, n = 3, mean +/− standard deviation. Significances from 2-way ANOVA were as follows:
Cell number: d14 ↔ d28 n.s.; 2.4 × 105 ↔ 6 × 105 n.s., 2.4 × 105 ↔ 1.2 × 106 p < 0.05; 6 × 105 ↔
1.2 × 106 p < 0.05, specific ALP activity: d14 ↔ d28 n.s.; 2.4 × * 105 ↔ 6 × * 105 n.s., 2.4 × 105 ↔
1.2 × 106 p < 0.05; 6 × 105 ↔ 1.2 × 106 n.s.

2.3. Influence of TGF-β on Osteogenic Differentiation

We tested the influence of TGF-β3 on the osteogenic differentiation of hMSC, seeded in
monophasic scaffolds from mineralized salmon collagen. Specific ALP activity after 14 days of
osteogenic stimulation showed a significant (p < 0.05) decrease in the presence of TGF-β3 both for
hMSC and osteogenically prestimulated hMSC (Figure 4). The experiment was also performed to test
the effectivity of osteogenic pre-stimulation in the monolayer, and a significantly (p < 0.001) higher
specific ALP activity was detected both at day 1 and day 14.

 

Figure 4. Specific ALP activity of hMSC which were cultivated in monophasic scaffolds from
mineralized salmon collagen under osteogenic stimulation (10−7 M Dex, 10 mM β-GP, 12.5 μg/mL
AAP = osteogenic supplements, OS+) in the presence and absence of 10 ng/mL TGF-β3. Dark bars:
cells were prestimulated with OS+ in monolayer culture for 9 days before seeding the scaffolds. Cells
of two different donors were used, each n = 3 per condition. ALP activity was related to cell number.
Values are presented as mean (n = 6) +/− standard deviation. Significances from 2-way ANOVA were
as follows: d1 ↔ d14 p < 0.001; d1 ↔ d14TGFβ p < 0.05; d14 ↔ d14TGFβ p < 0.05; non-differentiated ↔
pre-differentiated p < 0.001.
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2.4. Chondrogenic and Osteogenic Differentiation of hMSC in Biphasic Marine Scaffolds

A sequential seeding procedure for the biphasic collagen scaffolds was performed (Figure 5). In
the first step of sequential cultivation, hMSC were suspended in alginate solution, the jellyfish collagen
phase of the biphasic scaffolds was infiltrated with this mixture with a cell density of 6 × 106 cells/cm3

and the constructs were cultivated with complete chondrogenic medium for 9 to 12 days. At the same
time, hMSC from the same batch were seeded into flasks and cultivated in the presence of osteogenic
medium for 9 to 12 days. After 9 to 12 days of pre-stimulation, the osteogenically induced cells were
seeded into the mineralized salmon collagen layer of the biphasic scaffolds with an initial cell density of
6 × 105 cells/cm3. The constructs were cultivated until d21 from the initial seeding with osteochondral
medium, containing 5 ng/mL TGF-β3, ITS, 10−7 M Dex and 50 μg/mL AAP.

The biphasic constructs were stable during the whole cultivation period. MTT staining of viable
cells after 1 and 9 days of cultivation demonstrated that the chondrogenically induced cells did not
migrate out of the jellyfish collagen/alginate phase to the mineralized salmon collagen phase below
(Figure 6). This was confirmed by confocal laser scanning microscopic (cSM) investigations at the area
between the two phases (Figure 7).

Figure 5. Pre-differentiation and sequential seeding of hMSC onto biphasic scaffolds from jellyfish
collagen and mineralized salmon collagen.

At the end of the cultivation, a contraction of the biphasic scaffolds was visible. This contraction
has been observed before in monophasic collagen scaffolds and it has been shown to be diminished
with the application of alginate as cell carrier. Histological sections of biphasic scaffolds after 21 days
of cultivation showed the presence of cells in both phases (Figure 8A–C). Furthermore, toluidine
blue staining of histological sections revealed the production of cartilage extracellular matrix in the
chondrogenic part of the scaffold (Figure 8D–F). The cellularity of the constructs is considerably lower
compared to pellet cultures of chondrogenically stimulated cells. However, we have shown in a
previous study, that higher cell densities in porous collagen scaffolds did not increase extracellular
matrix production per cell [9].
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Figure 6. MTT Staining of viable cells in biphasic collagen scaffolds, freshly seeded with
alginate-embedded hMSC (d1), after 9 days of chondrogenic differentiation (d9) and after 21 days of
cultivation, seeded with osteogenically pre-differentiated hMSC at day 9. Scale bars represent 2 mm.

 

Figure 7. (A) cLSM images of a cross section of biphasic collagen scaffold seeded with hMSC after
9 days of chondrogenic differentiation; (B) transition area between jellyfish collagen (upper) and salmon
collagen (lower) phase, after 9 days of chondrogenic differentiation before seeding of osteogenic cells,
cytoskeleton stained with Alexa Fluor 488 phalloidin (green), nuclei stained with DAPI (blue). Scale
bars represent 200 μm.

Chondrogenic differentiation of the cells in the jellyfish collagen/alginate phase was verified by
gene expression analysis of collagen II, which was also detected at protein level (Figure 9).

Gene expression of collagen II increased from d1 to d12, but decreased slightly during the
cultivation of the biphasic constructs in the osteochondral medium. Similar results were obtained for
the quantification of collagen II by ELISA; however, there were always high variations between the
different samples (Figure 9b). Additionally, the production of sulfated glycosaminoglycans increased
during chondrogenic differentiation of jellyfish collagen/alginate embedded hMSC, but it did not
further increase during cultivation in the osteochondral medium (Figure 9c).

Osteogenic differentiation of hMSC in the mineralized salmon collagen phase was demonstrated
by ALP gene expression, which was strongest immediately after seeding of the biphasic scaffolds
with osteogenically pre-differentiated hMSC. During further cultivation in osteochondral medium
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the ALP gene expression decreased (Figure 9a). Furthermore, gene expression of osteocalcin was
analyzed in both scaffold parts, which was relatively low in all examined samples, however, cells in
the chondrogenic layer showed down-regulation of osteocalcin (Figure 9).

 

Figure 8. Histological sections of biphasic scaffolds after 21 days of osteochondral cultivation:
Haematoxylin/Eosin staining of (A) jellyfish collagen phase, (B) mineralized salmon collagen phase
and (C) transition zone between jellyfish collagen part (top) and mineralized salmon collagen part
(bottom). Deeply purple stained regions in (B,C) represent mineralized salmon collagen which is
stained by haematoxylin too. Toluidine blue staining of (D) jellyfish collagen phase, (E) mineralized
salmon collagen phase and (F) transition zone between jellyfish collagen part (top) and mineralized
salmon collagen part (bottom).

Figure 9. (a) RT-PCR products of different osteogenic and chondrogenic marker genes jc = jellyfish
collagen, sc = mineralized salmon collagen; (b) Collagen II content in the jellyfish collagen phase of
biphasic scaffolds, detected by ELISA; (c) concentration of sulfated glycosaminoglycanes content in the
jellyfish collagen phase of biphasic scaffolds. n = 3, mean +/− standard deviation.
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3. Discussion

Biphasic, but monolithic scaffolds, exclusively from the marine biopolymers jellyfish collagen,
biomimetically mineralized salmon collagen and alginate were fabricated for the first time. Due to
the concerted freeze drying of the two phases before crosslinking the layers were tightly connected
showing interconnecting pores through the area of the different layers. In the wet state, the two layers
showed different swelling behavior. While the biomimetically mineralized salmon collagen phase
did not swell, the volume of the fibrillized jellyfish collagen phase increased somewhat in wet state.
The reason for the different swelling behavior could be the difference between the collagen types.
Collagen II was shown to have higher swelling capacity compared to collagen I [17]. Furthermore,
the presence of nanocrystalline hydroxyapatite connected to the collagen fibers of the salmon collagen
could be responsible to the reduced swelling in this phase. Nevertheless, the different swelling behavior
did not impair the union between the two phases, which have been cross-linked with higher EDC
concentrations compared to the monophasic scaffolds. Despite the high concentration of carbodiimide
for crosslinking to allow the tight union between the phases, we did not detect any negative effects
on cytocompatibility. In a similar approach to our method mineralized and non-mineralized collagen
(from equine origin) were combined to a triphasic scaffold for osteochondral regeneration [18].
In contrast to our study, crosslinking of the single layers was performed before freeze-drying, which
required an additional knitting procedure to anchor the layers. Biphasic scaffolds from collagen I in the
chondrogenic part and collagen I mineralized with Mg2+ substituted hydroxyapatite in the osteogenic
part were recently prepared by Sartori and co-workers [19]. Also in this study, the collagen layers were
cross-linked before freeze-drying. Nevertheless, the resulting biphasic scaffolds were stable enough
to withstand subcutaneous implantation in mice for up to 8 weeks. In vitro investigations for MSC
differentiation, however, were only performed with monophasic scaffolds in this study.

For the generation of osteochondral tissue constructs in vitro progenitor cells like human
mesenchymal stroma cells need to be differentiated into two different lineages in spatially separated
phases of the same scaffold. Optimally, scaffold structure and chemical composition provide the
necessary stimuli for differentiation into the osteogenic and chondrogenic cell line. Jellyfish collagen
from R. esculentum has a similar structure to human collagen II, since it consists of α-chain homotrimers
and shows a degree of glycosylation similar to that of vertebrate collagen type II [20]. Chondrogenic
differentiation is triggered by clustering of hMSC, which can be realized by 3D pellet formation
or seeding of scaffolds with high cell densities [21]. Additionally, embedding of cells into alginate
hydrogel, infiltrated into porous collagen scaffolds, induced a chondrogenic phenotype and increased
collagen II expression of the cells [22]. Therefore, the upper (chondral) phase of the marine biphasic
scaffolds was seeded with hMSC in high density (6 × 106 cells/mL) which were incorporated into
alginate hydrogel completely filling the pores of the jellyfish collagen part of the scaffolds. Osteogenic
differentiation is favored by the presence of hydroxyapatite, and it has been shown in porous collagen
scaffolds in vitro, that specific ALP activity which is the main osteogenic marker increases with
decreasing seeding density [23]. Similar results were also obtained in the present study for monophasic
scaffolds from mineralized salmon collagen (Figure 3c). The lower phase of the biphasic marine
scaffolds was therefore seeded with hMSC in a tenfold lower density compared to the chondral part,
and the cells were allowed to attach directly at the pore walls of the mineralized salmon collagen
without addition of alginate. Nevertheless, as shown in our previous studies with monophasic scaffolds
from jellyfish collagen, scaffold structure and composition as well as cell density alone are not sufficient
to induce chondrogenic differentiation of hMSC. Likewise, biomimetically mineralized collagen
scaffolds, despite their bone-like composition of collagen and nanocrystalline hydroxyapatite, are not
osteoinductive. The addition of osteogenic stimuli is necessary to induce osteogenic differentiation of
MSC seeded in the scaffolds. For simultaneous osteogenic and chondrogenic differentiation of hMSC
in the marine biphasic scaffolds in vitro, a suitable osteochondral medium needed to be developed.
Cell culture media for the chondrogenic and osteogenic differentiation of MSC have equal and
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distinct components [24]. While dexamethasone and ascorbate are included in both chondrogenic and
osteogenic differentiation medium, both media have exclusive components (Table 1).

Table 1. Main differences in the composition of commonly used osteogenic and chondrogenic
differentiation media (FCS = fetal calf serum, ITS = insulin, selen, transferrin mix, AAP = ascorbic
acid-2-phosphate, Dex = dexamethasone, β-GP = β-glycerophosphate, TGF-β = transforming growth
factor β).

Osteogenic medium FCS - Low glucose AAP Dex β-GP
Chondrogenic medium - ITS High glucose AAP Dex - TGF-β

To develop an osteochondral medium supporting both osteogenic and chondrogenic
differentiation of MSC (additionally to the stimuli, which are exerted by the scaffold matrix) it
is not sufficient just to combine the single media 1:1. In a previous study we have analyzed the
impact of FCS on the chondrogenic differentiation of hMSC in monophasic scaffolds of jellyfish
collagen [25] and demonstrated, that even small amounts of FCS (2%) in the culture medium
significantly decrease the mRNA expression of chondrogenic markers. In addition, reduction
of glucose content caused a decreased mRNA expression of chondrogenic markers as well as a
decreased extracellular matrix production of the chondrogenically differentiated cells. In contrast,
osteogenic differentiation of hMSC in mineralized salmon collagen scaffolds was not affected when
the glucose concentration of the medium was increased (data not shown). Furthermore, osteogenic
differentiation of hMSC is even favored by low serum conditions (1% and 5% compared to 10%) [26].
B-glycerophosphate which is an integral component of osteogenic differentiation media to provide a
phosphate source for the mineralizing osteoblasts, is regarded as hypertrophy promoting reagent for
chondrocytes [27]. The main component of chondrogenic differentiation medium, TGF-β, was shown
to cause a downregulation of ALP expression [28], which was also found in our study for MSC seeded
in scaffolds from mineralized salmon collagen (Figure 4). Based on these results we propose an
osteochondral medium containing a reduced amount of TGF-β (5 ng/mL), no FCS, high glucose
content, bovine serum albumin, as well as the factors stimulating both osteogenic and chondrogenic
differentiation: dexamethasone and ascorbic acid-2-phosphate. However, even the combination of
(1) different seeding densities in the osteogenic and chondrogenic part (2) different scaffold layer
composition (3) alginate infiltration in the chondrogenic part preventing cell adhesion to the scaffolds
pores and therefore supporting chondrogenic cell phenotype and (4) osteochondral medium was
not sufficient to stimulate osteogenic and chondrogenic differentiation spatially separated in the
respective scaffold parts. Similar results were obtained by Gupta et al. who tried to simultaneously
differentiate rat MSC into chondrogenic and osteogenic lineage in gradient PLGA scaffolds with
encapsulated chondroitin sulfate for chondrogenic priming as well as tricalcium phosphate for
osteogenic priming [29]. The authors admittedly reported a better interaction of cells with the
materials and a greater cellularity, but it was not possible to drive differentiation specifically into either
of the planned directions. Caliari and Harley investigated the impact of scaffold local biophysical
properties like mineral content and density on hMSC differentiation in the presence of mixed soluble
signals for osteogenic and chondrogenic differentiation [30]. Unexpectedly, the authors observed an
increased osteogenic response just in nonmineralized scaffolds with low density, which were intended
to induce chondrogenic differentiation. Therefore, in the present study, a sequential seeding and
pre-differentiation approach was developed. It has been shown before, that temporal stimulation of
chondrogenic cells with TGF-β is sufficient to induce the chondrogenic phenotype in MSC. Buxton and
co-workers stimulated hMSC in hydrogels with TGF-β1 and demonstrated, that total production
of collagen II after three weeks of cultivation was not decreased in comparison to the controls,
when TGF-β was withdrawn after 7 days of prestimulation [31]. Likewise Fensky and co-workers
demonstrated, that a 10 day stimulation of hMSC embedded in a collagen I hydrogel is sufficient
to induce upregulation of the chondrogenic marker genes for collagen II and aggrecan after three
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weeks of cultivation [32]. Short delivery of high TGF-β doses (100 ng/mL) for 7 days on bovine
MSC embedded in hyaluronic acid hydrogels was sufficient to induce and maintain the chondrogenic
phenotype over a period of 9 weeks [33]. Chondrogenically pre-differentiated hMSC maintained
their chondrogenic potential after embedding in methacrylated hyaluronic acid gels [34]. Osteogenic
pre-differentiation of MSC before application in bone regeneration has successfully been applied
by several groups. Peters et al. demonstrated that the injection of osteogenically pre-differentiated
MSC enhanced healing of a critical bone defect in rats [35]. It is hypothesized that the application
of osteogenically pre-differentiated instead of undifferentiated hMSC may prevent the transplanted
cells from neoplasia and tumor formation [36]. Osteogenic pre-differentiation of hMSC has been
successfully applied in our study. Osteogenically pre-differentiated hMSC seeded into monophasic
scaffolds from mineralized salmon collagen showed significantly increased ALP activity both at the
start of the 3D cultivation and after 14 days. Furthermore, the negative effect of TGF-β on ALP
activity is less pronounced for osteogenically pre-differentiated cells compared to non-differentiated
MSC, which is a further point to apply osteogenic pre-differentiation for osteochondral constructs.
Osteocalcin gene expression, which is a further marker of osteogenic differentiation, was quite low
in the biphasic scaffolds. This is in accordance to a fundamental study of Jaiswal and co-workers,
demonstrating that vitamin D3 is necessary to induce adequate osteocalcin expression in osteogenically
differentiated hMSC in vitro [37]. We refrained from adding vitamin D3 to the osteochondral medium
to preserve the chondrogenic phenotype in the chondral layer. However, it might be beneficial to
include vitamin D3 into the osteogenic pre-differentiation medium in future. In the present study,
osteogenic and chondrogenic pre-differentiation was performed simultaneously. While chondrogenic
pre-differentiation was realized already during cultivation of alginate-embedded hMSC in the jellyfish
collagen part of the biphasic scaffold, osteogenic pre-differentiation of hMSC of the same batch was
performed in the monolayer. Gene expression analysis revealed collagen II expression exclusively in
the chondral part of the scaffolds; however, there was a slight decrease in collagen II expression during
the cultivation with osteochondral medium in the presence of osteogenically pre-differentiated cells.
Likewise, collagen II production on protein level and production of sGAG were somewhat decreased
during co-culture (Figure 9). It has been demonstrated that continuous treatment of hMSC pellet
cultures with TGF-β provided significantly higher production of extracellular matrix and expression
of chondrogenic genes compared to short-time TGF-β supplementation of 3 and 10 days [38]. Possibly,
the reduced TGF-β supplementation during osteochondral cultivation was not sufficient to stabilize the
chondrogenic phenotype at the starting level. Similar observations were made for the osteogenic part.
Highest ALP expression was detected immediately after seeding of the biphasic scaffolds, followed by a
decrease of ALP expression during further osteochondral stimulation. Since ALP is an early osteogenic
marker, the decrease could also relate to further differentiation along the osteogenic lineage. However,
it has to be noted, that the applied osteochondral medium does not provide optimal conditions for
osteogenic differentiation. Nevertheless, the RNA amount isolated from the mineral part of the
biphasic scaffolds after 3 weeks of cultivation was not reduced compared to the start of 3D cultivation,
suggesting that the osteogenically pre-differentiated cells survived the osteochondral conditions with
serum deprivation. After three weeks of cultivation osteochondral constructs were obtained in vitro
with spatial separated expression of chondrogenic ECM and osteogenic differentiation.

4. Materials and Methods

4.1. Preparation of Biphasic Scaffolds

Biphasic but monolithic collagen scaffolds were prepared by overlaying suspensions of
biomimetically mineralized salmon collagen and fibrillized jellyfish collagen in the cavities of a 96-well
plate. Biomimetically mineralized collagen and fibrillized jellyfish collagen suspensions were prepared
as already published [7,9]. After freezing of the overlayed samples at 1 K/min to a final temperature of
−20 ◦C lyophilization was conducted for about 24 h (Alpha 1–2, Christ). For stabilization the scaffolds
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were cross-linked with a 30 g/L solution of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC)
hydrochloride in 80% v/v ethanol for 12 h. Subsequently, the scaffolds were rinsed thoroughly in
deionized water, 1% glycine solution, once again in water and finally freeze-dried.

4.2. Cultivation of hMSC

Bone marrow derived hMSC harvested from the iliac crest of two healthy donors were kindly
provided by the group of Prof. Martin Bornhäuser (Medical Clinic I, University Hospital Dresden).
Written informed consent from the donors was obtained for the use of these samples in research.
Cells were characterized as hMSC according to the criteria of the International Society of Cellular
Therapy [39]. All procedures were approved by the Ethical Commission of the Medical Faculty
of Technische Universität Dresden. Cells were expanded in Dulbecco′s modified Eagle′s Medium
(DMEM, Gibco) supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 U/mL penicillin and
100 μg/mL streptomycin (all from Biochrom, Berlin, Germany) (expansion medium) until passage five.

General seeding preparation for porous collagen scaffolds: Scaffolds were immersed with
expansion medium for 24 h, which was removed before seeding wet scaffolds were placed on sterile
filter paper to remove excess immersion medium from the scaffold pores.

4.3. Osteogenic Differentiation of hMSC in Mineralized Salmon Collagen Scaffolds

Monophasic scaffolds from mineralized salmon collagen (d = 6 mm, h = 3 mm) were prepared as
already published [7] and sterilized by γ-irradiation before use in cell culture. Scaffolds were seeded
with 2 × 104, 5 × 104, and 1 × 105 cells in 50 μL of expansion medium. After 30 min of initial adhesion,
further 500 μL of expansion medium were added to each scaffold. Cell-seeded scaffolds were cultivated
for up to 4 weeks, with medium change every 3–4 days. Osteogenic differentiation medium contained
Minimal essential medium α-modification (α-MEM) (Biochrom Berlin, Germany), supplemented with
10% fetal calf serum, 2 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin (all from
Biochrom), 10−7 M Dex, 12.5 μg/mL AAP and 10 mM β-GP (all from Sigma, Taufkirchen, Germany).
Since we wanted to analyze the effect of TGF-β on the osteogenic differentiation additionally 10 ng/mL
TGF-β3 (Miltenyi, Bergisch Gladbach, Germany) were added to one experimental group. After 1, 14
and 28 days samples for DNA and ALP quantification were washed twice and frozen at −80 ◦C.

4.4. Cultivation of Osteochondral Constructs

Biphasic scaffolds from jellyfish collagen and mineralized salmon collagen (d = 6 mm, h = 8 mm)
were sterilized by γ-irradiation before use in cell culture. Sodium alginate (Sigma) was dissolved in
Ca2+ free DMEM (Sigma) without any further supplements at 12 mg/mL and the solution was filtered
through a syringe filter with 0.45 μm pore size. 5 × 105 cells were suspended in 50 μL of alginate
solution and the suspension was applied to the top of each biphasic scaffold. With 6 mm diameter
and 3 mm height the chondral phase of the biphasic scaffold has an approximate volume of 85 mm3

resulting in a seeding density of 6 × 106 cells/cm3. After 15 min of incubation at 37 ◦C, 1 mL of sterile
CaCl2 (100 mM) solution was added and the constructs were incubated for further 15 min for the
formation of alginate gel. The constructs were washed with expansion medium and cultivated further
with chondrogenic differentiation medium (DMEM high glucose (Gibco, Dublin, Ireland, distributed
by Thermo Fisher, Waltham, MA, USA), 100 U/mL penicillin, 100 μg/mL streptomycin, 1% ITS-X-Mix
(Gibco; results in concentrations of 10 μg/mL insulin, 5.5 μg/mL transferrin, 6.7 ng/mL sodium
selenite and 2 μg/mL ethanolamine in the medium), 0.35 μM proline, 50 μg/mL AAP, 10−7 M Dex,
0.15% bovine serum albumin (BSA) (all Sigma) and 10 ng/mL TGF-β3 (Miltenyi)) for 9–12 days with
medium changes every 3–4 days. At the same time, hMSC from the same batch were cultivated in
T-flasks with α-MEM supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 U/mL penicillin
and 100 μg/mL streptomycin, 10−7 M Dex, 12.5 μg/mL AAP and 10 mM βGP. After 9 to 12 days of
separate cultivation, biphasic scaffolds seeded with chondrogenically pre-differentiated hMSC were
gently dried on sterile filter paper, flipped, that the mineralized layer was on top of the scaffold and
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were seeded in the mineralized salmon collagen layer with 5 × 104 osteogenically pre-differentiated
hMSC in 50 μL cell culture medium, resulting in a seeding density of 6 × 105 cells/cm3. The constructs
were cultivated up to 21 days of total cultivation time with osteochondral medium consisting of
DMEM high glucose supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin, 1% ITS-X-Mix,
5 ng/mL TGF-β3, 10−7 M Dex, 0.35 μM proline, 0.15% BSA and 50 μg/mL AAP. For each time point
of the experiment 9 biphasic scaffolds were used (3 for gene expression analysis, 3 for measurement of
collagenII and sGAG, 1 for MTT staining, 1 for fluorescence staining and 1 for histological staining).

4.5. MTT Staining

To detect the distribution and amount of viable cells, medium of cell-seeded monophasic and biphasic
scaffolds was supplemented with 1.2 mM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; Sigma), followed by further incubation at 37 ◦C for 4 h. Cell seeded scaffolds were
imaged using a Leica stereomicroscope.

4.6. Fluorescence Staining and Confocal Laser Scanning Microscopy

Cell-seeded scaffolds were fixed with 4% buffered formaldehyde and permeabilized with
0.2% Triton X-100 (Sigma) in Hank’s balanced salt solution (HBS) (Gibco). Autofluorescence was
blocked with, 30 min incubation in 3% BSA in HBS. Staining of cytoskeleton was performed with Alexa
Fluor 488 phalloidin and staining of the nuclei with 0.3 μM DAPI (4′,6-diamidino-2-phenylindole
dihydrochloride; both Invitrogen) in HBS. Samples were imaged using a confocal laser scanning
microscope LSM 510 (Zeiss, Jena, Germany) applying an excitation/emission wavelength of 405/461 nm
(diode laser) for DAPI and 488/519 nm (argon laser) for Alexa Fluor 488.

4.7. Gene Expression Analysis

Biphasic scaffolds were divided with a scalpel into the two phases prior to RNA extraction, for
which three samples of each experimental group were used. During the RNA isolation procedure, cell
lysates of the three samples of each group were pooled.

To dissolve the alginate in alginate-containing jellyfish collagen constructs, samples were mixed
thoroughly with 55 mM sodium citrate (Fluka, distributed by Sigma-Aldrich, Taufenkirchen, Germany)
with 0.9% sodium chloride (Sigma), in DEPC-water (Gibco), incubated at 37 ◦C for 45 min and
afterwards mixed thoroughly again. Cells in the supernatant were centrifuged at 3600 rpm for 10 min,
resuspended in PBS, and centrifuged again. Both the pellet and the collagen scaffold were treated with
lysis buffer from peqGOLD MicroSpin total RNA Kit (Peqlab, Erlangen, Germany). Lysates from the
pellets and scaffolds were pooled and RNA was extracted according to the manufacturer′s instructions
of the kit. To isolate RNA from the mineralized salmon collagen phase, cell seeded scaffolds were
treated with lysis buffer from the RNA kit directly.

For polymerase chain reaction (PCR) 200 ng per experimental condition were transcribed into
cDNA in a 20 μL reaction mixture containing 200 U of superscript II reverse transcriptase, 0.5 mM
dNTPs (both Invitrogen), 12.5 ng/μL random hexamers (Eurofins MWG Operon, Ebersberg, Germany)
and 40 U of RNase inhibitor RNase OUT (Invitrogen, Carlsbad, CA, USA). 1 μL cDNA in 20 μL
reaction mixtures containing specific primer pairs were used for amplification in PCR analysis to detect
transcripts of collagen I, collagen IIa, collagen X, ALPL and β-actin, respectively. Primer sequences
(Eurofins MWG Operon), annealing temperatures and amplicon sizes for each gene are summarized in
Table 2.

For analysis, PCR products were visualized in 2% agarose gels (Ultra PureTMAgarose, Invitrogen).
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Table 2. Primer and conditions for reverse transcriptase PCR.

Marker Bp Primer (Forward/Reverse) Buffer/±Enhancer Tannealing Amplification Cycles

β-Act 234 5′-GGACTTCGAGCAAGAGATGG-3′
5′-AGCACTGTGTTGGCGTACAG-3′ buffer S/− 55 ◦C 30x

Col 1 331 5′-GGATGAGGAGACTGGCAAC-3′
5′-GAAGAAGAAATGGCAAAGAGAAAG-3′ buffer S/− 55 ◦C 25x

Col 2 388 5′-GAACATCACCTACCACTGCAAG-3′
5′-GCAGAGTCCTAGAGTGACTGAG-3′ buffer Y/+ 60 ◦C 35x

Col 10 196 5′-GCCCACTACCCAACACCAAGAC-3′
5′-CCTGGCAACCCTGGCTCTC-3′ buffer S/− 50 ◦C 30x

ALP 162 5′-ACCATTCCCACGTCTTCACATTTG-3′
5′-ATTCTCTCGTTCACCGCCCAC-3′ buffer S/− 55 ◦C 30x

OCN 177 5′-CAA AGG TGC AGC CTT TGT GTC-3′
5′-TCA CAG TCC GGA TTG AGC TCA-3′ buffer S/− 55 ◦C 35x

4.8. Analysis of DNA Content, ALP Activity in Monophasic Scaffolds from Mineralized Salmon Collagen
sGAG Content and Collagen II Content

Frozen cell-seeded scaffolds were homogenized in ice-cold PBS (2 × 10 s at 5900 rpm) using
a Precellys24 apparatus (Peqlab, Erlangen, Germany). After homogenization, 10% Triton X-100 in
PBS were added to a final concentration of 1% Triton-X-100 and the samples were incubated on ice
for 50 min. ALP activity and DNA content were analyzed from the same lysate. ALP activity was
analyzed by conversion of p-nitrophenyl phosphate (Sigma, 1 mg/mL), in 0.1 M diethanolamine
pH 9.8, 1% Triton X-100 and 1 mM MgCl2, to p-nitrophenol after 30 min of incubation at 37 ◦C and
absorption measurement at 405 nm (Infinite® M200 Pro, Tecan, Männedorf, Switzerland). DNA
content was quantified from the same lysate with Quantifluor dye (Promega, Madison, WI, USA) at an
excitation/emission wavelength of 485/535 nm. Cell number was calculated from DNA content of
defined cell numbers. ALP activity was related to the cell number of the respective sample.

4.9. sGAG Content and Collagen II Content in Biphasic Scaffolds

Biphasic scaffolds were divided with a scalpel into the two phases prior to freezing for subsequent
biochemical analyzes which included always three biphasic scaffolds per group. After thawing
of alginate-containing jellyfish collagen constructs, samples were covered with 500 μL of 55 mM
sodium citrate (Fluka) with 0.9% sodium chloride (Sigma), in deionized water, homogenized (1 × 10 s
at 5900 rpm, Precellys24, Peqlab) incubated at 37 ◦C for 30 min and afterwards mixed thoroughly
again. After thawing mineralized salmon collagen constructs, samples were covered with 450 μL PBS,
homogenized (2 × 10 s at 5900 rpm), 50 μL of 10% Triton X100 were added, and the mixture was
incubated for 30 min at 37 ◦C. All samples were centrifuged at 3600 rpm for 10 min. The supernatants
were used for collagen II ELISA, while the pellet was further processed for sGAG determination.
Collagen II ELISA was performed as already published [25]. Briefly, each 50 μL of the supernatants
was added to wells which were precoated with primary antibody (Mouse Anti-Chick Collagen II
Capture Antibody (clone 35; Chondrex, Redmont, WA, USA) diluted 1:500 in PBS). A calibration line
was established using human collagen II (Millipore) diluted in PBS with 3% normal goat serum (NGS;
Life Technologies, Carlsbad, CA, USA). Afterwards 50 μL of secondary antibody (Biotin-labeled
Detection Antibody (Mouse monoclonal anti-Type 2 Collagen (Chondrex)) diluted 1:100 in PBS
with 3% NGS) were added. Detection was performed with streptavidin-horseradish-peroxidase
(R&D Systems, Minneapolis, MN, USA) and 3,3′,5,5′-tetramethylbenzidin substrate-solution (Sigma).
Absorbance was assessed at 450 nm (reference 570 nm) in a microplate reader (Infinite® M200 Pro,
Tecan). Absorbance values from scaffolds without cells carried along during the experiments were
subtracted as correction factors.

sGAG content from the pellets was quantified as previously described [25]. Briefly, 1 mL of
papain digestion solution (containing 125 μg/mL papain, 5 mM EDTA (both from Sigma), 100 mM
Na2HPO4, and 5 mM cystein (both from Carl Roth, Karlsruhe, Germany) in deionized water) were
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added to each pellet. After incubation at 60 ◦C for 24 h. 50 μL of the digested solution were subjected
to a commercially available sGAG assay (Kamiya, Seattle, WA, USA) according to manufacturer′s
instructions. Absorbance was assessed at 610 nm (Infinite® M200 Pro, Tecan).

4.10. Histological Investigations on Biphasic Scaffolds

Biphasic scaffolds cultivated for 21 days under osteochondral stimulation were fixed with 4%
buffered formaldehyde, dehydrated and embedded in paraffin. 5 μm sections were cut and mounted to
cover slides. After deparaffinization, sections were stained with hematoxylin/eosin (H/E) to visualize
cell distribution and toluidine blue to visualize the production of cartilage proteoglycans. Stained
samples were images using a BZ-9000 (Biorevo) (Keyence, Neu-Isenburg, Germany) microscope.

4.11. Statistical Analysis

Statistical analyses for cell number and ALP activity were performed by two-way analysis of variance
(ANOVA). Post-hoc analysis was performed in all cases to determine multiple comparisons using the
Tukey method (Origin 9.1, OriginLab). Significance levels were set as p < 0.05, p < 0.01 and p < 0.001.

5. Conclusions

Biphasic, but monolithic scaffolds exclusively from marine collagens are stable under cell
culture conditions for up to three weeks without any delamination of the phases. We have tried
to simultaneously differentiate hMSC into osteogenic and chondrogenic lineage spatially separated
in the bone and cartilage layer of the marine scaffolds. However, the different chemical nature and
mineralization of the layers, as well as different seeding densities, and the application of alginate
hydrogel to embed the cells into the jellyfish collagen layer of the scaffold were not sufficient to
trigger the differentiation of hMSC adequately into the respective direction. We therefore propose a
sequential seeding of the biphasic scaffolds and pre-differentiation of the cells into both osteogenic
and chondrogenic lineage to obtain functional osteochondral constructs.
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Abstract: The challenge to develop grafts for tissue regeneration lies in the need to obtain a scaffold
that will promote cell growth in order to form new tissue at a trauma-damaged site. Scaffolds also
need to provide compatible mechanical properties that will support the new tissue and facilitate
the desired physiological activity. Here, we used natural materials to develop a bio-composite
made of unique collagen embedded in an alginate hydrogel material. The collagen fibers used to
create the building blocks exhibited a unique hyper-elastic behavior similar to that of natural human
tissue. The prominent mechanical properties, along with the support of cell adhesion affects cell
shape and supports their proliferation, consequently facilitating the formation of a new tissue-like
structure. The current study elaborates on these unique collagen fibers, focusing on their structure
and biocompatibility, in an in vitro model. The findings suggest it as a highly appropriate material
for biomedical applications. The promising in vitro results indicate that the distinctive collagen fibers
could serve as a scaffold that can be adapted for tissue regeneration, in support of healing processes,
along with maintaining tissue mechanical properties for the new regenerate tissue formation.

Keywords: marine biomaterials; medical device; scaffold; soft corals; tissue regeneration

1. Introduction

Acute and chronic injury can cause temporary or permanent damage to tissue. When the body’s
natural tissue repair mechanisms are inefficient there is a need to facilitate tissue regeneration.
Autologous grafts are limited by the patient’s own tissue and also involve additional surgical
procedures. Allografts and xenografts are hard to acquire and require a high compatibility in order to
avoid transplant rejection by the recipient as an immune response to the foreign body [1–4]. There is a
growing demand for alternative and improved biomedical devices that are able not only to replace the
damaged tissue but also to enable its regeneration and the bio-integration of the implant. Cell function
during regeneration relies on the scaffold in order to form new tissue to produce the extracellular
matrix (ECM) that will support the cells’ neo-tissue formation. The ECM plays a pivotal role during
tissue regeneration, by directing the cell arrangement and modifying their function. Collagen is the
most abundant structural protein in the ECM and defines the three-dimensional (3D) structure and
biomechanical properties of tissues.

The challenges in the development of grafts lie not only in promoting cell proliferation and
differentiation, but also in providing the grafts with compatible mechanical properties to support the
new tissue and facilitate the desired physiological activity [5]. This represents a continuous challenge
for researchers and much effort has been focused on developing new materials for tissue repair.
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Scaffolds can be manufactured from synthetic polymers or natural products [6–8]. The advantage of
synthetic materials derives from their reproducibility and ability to tailor their physical properties
and degradation rate. The degradation rate and porosity allow the tailoring of their use to specific
applications, while their limitation is that they cannot be absorbed or integrated with the host tissue,
and frequently trigger an immune response [9]. Natural materials that possess a 3D structure are
bio-compatible with cells, resulting in better cell attachment and proliferation and consequently
facilitating the formation of new tissue and improving regeneration and healing processes [9–16].
The main drawbacks of such materials may relate to their poor mechanical properties or their potential
to elicit an immuno-pathological reaction when derived from other mammalian sources (such as
bovine, pig, or rat). The use of natural biodegradable bio-polymers for scaffold engineering has
several advantages over synthetic materials, such as their similarity to biological macro-molecules,
which minimizes immunological reactions and chronic inflammation [5,17,18]. In addition, the
natural structures of biomaterials (biopolymers) are compatible and possess properties that support
cell attachment. Marine source for bio-polymers such as chitin [14,15], silicified collagen [19–21],
collagen [12,16,22], or mineralized skeletons [11,13] have been purified from marine organisms such as
sponges, jellyfish, and corals and investigated for tissue engineering applications [10]. Corals have
also been studied previously as biomaterials for tissue engineering, especially bone tissue engineering,
but those studies were mainly focused on mineralized biomaterials [10,11,19–21,23]. Here we present
a study on unique collagen fibers isolated from the soft coral Sarcophyton ehrenbergi, which reveal a
3D structure and superior mechanical properties. The collagen fibers reported were used to create
bio-composite materials that demonstrated a unique hyper-elastic behavior similar to that of natural
human tissues [24–26]. The prominent mechanical properties make these collagen fibers a highly
suitable material for biomedical applications. In addition the collagen fibers are endowed by sequence
motifs that facilitate and encourage cell adhesion. The current study elaborates upon these collagen
fibers embedded with a hydrogel matrix, and these composites were analyzed for their mechanical
behavior and biocompatibility in an in vitro model.

2. Results and Discussion

A recent study on the soft coral Sarcophyton ehrenbergi (Figure 1A) revealed ultra-long collagen
fibers. These fibers when mechanically pulled from the soft-coral colony (torn parts, Figure 1B) retain
their natural physical properties and structure, as opposed to collagen harvested by other methods that
destroy its natural structure [6]. These are cord-like fibers that when detached from the mesenteries
of the soft-coral tissue reveal a coiled and wavy feature (Figure 1C,D). In earlier studies we revealed
the microanatomy of Sarcophyton auritum and Sarcophyton ehrenbergi colonies, in which the mesoglea
between the polyps was shown to contain sparse and short collagen fibers following Masson Trichrome
histological staining [27,28]. Additionally, the histological sections revealed eight mesenteries radiating
from the inner polyp body-wall across the gastro-vascular cavity and connecting to the pharynx, which
contain a mass of collagen fibers. Based on protein MS/MS analysis, these fibers were identified as
collagen [27,28].

The fibers are produced and maintained as cord-like bundles in the soft-coral mesenteries. Under
a light microscope they demonstrate an undulating appearance. Under fluorescence microscopy an
intrinsic auto-fluorescence was detected in the range of 305–450 nm, which is typical for collagen
(Figure 1C). Scanning electron microscopy images of these long fibers revealed a coiled spring-like
organization (Figure 1D). The coiling presented a pitch-range of 6–40 μm, most probably related
to the force applied during their extraction from the polyps. The diameter of the fibers averaged
8.70 ± 1.27 μm (n = 57). Such a natural arrangement of the fibers indicates their potential elasticity and
suggests that they could serve as a biomaterial with potential for scaffolding applications. The use
of high-resolution imaging of scanning and transmission electron microscopy analysis confirmed the
striated arrangement and revealed the prominent fibrillary collagenous structure of these fibers [28].
The collagenous type was also confirmed by X-ray diffraction analysis [27].
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Figure 1. (A) Macro image of Sarcophyton and (B) its torn-apart polypary, revealing collagen fibers
pulling from these sections; (C) Auto-fluorescence of collagen fibers observed by fluorescence
microscopy; (D) E-SEM micrographs of collagen fibers that feature a coiled structure.

For potential use of the cord-like fibers for scaffold applications, their mechanical properties were
measured (Figure 2) and they were analyzed for cell growth support (Figures 3 and 4). The collagen
fibers were pulled out from the soft coral and aligned on a frame (as demonstrated in Figure 2A).
In order to create a composite material, the aligned fibers were embedded in an alginate solution
(a biocompatible polysaccharide) (Figure 2B) [24–26], then immersed in a calcium solution that
created ionic bridges and cross-link the alginate hydrogel to create a collagen-alginate bio-composite
(Figure 2C). The alginate hydrogel binds the collagen fibers together, creating both an aqueous
surrounding and mechanical integrity [26], similar to the mechanical function of proteoglycans in the
extracellular matrix (ECM) [29]. The high content of alginic acid with the addition of calcium ions
become hydrogel that mechanically resembles the ECM structure of the tissue. The uniqueness of the
collagen fibers is manifested in their macro-fibrous structure, ultra-long length, simple isolation, and
superior mechanical properties which are rare for a non-mineralized bio-polymer.

Biomechanics of the Collagen Fibers and Collagen-Alginate Bio-Composites

The collagen fibers were analyzed by differential scanning calorimetry (DSC) to determine the
melting point of 68 ◦C [30], suggesting that these fibers are naturally cross-linked and providing
a possible explanation for their exceptional mechanical properties [14,16]. A detailed mechanical
analysis of the collagen fibers revealed a non-linear and hyper-elastic mechanical behavior with large
deformations similar to that of collagenous soft tissues [31]. The stress-strain curve shown in Figure 2E
can be divided into three main regions as reported in the literature for soft tissues [32]: (1) toe region,
(2) heel region, and (3) linear region. These regions are also presented for the collagen fiber stress-strain
curve in Figure 2E. In the toe region only, a low stress is necessary to achieve a large deformation.
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This region is a result of the 3D coiling of the fibers (Figure 1D) where the collagen fiber coiling
becomes straightened [32]. In the heel region there is non-linear stiffening in the stress-strain curve
(Figure 2E), in which the load increases and the collagen fibers straighten with the load direction [32].
The synchrotron by X-ray revealed that a lateral arrangement of the collagen fibrils increased linearly
with the strain [33]. The linear region follows the heel region, in which the stress-strain relation is linear,
the molecular crimps disappear, and the collagen fibers become straighter at high tensile stresses. The
collagen fibers are aligned together in the load direction, becoming straight and strongly resistant to
loading, which makes the tissue stiffer and the stress-strain relation returns to linear. Beyond the third
phase the ultimate tensile strength is reached and fibers begin to break until tissue failure [32]. For the
collagen fibers, the ultimate tensile strength (UTS) was 39–59 MPa (for ~15% strain) and the Young’s
modulus in the linear region was 0.34–0.54 GPa [30]. The 3% alginate hydrogel also demonstrated
non-linear behavior (n = 12), with high deformations, a tensile modulus of 0.91 ± 0.26 MPa and
an ultimate tensile strength of 0.19 ± 0.05 MPa, and a failure strain of 0.29 ± 0.08, three orders of
magnitude less than that of coral collagen fibers (Figure 2B,E). The collagen fibers retained their coiled
structure through post-processing and alignment inside the alginate matrix. The collagen/alginate
bio-composite (n = 8) with a fiber fraction of 0.33 ± 0.09 demonstrated a similar hyper-elastic behavior
to that of the collagen fibers with a UTS of 0.77 ± 0.21 MPa, tensile modulus of 5.54 ± 1.89 MPa, and
failure strain of 0.181 ± 0.024 (Figure 2C–E). The alginate hydrogel was found to influence the toe
region mechanical behavior of the bio-composite stress-strain curve, while the collagen fibers created
the stiffening effect at the heel and linear regions [24,25].

Figure 2. Bio-composite fabrication and mechanical behavior. (A) Sarcophyton collagen fibers aligned
on a metal frame; (B) 3% Alginate hydrogel; (C) Fabricated uniaxial bio-composite; (D) Uniaxial
bio-composite under tensile test; (E) Mechanical behavior of collagen fibers, alginate matrix, and
uniaxial bio-composite. The toe, heel, and linear regions are demonstrated on the Sarcophyton collagen
fiber stress-strain curve.
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Figure 3. Live imaging and quantification for cells seeded on 3% hydrogel alginate (A) on Sarcophyton
collagen fibers; (B) 24 h after seeding cells. Images are at ×100 magnification. (C) Cell circularity was
analyzed by ImageJ software. Bio-composite was made of collagen fibers embedded in 3% hydrogel
alginate. (D,E) Phase microscopic images of cells seeded on the bio-composite in a tissue culture dish
(F), were observed to have a mixed morphology of cells: elongated cells are visualized on the collagen
fibers along their orientation. On alginate the cells maintained a rounded shape. (G,H) Cells grown on
collagen fibers up to nine weeks formed a tissue-like structure (collagen fibers are shown in green and
cell nuclei are DAPI-stained blue). (I) Model of substrate stiffness and cells’ morphology. Cells on the
fibers are attached and become elongated with the substrate orientation, while cells on the alginate are
rounded as a result of no adhesion and the pressure applied by the alginate matrix.

The bio-composite material enables the production of 3D structures that allow cell growth while
retaining the natural mechanical features of the fibers. In the literature, some composite materials have
been presented based on synthetic electro-spun fibers such as poly lactic-co-glycolic acid (PLGA) or
on natural materials such as jellyfish collagen [12,18]. The hybrid scaffold demonstrates an effective
mechanical stability and biocompatibility. Considering its marine origin and the evolutionary distance
from vertebrates, this minimizes the risk normally associated with a mammalian collagen [12]. The
hybrid combination affects the biocompatibility, proliferation, degradation rate, and mechanical
strength and its duration [12]. The challenge is to design a 3D scaffold constructed of natural
materials that is also biocompatible with human cells. The biocompatibility of the fibers allows
cells to better attach and proliferate, subsequently leading to new tissue formation and better healing
and regeneration rates. To date, the main drawback related to natural scaffolding concerns its poor
mechanical properties. Therefore, collagen is considered a good source of biomaterials as it allows
the preservation of the original tissue shape and the ECM structure of the matrix. When collagen is
subjected to the chemical processes of extraction, isolation, purification, and polymerization, its natural
properties are reduced (such as the cross-linking that gives its tensile strength and proteolytic resistance
to collagenase) [6]. The particular collagen source is an important parameter for consideration since
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at present it is derived from bovine or porcine source and thus constitutes a risk of being a vector of
pathogens. Recently, it has been reported that collagen extracted from jellyfish is biocompatible and
supports cell viability [16,22]. The jellyfish collagen used as a scaffold is, however, known to possess
poor mechanical properties, and is thus of limited applicative use [34].

Figure 4. Illustration of potential use of collagen fibers embedded in a hydrogel bio-composite for
medical devices with adjusted mechanical properties that provide support and allow motion and
flexibility of the tissue under repair.

The soft-coral collagen fibers presented here have previously been studied by us at the molecular
level using a proteomic analysis that enabled us to characterize their organic matrices. A molecular
amino-acid sequence based on mass spectrometry (MS/MS) revealed a series of peptides [15,16]
that correspond to fibrillary collagen. The sequences were analyzed, revealing that the collagen
family of proteins has been well conserved through evolution, with their molecular sequence
already documented in some metazoans [35]. Regarding vertebrates, 29 collagens have been
characterized thus far, while for cnidarians the data available on collagens are limited (taxonomy
browser NCBI—https://www.ncbi.nlm.nih.gov/protein/). Among this latter group, most of the
recognized references are from sea anemones and jellyfish, and most of the reports provide only partial
sequences (RefSeq Protein Database, NCBI). Moreover, the majority of collagen and collagen-like
proteins described in invertebrates belong to the non-fibrillary and soluble structure subtype IV. Only
a few are associated with collagen Type I, the constituent with the taxonomically closest source.
A comparison of the peptides sequences obtained from the MS/MS assay on Sarcophyton ehrenbergi
and Sarcophyton auritum collagen fibers to the UniProt database identify a remarkable homology to
fibrillary mammalian collagen [15,16].

It is well recognized that fibrillary collagen harbors well-conserved motifs such as integrin-
binding, the von Willebrand factor type A (vWFA) domain, the vWFA subfamily, the metal
ion-dependent adhesion site (MIDAS) and fibronectin type 3 domain [36], and the immunoglobulin-like
and cytokine receptor motif. Integrins are the main family of cell adhesion molecules, functioning
to transduce signaling in and out of the cell by linking the cytoskeleton to ECM proteins, and their
essential role in cell adhesion is well characterized. In addition, a laminin G domain motif recognized in
the collagen fiber sequence also has a role in cell adhesion, signaling, migration, and differentiation [37].
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Thus, fibrillar collagen possesses motifs that support cell adhesion and make it an essential component
for scaffold formation in providing the conditions for cell attachment and spread, thereby supporting
cell growth. In addition to the numerous cell adhesion motifs, high molecular weight glutenin subunits
are also present in collagen fibers. This is attributed to the elastomeric proteins, which are characterized
by their ability to withstand significant physical deformations without breaking, and to return to their
original conformation when the stress is removed [38]. The outstanding mechanical properties of the
cord-like long collagen fibers revealed in our studies [24–26] may thus be in part attributed to their
elastomeric nature. We also identified a proteoglycan-rich organization that might underlay their
structure and mechanical strength [27]. The biomolecular data on these collagen fibers isolated from
Sarcophyton ehrenbergi, compiled from their molecular and protein features along with their mechanical
properties, make these fibers a unique candidate for use as a scaffold material.

Our experiments were based on (i) cells seeded on 3% alginate (Figure 3A,C), (ii) cells seeded
on collagen fibers (Figure 3B,C), and (iii) cells seeded on collagen-alginate composite (Figure 3D–F).
In these cultures, we observed different cell morphologies (Figure 3) according to their substrate
stiffness (Figure 2). The cells’ different morphologies were examined using live imaging, which
allowed us to quantify cell shape parameters as circularity [defined as (4πArea/[Perimeter]ˆ2)] by
ImageJ software). Cells seeded on 3% alginate hydrogel displayed a circularity of 0.89 ± 0.0014
(n = 1222) (Figure 3A,C), while for cells seeded on collagen fibers the measured cell circularity was
0.575 ± 0.025 (n = 79) (Figure 3B,C), exhibiting a significant difference of p < 0.0001. This is explained
by the stiffer properties of the collagen fibers (Figure 2), which bring to transduction of forces that
lead cells to spread on the collagen fibers via adhesion molecules that bound the domains on the
collagen (as described above). The transduced forces activate the cytoskeleton response to the cells’
tensional forces, demonstrating a more elongated shape. The activated signaling pathways affect cell
proliferation and growth, leading to the tissue-like formation observed in Figure 3F–H.

The bio-composite was tested as a potential support for cell growth support (Figure 3D–F),
by seeding cells on a collagen-alginate composite, in which the alginate hydrogel surrounded the stiffer
collagen fibers. We noticed that cells sensed the different rigidities of the components, which affected
their morphology (Figure 3A–C). When cells were plated on collagen fibers only they proliferated and
grew for several weeks into a tissue-like structure as seen following nine weeks in culture (Figure 3G,H).
This phenomenon is explained at the molecular level as tethering that underlies the cellular contractile
forces, creating a connection with molecules that sense the substrate stiffness. ECM proteins anchorage
and tethering play a role in regulating mechano-responsive cellular behaviors. The cellular sensing of
an effective environmental rigidity combined with molecular tethering transduce through cytoskeleton
backbone deformation [39]. By applying various densities of the collagen fibers in a bio-composite
material, we produced a range of stiffness levels for different purposes of scaffolding. Collagen fibers
able to provide different degrees of substrate stiffness, enabling different cues for cell activation,
growth, and fate, can be adapted for specific applications as suggested in our previous study [7] and as
related to the various applications suggested in Figure 4. The presented collagen-alginate composite,
which demonstrated superior mechanical compatibility (e.g., strength and elasticity) alongside the
biocompatibility properties as presented in Figure 3, therefore holds great potential for use in tissue
grafts in different tissues e.g., Figure 4.

Concerning future biomedical devices, the production of soft tissue grafts that support
biocompatibility and cell function together with an appropriate mechanical compatibility is still
a challenge [5]. Although many efforts have been focused on the aspects of biological compatibility,
the mechanical behavior of the graft is no less important. A functioning graft will require compatible
mechanical properties in order to support the new tissue formation and produce the appropriate
physiological activity. The challenge for researchers is thus to develop new materials for tissue repair
that demonstrate biocompatibility and integration with the native tissue, while also maintaining the
mechanical properties of the new tissue formed. The risk in using a mechanically unsuitable implant
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lies in the formation of stress concentration occurring at the interphase with the native tissue, which
can lead to hyperplasia or even graft failure [5,17].

Here we used a bio-composite material that mimics the components of the natural tissue: the
collagen fibers provide the load-bearing ability while the hydrogel provides the ECM-like properties
for the cells’ surroundings. The effective mechanical behavior of the bio-composite lies between that
of the fibers and the matrix, where the local mechanical behavior is soft enough for the cells and
stiff enough to support new tissue formation, as demonstrated in the studied macroscopic mixture
combined from the two constituent materials. The current study on composite materials with the
potential to create a hybrid material was inspired by both industrial composites and the structure of
natural tissues. Tailoring the mechanical behavior of the bio-composite to the targeted tissue can be
achieved by changing the collagen fiber fraction and orientation [6–8].

3. Materials and Methods

3.1. Coral Used for Isolation of Collagen Fibers

Sarcophyton soft corals (Figure 1A) were frozen following harvesting and defrosted prior to fiber
extraction. A piece of the colony was torn to expose the fibers, which were then physically pulled out
from the soft coral (Figure 1B). The fibers were manually spun around a thin rectangular-shaped metal
frame to create unidirectional, straight, and organized array of fiber bundles (Figure 2A). The aligned
fibers were carefully washed several times in water, PBS, and then with 70% ethanol.

3.2. Microscopy Fiber Analysis

Fluorescence microscopy—Collagen fibers isolated from the coral were visualized under a
fluorescence microscope at 305–450 nm (Optiphot, Nikon, Tokyo, Japan).

Phase contrast microscopy—Live cell cultures were observed under phase contrast microscopy
and digital photography (Optiphot, Nikon, Tokyo, Japan).

Scanning electron microscopy (SEM)—For scanning electron microscopy, subsamples were fixed
in 4% glutaraldehyde in filtered seawater (0.22 μm FSW), decalcified as described above, dehydrated
through a graded series of ethanol up to 100%, and critical point dried with liquid CO2. The
preparations were fractured under a compound microscope, using the tips of fine forceps, and the
gastrovascular cavities were then carefully exposed. Next, they were gold-coated and examined under
a scanning electron microscope (SEM Jeol-840a, Jeol LTD., Tokyo, Japan). In order to obtain fiber
preparations, fibers were isolated as explained above and stored in 70% ethanol. They were then
processed, coated with gold-palladium alloy, and examined at high vacuum under an environmental
scanning electron microscope (SEM and ESEM, JSM-6700 Field Emission Scanning Electron Microscope,
Jeol LTD., Tokyo, Japan). The diameters of collagen fibers and fibrils were obtained from the images,
using the ImageJ software.

3.3. Bio-Composite Fabrication

The extracted fiber bundles were sterilized (Figure 2A), arranged on a metal frame, and then
inserted into a dialysis membrane (6000–8000 MWCO, Spectra Por, Spectrum Labs Inc., Rancho
Dominguez, CA, USA) together with 3 mL sodium alginate solution (3% w/v in DDW (Protanal LF
10/60, FMC BioPolymer, Philadelphia, PA, USA)). The membrane was sealed, flattened, and soaked
in CaCl2 (0.02 M Ca for Tissue culture (TC) experiments or 0.1 M for mechanical testing) solution
used as a cross-linker through diffusion for 48 h at room temperature to allow the gelation of the
alginate to hydrogel. The bio-composite was then removed from the membrane and the frame was
sterilized by immersion in 70% ethanol and further used for cell seeding. Alginate hydrogel samples
were fabricated by the same protocol, excluding the embedding of fibers.

144



Mar. Drugs 2018, 16, 102

3.4. Fiber Volume Fraction in the Bio-Composite

The aligned fiber images were placed against a dark background and their images were acquired
using a digital microscope (AM311S, BigCatch, Torrance, CA, USA). The images were processed into
binary numerical arrays, and the percentage of white pixels (representing the fibers) was calculated in
order to determine the fiber fraction. The fraction was normalized to the final bio-composite thickness.
The calculations were done using Matlab code.

3.5. Mechanical Testing of the Bio-Composites and Alginate Hydrogels

Tensile testing was performed on an Instron machine model 5582 with Blue hill 2 operating
software and a 100-N load cell at a rate of 0.05 mm s−1. The tensile measurements included three
cycles of preconditioning up to 10%, followed by stretching to failure parallel to the fibers’ direction.

3.6. Tissue Culture

Mouse mesenchymal 3T3-L1 cells were seeded in a growth medium consisting of Dulbecco’s
modified Eagle’s medium (450 mg/dL; Biological Industries, Beit Haemek Ltd., Beit Haemek, Israel),
10% fetal bovine serum (Biological Industries), 1% L-glutamine (Biological Industries), and 0.1%
penicillin-streptomycin (Sigma, St. Loius, MO, USA). Cell morphology was analyzed using ImageJ
software (National Institute of Health, Bethesda, MD, USA).
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Abstract: In the present study, response surface methodology was performed to investigate the effects
of extraction parameters on pepsin-solubilised collagen (PSC) from the skin of the giant croaker
Nibea japonica. The optimum extraction conditions of PSC were as follows: concentration of pepsin
was 1389 U/g, solid-liquid ratio was 1:57 and hydrolysis time was 8.67 h. Under these conditions,
the extraction yield of PSC was up to 84.85%, which is well agreement with the predict value of
85.03%. The PSC from Nibea japonica skin was then characterized as type I collagen by using sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The fourier transforms infrared
spetroscopy (FTIR) analysis revealed that PSC maintains its triple-helical structure by the hydrogen
bond. All PSCs were soluble in the pH range of 1.0–4.0 and decreases in solubility were observed
at neutral or alkaline conditions. All PSCs had a decrease in solubility in the presence of sodium
chloride, especially with a concentration above 2%. So, the Nibea japonica skin could serve as another
potential source of collagen.

Keywords: marine collagen; Nibea japonica; response surface methodology; optimization; characterization

1. Introduction

Collagen is the predominant structural protein in the extracellular matrix of animals, making up
about 30% of the total protein content [1,2]. Nowadays, collagen has been widely used in biomedical
fields, such as sponges for wound healing [3,4], cornea for ophthalmology [5], hydrogels for articular
cartilage [6], scaffolds for bone regeneration [7], and so on. Collagen is also a very attractive ingredient
in cosmetics [8]. Furthermore, its hydrolysate (collagen peptide) has also been widely used as
function foods or cosmetic additive with its antioxidant activity [9,10]. Collagens used in these
fields are commonly extracted from skins or bones from bovine and porcine, while porcine collagens
are unacceptable for some religions and bovine collagens are at risk of contamination with prion
diseases [11]. Taking into account these limitations, there is the need for preparing safe, high quality
collagens from alternative resources.

Recently, recombinant technology has been used to produce human collagen or collagen-like
protein, especially expression of hydroxylated collagen [12,13]. Due to its high cost of production
and low yield (no more than 2.0 g/L of hydroxylated collagen), it seems not to be a suitable method
for industrial production of collagen. Nowadays, collagen extracted from marine fish byproducts
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has gathered more attention due to non-religious restrictions and safety when compared to other
animals [14]. Various marine fish by-products have been used for extracting collagen, such as the
skin of Aluterus monocerous [2], scales of Pseudosciaena crocea [9], skin and bone of Scomberomorous
niphonius [15], skin and swim bladder of Lates calcarifer [16], and so on. The biochemical and functional
characteristics of the collagen from different by-products will be different. In addition, the extracted
collagen is also used for enzymatic hydrolysis to obtain the bioactive collagen peptides [4,17,18].

Giant croaker, Nibea japonica is a carnivorous fish which is cultured and considered as a promising
species for marine aquaculture in East Asia because of its high value, fast growth speed, easy receptivity
to captivity and the availability of production technology [19,20]. However, collagen from Nibea japonica
has not been reported and its characterization is also unknown. In this study, pepsin-solubilised
collagen (PSC) from Nibea japonica skin was extracted and characterized for the first time. So far there is
no published work on studies on various extraction conditions on the yield of PSC from Nibea japonica
skin. As many factors may affect the extraction yield of collagen, response surface methodology (RSM)
and Box-Behnken design (BBD) was performed in this study to optimize the extraction conditions
for extracting higher yield of PSC. Furthermore, the properties of PSC were also characterized by
determining its protein patterns, amino acid composition, fourier transforms infrared spetroscopy
(FTIR) spectra and so on.

2. Results and Discussion

2.1. Single Factor Results

2.1.1. Effect of Enzyme Concentration on the Extraction Yield of PSC

In the previous studies, collagens were often extracted by using acid extraction and enzymatic
extraction [15,16]. However, the acid solubilisation process gives a low yield of collagen. Since pepsin
or papain is able to cleave peptides in the telopeptide region of collagen and the helical arrangement can
exist in the PSC or papain digested collagen. However, there are some other proteins (above 97.4 kDa)
in the papain digested collagen when compared to the PSC [21]. So, pepsin was chosen for extracting
collagen in this study. Then, different pepsin concentrations (800, 1200, 1600, 2000 and 2400 U/g) were
used to investigate the effect of pepsin concentration on the extracting yield of PSC. The other two
extraction parameters were set as follows: solid-liquid ratio was 1:45 and hydrolysis time was 8 h in
0.5 M acetic acid buffer. As shown in Figure 1a, the PSC extraction yield significantly increased from
66.35% to 79.93% when pepsin concentration varied from 800 to 1200 U/g and then slightly increased
when pepsin concentration exceeded 1200 U/g. Considering the higher-cost industrial extraction
process, the amount of 1200 U/g pepsin was used for further optimization.

Figure 1. Effects of enzyme concentration (a), liquid-solid ratio (b) and hydrolysis time (c) on extraction
yield of collagen from Nibea japonica skin.
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2.1.2. Effect of Solid-Liquid Ratio on the Extraction Yield of PSC

Different solid-liquid ratio (1:25, 1:35, 1:45, 1:55 and 1:65) was used to study the effect of
solid-liquid ratio on the extraction yield of PSC. The other two extraction parameters were set as follows:
pepsin concentration was 1200 U/g and hydrolysis time was 8 h in 0.5 M acetic acid buffer. As shown
in Figure 1b, the extraction yield of PSC was significantly increased with increasing liquid-solid ratio
between 1:25 and 1:55. So, the solid-liquid ratio of 1:55 was selected for next optimization.

2.1.3. Effect of Hydrolysis Time on the Extraction Yield of PSC

To check the effect of hydrolysis time on the extraction yield of PSC, different hydrolysis time
(4, 6, 8, 10 and 12 h) was carried out in this study. The other two extraction parameters were set as
follows: pepsin concentration was 1200 U/g and solid-liquid ratio was 1:55 in 0.5 M acetic acid buffer.
As shown in Figure 1c, the extraction yield of PSC was significantly increased with hydrolysis time
between 4 and 8 h. Therefore, the hydrolysis time of 8 h was selected for the next optimization.

2.2. Optimization of Extraction Parameters of PSC Using RSM

2.2.1. Response Surface Analysis

After screening, RSM using BBD was used to obtain the optimal levels of the three above factors
that significantly affected the yield of PSC. The experimental design and results are shown in Table 1
On the basis of the regression analysis of the data in Table 1, the effects of these three factors on
the extraction yield of PSC were predicted by using a second-order polynomial function as follows:
Y = 83.73 + 3.53X1 + 1.47X2 + 1.78X3 − 0.11X1X2 − 0.59X1X3 − 0.80X2X3 − 3.68X1

2 − 2.03X2
2 − 1.89X3

2

(where Y was the extraction yield of PSC, and X1, X2, X3 were the pepsin concentration, solid-liquid
ratio and hydrolysis time, respectively).

Table 1. The Box-Behnken design and the response for the extraction yield of pepsin-solubilised
collagen (PSC).

Runs
Enzyme Concentration

(X1)
Solid-Liquid Ratio

(X2)
Hydrolysis Time

(X3)
PSC Yield (%)

(Y)

1 0 0 0 83.88
2 0 1 −1 81.38
3 −1 1 0 76.01
4 0 1 1 82.78
5 1 1 0 82.36
6 0 0 0 83.39
7 −1 0 −1 75.97
8 0 −1 −1 75.24
9 0 −1 1 80.85
10 1 0 −1 80.95
11 1 0 1 82.91
12 1 −1 0 80.25
13 0 0 0 83.91
14 −1 0 1 76.53
15 −1 −1 0 74.44

In order to determine the significance of the quadratic model, the analysis of variance (ANOVA)
was performed and the results are shown in Table 2. As suggested by the model F value and a low
probability value (p = 0.0001), it was obvious that the model was highly significant. The lack of fit
F value in this model was about 6.13 and it suggested that the lack of fit was not significant relative to
the pure error. The determination coefficient (R2 = 0.9920) by ANOVA of this model and the adjusted
determination coefficient (Adj R2 = 0.9777) also indicated that the model was highly significant. So, this
model was selected in this study for optimizing.
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Table 2. Analysis of variance of regression model.

Source Sum of Squares df Mean Square F Value p Value

Model 216.13 9 24.01 69.10 0.0001
X1 99.83 1 99.83 287.24 <0.0001
X2 17.26 1 17.26 49.66 0.0009
X3 25.45 1 25.45 73.24 0.0004

X1X2 0.053 1 0.053 0.15 0.7125
X1X3 1.37 1 1.37 3.94 0.1040
X2X3 2.58 1 2.58 7.41 0.0417
X1

2 50.13 1 50.13 144.23 <0.0001
X2

2 15.17 1 15.17 43.65 0.0012
X3

2 13.15 1 13.15 37.83 0.0017
Residual 1.74 5 0.35

Lack of fit 1.57 3 0.52 6.13 0.1435
Pure Error 0.17 2 0.085
Cor Total 217.86 14

R2 0.9526
Adj R2 0.9777

Furthermore, three-dimensional response surfaces and contour plots were generated from the
model equation to visualize the relationship between the extraction yield of PSC and extraction
factors (Figure 2). It also show the optimal levels of each component required for the extraction
of PSC (Figure 3). These three-dimensional response surfaces and contour plots provided a visual
interpretation of the mutual interactions between two factors. The maximum predicted yield of PSC
was 85.03% under the following conditions: concentration of enzyme was 1389 U/g, solid-liquid ratio
was 1:57 and hydrolysis time was 8.67 h.

Figure 2. Cont.
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Figure 2. Three-dimensional response surface plots (left) and two-dimensional contour plots
(right) showing the effects of (a) enzyme concentration (X1) vs. liquid-solid ratio (X2), (b) enzyme
concentration (X1) vs. hydrolysis time (X3) and (c) liquid-solid ratio (X2) vs. hydrolysis time (X3) on
extraction yield of collagen from Nibea japonica skin.

Figure 3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of PSC
from Nibea japonica skin. M: Protein molecular weight marker; Lane 1–3: Purified PSC from Nibea
japonica skin.

2.2.2. Validation of the Models

Three additional experiments were performed in order to verify the predicted yield under the
optimal extraction conditions. The mean value of PSC yield was 84.85%, which was in excellent
agreement with the predicted value, under the similar conditions.

2.3. SDS-PAGE Analysis

The protein patterns of PSC from Nibea japonica skin were analyzed by SDS-PAGE (Figure 3).
As shown in Figure 3, PSC from Nibea japonica skin consisted of two α1-chains and one α2-chain.
The β and γ chains as well as the cross-linked constituents were also observed in this study (Figure 3).
PSC extracted from Nibea japonica skin may have the structure of (α1)2α2, which was classified as
Type I collagen. Our results were consistent with the collagens from other marine fish skins, such as
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PSC from Aluterus monocerous [2], PSC from Scomberomorous niphonius [15] and PSC from Istiophorus
platypterus [22].

2.4. Amino Acid Composition of PSC

The amino acid composition of PSC from Nibea japonica skin was determined and the results are
shown in Table 3 and compared with collagen from calf skin, type I collagen from porcine skin and
human [23–25]. The most abundant amino acids found in PSC from Nibea japonica skin were glycine
(Gly), alanine (Ala), proline (Pro) and hydroxyproline (Hyp). In this study, Gly was found to be the
major amino acid in PSC (348 residues/1000 residues), the result is accordance with the (Gly-Xaa-Yaa)
n repeat structure in all collagen molecules. It is known that the Xaa and Yaa positions can be occupied
by any other amino acid, but the most common residue for Xaa is Pro and for Yaa is Hyp [26], forming
the most common triplet repeats that found in most collagens (Gly-Pro-Hyp) n [22]. The Pro and Hyp
contents of the PSC was 116 residues/1000 residues and 75 residues/1000 residues, respectively, which
is similar to that of PSC from skin of Aluterus monocerous [2]. The rate of proline hydroxylation was
about 39.3% for PSC from Nibea japonica skin. There were no tryptophan and cysteine residues in the
PSC from Nibea japonica skin.

Table 3. Amino acid compositions of PSC from Nibea japonica skin (results are expressed as
residues/1000 residues).

Amino Acid
Nibea japonica

Skin PSC
Calf Skin

Collagen [23]
Type I Collagen of
Porcine Skin [24]

Type I Collagen of
Human [25]

Aspartic acid 43 45 44 43
Threonine 20 18 16 17

Serine 29 33 33 33
Glutamic acid 73 75 72 71

Glycine 348 330 341 335
Alanine 128 119 115 111
Cysteine 0 0 0 0

Valine 19 21 22 26
Methionine 10 6 6 6
Isoleucine 9 11 10 9
Leucine 25 23 22 23
Tyrosine 3 3 1 2

Phenylalanine 6 3 12 12
Histidine 8 5 5 6

Lysine 30 26 27 23
Arginine 51 50 48 50
Proline 116 121 123 120

Hydroxyproline 75 94 97 103
Imino acid 191 215 220 223

2.5. UV-Visible Spectroscopy

It is known that collagen has a single absorption peak at 230 nm because of its triple helical
structure, so UV-visible spectroscopy of collagen can be used to evaluate its purity [14,27]. As shown
in Figure 4, PSC extracted from Nibea japonica skin showed a single absorption peak at 230 nm. Our
result was similar to the collagen that has been isolated from other fish species. It is also necessary to
point out that no any other obvious peaks were found at 280–300 nm while other proteins usually have
absorption peaks at 280 nm. This is because the tyrosine content in collagen was very low. Finally,
the UV-visible spectroscopy of PSC indicated that the extracted proteins using pepsin extraction was
collagen and it also shown that pepsin extraction was the efficient methods to obtain purity collagens.
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Figure 4. UV-visible spectroscopy of PSC from Nibea japonica skin.

2.6. Fourier Transforms Infrared Spetroscopy (FTIR) Analysis

The FTIR spectra of PSC from Nibea japonica skin is shown in Figure 5. These peaks correspond
to five main amide bonds (amide A, B, I, II and III). The amide A bands of PSC was measured at
3305.90 cm−1. The value is associated with N-H stretching frequency and indicate the presence of
hydrogen bonds. The free N-H frequency vibration occurs at 3400–3440 cm−1 and shifts lower to
3300 cm−1 [28]. The amide B band of PSC was measured at 2928.38 cm−1, which was consistent
with asymmetrical stretch of CH2 [29]. The amide I band of PSC was detected at 1641.35 cm−1,
fitting well with the range of 1600–1700 cm−1 for general amide I band position. The amide II
band of PSC was measured at 1550.26 cm−1, fitting well with the range of amide II band position
(1550–1600 cm−1). Finally, the amide III band of PSC was measured at 1240.47 cm−1, which indicated
the helical arrangement existed in the PSC from Nibea japonica skin [29,30].

Figure 5. FTIR analysis of PSC from Nibea japonica skin.

2.7. Effects of pH and Sodium Chloride on PSC Solubility

The effects of pH and sodium chloride on the solubility of PSC from Nibea japonica skin were also
investigated in the present study. As shown in Figure 6a, the PSC was dissolved in the acidic pH range
of 1.0–4.0. The decrease in solubility was observed in the pH range of 5.0–7.0 and the dissolved protein
was found to be deposited in this pH range. However, the slight increase in solubility was shown
in the pH range of 8.0–10.0. Our results were consistent with the collagens from the skin of Spanish
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mackerel [15], bone and skin of Hypophthalmichthys molitrix [14] and skin of Ictalurus punctatus [31].
As shown in Figure 6b, all PSCs had a slight decrease in solubility with the concentrations of sodium
chloride lower than 2% and drastic decrease was observed with the concentrations of sodium chloride
higher than 2%. Similar reports were reported from the skin of Ictalurus punctatus [31] and skin of
Aluterus monocerous [2].

Figure 6. Effects of pH (a) and sodium chloride (b) on PSC solubility.

3. Materials and Methods

3.1. Materials and Chemical Reagent

Nibea japonica skins were provided by Zhejiang Marine Fisheries Research Institution (Zhoushan,
China). The age of these fish was about one year and the average weight is about 0.4–0.5 kg. The fish
skins were thawed at 4 ◦C and the residues under skins were removed. The cleaned fish skins were cut
into small pieces and then stored at −20 ◦C until used for extracting of collagen. Pepsin was purchased
from YTHX Biotechnology Co., Ltd. (Beijing, China). L-hydroxyproline and chloramine T trihydrate
were purchased from Aladdin (Shanghai, China). All other reagents used were analytical grade.

3.2. Extraction of PSC from Nibea japonica Skin

The PSC from Nibea japonica skin was extracted according to the previous methods with slight
modification [11,32]. Ten grams of fish skins were weighed precisely and in order to remove other
proteins, the fish skins were then treated with 10 volumes (v/w) of 0.1 M NaOH for 24 h at 4 ◦C
with continuous stirring. The alkali-treated fish skins were neutralized by washing repeatedly with
pre-cooling distilled water and extracted by 1200 U/g pepsin in a ratio of 1:55 (w/v) for 10 h at 4 ◦C
in 0.5 M acetic acid. The extractions were then centrifuged at 12,000 rpm for 10 min at 4 ◦C and the
supernatants were collected. The supernatants were dialyzed against cold distilled water until the
neutral pH was reached by using a dialysis bag with molecular weight cut-off of 25 kDa at 4 ◦C with
a gentle stirring. The final solution was then lyophilized using d freeze dryer (ALPHA 1-2 LD plus,
Christ, Germany). The Hyp content in the PSC or fish skins was calculated according to the previous
study [33] and the extraction yield of PSC was calculated using the equation as follows:

PSC extraction yield (%) =
Hydroxyproline content in PSC

Hydroxyproline content in fish skin
× 100% (1)

3.3. Experimental Design and Statistical Analysis

Single factor experiments were carried out for establishing the preliminary range of the extraction
variables, such as pepsin concentration, solid-liquid ratio and hydrolysis time. Then, RSM and
BBD were applied to optimize the three extraction parameters for improving the yield of PSC from
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Nibea japonica skin. The range and levels of the variables investigated in the present study were given
in Table 4.

Table 4. Independent factors and their levels used in the response surface design.

Independent Factors Symbol
Level of Factor

−1 0 1

Enzyme concentration (U/g) X1 800 1200 1600
Solid-liquid ratio (v/w) X2 1:45 1:55 1:65

Hydrolysis time (h) X3 6 8 10

RSM with BBD was performed to obtain the optimum conditions for PSC extraction. For statistical
calculations, the factors were coded according the equation as follows:

χi =
Xi − Xo

ΔX
(2)

where, χi is the coded value of the independent factor, Xi is the actual value of the independent factor,
Xo is the actual value of Xi at the center point and ΔX is the step change value. As shown in Table 2,
the Box-Behnken design in the experiment design consists of 15 experimental points and the data from
experiment design were explained by multiple regressions to fit the second-order polynomial equation
as follows:

Y = βo + ∑βiXi + ∑βijXiXj + ∑βiiXiXi (3)

where, Y is the dependent variable (PSC yield, %); βo is the intercept term, βi is the linear regression
coefficient, βii is the aquared coefficient and βij is the interaction coefficient. Xi and Xj are levels of
the independent variables. Each experiment design was determined in triplicate and the data were
analyzed using the software Design-Expert 8.0.5 (State-Ease Inc., Minneapolis, MN, USA).

3.4. SDS-PAGE Analysis

The PSC samples from Nibea japonica skin were then analyzed by using SDS-PAGE according
to the method described by Tang et al. [34]. The PSC samples were firstly dissolved in 0.5 M acetic
acid and mixed with the loading buffer. Electrophoresis was performed on 7.5% gels and high protein
molecular weight marker (Takara, Dalian, China) was used to estimate the molecular weight of PSC.

3.5. Amino Acid Composition of PSC

The lyophilized PSC samples were hydrolyzed with 6 M HCl at 110 ◦C for 24 h without oxygen
and then vaporized. The hydrolysates were then analyzed by using a Hitachi amino acid analyser
L-8800 (Hitachi, Tokyo, Japan). The content of Hyp was accurately measured according to the protocol
described by Tang et al. [1].

3.6. UV-Visible Spectroscopy of PSC

The UV-visible spectrum of PSC from Nibea japonica skin was determined by a Shimadzu
spectrophotometer (Shimadzu, Kyoto, Japan). The lyophilized PSC samples were dissolved in 0.5 M
acetic acid and then centrifuged at 12,000 rpm for 10 min at 4 ◦C. The absorbance of the supernatant
was measured at different wavelengths (from 200 nm to 700 nm) to get its UV-visible spectrum.

3.7. FTIR Spectra of PSC

FTIR spectra of lyophilized PSC samples were measured on a Bruker Tensor 27 FTIR spectrometer
(Bruker, Rheinstetten, Germany) using the method described by previous studies. The spectra were
produced with a wavelengths range from 4000 to 450 cm−1 at a resolution of 1 cm−1 for a single scan.
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3.8. Effects of pH and Sodium Chloride on PSC Solubility

Lyophilized PSC samples (3 mg/mL) were first dissolved in 0.5 M acetic acid. Then, PSC solution
(8 mL) was transferred to a centrifuge tube (15 mL) and the pH was adjusted with 6 N HCl or 6 N
NaOH to get the final pH ranging from 1.0 to 10.0 and constant-volumed to 10 mL by deionized
water. The mixtures were centrifuged at 12,000 rpm for 10 min at 4 ◦C and the protein content in the
supernatant was measured by the Bradford method.

The effect of sodium chloride on PSC solubility was determined as follows: PSC (6 mg/mL) was
dissolved in 0.5 M acetic acid and 5 mL of this solution was added with 5 mL sodium chloride (in 0.5 M
acetic acid) with a series of concentrations (0, 2, 4, 6, 8, 10 and 12%) to the final concentrations of 0, 1, 2,
3, 4, 5 and 6%. The mixtures were then stirred at 4 ◦C for 30 min and then centrifuged at 12,000 rpm
for 10 min at 4 ◦C. The protein content in the supernatant was measured as described above.

4. Conclusions

In the present study, RSM was used to optimize the extraction process of PSC from Nibea japonica
skin. The pepsin concentration of 1389 U/g, solid-liquid ratio of 1:57 and hydrolysis time of 8.67 h
was found to be optimal for PSC extraction; giving a yield of 84.85%. The extracted PSC was then
characterized as type I collagen using SDS-PAGE electrophoresis, and the FTIR analysis also revealed
that PSC maintains its triple-helical structure. All PSCs were soluble in the pH range of 1.0–4.0 and
decreases in solubility were observed at neutral or alkaline conditions. All PSCs had a decrease in
solubility in the presence of sodium chloride, especially with a concentration above 2%. Further study
will be performed to investigate whether this collagen can be used in biomedical applications and
other fields.
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Abstract: Collagen is one of the most widely used biomaterials, not only due its biocompatibility,
biodegradability and weak antigenic potential, but also due to its role in the structure and function of
tissues. Searching for alternative collagen sources, the aim of this study was to extract collagen from
the skin of codfish, previously obtained as a by-product of fish industrial plants, and characterize
it regarding its use as a biomaterial for biomedical application, according to American Society for
Testing and Materials (ASTM) Guidelines. Collagen type I with a high degree of purity was obtained
through acid-extraction, as confirmed by colorimetric assays, SDS-PAGE and amino acid composition.
Thermal analysis revealed a denaturing temperature around 16 ◦C. Moreover, collagen showed a
concentration-dependent effect in metabolism and on cell adhesion of lung fibroblast MRC-5 cells.
In conclusion, this study shows that collagen can be obtained from marine-origin sources, while
preserving its bioactivity, supporting its use in biomedical applications.

Keywords: marine-origin collagen; codfish; biophysical characterization; biologic activity; ASTM
guidelines; biomedical application; marine biomaterials

1. Introduction

Collagen is the most abundant protein in vertebrates, playing a dominant role in the maintenance
of the biological and structural integrity of tissues, and contributing to the molecular architecture,
shape, and mechanical features [1]. It is a trimeric molecule consisting of three polypeptide α-chains,
which are woven in a triple helix forming homotrimers or heterotrimers, depending on the collagen
type. Currently, about 28 types of collagen are identified in human tissues. About one-half of the total
human body collagen is present in the skin, being mostly collagen type I [2,3], with each tropocollagen
(individualized) molecule composed of two equal α1 chains and one α2 chain.

Collagen has revealed excellent biocompatibility, biodegradability and biorenewal, and weak
antigenicity [4]. Moreover, collagen-cell interaction is well understood. Such properties and
knowledge led to the development of a plethora of collagen-based biomedical devices, including
drug delivery systems, surgical sutures, hemostatic agents and tissue-engineering applications [2,5].
In addition, collagen has a well-preserved structure and amino acid composition between species,
which contributes to the mentioned properties when considering the use of non-human collagens in
the biomedical context.
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Considering commercial exploitation, the available collagen is mainly obtained from terrestrial
animals, namely bovine, porcine, caprine and rat species. Despite the fine screening of transmissible
diseases, the risk of transmission of bovine spongiform encephalopathy, ovine and caprine scrape,
foot-and-mouth disease and swine influenza from animals to humans is nonetheless a concern [6,7].
Collagen obtained from fish may be a safer alternative, since there is no known risk of disease
transmission. Moreover, fish processing by-products, such as skin, bones and scales, are abundantly
available, assuring the sustainable exploitation of marine resources through the valorization of residues,
while addressing associated environmental pollution issues [8,9]. Besides fish, many other marine
organisms from different taxa have been studied as origins of biomass for the extraction of collagen,
from a fundamental perspective or as raw-material for biopolymer production. Examples can be found
on marine sponges [10–15], jellyfish [16–18], anemones [19,20], corals [21], squids [22–24] and different
echinoderms [25–27].

To allow the use of such marine-origin collagen in pharmaceutical, cosmetics or biomedical fields,
adequate processing of raw material is required, following highly demanding and strict regulations,
which can be particularly challenging when using fish by-products as skins and hence associated with
high cost. Although those efforts would be fully covered by the high added value of the envisaged
applications, one should also consider the expected differences between marine origin collagens and
mammal collagens, particularly regarding denaturation temperature, which is commonly lower for
marine collagens [9], but also the rheological properties exhibited by aqueous solutions of this molecule,
which we can infer in a rough way by the normally less-viscous character of marine collagen solutions
or dispersions when compared with those produced with mammal collagens. These differences are
commonly associated with alterations in the hydroxyproline contents and/or hydroxylation degree
of proline amino acids, which are reduced in marine collagens. This has been recently confirmed
by a comparative study by Bao et al. [28], which also raised the possibility of a synergistic effect
of hydroxyproline and cysteine, affecting not only the thermal properties of collagen, but also its
mechanical properties. Other possibilities to overcome the limited mechanical properties may be
the establishment of extraction protocols that render more native macromolecular entities, namely,
preserving interaction with glycosaminoglycans [29], or addressing processing features, namely,
chemical crosslinking [30,31].

Fish collagen has been obtained from different species, including rohu, catla, megrim, dover
sole, codfish, hake, carp, shark, spotted golden goatfish, tuna, niger triggerfish, tilapia and northern
pike [6,32–41]. In these studies, the main concern is the establishment of valuable extraction processes,
and collagen physical and chemical properties, while the biomedical potential is rarely addressed,
with reports on biological assessment or biological validation of the extracted collagen typically
lacking. This study is intended not only to explore codfish skin as a sustainable and valuable source of
collagen, by establishing an extraction methodology to produce high-purity collagen extracts from
industrial by-products, but also to address its biomedical potential by characterization according to
the guidelines established by the appropriate American Society for Testing and Materials (ASTM)
Standard F 2212 [42]—a document designed by ASTM International that defines the methodologies to
be used as a reference for the characterization of collagen entitled for use as a component of surgical
implants and tissue-engineered medical products, including the use of the extracted codfish collagen
as a substrate for human fibroblast cell culture.

2. Results and Discussion

2.1. Electrophoretic Profiling of Acid-Soluble Collagen Extracted from Codfish Skin

To confirm the type of collagen extracted and its purity, SDS-PAGE was performed, which
destroyed the structure of the protein and separated the respective components according to their
electrophoretic mobility (Figure 1A). Extracted collagen has two clear bands attributed to two different
kinds of α-chains, as observed in the case of collagen type I from both rat and bovine species [43].
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However, both α-chains of collagen from codfish presented a higher electrophoretic mobility, attributed
to lower molecular weights. The molecular weight of α1 was about 130 kDa for mammal (rat and
bovine) collagens and 120 kDa for codfish collagen, while α2 was about 115 kDa for mammal and
110 kDa for codfish collagen. Skierka et al. studied the extraction processes of collagen from codfish,
including skin and backbone [44,45]. Despite the differences in the extraction methodology used
and source of collagen between the studies, it was possible to obtain collagen type I with a similar
molecular weight as reported. The differences observed in molecular weight compared to mammalian
collagen are usually associated with differences in the amino acid composition. The two α1 chains
(α1I and α1II) could not be distinguished because only one band is observed under the electrophoretic
conditions employed, as both chains are equal and thus have the same electrophoretic migration
pattern [46,47]. Nevertheless, a ratio of α1/α2 equal to 2 was observed, indicating that the α1 band
corresponds to double the quantity of chains detected in the α2 band, which suggests that extracted
collagen is type I [43]. In all samples, intramolecular cross-linking β- and γ-components were detected:
γ-components were richer in collagen obtained from skin of codfish than in the rat or bovine collagens,
while β-components were found in lower amount in the former. Intensive intra- and intermolecular
covalent crosslink takes place universally to stabilize the collagen fibrils against proteolytic degradation
and promotes the desired tensile strength to the stroma [3]. However, the crosslink of adjacent chains
into dimers (β-chains) or trimers (γ-chains), may inhibit the proper folding of collagen protein to
a triple-helix conformation, as it may interfere in the degree of freedom of individual monomers.
The purification of α-monomers from the collagen may represent an advantage when a triple helix
conformation is required.

2.2. Fourier-Transformed Infrared (FTIR) Spectroscopy Analysis

The FTIR spectra of collagen extracted from codfish skin and commercial collagen type I from
rat tail and bovine skin are exhibited in Figure 1B. All three spectra share great similarities. They
exhibit several features characteristic of collagen molecular organization: amino acids linked together
by peptide bounds give rise to infrared active vibration modes amide A and B and amide I, II and III.
The characteristic infrared absorption of amide A, associated with N-H stretching vibration, occurred
between 3400 and 3440 cm−1; the respective absorption peaks of collagen extracted from codfish, and
collagen type I extracted from rat tail and from bovine skin were found at 3329, 3320 and 3324 cm−1,
respectively. A shift in the amide A absorption band to lower frequencies appears when a peptide is
involved in hydrogen bonds [48–50]. Moreover, band symmetry suggests that a low amount of water
is present [51]. Amide B peaks codfish, rat and bovine collagen, representing asymmetrical stretch of
CH2, were found at 2877, 2879 and 2878 cm−1, respectively [52]. The amide I bond is usually observed
in the range 1600–1700 cm−1 and corresponds to the stretching vibration of C=O along the polypeptide
backbone of proteins, which is a sensitive area to protein secondary structure, and therefore used
in analysis [48,50,52]. The amide I band in codfish and rat collagen was found at 1649 cm−1, while
from bovine collagen was found at 1656 cm−1. The amide II band refers to N-H bending vibration
coupled with C-N stretching vibrations and is commonly found at the 1550–1600 cm−1 range [51,53].
In codfish and rat collagen, the amide II band was found at 1554 cm−1 and from bovine collagen was
found at 1546 cm−1. The shift to lower frequencies observed on the band of bovine collagen when
compared with collagen obtained from codfish and rat reflects the existence of hydrogen bonds. Amide
III bands were found at 1239 cm−1 in all samples, reflecting complex intermolecular interactions,
including C-N stretching and N-H in-plane bending from amide linkages, as well as absorptions
from wagging vibrations from CH2 groups, from the glycine backbone and proline side-chains [51].
Moreover, the ratio between amide III and the band at 1450 cm−1 was close to 1, which is an indication
of the presence of the triple helix structure of collagen in powder [49,54]. The similarities between
collagen obtained from codfish and commercial collagens suggested that their structures are quite
similar in a dry state [55]. The presence of nucleic acids, phospholipids and lipids was identified in all
samples at about 1030, 1228 and 1454 cm−1, respectively [52].
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Figure 1. Characterization of collagen extracted from skin of codfish (C) and rat (R) and bovine (B)
collagen type I. (A) Sodium dodecyl sulfate-polyacrylamide electrophoresis evidences the molecular
structure and organization of collagen type I by the presence of monomer ((α1)2(α2)); dimers (β) and
trimers (γ) components are also present. Moreover, similar molecular weights (MW) between the
collagens were found. (B) Fourier transform infrared spectra of collagens exhibits the main vibrations
of collagen molecular organization, amide A, amide B, amide I, amide II and amide III. (C) Circular
dichroism spectra show a positive band with maximum ellipticity at 225 nm, confirming the presence
of triple-helix structure in collagens.

2.3. Extract Purity

Total protein concentration was assessed using a micro BCA kit, while collagen content was
quantified using Sircol assay and SDS-PAGE. The protein content of codfish extract was 87.7 ± 3.6%,
whereas the collagen content was 75 ± 20%. Syrius red, the dye in the Sircol assay, binds specifically
to hydroxyproline in collagen. This amino acid residue is found in marine-origin collagen in lower
amounts than in mammalian-origin collagen, which is a standard calibrator for the assay. Therefore,
collagen content determined by Sircol assay is not accurate, due to the difference in hydroxyproline
contents between both collagen origins, with a higher purity degree expected than that determined [56].
By SDS-PAGE imaging analysis using Image J, collagen purity was determined to be around 90%, in
line with the purity found in rat and bovine collagen type I, thus showing it to be a more appropriate
methodology to address the purity of marine collagen extracts.

2.4. Circular Dichroism (CD)

It is important to assess whether the extracted collagen type I is in the native–triple helical
structure, or in the denatured form–coil structure. Collagen is known to adopt polyproline II-like
helical conformation, which is characterized by CD with a positive maximum absorption band at
around 222 nm. Herein, the solutions of collagen from codfish skin, rat tail and bovine skin were
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prepared at 0.1 mg/mL and analysed for conformation using the CD spectroscopy in the far-UV region
(Figure 1C). CD spectra of bovine collagen show a preeminent positive band at 222 nm, which is
typical of collagen’s triple-helical structure, and is also visible, although with less intensity, for rat tail
collagen; on the other hand, codfish collagen did not exhibit a clear positive band at 222 nm, which
may give an indication of at least partial denaturation of the protein upon extraction. Intermolecular
interactions of triple helix are disassociated by dilute acids and by repulsion forces that occur between
the same charges of collagen monomers [5]. Moreover, the presence of intramolecular interactions in
collagen is highly dependent on the amino acid composition, namely, on the presence of proline and
hydroxyproline due to the stereochemical contribution of the pyrrolidine ring and the extra hydrogen
bonds that may be formed [57,58].

2.5. Amino Acid Composition

Collagen type I consists of 20 different amino acids organized as three α-chains which wrap around
each other forming a characteristic triple-helix conformation. This structure is stabilized by the presence
of glycine residue in every three residues, high content of proline (Pro) and hydroxyproline (OHyp),
interchain hydrogen bonds, and electrostatic interactions involving lysine and aspartate [59,60]. The
amino acid composition of collagen is presented in Table 1. In all samples, glycine was the most
abundant amino acid, with 266–333/1000 residues. Glycine content is the principal feature that affects
the triple helix formation [61] and accounts for more than 25% of all amino acids in all samples, which
is in good agreement with the presence of Gly in each third amino acid residue. This percentage was
smaller in the marine-origin collagen. Alanine, proline, hydroxyproline and glutamine were the most
common amino acids found in the spiral structure, which agrees with their reported high content [62].
In particular, OHyp and Pro contents in collagen obtained from codfish skin were 39 and 62/1000
residues, respectively. The degree of hydroxylation of proline was calculated to be 46.8%, 46.6% and
38.7% for rat, bovine and codfish collagens, respectively and is correlated with triple helix stability,
and thus with the denaturing temperature of the protein [41]. While proline and hydroxyproline were
found in lower amounts than in mammalian collagen, serine and methionine were present in higher
amounts in fish collagen. Such findings are in agreement with those observed for collagens extracted
from other marine-species sources [6,7,35–39,41,49,52,54].

Table 1. Amino acid composition of collagen obtained from the skin of codfish, and of rat and bovine
commercial collagen (per 1000 residues).

Amino Acid Rat Bovine Codfish

Alanine 111.16 102.04 91.48
Arginine 42.24 32.86 30.45

Aspartic acid 45.32 36.65 38.82
Cystein 0.99 1.24 1.28

Glutamic acid 73.33 59.43 56.08
Glycine 333.18 296.44 266.12

Histidine 3.61 3.11 5.01
Hydroxylysine 9.33 8.86 6.65

Hydroxyproline 96.06 78.35 39.60
Isoleucine 7.48 6.74 5.61
Leucine 23.29 17.50 16.51
Lysine 27.07 22.20 19.62

Methionine 8.03 7.81 15.04
N-isobutylglycine 12.70 14.33 13.75

Phenylalanine 14.62 11.58 12.70
Proline 109.21 89.89 62.69
Serine 42.74 32.03 53.87

Threonine 18.79 13.20 16.89
Tyrosine 3.76 1.48 2.25
Valinine 17.08 12.86 12.02
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2.6. Denaturation Temperature

The structural level of collagen organization in solution depends on the ratio of triple helix:coil
structures. Collagen is denatured when 90% of molecules are in coil state and un-denatured when at
least 70% of molecules keep their triple helical structure [5].

The denaturation temperature of the collagens solubilized in 20 mM acetic acid was assessed by
monitoring the viscosity of those collagen solutions at different temperatures (Table 2). Denaturation
temperatures were calculated from the thermal denaturation curve as 18.25 ± 0.40 ◦C, 35.34 ± 0.03 ◦C
and 40.08 ± 0.01 ◦C for codfish, bovine and rat origins, respectively. Moreover, 70% of the molecules
kept their native structure until 15.77 ± 0.09 ◦C, 33.19 ± 0.04 ◦C and 39.65 ± 0.02 ◦C, respectively. This
is in agreement with the tendency suggested by the amino acid content results, where lower amounts
of Pro and OHpro are associated with lower denaturing temperature [41].

Table 2. Denaturing temperature (10%) and temperature until which collagen is considered in native
structure (30%).

Collagen Origin
Temperature According to % of Native Collagen

30 10

Codfish 15.77 ± 0.09 18.24 ± 0.40
Rat 39.65 ± 0.02 40.08 ± 0.01

Bovine 33.19 ± 0.02 35.34 ± 0.03

2.7. Heavy Metals

Metals and other elements can be naturally present in fishes. Mercury (Hg), lead (Pb), cadmium
(Cd), and arsenic (As) are of concern due to accumulation in tissues. The content of heavy metal
impurities in codfish collagen was determined considering permissible limits. All the elements studied
were below the detection limits of the equipment, as follows: Pb < 2.5 ppm; Cd < 0.25 ppm; Hg <
0.5 ppm; and As < 0.35 ppm.

The U.S. Pharmacopeia Convention (USP) specifies limits for the amounts of elemental impurities
in drug products, including the amount of elemental impurities present in daily dose (permitted daily
exposure based on a 50 Kg person) and in large volume parenteral (LVP—daily dose greater than
100 mL). Concentration limits for parenteral drug products with a maximum dose of 10 g/day are Cd
0.25 ppm, Pb 0.5 ppm, As 0.15 ppm, and Hg 0.15 ppm [63]. Moreover, the International Organization
for Standardization (ISO) 9917-1 states that As and Pb content in dental water-based cements should be
less than 2 and 100 ppm, respectively [64]. The U.S. Food and Drug Administration (FDA) defined the
maximum allowed concentration in cosmetics of Hg as 65 ppm and Pb as 10 ppm [65]. However, there
is still a need to regulate limits for heavy metal impurities in biomaterials to be used in biomedical
applications. In this study, heavy metals were either absent for all cases or, if present, were in
undetectable amounts and below the listed limits.

2.8. Cell Viability

The in vitro cytotoxicity of codfish collagen was investigated using lung fibroblast MRC-5 cells
by MTS assay, which is based on the mitochondrial activity of vital cells, reflecting their metabolic
activity [66]. Cytotoxicity was calculated comparing each condition with a negative control (Figure 2).
The different concentrations of collagen tested showed that in the range of 0.01 to 0.05 mg/mL, collagen
does not affect cell metabolism (p-value > 0.05). However, at higher concentrations (>0.1 mg/mL),
cell metabolism was significantly decreased (p-value < 0.001) in relation to the control. Live/dead
assay showed that MRC-5 cells remain viable when seeded in collagen coatings, as no dead cells are
observed. However, high collagen density may affect cells’ metabolic activity, showed by the decrease
of green fluorescence and in accordance with the results from the MTS assay.
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Figure 2. Cytotoxicity evaluation of codfish collagen over MRC-5 human fibroblast cell line.
(A) Metabolic activity of MRC-5 cell line, measured by MTS assay, when exposed to different
concentrations of collagen obtained from codfish skin (0.01–1 mg/mL) in relation to negative control
(tissue culture plate). Statistically significant differences were observed: * p-value < 0.05 and *** p-value
< 0.001. (B) Live/dead staining with calcein-AM (green) and propidium iodide (red): (a) 0 μg/mm2; (b)
0.5 μg/mm2; (c) 1.0 μg/mm2; and (d) 1.5 μg/mm2.

2.9. Cell Adhesion

Cell adhesion and viability of MRC-5 cell lines cultured onto collagen coatings was assessed by
fluorescence microscopy (Figure 3). Cells adhered to the collagen coatings and their morphology was
affected by the presence of collagen at different densities. The cell aspect ratio increased with the
increase of collagen density in the coating. The higher densities of the adhesive protein may allow
a higher number of adhesion points, thus resulting in the observed cell elongation and spindle-like
morphology, quantitatively translated as higher values of the aspect ratio shape descriptor. This
confirms that codfish collagen kept its cell adhesion properties during the extraction processes,
indicating that it could be further used in biomedical applications, namely, those considering the
development of collagen-based biomaterials to be used as templates for cell culture.

Figure 3. Adhesion of MRC-5 cell line into collagen coatings. Cell morphology was evaluated by (A)
fluorescence staining of actin–phalloidin (red) and nucleus–DAPI (blue) and (B) shape description
parameter aspect ratio determined for each condition (a 0 μg/mm2 or absence of collagen, the control
condition; b 0.5 μg/mm2; c 1.0 μg/mm2; and d 1.5 μg/mm2). Statistically significant differences in
respect to the control–absence of collagen–were observed: * p-value < 0.05 and *** p-value < 0.001.
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3. Materials and Methods

3.1. Preparation of Codfish Skin

Codfish skins were removed from cold preserved fish body parts in an industrial plant and kindly
provided by Frigoríficos de Ermida, Lda. (Gafanha, Nazaré, Portugal). Frozen skin was thawed at
4 ◦C for 24 h, with the scales, remaining flesh and bones then manually removed, and the skin cut into
small pieces (1.0 cm × 1.0 cm) and washed with ice-cold deionized water. To remove non-collagenous
proteins, the skin was treated with 10 volumes of 0.1 M NaOH solution, changed each 24 h, for 72 h at
4 ◦C under magnetic stirring. The skin was then rinsed with ice-cold deionized water until reaching
pH 7. All procedures were carried out at 4 ◦C to minimize collagen denaturation.

3.2. Extraction of Acid-Soluble Collagen from Codfish Skin

All the procedures were carried out at 4 ◦C and collagen was extracted using an acid-base
procedure. The skin was soaked in 0.5 M acetic acid with a sample:solution ratio of 1:10 (w/v) for
72 h with continuous stirring. The solution was then strained and centrifuged (Eppendorf 5810R,
Hamburg, Germany) at 20,000× g during 1 h. An accurate volume of 50 mM Tris-HCl containing 2.6 M
of NaCl at pH 7.4 buffer was added to the supernatant to reach a final concentration of 0.9 M of NaCl
to precipitate collagen. The precipitated collagen was removed from solution by centrifugation at
20,000× g for 30 min. A minimal volume of 0.5 M acetic acid was added to the pellet and then dialyzed
for 48 h against 10 volumes of 0.1 M acetic acid, 48 h against 0.02 M acetic acid and 48 h against
ultrapure water, with the solutions being changed every 24 h. The resulted acid-soluble collagen was
freeze-dried for 1 week and stored at −80 ◦C until further use.

3.3. Codfish Extract Purity

Protein content was evaluated by Micro BCA assay (Fisher Scientific, Rockford, IL, USA). Briefly,
1 mg/mL of collagen solution in 20 mM acetic acid was neutralized with 25 mM of Tris-base containing
3% SDS and denatured at 65 ◦C during 1 h. After equilibration at room temperature the sample was
analysed. Sircol assay (Biocolor, County Antrim, UK) was performed according to the manufacturer’s
instructions. Collagen type I from rat tail was used as control in Micro BCA and Sircol assays. Extract
purity was accessed comparing the protein/collagen content with the initial extract concentration.

3.4. Sodium Dozdecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Codfish skin extract was first dissolved at 1 mg/mL in 20 mM acetic acid at room temperature
and then mixed with three-fold-concentrated loading buffer containing 0.1 M 1,4-dithiothreitol (DTT)
to a final protein mass of 10 μg. Protein samples were heat-denatured at 65 ◦C for 30 min and
analysed by SDS-PAGE according to Laemmli [67] using 4% stacking and 7.5% resolving gels in a Mini
Protean III unit (Bio-Rad Laboratories, Hercules, CA, USA) at 27 mA/gel. Protein bands were stained
with Coomassie brilliant Blue R250 and destained with 32% (v/v %) methanol 5.6% (v/v %) acetic
acid solution (destaining solution I), and 5% (v/v %) methanol and 7% (v/v %) acetic acid solution
(destaining solution II). Rat and bovine collagen were used as controls.

3.5. Fourier Transformed Infrared (FTIR) Spectroscopy

Freeze-dried products were individually mixed with vacuum dried potassium bromide (KBr) and
pressed into pellets with a hydraulic press. The infrared spectra were obtained in the wavenumber
range between 4400 and 400 cm−1 at a resolution of 5 cm−1, using the infrared spectrometer IRPrestige
21 (Shimadzu, Kyoto, Japan). Each spectrum resulted from the average of 50 scans. Extracted collagen
was compared with freeze-dried commercially available rat and bovine collagens.
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3.6. Protein Conformation

Circular dichroism (CD) spectra of extracts were recorded at 180 to 280 nm on a Jasco J-1500
dichrograph (Jasco Corp., Tokyo, Japan) using a 0.1-cm path length cuvette. Dry collagen was dissolved
at 0.1 mg/mL in 5 mM phosphate buffer pH 3. Samples were loaded at 4 ◦C into precooled CD cuvettes.

3.7. Denaturation Temperature

The denaturation temperature of collagen from codfish skin was evaluated by rheology (Kinexus
Pro+, Malvern, UK). The viscosity of 1% (w/v) collagen in 20 mM acetic acid was monitored in the
temperature range of 4 ◦C to 40 ◦C. Denaturation temperature was determined at 70% and 90% of
denatured proteins [68].

3.8. Amino Acid Content

The amino acid content was determined by quantitative amino acid analysis using amino acid
analyzer Biochrom 30 (Biochrom Ltd., Cambridge, UK) [8]. Briefly, the samples were hydrolyzed and
separated by an ion exchange column. After post-column derivatization by ninhydrin, the samples
were analyzed at 2 wavelengths: 440 and 570 nm. An internal standard of norleucine was used to
determine the concentrations of amino acids in the sample.

3.9. Heavy Metals Quantification

The presence of lead (Pb), cadmium (Cd), arsenic (As) and mercury (Hg) in the codfish collagen
extracts was quantified from codfish collagen according to Official Methods of analysis of AOAC
International, 19th Edition (2012). Collagen was digested with 65% nitric acid and 30% hydrogen
peroxide in a microwave digester MWS3+ (Berghof, Münster, Germany). Pb and Cd were quantified
by atomic absorption spectrophotometry Perkin Elmer Analyst 600 (Perkin Elmer, Waltham, MA, USA)
and As and Hg were quantified using atomic absorption spectrophotometry Perkin Elmer Analyst 600
(Perkin Elmer, Waltham, MA, USA) equipped with a Perkin Elmer FIAS 100 analyzer (Perkin Elmer).

3.10. Cell Culture

Human lung fibroblast cell line MRC-5 was grown as monolayer at 37 ◦C in DMEM low glucose
with phenol red (Sigma-Aldrich, St. Louis, MO, USA) supplemented with sodium bicarbonate, 10%
fetal bovine serum and 1% antibiotic/antimycotic. Sub-confluent cells in exponential growth phase
were detached with TrypLE™ (Gibco, grand Island, NW, USA) and sub-cultured in fresh medium with
appropriate cell density.

3.11. MTS Metabolic Activity Assay

Codfish collagen in 20 mM acetic acid with increasing concentration (0–1000 μg/mL) were added
to a 48-well plate and evaporated at room temperature in an orbital shaker. Plates were sterilized by
15 min exposure to a 1.2 W UV lamp Omnicure series 2000 EXFO S2000-XLA (Omnicure, Bleichenbach,
Germany). MRC-5 cells were seeded at 5 × 104 cells/mL in the collagen containing wells. Wells
without collagen or containing 5% DMSO were used as negative and positive controls of cytotoxicity,
respectively. Cells were cultured for 24 h at 37 ◦C in a humidified 5% CO2 atmosphere. Metabolic
activity was measured using a CellTiter 96® kit (Promega Corporation Madison, USA) according to
the manufacturer’s instructions. Absorbance was recorded at 490 nm in a Microplate Reader-Gen 5 2.0
SYNERGY HT (Biotek, Luzern, Switzerland).

3.12. Cell Adhesion on Collagen Coatings

Cell adhesion was performed on collagen coatings prepared from solutions with different
concentrations. Briefly, collagen in 20 mM acetic acid solution was added to 6-well plates and let to
dry overnight at room temperature in an orbital shaker, using the solution concentration and volume
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needed to achieve different collagen densities (0–1.5 μg/mm2). After evaporation at room temperature,
collagen was crosslinked with 50 mM EDC/NHS (1:1) solution for 24 h at 4 ◦C. Coatings were washed
10× with 1× phosphate buffer solution (PBS) and sterilized by UV radiation, as described before.
MRC-5 cells were seeded at a density of 5 × 104 cells/mL on coverslips with and without collagen
coatings. After 16 h incubation at 37 ◦C and humidified 5% CO2 atmosphere, cell culture medium was
removed, cells were washed with PBS and stained. Cell were permeated with 0.2% Triton-X solution
for 5 min at room temperature and then incubated with Phalloidin/DAPI in PBS at 250 ng/mL and
1 μg/mL, respectively, for 45 min.

Live/dead stain was performed with calcein-AM (2 μg/mL) and propidium iodide (1 μg/mL), for
15 min at room temperature. Fluorescent images were acquired in Axio Imager Z1m (Zeiss, Göttingen,
Germany), analysed in Zen lite 2.1 (Zeiss, Germany). Shape descriptor parameter aspect ratio was
determined using phalloidin signal processing by ImageJ software. Aspect ratio is a shape descriptor
corresponding to the ratio between the largest diameter and the smallest diameter perpendicular
to it of a round-like particle or body; when the body has nearly a circular shape, the aspect ratio is
close to 1, but if the body assumes an elongated shape, for instance caused by stretching, the aspect
ratio increases.

3.13. Statistical Analysis

All experiments were performed in triplicate and the results are expressed as mean ± standard
deviation. Metabolic activity of MRC-5 cells and shape descriptors showed a non-parametric
distribution; therefore Mann-Whitney was used to assess statistically significant differences between
results. Difference was considered statistically significant at p < 0.05.

4. Conclusions

The present study showed that collagen type I can be obtained from the skin of codfish with a
high degree of purity, representing a valuable strategy for the valorization of a marine by-product.
Properties such as molecular weight, amino acid composition and molecular structure were close to
those of collagen of mammalian origin. The main difference was in regard to the protein denaturation
temperature. Collagen with a low denaturation temperature presents poor gelling properties, which
limit its application as a gel-forming agent, causing a processing bottlenecking to achieve cohesive
gels at physiological temperatures. However, this could be overcome using chemical crosslinking,
such as with 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS),
without significant effects on collagen’s biological functions. Besides the biomechanical properties,
collagen is also involved in a wide range of biological functions. Collagen can specifically interact with
particular receptors at the cell surface, such as integrins, discoidin-domain receptors, and glycoprotein
VI [42], thus signaling cell adhesion, differentiation and growth, as well as cell survival. Moreover,
heavy metals were undetectable and therefore below the regulated limits. Marine-origin collagen may
be used as a safe source of adhesion points and molecular modulators that can be used in combination
with biopolymers for the development of biomaterials with promising biomedical application.
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45. Żelechowska, E.; Sadowska, M.; Turk, M. Isolation and some properties of collagen from the backbone of
baltic cod (gadus morhua). Food Hydrocoll. 2010, 24, 325–329. [CrossRef]

46. Kimura, S.; Ohno, Y. Fish type i collagen: Tissue-specific existence of two molecular forms, (α1)2α2 and
α1α2α3, in alaska pollack. Comp. Biochem. Physiol. Part B Comp. Biochem. 1987, 88, 409–413. [CrossRef]

47. Matsui, R.; Ishida, M.; Kimura, S. Characterization of an α3 chain from the skin type i collagen of chum
salmon (oncoorhynchus keta). Comp. Biochem. Physiol. Part B Comp. Biochem. 1991, 99, 171–174. [CrossRef]

48. Doyle, B.B.; Bendit, E.G.; Blout, E.R. Infrared spectroscopy of collagen and collagen-like polypeptides.
Biopolymers 1975, 14, 937–957. [CrossRef] [PubMed]

49. Singh, P.; Benjakul, S.; Maqsood, S.; Kishimura, H. Isolation and characterisation of collagen extracted from
the skin of striped catfish (pangasianodon hypophthalmus). Food Chem. 2011, 124, 97–105. [CrossRef]

50. Kiew, P.L.; Don, M.M. The influence of acetic acid concentration on the extractability of collagen from the
skin of hybrid clarias sp. And its physicochemical properties: A preliminary study. Focus. Mod. Food Ind.
2013, 2, 123–128.

51. Plepis, A.M.G.; Goissis, G.; Gupta, D.K.D. Dielectric and pyroelectric characterization of anionic and native
collagen. Polym. Eng. Sci. 1996, 36, 2932–2938. [CrossRef]

52. Veeruraj, A.; Arumugam, M.; Ajithkumar, T.; Balasubramanian, T. Isolation and characterization of drug
delivering potential of type-i collagen from eel fish evenchelys macrura. J. Mater. Sci. Mater. Med. 2012, 23,
1729–1738. [CrossRef]

53. Friess, W.; Lee, G. Basic thermoanalytical studies of insoluble collagen matrices. Biomaterials 1996, 17,
2289–2294. [CrossRef]

54. Pati, F.; Adhikari, B.; Dhara, S. Isolation and characterization of fish scale collagen of higher thermal stability.
Bioresour. Technol. 2010, 101, 3737–3742. [CrossRef] [PubMed]

55. Duan, R.; Zhang, J.; Du, X.; Yao, X.; Konno, K. Properties of collagen from skin, scale and bone of carp
(cyprinus carpio). Food Chem. 2009, 112, 702–706. [CrossRef]

56. Benjakul, S.; Nalinanon, S.; Shahidi, F. Fish collagen. In Food Biochemistry and Food Processing; Simpson, B.K.,
Ed.; John Wiley & Sons, Inc.: Sussex, UK, 2012; pp. 365–387.

57. Piez, K.A.; Gross, J. Amino acid composition of some fish collagens—Relation between composition and
structure. J. Biol. Chem. 1960, 235, 995–998. [PubMed]

58. Ramachan, G.N.; Bansal, M.; Bhatnaga, R.S. Hypothesis on role of hydroxyproline in stabilizing collagen
structure. Biochim. Biophys. Acta 1973, 322, 166–171. [CrossRef]

59. Persikov, A.V.; Ramshaw, J.A.M.; Kirkpatrick, A.; Brodsky, B. Electrostatic interactions involving lysine make
major contributions to collagen triple-helix stability. Biochemistry 2005, 44, 1414–1422. [CrossRef] [PubMed]

60. Fallas, J.A.; Gauba, V.; Hartgerink, J.D. Solution structure of an abc collagen heterotrimer reveals a
single-register helix stabilized by electrostatic interactions. J. Biol. Chem. 2009, 284, 26851–26859. [CrossRef]
[PubMed]

61. Piez, K.A. Extracellular Matrix Biochemistry; Elsevier: Amsterdam, The Netherlands, 1984.
62. Gauza-Włodarczyk, M.; Kubisz, L.; Włodarczyk, D. Amino acid composition in determination of collagen

origin and assessment of physical factors effects. Int. J. Biol. Macromol. 2017, 104, 987. [CrossRef]
63. Usp chapter <232>, elemental impurities—Limits. In Second Supplement to USP 35—NF 30; United States

Pharmacopeia: Rockville, MD, USA, 2012.
64. International Organization for Standardization. Dentistry: Water-Basedcements—Part 1: Powder/Liquid

Acid-Base Cements; 9917-1; ISO: Geneva, Switzerland, 2007; pp. 1–23.
65. U.S. Food and Drug Administration. Draft Guidance for Industry: Lead in Cosmetic Lip Products and Externally

Applied Cosmetics: Recommended Maximum Level; U.S. Food and Drug Administration: Silver Spring, MD,
USA, 2016.

173



Mar. Drugs 2018, 16, 495

66. Wang, P.; Henning, S.M.; Heber, D. Limitations of mtt and mts-based assays for measurement of
antiproliferative activity of green tea polyphenols. PLoS ONE 2010, 5, e10202. [CrossRef]

67. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage t4. Nature
1970, 227, 680–685. [CrossRef]

68. Lepock, J.R. Measurement of protein stability and protein denaturation in cells using differential scanning
calorimetry. Methods 2005, 35, 117–125. [CrossRef] [PubMed]

© 2018 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/).

174



marine drugs 

Article

Physicochemical and Biocompatibility Properties of
Type I Collagen from the Skin of Nile Tilapia
(Oreochromis niloticus) for Biomedical Applications

Wen-Kui Song 1, Dan Liu 2, Lei-Lei Sun 3, Ba-Fang Li 1,* and Hu Hou 1,*

1 College of Food Science and Engineering, Ocean University of China, No.5, Yu Shan Road,
Qingdao 266003, China; sprdice@outlook.com

2 College of Chemistry and Chemical Engineering, Ocean University of China, 238 Songling Road,
Qingdao 266003, China; liudan090@163.com

3 College of Life Science, Yantai University, Yantai 264005, China; leilei.198966@163.com
* Correspondence: bfli@ouc.edu.cn (B.-F.L.); houhu@ouc.edu.cn (H.H.); Fax: +86-532-82031936 (H.H.)

Received: 29 December 2018; Accepted: 20 February 2019; Published: 26 February 2019

Abstract: The aim of this study is to investigate the physicochemical properties, biosafety,
and biocompatibility of the collagen extract from the skin of Nile tilapia, and evaluate its use as
a potential material for biomedical applications. Two extraction methods were used to obtain
acid-soluble collagen (ASC) and pepsin-soluble collagen (PSC) from tilapia skin. Amino acid
composition, FTIR, and SDS-PAGE results showed that ASC and PSC were type I collagen.
The molecular form of ASC and PSC is (α1)2α2. The FTIR spectra of ASC and PSC were similar,
and the characteristic peaks corresponding to amide A, amide B, amide I, amide II, and amide III
were 3323 cm−1, 2931 cm−1, 1677 cm−1, 1546 cm−1, and 1242 cm−1, respectively. Denaturation
temperatures (Td) were 36.1 ◦C and 34.4 ◦C, respectively. SEM images showed the loose and porous
structure of collagen, indicting its physical foundation for use in applications of biomedical materials.
Negative results were obtained in an endotoxin test. Proliferation rates of osteoblastic (MC3T3E1)
cells and fibroblast (L929) cells from mouse and human umbilical vein endothelial cells (HUVEC)
were increased in the collagen-treated group compared with the controls. Furthermore, the acute
systemic toxicity test showed no acute systemic toxicity of the ASC and PSC collagen sponges.
These findings indicated that the collagen from Nile tilapia skin is highly biocompatible in nature
and could be used as a suitable biomedical material.

Keywords: Nile tilapia collagen; biomedical application; characterization

1. Introduction

Collagen is the main structural protein in the extracellular matrix (ECM), constituting
approximately 30% of the whole body protein content in animals [1]. More than 29 different types of
collagen have been identified and described. In the human body, most of the collagen is type I [2].
The collagen protein contains triple-helix structures that consist of three almost identical polypeptide
chains [3]. Type I collagen is present in bone, skin, dentin, cornea, blood vessels, fibrocartilage,
and tendon; it has the unique ability to form fibrils that have high tensile strength and important
functions [4,5]. In the past decades, it has been widely used in food manufacturing and the cosmetics
industry [6].

Recently, the interest in collagen has become widespread among medicine and tissue engineering
because of its predominance in the ECM, excellent biocompatibility, low antigenicity and available
methods of isolation from a variety of sources [7,8]. Currently, the major sources of collagen
are the tendon or skin of bovine and porcine. However, the prevalence of transferring diseases
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including foot-and-mouth disease (FMD), bovine spongiform encephalopathy (BSE), and transmissible
spongiform encephalopathy (TSE), and the religious barriers of Muslims and Jews [9–11], have limited
its application [12]. Therefore, it is essential to find a safety source of collagen for human application.
Marine collagen has been isolated and characterized from various marine sources, and can generally be
categorized according to source: vertebrates or invertebrates. Vertebrates sources include cat fish [13],
silvertip shark [14], salmon [15], yellow tuna [16], and marine mammals such as minke whale [17].
Invertebrates source include jellyfish [18–20], squid [21], and sponges [22–25]. Researchers have
demonstrated that similar characteristics exist between marine collagen and mammalian [26–28].
However, some differences exist between collagen extracted from marine sources and collagen
extracted from mammals. Compared with the mammalian collagen, marine collagen has lower
gelling and melting temperatures, but relatively higher viscosities than equivalent bovine forms [29].
Fish collagens show a similar amino acid distribution to mammalian collagen, with decreased amounts
of proline and hydroxyproline, and increased serine, threonine, and in some cases, methionine and
hydroxylysine [30]. Compared with mammalian collagen, the difference in the amino acid distribution
of fish collagen causes labile cross-links and heat sensitivity [31]. In recent years, marine collagen has
been widely used in medicine and tissue engineering fields [32], such as cartilage [33], corneal [34],
ligament [35], muscle [36], skin [37], tracheal [38], and vascular [39].

The Nile tilapia (Oreochromis niloticus) is a worldwide cultured fish that possesses an important
position in China’s aquaculture and exports industry [26]. Tilapia skin is a main by-product of
its processing, which contains approximately 30% collagen [40]. Our previous study revealed that
both acid-soluble collagen (ASC) and pepsin-soluble collagen (PSC) extracted from Nile tilapia skin
can be used as raw materials in food and cosmetic preparation [41]. Further, we want to explore
whether either is suitable for use in biomedical applications. However, the biocompatibilities of pure
collagen extracted from Nile tilapia need be addressed, since the biocompatibilities of fish collagen
are profoundly influenced by the molecular composition and arrangement, which is thought to be
varied by different extraction methods. In this work, we extract acid-soluble (ASC) and pepsin-soluble
(PSC) collagen from Nile tilapia skin, and then describe their physical properties, chemical properties,
and biocompatibilities, in order to explore the possibility for applications in biomedical fields.

2. Results and Discussion

2.1. Preparation of ASC and PSC

The yields (dry weight basis, 19.07% and 19.61% respectively) of ASC and PSC were in highly
agreement with former reports [42,43]. Comparison of the collagens extract from different fish have
been reported, including the skin of paper nautilus (55.2%) [44], bigeye snapper (1.59%) [45], deep-sea
redfish (10.3%) [46], Japanese sea bass (40.7%) [47], yellow sea bream (40.1%) [48], and grass carp
(45.3%) [43]. In contrast, the yield of collagen from tilapia was different from these reported species.
The results suggest that some discrepancies might exist among these fish species. In addition, the yield
of ASC was a little bit lower than the yield of PSC, this might be due to the disadvantage of the
solubility of cross-links formed through the reaction of aldehyde with lysine and hydroxylysine at
telopeptide helical sites [49], which also can be explained by the results of Fourier transform infrared
(FTIR) analysis. Besides the effects on solubility, the pepsin that is used in the extraction of PSC might
bring other changes, such as the stability and biocompatibility of the resultant collagens.

2.2. Amino Acid Composition

Table 1 shows the amino acid composition of ASC and PSC, which is expressed as residues per
1000 total amino acid residues. According to Table 1, glycine is the most important component in ASC
and PSC, with 322 and 343 residues, accounting for about one-third of the total amino acid residues.
It is slightly higher than common aquatic organisms carp skin (311 residues), cod skin (308 residues),
squid skin (269 residues) [50,51], and very similar to land mammals’ bovine skin (320 residues),
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bovine skin (334 residues), and porcine skin (326 residues) [52,53]. Glycine is the most important amino
acid in collagen. All members of the collagen family have a tripeptide (Gly-X-Y) repetitive structure,
which plays an important role in the formation of the triple-helix structure. The tripeptides (Gly-X-Y)
are repeatedly arranged on each chain of collagen, accounting for about 20–30% of all tripeptide
structures. The X position of Gly-X-Y is often occupied by proline, which is consistent with the result
in Table 1 (115 and 106 proline residues in ASC and PSC).

Table 1. The amino acid composition of acid-soluble collagen (ASC) and pepsin-soluble collagen (PSC)
from Nile tilapia skin.

Amino acid PSC ASC

Hydroxyproline 70 86
Aspartic acid 37 40

Threonine 17 15
Serine 28 31

Glutamic acid 93 98
Proline 115 106
Glycine 343 322
Alanine 85 87
Valine 25 22

Methionine 10 9
Isoleucine 16 11
Leucine 20 22
Tyrosine 6 9

Phenylalanine 16 10
Lysine 22 32

Histidine 12 10
Arginine 85 90

Total 1000 1000

The existence of the triple-helix structure is the most direct evidence to distinguish collagen
from gelatin. [54]. As is known, electrospinning is a method of stretching a polymer solution to
fibers that have a diameter of about several hundred nanometers by electrostatic force. Due to its
wide applicability, high efficiency, and simplicity, electrospinning is widely used in the field of tissue
engineering scaffold materials.

In addition, it is worth noting that the content of hydroxyproline in tilapia skin is ASC (70 residues)
and PSC (86 residues). As a characteristic component of collagen, the content of collagen in raw
materials can be measured by the ratio of hydroxyproline. No cystine and tryptophan were detected
in both the ASC and PSC of tilapia skin collagen, which was consistent with the characteristics of type
I collagen.

2.3. FTIR Analysis

The FTIR spectra of ASC and PSC are exhibited in Figure 1. Each peak in the FTIR spectrums
corresponds to the vibration of functional groups in the molecule [55]. The secondary structure of
collagen is closely related to different types of hydrogen bonds [56]. By analyzing the FTIR spectrum
of ASC and PSC, the different effects of the two extraction methods on the secondary structure of
collagen were obtained. At room temperature, ASC and PSC mainly exhibited five absorption peaks at
3323 cm−1, 2931 cm−1, 1677 cm−1, 1546 cm−1, and 1242 cm−1, corresponding to amide A, amide B,
amide I, amide II, and amide III, respectively.

The wavenumber of the free N–H stretching vibration was located in the range of 3400–3440 cm−1,
and the wavenumber of amide A was measured at 3323 cm−1, indicating that the N–H stretching
vibration and the hydrogen bonding are combined [51]. The amide A absorption peak of PSC at
3323.20 cm−1 is slightly higher than ASC at the wavenumber of 3327.06 cm−1, indicating that more
N–H groups in the ASC are hydrogen-bonded, which suggested that the PSC is slightly weaker than
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ASC in structural stability. Both ASC and PSC have a weak absorption peak at the amide B band at
2931.67 cm−1, indicating the asymmetric stretching vibration of –CH2 [57]. Studies have shown that
the amide I, amide II, and amide III bands are related to the triple-helix structure of collagen [58].
The amide I bands were attributed to C=O stretching vibration, and the amide I absorption bands
of ASC and PSC appeared at 1677.99 cm−1 and 1654.78 cm−1, respectively. The red shift of C=O
stretching vibration may be caused by the use of the pepsin-degraded part of the telopeptides during
the preparation process. The telopeptides plays an important role in the triple-helix structure of
collagen, which was attributed to the covalent aldol cross-linking and the collagen fiber formation.
Excision of the telopeptides does not completely destroy the natural collagen structure [59], but it leads
to an incomplete collagen protein structure and increased solubility [60], which explained why the PSC
yields are higher than those of the ASC. From the consideration of biomedical materials applications,
much attention should be paid to the effects of the telopeptides on the immunogenicity of collagen.
It has been reported that the immunogenicity of collagen’s telopeptides was considered the most
important factor of the collagen-induced immune response [59]. Previous studies have also suggested
that the peptides located at the center of the triple helix of pepsin-treated collagen (from skin of bovine)
are the major antigenic sites that cause human immune responses [61].

Figure 1. Fourier transform infrared spectroscopy (FTIR) of ASC and PSC from Nile tilapia skin.

Amide II bands produced by N–H bending vibrations and C–N stretching vibrations are usually
located in the range of 1550 to 1600 cm−1. Research has shown that the red shift of the amide II peak is
related to the hydrogen bond increase of the N–H group [39]. The amide II absorption bands of ASC
and PSC were detected at wavenumbers of 1546.84 cm−1 and 1551.66 cm−1, respectively. The result
indicates that there are more hydrogen bonds between the peptide chains in ASC than PSC.

The amide III bands represent the combination of the C–N stretching vibration and the N–H
bending vibration [56]. The amide III absorption bands of ASC and PSC appeared at 1242.10 cm−1 and
1240.17 cm−1 respectively, which is consistent with previous studies [41].

2.4. Thermal Denaturation Temperatures of ASC and PSC

The tripeptide chains are bound by non-covalent bonds such as hydrogen bonds, which is the
basis of the stability of collagen. When the collagen molecules absorbed enough heat from the outside,
these non-covalent bonds were destroyed, causing the triple-helix structure to become a random
coil structure and destroying the biological properties of collagen. The thermal stability of ASC and
PSC were studied by viscosity measurement [62]. According to Figure 2, ASC and PSC have similar
curves, and their denaturation temperatures (Td) were 36.1 ◦C and 34.4 ◦C, respectively. The Td values
can be regarded as the temperature at which the triple-helix structure of collagen is deformed into
a random coil structure. The Td values of ASC and PSC from tilapia skin are similar to the collagen
extracted from fish living in warm tropical climates such as salmon (29.3 ◦C) and bigeye snapper
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(30.4 ◦C) [49], and higher than the cold-water fish, such as Baltic herring (15.0 ◦C) and Argentine
salmon (10.0 ◦C) [63], but lower than terrestrial animals such as bovine (39.7 ◦C) or porcine (37 ◦C) [64].
The difference in amino acid composition was the primary cause of the different thermostability of
collagen. The loss of the PSC telopeptides has a certain influence on the stability of the triple-helix
structure, resulting in lower thermal stability than ASC, which is consistent with the results of amino
acid composition analysis and FTIR analysis. Although the thermal stability of tilapia skin collagen is
lower than that of terrestrial organisms, it is higher than that of common aquatic organisms, which is
an advantage for its application in the field of biomedical materials.

Figure 2. Thermal denaturation curves of ASC and PSC from Nile tilapia skin. The denaturation
temperature was determined as the mid-point temperature where viscosity changes reach 0.5.

2.5. SDS-PAGE

SDS-PAGE results present the subunit composition and type of collagen instinctively. As shown
in Figure 3, ASC and PSC have very similar protein bands, which have been identified as trimers
(γ chains), dimers (β chains), and two alpha chains (α1 and α2). Up to now, it has been reported that
there are two different collagen trimers in tilapia skin, (α1)2α2 and α1α2α3, and that the two chains
of α1 and α2 have the same molecular weight, which cannot be distinguished by electrophoresis [65].
According to Sun [41], the structure of Nile tilapia collagen is (α1)2α2 type. The band intensity of α1 is
twice that of α2, indicating that both ASC and PSC are type I collagen. In addition, the electrophoresis
bands are clear, and have no low molecular weight bands, showing that the molecular structure of
collagen was well preserved during the extraction process. Although some telopeptides were lost
after the treatment of PSC, the banding pattern of PSC was similar to ASC, indicating that the PSC
extraction process does not affect the integrity of the triple-helix structure.

Figure 3. SDS-PAGE patterns of ASC and PSC from Nile tilapia skin.
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2.6. Morphology

Figure 4 shows the ultrastructure of the cross-section of the lyophilized collagen sponge.
The graphs showed that ASC and PSC exhibit slightly different microscopic morphology. From the
50× magnified image, ASC and PSC display a loose porous network structure, but the pores of ASC
show a more uniform and less fiber structure pattern than PSC. As shown in the 400× magnified image,
ASC is a dense sheet-like film with uniform alignment, and PSC exhibits irregularly arranged curls.

Figure 4. Morphological features of Nile tilapia skin collagen using SEM.

The microstructures determine the physicochemical properties and biofunctionality of the
materials; they have a significant value to the application of collagen in biomedical materials. The SEM
results of ASC present typical characteristics of aquatic collagen, such as miiuy croaker [56] and
Acipenser schrenckii [66], while the microstructures of PSC exhibit a fibrous structure similar to that
of terrestrial collagen, such as bovine [67]. This difference may be caused by the structure of PSC
being changed under the influence of pepsin, forming more collagen fibers in a non-crosslinked state,
which is consistent with the results of FTIR. In the field of biomedical materials, greater porosity
facilitates the migration of cells into the interior of the scaffolds, which has certain advantages for
promoting wound healing. The lower degree of cross-linking is beneficial to the dissolution and
re-processing of collagen, and is suitable for many processes such as electrospinning. Therefore,
the microstructures of ASC and PSC indicate that they are appropriate for use in different biomedical
material fields.

2.7. Endotoxin Test

Endotoxin, which is also as known as lipopolysaccharide, is found in the outer membrane of
Gram-negative bacteria. When endotoxin invades the body, it can cause shock, fever, a fall in blood
pressure, and death [68,69]. Endotoxin must be eliminated as much as possible from biomedically used
materials. We used an endotoxin denial test to investigate the biosafety of ASC and PSC. The results
show that negative results were obtained in endotoxin (below 0.01 EU/mL) in leach liquor of ASC
and PSC.

2.8. Cell Proliferation

In order to fully reflect the application potential of ASC and PSC in biomedical materials,
MC3T3E1, L929, and human umbilical vein endothelial cells (HUVEC) cells were selected to test
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its in vitro cytotoxicity. Porcine collagen (PC) was used as a comparison group. According to Figure 5,
the addition of collagen significantly promoted cell proliferation compared to the control group.
MC3T3E1 and L929 cells had higher proliferation rates in the ASC treatment groups. However,
HUVEC had a higher proliferation rate after PSC treatment. Besides, the ASC and PSC treatment
groups had higher proliferation rates than the PC group in all three kinds of cells. It has been reported
that Nile tilapia collagen contains an antibacterial tilapia piscidin (tp4) that has the ability to stimulate
cell proliferation and activate epidermal growth factor (EGF), transforming growth factor (TGF),
and vascular endothelial growth factor (VEGF) [70]. In the study of blue shark skin collagen, PSC had a
higher proliferation rate for differentiated mouse bone marrow-mesenchymal stem (dMBMS) cells than
ASC, while ASC and PSC had no significant difference regarding the proliferation rate of MC3T3E1
cells [71]. The results indicate that both ASC and PSC have potential application in fields requiring
wound dressing. The osteogenic properties of ASC make it suitable for applications in the field of
bone and cartilage repair, while PSC could be used in areas such as the promotion of angiogenesis or
artificial blood vessels.

Figure 5. The effect of ASC, PSC, and porcine collagen (PC) on cell proliferation. (A): MC3T3E1,
(B): L929, (C): HUVEC. Values with * show significant differences (p < 0.05) between groups,
as determined by one-way ANOVA.

2.9. Biocompatibility Evaluation

The acute systemic toxicity assay was usually selected to measure the adverse effect of biomedical
materials that result either from a single exposure or from multiple exposures in a short period of
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time. It is an important indicator of biosafety assessment [72]. To evaluate the biosafety of aquatic
collagen, porcine collagen was designated as a comparison group. As shown in Figure 6, no significant
difference in body weight was observed between the experimental groups and the control group at
four hours, 24 h, 48 h, and 72 h after the intraperitoneal injection of the collagen leach liquor. Moreover,
the weight of the control group and the experimental groups increased significantly over time, and no
dead samples appeared. Furthermore, there were no significant differences between the ASC, PSC,
and PC groups. The results showed that ASC and PSC collagen sponges were produced by our process
without acute systemic toxicity, and there was not a significant difference from the acute toxicity from
commercially available porcine collagen products.

Figure 6. Weight changes of mice after intraperitoneal injection. The different letters in the same group
(same type of the bar) represent significant difference (p < 0.05).

3. Materials and Methods

3.1. Raw Materials

Nile tilapia skins were procured from Zhenhua Aquatic Product Company (Guangzhou,
Guangdong province of China). Frozen skins were thawed with running water and removed from
the residuals manually. They were chopped into small pieces and stored at −20 ◦C. Porcine collagen
(PC) was obtained from Kele Biotech (Chengdu, China). All of the other reagents used were of
analytical grade.

3.2. Preparation of ASC

All the procedures were carried out at 4 ◦C to minimize collagen denaturation. An acellular
environment was used in the extraction process to reduce the exogenous pyrogen. The pieces of
Nile tilapia skins were soaked with 0.1 M of NaOH for 24 h with continuous stirring to remove the
non-collagenous proteins. Washing the fish skins repeatedly with cooled deionized water ensured that
they were neutralized. Adding 0.5 M of acetic acid in a ratio of 1:50 (w/v) started extraction for two
days. Then, they were centrifuged at 10,000 rpm for 30 min at 4 ◦C. NaCl was added to the collected
supernatants until a concentration of 0.9 M was reached to salt out the collagen. The precipitated
collagen was separated by centrifugation at 10,000 rpm for 30 min at 4 ◦C and dissolved in 0.5 M of
acetic acid. Then, the solution was dialyzed for 24 h against 0.1 M of acetic acid in a dialysis membrane
with a molecular weight cut-off of 50 kDa, and then for 48 h against ultra-pure water; the water was
changed every eight hours. The resulting collagen was freeze-dried for three days and sealed in
polythene bags until further use.

3.3. Preparation of PSC

The extraction process of PSC was basically identical to the extraction of ASC except for slightly
differences. The tilapia skins were extracted by 0.5 M of acetic acid containing 0.1% (w/v) pepsin
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for 48 h with stirring. Then, the supernatant was dialyzed against 0.02 M of Na2HPO4 for 24 h with
solution changed every eight hours before being dialyzed against 0.1 M of acetic acid.

3.4. Extraction Yield of ASC and PSC

The calculation of ASC and PSC yield referred to previous reports [73] and the equation was
as follows:

yield (%) = weight of dried collagen (g) × 100/weight of dried skins (g)

3.5. Amino Acid Composition

The ASC and PSC samples were hydrolyzed by dissolving in 6 M of HCl at 110 ◦C for 24 h.
The solution was analyzed with an amino acid analyzer (835-50, Hitachi, Tokyo, Japan).

3.6. Denaturation Temperature (Td)

The denaturation temperature of collagen from tilapia skin was determined by differential
scanning calorimetry (DSC) (Netzsch DSC 200PC, Selb, Bavaria, Germany). A collagen sample with a
concentration of 5 mg/mL was dissolved in 0.05 M of acetic acid and sealed in an aluminum pan for
scanning. Then, the endothermal curve from 10 ◦C to 50 ◦C was obtained at a rate of 5 ◦C/min in a
nitrogen atmosphere.

3.7. Fourier Transform Infrared Spectroscopy (FTIR)

The infrared absorption characteristics of collagen were obtained by an FTIR spectrometer
(Tensor 27, BRUKER, Bremen, Germany). First, one-mg collagen samples were mixed with potassium
bromide (KBr) at a ratio of 1:100 and pressed into pellets with a manual mechanical squeezing device.
The spectra were recorded with a wavenumber range from 4000 to 400 cm−1 at the resolution of
2 cm−1.

3.8. Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The protein molecular mass analysis was studied by SDS-PAGE according to Laemmli [74] with
7.5% resolving gel and 5% stacking gel and 120 voltage using a Bio-Rad electrophoresis. The protein
bands were stained with Coomassie Blue R250 and destained with 30% (v/v) methanol and 10% (v/v)
acetic acid. The molecular mass of the subunits was analyzed by the location of the bands.

3.9. Scanning Electron Microscopy (SEM)

The morphology of ASC and PSC was observed using a scanning electron microscope (JSM-840,
JEOL, Tokyo, Japan) operated at 5 kV. The samples were pasted on a blade and sputter-coated with
gold at 30 mA for 15 min. The SEM images were obtained at 50× and 400× magnification.

3.10. Endotoxin Denial Test

An endotoxin denial test was undertaken using a chromogenic end-point tachypleus amebocyte
lysate (CE TAL) assay kit (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China). Test samples
and standards were prepared according to manufacturer’s guidelines. Absorbance was measured
at 405 nm using a microplate spectrophotometer (SynergyTM 2, BioTek, Winooski, VT, USA).
Data were corrected to exclude background readings. A negative result was defined as a level
below 0.01 EU/mL [75].

3.11. Cell Culture

MC3T3E1 and L929 cells were obtained from a cell bank (Procell Life Science & Technology Co.,
Ltd., Wuhan, China) and HUVEC were received from an institute of zoology (Chinese academy of
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sciences, Beijing, China). MC3T3E1 was grown as monolayer at 37 ◦C in a 5% CO2 incubator and
cultured in Dulbecco’s modified eagle medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS)
and 1% (w/v) penicillin-streptomycin. L929 and HUVEC cells were cultured in MEM and DMEM/F12
(1:1), respectively.

3.12. Cytotoxicity In Vitro

The collagen samples were cut into disks sized for a 48-well plate and sterilized by 60Co for
18 h with an accumulative dose of 20 kGy before using. The cells were seeded a concentration of
1 × 104 cells/well and cultured with a specific medium. After seeding for 48 h, 50 μL of thiazolyl blue
tetrazolium bromide (MTT) solution was added to the wells and incubated for four hours at 37 ◦C/5%
CO2. Wells with collagen were used as negative controls of cytotoxicity. We dissolved the formazan
salts using DMSO with shaking for 10 min and replaced the solution with blank wells. The absorbance
was measured using a 96-well microplate reader at 490 nm [76].

3.13. Acute Systemic Toxicity Assay

All animal procedures were approved by the ethical committee of animal research in the Ocean
University of China, and complied with the requirements of the National Act on the use of experimental
animals (China). The acute systemic toxicity of tilapia collagen was investigated according to ISO
10993-11:2009. The collagen samples were cut into 1×1 cm sizes with 0.5-mm thickness and sterilized
by 60Co before using. The leach liquor was prepared at a ratio of three cm2/mL collagen into saline
between the total surface area of the materials for 72 h at 37 ◦C. Then, 20 Kunming (KM) mice (Licensed
ID: SCXK 2014-0007) were divided into four groups randomly. Three experimental groups were
intraperitoneally injected the leach liquor of ASC, PSC, and PC with a dose of 50 mL/kg respectively,
and the blank control group was injected saline with a dose of 50 mL. The weight of mouse was
weighed and recorded immediately after injection and at four hours, 24 h, 48 h, and 72 h after injection.
The criteria that were used to assess acute systemic toxicity are shown in Table 2.

Table 2. The criteria used to assess acute systemic toxicity.

Acute Systemic Toxicity Conditions after Treatment with the Test Sample

Negative (−) None of the five animals showed a significantly greater biological reactivity.

Positive (+)

Two or more of the five animals died.

Two or more of the five animals showed behavior such as convulsions or prostration.

Three or more of the five animals showed a body weight loss greater than 10%.

3.14. Statistical Analysis

All of the experiments were replicated in triplicate and the values were expressed as
means ± standard deviation (SD). The analyses of multiple groups by one-way ANOVA were using
Macintosh GraphPad Prism Version 7, and we considered p-values of less than 0.05 to measure the
significant differences.

4. Conclusions

This study showed that ASC and PSC extracted from Nile tilapia skin have typical type I
collagen characteristics. No significant differences were found in the amino acid composition and
physicochemical properties of ASC and PSC. Both ASC and PSC have a complete triple-helix structure.
The thermal stability of PSC was slightly lower than that of ASC, similar to mammals, and higher
than cold-water fish. ASC has the effect of promoting osteogenesis and fibroblastation, while PSC is
beneficial to the formation of vascular endothelial cells by comparison, and neither ASC nor PSC cause
acute systemic toxicity. In summary, collagen extracted from Nile tilapia skin is a biocompatible type I
collagen with potential as a biomedical material.
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Abstract: The development of biomaterials with the potential to accelerate wound healing is a great
challenge in biomedicine. In this study, four types of samples including pepsin soluble collagen
sponge (PCS), acid soluble collagen sponge (ACS), bovine collagen electrospun I (BCE I) and bovine
collagen electrospun II (BCE II) were used as wound dressing materials. We showed that the PCS,
ACS, BCE I and BCE II treated rats increased the percentage of wound contraction, reduced the
inflammatory infiltration, and accelerated the epithelization and healing. PCS, ACS, BCE I, and BCE
II significantly enhanced the total protein and hydroxyproline level in rats. ACS could induce more
fibroblasts proliferation and differentiation than PCS, however, both PCS and ACS had a lower effect
than BCE I and BCE II. PCS, ACS, BCE I, and BCE II could regulate deposition of collagen, which
led to excellent alignment in the wound healing process. There were similar effects on inducing
the level of cytokines including EGF, FGF, and vascular endothelial marker CD31 among these four
groups. Accordingly, this study disclosed that collagens (PCS and ACS) from tilapia skin and bovine
collagen electrospun (BCE I and BCE II) have significant bioactivity and could accelerate wound
healing rapidly and effectively in rat model.

Keywords: collagen; hydroxyproline; fibroblasts proliferation and differentiation; wound healing

1. Introduction

Skin trauma especially severe wound is a common clinical problem, and is more challenging to
cure. The foremost aim for the treatment of skin defects is to rapidly restore the construction and
function of the wound to the levels of normal tissue, involving acute and chronic inflammations,
cell division, migration, and differentiation, regeneration and vascularization [1]. In recent years,
the mechanism of wound healing properties of the biomaterials is becoming a research hotspot.
Wound healing is a multifactorial process that is characterized by angiogenesis, collagen deposition,
granulation tissue formation and re-epithelialization. All these phases involve complex biomolecular
interactions among cells, soluble cytokines, adherence factors and chemokines. The clinical treatment of
skin wound by traditional medicine has a long history from ancient times, however, the major drawback
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of traditional medicine dressing is less effective and prolonged treatment time. Many researchers
focus on finding the new medical tissue engineering materials for wound healing. The medical
tissue engineering materials can replace the damaged skin to provide temporary barrier function and
avoid the wound being infected [2]. It provides a platform for cellular proliferation, adhesion and
differentiation leading to the development of new functional tissues [3,4]. It can promote tissue repair,
regeneration, and recovery to accelerate and complete wound healing [5]. Therefore, grafting tissue
engineering material for the healing of a full-thickness wound is preferably a suitable model.

As a new tissue engineering material, collagen has good physical and mechanical properties [6],
low immunogenicity [7–9], good biocompatibility, and biodegradability [10–12]. Due to
minimal inflammation response, cytotoxicity effect, ability to promote cellular growth and good
biocompatibility, collagen is the most promising skin substitute or wound dressing biomaterial [13].
Collagen can promote cellular adhesion and proliferation [14,15], collagen synthesis [16] and increase
various growth factors [17], in order to accelerate wound-healing process. In earlier reports, collagen
sponge from marine fish up-regulated the fibroblasts and keratinocytes growth, proliferation and
wound healing potential in rat model [18]. Liane et al. [19] stated that neurotensin-loaded collagen
dressings significantly reduced inflammatory cytokine expression, increased fibroblast migration,
enhanced collagen I/III expression and deposition. Tian et al. [20] also reported that electrospun tilapia
collagen nanofibers could significantly promote the proliferation of human keratinocytes (HaCaTs),
stimulate epidermal differentiation and facilitate rat skin regeneration. All these findings claim that
collagen is an excellent biomaterial to be used in wound healing purpose.

Biomimetic environment is also essential for tissue regeneration. Electrospun nanofibrous
matrix has been proved to be very effective in skin regeneration because of its superiority features
including adjustable diameters, porosity, mimic the structure and function of native extracellular
matrix (ECM) and high surface-to-volume ratio, which are beneficial for cell adhesion and
proliferation [21]. If collagen could be prepared as nanofibers by electrospinning, it might be helpful
for its future application.

Our earlier study showed that collagens from Tilapia skin (PCS, ACS) have significant
biocompatibility and can be absorbed and degraded by tissues [22]. Bovine collagen electrospun
has been confirmed significant biocompatibility and no cytotoxicity. In continuation to our earlier
research [23–26], in vivo wound healing properties of tilapia collagen sponges and bovine collagen
electrospun were studied in rat models in order to evaluate its mechanism on accelerating wound
healing properties.

2. Results

2.1. Macroscopic Observation of the Wounds

Representative images of wound healing process at different time intervals across all the
experimental groups are shown in Figure 1. Collagen-treated groups showed faster wound healing
process (complete healing after 14 days from wound incision) compared to control group, in detail,
the wound regions were covered with epidermis and the wound areas were closed. With the time
extending, wound area of each group decreased gradually. On day 3, each group showed different
degree of collagen absorption and wound areas of BCS, PCS, ACS, BCE I and BCE II treated groups
were obviously smaller than control and woundplast groups; on day 7, the wounds of the groups
treated with BCS, PCS, ACS, BCE I, and BCE II contracted further and scabbed, the wounds of control
and woundplast groups had only a small amount of granulation tissue; on day 14, dried blood fall-off
from the wound and the wounds healed completely. The wounds which were treated with PCS, ACS,
BCE I, and BCE II were smooth and no pigmentation. Interestingly, ACS and PCS treated groups
exhibited faster healing than control, woundplast, BCS and BCE I groups, however, BCE II treated
group had better healing ability than other groups.
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Figure 1. The different stages of wound healing in rats treated with collagens. BCS—bovine collagen
sponge, PCS—pepsin soluble collagen sponge, ACS—acid soluble collagen sponge, BCE I—bovine
collagen electrospun I, BCE II—bovine collagen electrospun II.

2.2. The Quantification of Aggregate Protein at the Wound Site

An adequate supply with proteins is necessary for consistent wound healing. Therefore, protein
content can be used to evaluate the conditions of wound healing [27]. Total protein expression at the
wound site of all groups in the excision wound model is shown in Table 1. On day 3 and 7, protein
content of the experimental groups was higher than the control and the woundplast groups (p < 0.05),
and the protein content was high in BCE I and BCE II treated groups compared to other groups on
day 7 (p < 0.05). On day 14, protein content of the experimental groups was significantly higher than
control group (p < 0.05). Protein content of ACS treated group was significantly higher than BCS, BCE I,
and BCE II treated groups (p < 0.05).

Table 1. The effect of each group on total protein content in wound area tissues (x ± s, n = 6).

Groups
Total Protein (mg/mL)

3 Days 7 Days 14 Days

Control 7.93 ± 0.6 a 8.03 ± 1.1 a 9.15 ± 0.7 a

Woundplast 8.12 ± 0.6 b 9.15 ± 0.4 b 10.3 ± 0.7 cd

BCS 8.61 ± 0.4 bc 9.52 ± 1.4 bc 9.94 ± 1.1 b

PCS 8.48 ± 0.8 bc 9.58 ± 0.8 bc 11.7 ± 1.3 bc

ACS 8.65 ± 0.4 c 9.66 ± 1.3 b 13.3 ± 0.8 c

BCE I 8.79 ± 0.9 c 10.2 ± 0.8 c 11.4 ± 0.4 bd

BCE II 8.85 ± 0.5 c 10.5 ± 0.7 c 11.3 ± 0.5 bd

Note: Different superscript alphabets in each column represent statistical significance (p < 0.05).

2.3. Hydroxyproline (Hyp) Content at the Wound Site

Hyp is a specific component of the protein collagen. Therefore, Hyp content might be used as an
indicator to determine collagen deposition to measure the speed of wound healing [28]. The significant
increase of Hyp in collagen treated group implied faster rate of wound healing process than control
group (p < 0.05). Indeed, collagen is a major protein of the extracellular matrix and it ultimately
contributes to wound healing [29]. Hyp content at the wound site of all groups in the excision wound
model is shown in Table 2. Hyp content was higher in ACS and BCE II treated groups (5.87 ± 0.42
mg/g, 5.66 ± 0.12 mg/g tissue) on day 3 and in PCS, ACS, BCE II treated groups on day 7 (p < 0.05).
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On day 14, PCS and ACS treated groups had high Hyp content (7.32 ± 0.43 mg/g, 7.41± 0.42 mg/g
tissue) than control and woundplast treated groups.

Table 2. The effect of each group on the Hydroxyproline content in wound area tissues (x ± s, n = 6).

Groups
Hydroxyproline Content (mg/g Wet Skin)

3 Days 7 Days 14 Days

Control 5.26 ± 0.33 a 6.12 ± 0.29 a 6.79 ± 0.39 a

Woundplast 5.46 ± 0.41 ab 6.38 ± 0.49 a 7.29 ± 0.18 ab

BCS 5.60 ± 0.24 ab 6.29 ± 0.36 a 7.02 ± 0.39 ab

PCS 5.47 ± 0.36 ab 6.55 ± 0.44 b 7.32 ± 0.43 b

ACS 5.87 ± 0.42 b 6.65 ± 0.34 b 7.41 ± 0.42 b

BCE I 5.42 ± 0.25 ab 6.42 ± 0.35 a 6.77 ± 0.33 a

BCE II 5.66 ± 0.12 b 6.68 ± 0.54 b 7.22 ± 0.27 ab

Note: Different superscript alphabets in each column represent statistical significance (p < 0.05).

2.4. Histopathological Examination

In control group, a large number of inflammatory cells appeared in the wound than
collagen-treated groups on day 3 (Figure 2). Granulation tissue and fibroblasts activity were more
pronounced in collagen-treated groups compared to control group. A large number of inflammatory
cells, blood vessels, small amount of collagen fibers and fibroblasts were seen in woundplast and
BCS groups. Fibroblast cells were important in the wound site and predominant collagen expression
could be seen in PCS, ACS, BCE I, and BCE II treated groups. On day 7, healed regions of the wounds
were covered by epithelial tissue with significant fibroblast proliferation, collagen deposition and
granulation tissue formation. However, the granulation tissue organization and vascularization
in unhealed regions of collagen-treated groups were notably different from the control group.
Collagen-treated groups developed collagen deposition and vascularization than the control group.
The H&E staining revealed that in collagen-treated wound on day 7, cutaneous appendages like
hair, hair follicles and sebaceous glands began to appear, which signify the formation of epidermal
layer. A large number of inflammatory cells and collagen fibers and fibroblasts were observed in
control group. A large number of fibroblasts and collagen were seen in woundplast and BCS treated
groups and skin appendages and skin tissues were gradually formed in collagen treated groups.
More fibroblasts and collagen and less inflammatory cells were seen in PCS, ACS, BCE I, and BCE II
treated groups than the control group. On day 14, a sufficient number of fully formed skin adnexal and
epithelial tissues were present in collagen-treated groups. PCS, ACS, BCE I, and BCE II treated groups
showed well-formed stratified epithelial layer, granulation tissue formation and collagen deposition in
healed regions than the control, woundplast and BCS groups. As shown in Table 3, a scoring system
was used to quantify the pathological results of the H&E stained samples. In this scoring system five
criteria were scored. An increasing score denotes the better wound healing. The histological scoring
result showed that the PCS, ACS, BCE I, and BCE II treated groups had better wound healing than the
control group.

Table 3. Histological evaluation of wound tissue in all groups by H&E staining.

0 1–3 4–6 7–9

Inflammatory cells Abundant Moderate Scant Rarely
Fibroblast content None Scant Moderate Abundant

Re-epithelialization None Partial Thin Complete
Collagen deposition None Scant Moderate Abundant
Revascularizations None Scant Moderate Abundant
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Figure 2. Histological analysis of H&E stained wounded tissues (Magnification, ×100) with histological
scoring. The alphabetic letters e, d, gt and hf represent epidermis, dermis, granulation tissue,
hair follicle, respectively. (Each bar represents the mean ± SD. * p < 0.05: significantly different
from the control group.).

2.5. Collagen Promotes the Expression of EGF, FGF, and CD31 in the Wounds

Immuno-histochemical analysis of the reconstituted tissue was shown in Figures 3–5. EGF stands
for epidermal growth factor, which can promote proliferation and differentiation of keratinocyte. EGF
can induce fibroblasts proliferation and collagen synthesis, resulting in epithelization. Fibroblast
growth factor (FGF) can accelerate migration and proliferation of fibroblast, and vascularization. EGF
and FGF play an important role in the wound healing process. Prolonging the treated time, the
expression of EGF and FGF in control group showed an increasing trend, the expression of EGF and
FGF in woundplast and BCS groups increased in the beginning and then decreased, and the expression
of EGF and FGF in PCS, ACS, BCE I, and BCE II treated groups showed a decreasing trend. On day 3
and 7, the expression of EGF and FGF in PCS, ACS, BCE I, and BCE II treated groups was higher than
control, woundplast and BCS groups. CD31 is a platelet endothelial cells adhesion molecule-1, stands
for vessel proliferation. The relative quantity and distribution of CD31 in the construct-treated wound
bed is important in wound healing. Brown granules were positive signal in Figure 3. The expression
of CD31 showed similar trends same as EGF and FGF of collagen treated groups.
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Figure 3. Immunohistochemical analysis of EGF expression in wounded tissues (Magnification, ×100);
the histogram shows the total of positively stained cells of EGF in the dermal tissue per group. (Each
bar represents the mean ± SD. * p < 0.05: significantly different from the control group.).

 

 

Figure 4. Immunohistochemical analysis of fibroblast growth factor (FGF) expression in wounded
tissues (Magnification, ×100); the histogram shows the total of positively stained cells of FGF in the
dermal tissue per group. (Each bar represents the mean ± SD * p < 0.05: significantly different from the
control group.
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Figure 5. Immunohistochemical analysis of CD31 expression in wounded tissues (Magnification,
×200). The histogram summarizes the microvessel density (MVD), which was determined by
immunohistochemical staining for CD31. (Each bar represents the mean ± SD. * p < 0.05: significantly
different from the control group.).

3. Discussion

As the structural and functional component of dermal extracellular matrix, collagen plays a vital
role in wound healing process [18,30–32]. In the present study, PCS, ACS, and electrospun bovine skin
collagen nanofibers were successfully fabricated. Due to its unique perforated structure, controllable
fiber diameter (50 nm–5 μm), large surface area, high porosity and unique biological property [33], PCS,
ACS and BCE I, BCE II were examined by using the full-thickness wound model in SD rats and the total
protein, hydroxyproline content, H&E, and immunohistochemical examinations were assessed with
control group. In full-thickness wounds in SD rats, PCS, ACS, BCE I and BCE II treated groups revealed
significantly higher wound healing ability, total protein and hydroxyproline content, fibroblasts
proliferation and collagen synthesis when compared to control, BCS and woundplast groups.

Based on the earlier findings, the possible reasons for accelerating wound healing of PCS, ACS,
BCE I, and BCE II were due to its unique structures and the high porosity of the matrix, which could
induce fibroblasts proliferation and collagen synthesis, and play crucial roles in re-epithelialization
and vascularization in the wound healing process [34,35]. In addition, PCS, ACS, BCE I, and BCE II
exhibited good biocompatibility to support the adhesion and proliferation of fibroblasts that lead the
deposition and maturation of collagen [9]. Collagen could be completely degraded and absorbed by
the wound that helps to formation of fibroblasts and collagen fibers over time in epidermal tissue and
therefore, the wounds were replaced with regenerated dermis.

Histopathological and immunohistochemical examinations indicate that PCS, ACS, BCE I, BCE
II had a positive effect on neovascularization, inducing fibroblasts proliferation, collagen synthesis,
re-epithelialization and regeneration of skin appendages, and consequently led to an increased wound
healing ability compared with control, BCS and woundplast groups. Besides, PCS, ACS, BCE I and
BCE II were similar to normal skin because of smooth surface along with loose collagen fiber. PCS,
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ACS, BCE I, and BCE II could provide a proper microenvironment for fibroblasts attachment in skin
due to its three-dimensional features and high porosity.

Vascular endothelial marker CD31, growth factors EGF and FGF are involved in wound healing
process [36]. It has been confirmed that PCS, ACS, BCE I, and BCE II significantly induce EGF and
FGF expression, which can promote proliferation and differentiation of fibroblasts and keratinocytes.
EGF can induce keratinocytes proliferation to impel re-epithelialization of the wound. As chemotactic
agent and mitogenic agent of fibroblasts, EGF can promote the proliferation and differentiation
of fibroblasts to synthesize collagen. The increased expression of CD31 and FGF revealed the
vascularization and wound healing properties of collagens.

In this work, PCS and ACS groups revealed significantly better wound healing ability than
woundplast and control groups, slightly higher than BCS group, which might be due to the
three-dimensional features and high porosity of PCS and ACS than BCS. However, ACS had a more
positive effect than PCS, which was similar to previous report [22]. There was no much difference
between BCE I and BCE II treated groups. However, there was less inflammatory cells in BCE II
treated group than BCE I, which may be related to the bactericidal effect of chitosan. These effects
were probably owed to the biomimetic structure, unique biological property and high porosity of the
collagen nanofibers.

4. Materials and Methods

4.1. Materials

Bovine collagen electrospun (BCE) was prepared by Department of Textile Materials College,
Donghua University, Shanghai, China, and its biocompatibility and cytotoxicity were confirmed.
Bovine collagen sponge (BCS) prepared with polyethylene oxide (PEO) (BCE I) and PEO with chitosan
(BCE II) were compared with tilapia collagens. The weight ratio of bovine collagen, PEO and chitosan
was 150:17:2. Tilapia skin collagens were prepared by Shanghai Ocean University, Shanghai, China.
Briefly, Pepsin soluble collagen sponge (PCS) and acid soluble collagen sponge (ACS) from Tilapia skin
were prepared as per our previous method [22]. Both collagens were composed of two α-chains and
a β-chain and characterized as type-I collagen [22]. BCS was kindly provided by HaoHai Biological
Technology, Shanghai, China, which was characterized as type-I collagen. Woundplast was purchased
from Johnson & Johnson (Shanghai, China) and medical gauze was procured from Shanghai Health
Materials Factory Co. Ltd., Shanghai, China.

SD rats were purchased from Shanghai Slac Laboratory Animal Co. Ltd., Shanghai, China. Animal
study protocols and procedures were approved by the Shanghai Ocean University institutional animal
care and use committee (Permit Number: SHOU-DW-2018-054). All methods were employed in
accordance with the relevant guidelines and regulations of Scientific and Ethical Care and Use of
Laboratory Animals of Shanghai Ocean University.

4.2. Skin Wound Healing in SD Rats

The wound healing experiment was performed as follows: female rats (body weight 200–250 g)
were maintained in a pathogen free environment and fed a standard diet. 63 rats were injected
intraperitoneal with sodium pentobarbital. Two full-thickness wounds of size 1 cm in diameter were
created on the dorsum of SD rats which were 1.5 cm apart from the spine. These wounds were covered
with medical gauze, woundplast, BCS, PCS, ACS, BCE I, and BCE II (n = 6) to avoid infections. Control
group was served without any treatment (only medical gauze). Medical adhesive tape was used to
attach the dressings in the wounds. Dressing change was done every two days and rats were kept in
individual cages. On days 3, 7, and 14 after surgery, the morphology of the wounds was examined.
The skin wounds of animals were photographed and subsequently, the rats were euthanized. Wound
tissues were removed by sacrificing three rats each from all groups periodically on the 3rd, 7th, and
14th days of post wound creation and the granulation tissues formed were collected.
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4.3. Determination of Total Protein and Hydroxyproline Content

Skin tissue (~90 ± 10 mg) was taken from the wound for determination of total protein and
hydroxyproline content. The harvested skin samples collected on days 3, 7, and 14 were washed with
ice-cold saline and dried by filter paper. They were then used to determine hydroxyproline and total
protein level in specimen [37]. The HYP content in tissue samples was determined using a Tissue
hydroxyproline kit, as per the manufacturer’s instruction (JianChen Gene Company, Nanjing, China).
The healed skin tissues (n = 6) were harvested and cut into pieces and then incubated with tissue
lysis buffer for 20 min at 95 ◦C and homogenized. The tubes were centrifuged (13,000 rpm) at 4 ◦C
and supernatant was collected. Total protein concentration was evaluated using a total protein kit
(JianChen Gene Company, Nanjing, China) according to the manufacturer’s instructions. The average
value was taken from the triplicate readings.

4.4. Histopathological Examination

Harvested wounds together with the surrounding skins were used for the histological evaluation.
The harvested samples collected on days 3, 7, and 14 were fixed in 10% buffered formalin solution for
24 h. The tissues were embedded in paraffin and sectioned into 5 μm thick slices for histopathological
examination by hematoxylin and eosin (H&E) staining method. Then they were studied by a
routine light microscope. The criterion that was studied in histopathological sections consisted
of re-epithelialization, collagen deposition, fibroblast content, revascularizations, and inflammatory
cells. Analysis of stained skin sections was performed by an experienced pathologist.

4.5. Immuno-Histochemical Examinations

The skin tissues including the wound site were excised and fixed in 10% buffered formalin for
more than 24 h, then embedded in paraffin and cut into 5 μm thick slices. After deparaffinization and
rehydration, antigen unmasking was performed as follows: the endogenous peroxidase of randomly
selected section was inactivated by incubation with 3% hydrogen peroxide/methanol solution at 37 ◦C
for 30 min. The slices were washed three times with PBS for 5 min each wash. In order to recover
antigen, these sections were put into 10 mM citrate buffer solution (pH 6.0) and heated at 95 ◦C for
15 min, and then cool down at room temperature, followed by washing three times with PBS for 5
min each wash. The non-specific binding sites were blocked with 5% goat serum (Gibco, 16210072)
for 10 min at 37 ◦C. After the redundant liquid was discarded, the sections were incubated with the
following primary antibodies, respectively: anti-EGF antibody, anti-FGF antibody, and anti-CD31
antibody at 4 ◦C overnight and washed three times with PBS for 5 min, followed by incubation
with biotinylated goat anti-rabbit secondary antibody kit (Santa Cruz, Shanghai, China) at 37 ◦C
for 30 min, and then incubated with streptavidin-HRP for 30 min. The slides were dyeing with a
DAB (3,3’-diaminobenzidine) solution, and then counterstained with hematoxylin and following by
dehydration with sequential ethanol for sealing and microscope observation. FGF and EGF positive
cells were analyzed from three identical areas in the dermal tissue per rat wound tissue section and
analyzed for the statistical significance. Individual micro-vessels were counted at 200× magnification
(0.152 mm2/field). For each section, three areas were selected from the vascularity of the wound
tissues [38].

4.6. Statistical Analysis

The values were expressed as the mean ± standard deviation (SD). Statistically significant
differences (p < 0.05) among the different groups were evaluated using Student’s t-test and one-way
analysis of variance (ANOVA) with Tukey’s post hoc multiple comparison test. All of the statistical
analyses were performed using SPSS 17.0 software.
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5. Conclusions

In this study, PCS, ACS, BCE I, and BCE II were successfully fabricated and evaluated for its utility
as dermal substitute. PCS, ACS, BCE I, and BCE II treatment increased the wound healing ability,
fibroblasts proliferation, collagen synthesis, re-epithelialization and dermal reconstitution in vivo that
owed to the biomimetic structure and high porosity of the collagen nanofibers. This study indicated
that PCS, ACS, BCE I, and BCE II could accelerate wound healing rapidly and effectively. The overall
results of this study suggest that collagen from tilapia and electrospun bovine collagen nanofibers can
be used as a promising dermal substitute to treat severe wounds.
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Abstract: Collagen is widely used in drugs, biomaterials, foods, and cosmetics. By-products of
the fishing industry are rich sources of collagen, which can be used as an alternative to collagen
traditionally harvested from land mammals. However, commercial applications of fish-based collagen
are limited by the low efficiency, low productivity, and low sustainability of the extraction process.
This study applied a new technique (electrodialysis) for the extraction of Takifugu flavidus skin collagen.
We found electrodialysis to have better economic and environmental outcomes than traditional
dialysis as it significantly reduced the purification time and wastewater (~95%) while maintaining
high extraction yield (67.3 ± 1.3 g/100 g dry weight, p < 0.05). SDS-PAGE, amino acid composition
analysis, and spectrophotometric characterization indicated that electrodialysis treatment retained the
physicochemical properties of T. flavidus collagen. Heavy metals and tetrodotoxin analyses indicated
the safety of T. flavidus collagen. Notably, the collagen had similar thermal stability to calf skin
collagen, with the maximum transition temperature and denaturation temperature of 41.8 ± 0.35
and 28.4 ± 2.5 ◦C, respectively. All evidence suggests that electrodialysis is a promising technique
for extracting collagen in the fishing industry and that T. flavidus skin collagen could serve as an
alternative source of collagen to meet the increasing demand from consumers.

Keywords: skin collagen; electrodialysis; thermal stability; Takifugu flavidus

1. Introduction

Collagen is the major structural component of various extracellular matrices in mammalian
connective tissues, such as the skin, corneas, cartilage, bone, and blood vessel [1]. Collagen is also
widely used in biomaterials, drugs, foods, and cosmetics [2]. Its high biocompatibility as well as the
ability to support cell growth and differentiation has made it an important matrix for cell biology,
cosmetics, and regenerative medicine [3,4]. Collagen is also widely used as a gelatin precursor in the
food industry for formulating emulsions, foams, colloids, and biodegradable films [5]. Annual sales
of collagen and its derivatives in the global market have reached billions of dollars [6]. Despite high
feasibility and biocompatibility, these mammalian origins potentially limit practical application of
collagen due to sociocultural beliefs (e.g., in Muslim countries and India). In addition, the mammalian
origins can further restrain collagen application by increasing additional sanitary costs for industrial
production because of extensive consumer concerns regarding transmissible diseases from porcine
and bovine [7,8].

Mar. Drugs 2019, 17, 25; doi:10.3390/md17010025 www.mdpi.com/journal/marinedrugs201



Mar. Drugs 2019, 17, 25

Fish, a popular dietary ingredient, is a great alternative source of commercial collagen. In addition
to its worldwide acceptance by different sociocultural belief systems, fish is less likely to carry
mammalian-borne diseases, thus requiring lower sanitary costs for industrial production of collagen [9].
More interestingly, the rapid development of the fishing industry has resulted in a huge amount
of collagen-rich by-products, including skin, scales, and bones (50.2–117 million metric tons) [10].
Pufferfish aquaculture is a thriving industry in China, producing more than 14,000 metric tons in
2013 [11]. Studies on fish suggest that pufferfish skin is rich in type I collagen and may serve as an
appropriate source of collagen to replace their mammalian counterparts.

While promising, industrial production of fish collagen is limited by the low efficiency, low
productivity, and low sustainability of the purification process. Crude fish collagen extract is mainly
purified by dialysis through a passive diffusion process in the industry. This method usually takes
3–4 days to isolate pure collagen and often processes less than 1 L of samples [12,13]. Moreover,
dialysis of crude fish collagen extract can produce a relatively large amount of acetified wastewater
(20 L dialysate/L sample) [14–16], leading to severe environmental stress. An advanced purification
technique with better economic and environmental outcome is therefore needed to take full advantage
of collagen-rich fish by-products.

Electrodialysis, as an active diffusion technique, appears to be an excellent solution to improve
the efficiency, productivity, and sustainability of fish collagen purification. This method can purify
charged proteins/peptides by ion-exchange membranes through a stimulated diffusion process under
the influence of electric potential difference [17]. A recent study on marine protein hydrolysate showed
that electrodialysis could process 3 L of sample within a relative short time (6 h) while requiring just a
small amount of dialysis buffer (1 L/L sample) [18].

The aim of this study was to assess the practicality of electrodialysis for the isolation and
purification of collagen derived from yellowbelly pufferfish (Takifugu flavidus) skin. Considering
that this technique has not been applied in the fishing industry, we hypothesized that the application
of electrodialysis could not only improve economic and environmental outcomes of fish collagen
production but also retain the physicochemical properties of T. flavidus collagen. Extraction efficiency,
productivity, and wastewater production were also determined in this study, and the quality of
T. flavidus collagen was systemically evaluated by electrophoresis, spectrophotometric characterization,
thermal properties, and solubility.

2. Results and Discussion

2.1. Quality Measurements

Heavy metals can lead to chronic heart disease, cancer, and death [19]. Heavy metals have been
banned by law from foods, cosmetics, and drugs [20]. The metal concentrations in pufferfish skin were
found to be Pb (0.562 ± 0.052 mg kg−1), Cd (0.042 ± 0.004 mg kg−1), As (0.075 ± 0.002 mg kg−1),
and Cr (1.152 ± 0.067 mg kg−1), which are below the permissible limit recommended by the Chinese
national standards (Table 1) [20]. Some previous works have suggested that the accumulation of heavy
metals in fish depends on the dietary ingestion rate and the concentration of heavy metals in the
ingested food [21]. Thus, the low level of heavy metal concentration in pufferfish skin might be due to
the artificial feed of lower heavy metals in aquaculture pufferfish. Moreover, the metal concentration
in the collagen sample in this study was Pb (0.421 ± 0.015 mg kg−1), Cd (0.023 ± 0.002 mg kg−1),
As (0.052 ± 0.001 mg kg−1), and Cr (0.863 ± 0.072 mg kg−1), which are also below the permissible
limit recommended by the Chinese national standards (Table 1) [20].

The pufferfish (T. flavidus) skin contains 1.7 ± 0.5 MU/g of tetrodotoxin. According to Tani [22],
the oral lethal dose of tetrodotoxin for a human being is 10,000 MU, and pufferfish with a tetrodotoxin
content of less than 10 MU/g is considered to be nontoxic. Thus, pufferfish (T. flavidus) skin is
safe for use in food, cosmetics, and pharmaceutical raw materials. Additionally, the content of
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tetrodotoxin in the collagen sample in this study was below the detection limit, indicating the safety of
pufferfish collagen.

Table 1. Heavy metal concentrations (mg kg−1 dry weight).

Heavy Metal Pufferfish Skin

Collagen Sample

Chinese National Standards a

Food Additive
Gelatin (GB 6783)

Maximum Concentrations
of Contaminants in Foods

(GB 2762)

Pb 0.562 ± 0.052 0.421 ± 0.015 ≤1.5 ≤0.5
Cd 0.042 ± 0.004 0.023 ± 0.002 - ≤0.1
As 0.075 ± 0.002 0.052 ± 0.001 ≤1.0 ≤0.1
Cr 1.152 ± 0.067 0.863 ± 0.072 ≤2.0 ≤2.0

a Chinese national standards were obtained from the literature described by Chen et al. (2016).

2.2. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) Analyses of T. flavidus Collagen

The electrophoretic pattern of T. flavidus collagen was similar to the authentic standard of rat
type I collagen (Figure 1), indicating an intact collagen profile after electrodialysis. It consisted of
four major protein components with molecular weights of 122, 130, 250, and 310 kDa. The first
two components had mass values close to α1 and α2 subunits of rat type I collagen. The ratio of
122/130 kDa components (~1:2) was on a level similar to rat collagen standard and consistent with a
previous report on type I collagen extract of T. rubripes skin [23]. Therefore, 122 and 130 kDa proteins
were identified as α2 and α1 subunits of type I collagen, respectively. On the other hand, the last two
protein components (250 and 310 kDa) were tentatively identified as β subunit (dimer) and γ subunit
(trimer) of type I collagen, respectively. These two proteins had counterparts with similar molecular
weights in rat type I collagen standard (Figure 1) as well as other fish collagen [24]. They were possibly
formed via intermolecular and/or intramolecular cross-linking of collagen subunits [25]. As starvation
is believed to stimulate collagen cross-linking of fish, the difference in β and γ subunit contents
between T. flavidus and T. rubripes collagen were probably due to variations in both species and feeding
conditions [23]. In addition, quantification of stained protein bands showed that α1, α2, β, and γ

subunits contributed to 96.1 ± 1.3% of total T. flavidus collagen. This indicated that extraction by
salting-out electrodialysis was able to produce pure type I collagen for further application.

 

Figure 1. SDS-PAGE of molecular weight standard (lane M), authentic type I collagen standard from
rat tail (lane A), and T. flavidus collagen extract (lane B).

203



Mar. Drugs 2019, 17, 25

2.3. Amino Acid Composition of T. flavidus Collagen

T. flavidus collagen demonstrated the characteristic amino acid composition of type I collagen.
Gly was the most abundant residue of the collagen, accounting for a quarter of the total amino acid
components (Table 2, 268 ± 0.08 residues/1000 amino acid residues). This observation is consistent
with the common understanding that Gly content is the highest among all amino acid residues as
type I collagen is featured with repeating Gly–Pro–X and/or Gly–X–Hyp sequence (X can be any
amino acid residues other than Gly, Pro, and Hyp) [26].

Imino acids (Pro and Hyp) had the second highest amino acid content among all residues
of T. flavidus collagen (246 ± 0.04 residues/1000 amino acid residues), consistent with a previous
study on T. rubripes skin collagen (170 residues/1000 amino acid residues) [2,23]. They have been
reported to decrease the entropic cost of collagen folding by preorganizing individual poly-Pro II
chain [27]. They can also stabilize collagen triple helices via interchain hydrogen bond through
hydroxyl groups [28]. The content of imino acids is therefore an important factor modulating collagen
thermal stability [27,29]. The imino acid content of T. flavidus collagen was higher than many fishes,
including big eye snapper, grass carp, and tiger pufferfish (167–195 residues/1000 amino acid residues),
but similar to those from their porcine counterparts (220 residues/1000 amino acid residues) [16,24,30].
This suggests that T. flavidus collagen might have nutritional values similar to those of common
mammalian collagen and could therefore potentially be used as an alternative source of gelatin.

Table 2. Amino acid compositions of T. flavidus collagen (residues/1000 amino acid residues).

Amino acids T. flavidus

Glycine 268 ± 0.08
Proline 164 ± 0.05

Hydroxyproline 82.1 ± 0.04
Arginine 32.7 ± 0.12

Hydroxylysine 9.2 ± 0.09
Lysine 37.7 ± 0.08

Alanine 119 ± 0.11
Threonine 39.8 ± 0.03

Valine 31.0 ± 0.09
Serine 14.7 ± 0.13

Isoleucine 13.9 ± 0.07
Leucine 33.8 ± 0.05

Methionine 18.5 ± 0.07
Histidine 13.7 ± 0.06

Phenylalanine 18.1 ± 0.03
Glutamine acid 37.1 ± 0.06
Aspartic acid 60.4 ± 0.05

Cysteine 0.57 ± 0.09
Tyrosine 5.43 ± 0.05

2.4. Spectrophotometric Characterization

The spectrophotometric characterization was in agreement with SDS-PAGE and amino acid
composition analyses, further confirming that electrodialysis maintained the physicochemical integrity
of type I collagen from T. flavidus skin. In Figure 2A, it can be seen that T. flavidus collagen and authentic
type I collagen standard both have bell shape UV spectra, with the maximum absorption wavelength
around 234 nm. This strong absorption can be attributed to peptide bond absorptions by n → π*
transitions within C=O, COOH, and CONH2 groups of collagen peptide chains [25]. Similar to type I
collagen of rat tail, T. flavidus collagen also absorbed weakly around 250 and 280 nm. The inability
to absorb at higher UV regions is related to the deficiency of Tyr and Phe in T. flavidus collagen
(<30 residues/1000 residues, Table 2) because Tyr and Phe are the major chromophores responsible for
absorption at 251 and 276 nm [31]. This phenomenon suggests a possible deprivation of protease-labile
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telopeptides from type I collagen [31] during isolation and purification with salting-out electrodialysis
extraction. In addition, circular dichroism (CD) analysis was in line with UV results, showing identical
spectra between T. flavidus collagen and rat type I collagen standard (Figure 2B). Both samples had
spectra with a positive amplitude at 221 nm and a negative amplitude at 197 nm. It is also in agreement
with recent research on scale collagen of pacific saury [32].

Consistent with UV analysis, T. flavidus collagen demonstrated a typical Fourier transform infrared
(FTIR) spectrum of type I collagen. Five characteristic peaks were identified in both T. flavidus
collagen and rat type I collagen: amide A, B, I, II, and III (Figure 2C). The wavenumber of amide A
(3311 cm−1) was lower than that of free N–H stretching vibration (3400–3440 cm−1) [33]. This red-shift
is in agreement with the extensive distributions of N–H(Gly···O=C(X) hydrogen bonds among T.
flavidus collagen helices during the formation of triple-helical structures [34]. Amide B reflected
asymmetrical CH2 stretching within collagen peptides [35], and it had a wavenumber (2926 cm−1)
similar to theoretical values. As an indicator of C=O stretching vibration [33], amide I of T. flavidus
collagen (1645 cm−1) was modestly red-shifted from the calculated value (~1660 cm−1) toward lower
wavenumber [33]. This was again a by-product of intercollagen cross-linking by N–H(Gly)···O=C(X)
hydrogen bonds [34]. N–H bending coupled with C–N stretching vibration actively contributed to
amide II formation, inducing FTIR absorption at 1550–1600 cm−1 [35]. The amide II wavenumber of
T. flavidus collagen (1551 cm−1) was at the lower region of this range, further confirming the influence
of interhelical hydrogen bonds. In addition, C–H stretching and N–H bending vibrations were detected
in T. flavidus collagen [36] with evidence on amide III (1242 cm−1) absorption.

Figure 2. Spectrophotometric characterization of T. flavidus collagen extract and type I collagen of rat
tail. (A) UV spectra; (B) circular dichroism (CD) spectra, and (C), FTIR spectra.

2.5. Thermal Properties

The thermal stability of T. flavidus collagen was characterized by denaturation temperature (Td)
and maximum transition temperature (Tmax). Td refers to the temperature at which the triple-helical
collagen structure in solution is disintegrated into random coil [16]. The viscosity of T. flavidus
collagen (Td = 28.4 ± 2.5 ◦C, Figure 3A) was found to decrease modestly slower than that of Alaska
pollack (Td = 16.8 ◦C) [37], indicating a milder denaturing process for T. flavidus collagen. Furthermore,
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Tmax refers to the temperature at which collagen fiber shrinks to one third of its length. The phase
transition involving the conversion of a crystalline triple-helical collagen structure to an amorphous
random coil form occurs during the shrinkage process [38]. Differential scanning calorimetry (DSC)
analysis of T. flavidus collagen confirmed this observation with a Tmax value of 41.8 ± 0.35 ◦C (Figure 3B).
The difference between the Tmax and Td values of T. flavidus collagen was about 13 ◦C. The Tmax

value of T. flavidus collagen was higher than those of bighead carp, bigeye snapper, and grass carp
(24.6–33.3 ◦C) [14,16,24]. It is therefore reasonable to speculate that T. flavidus collagen tri-helices are
more stable at higher temperature than other fishes. More interestingly, the Tmax value of T. flavidus
collagen was similar to calf skin collagen (40.8 ◦C) [39]. Considering the importance of thermal stability
for collagen applications in foods [5] and the aquacultural potential of T. flavidus [40], we postulate
that collagen from T. flavidus could potentially be used as an alternative source of collagen.

The superior thermal stability of T. flavidus collagen was likely due to its imino acid
content. Imino acids, especially Hyp, have been known for their ability to stabilize collagen
tri-helices via intermolecular hydrogen bonds [41]. Our study showed that T. flavidus collagen
(Table 2, 246 ± 0.04 residues/1000 amino acid residues) had significantly higher imino acid content
than the skin collagen of bighead carp, bigeye snapper, grass carp, and T. rubripes (p < 0.05,
165–193 residues/1000 amino acid residues) [14,16,23,24]. The additional imino acids might form
extra hydrogen bonds within T. flavidus collagen tri-helices, therefore increasing the molecular stability
through rising entropy [42].

In addition, a secondary exothermal peak (32.9 ± 0.31 ◦C) was identified in the DSC thermogram
(Figure 3B). It was consistent with our observation on the viscosity changes in T. flavidus collagen
(Figure 3A), indicating a partial denaturation of collagen supramolecular structure due to defibration
of thermally unstable hydroxyproline-free sequence in collagen triple helices [28].

Figure 3. Fractional viscosity (A) and Differential scanning calorimetry (DSC) (B) of T. flavidus
collagen extract.

2.6. Relative Solubility

In the absence of NaCl, 0.5 mol/L acetic acid was able to fully dissolve T. flavidus collagen at a
concentration of 0.16 mg/mL. Increments in NaCl level (≤3 g/100 mL) appeared to have a modest
impact on the collagen solution, leading to a minor reduction in the relative solubility (99.5%–89.8%,
Figure 4A). Higher levels of NaCl (≥4 g/100 mL), however, significantly decreased the relative
solubility (11.0%–11.7%, p < 0.05). This phenomenon is in agreement with an earlier study on catfish
skin collagen, which significantly precipitates at high NaCl levels (≥4 g/100 mL) [43]. Considering that
Na+ and Cl− are the major forces depriving water molecules from hydrophilic amino acid residues
of collagen during NaCl-mediated salting-out process [44], it is reasonable to postulate that collagen
solubility is affected by the ionic strength of solutions. To avoid collagen aggregation due to potential
salting-out events, the ionic strength of 1.01 (equivalent to the solution containing 3 g/100 mL NaCl
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and 0.5 mol/L acetic acid) could serve as a threshold value for preparing T. flavidus collagen in other
salt solutions.

The protein content of T. flavidus collagen at pH 3.0 (0.04 mg BSAE/mL) was used to determine
the relative solubility of the collagen among all pH conditions (Figure 4B). While adjusting pH values
within acidic environments could modestly reduce relative solubility to 82.1 ± 0.1% (1 ≤ pH ≤ 3.0,
p < 0.05), sharper reductions were observed between pH 3.0 and 5.0, with the lowest relative solubility
being 37.9 ± 0.01%. This event was also reported by Singh and colleagues in a research involving
catfish skin collagen [43]. As ionic strengths of T. flavidus collagen solutions (0.50–0.65) were much
lower than the threshold value (1.01) during pH adjustments, it might have had a minor impact on the
relative solubility of the collagen.

The reduction in relative solubility of T. flavidus collagen between pH 3.0 and 5.0 was most
likely due to deprotonation of the charged amino acid residues. In acidic environments (pH ≤ 3.0),
collagen behaved as a positively charged particle, with most charged amino acid protonated. The net
positive charges of collagen assisted in forming hydrogen bonds with water molecules and preventing
aggregation with surrounding proteins [45]. However, when the solution pH was increased from
3.0 to 5.0, the collagen lost a large fraction of net positive charges due to deprotonation of the side
chains within Asp (pK 3.86) and Glu (pKa 4.25), which accounted for 49.2% of the charged amino
acid residues of the collagen (Table 2). Considering the increasing hydrophobic interactions among
neutralized collagens [44], it is reasonable to postulate a sharp reduction in relative solubility.

Figure 4. Solubility of T. flavidus collagen extract in the presence of varied NaCl concentration (A) or
pH condition (B).

In neutral or basic environments (pH ≥ 6), the relative solubility of T. flavidus collagen
continuously decreased, with the lowest value found at pH 7.0 (22.7 ± 0.02%, Figure 4B).
This observation is in accordance with previous studies on type I collagen [12]. Changes in relative
solubility were partially due to the elevated ability of imino acids (Hyp in particular) to facilitate
intermolecular cross-linking within collagen tri-helical structures [41,42] as imino acids contributed to
24.6% of the total amino acid compositions of T. flavidus collagen (Table 2). It could also be attributed
to alterations in total net charges of collagen molecules as electrostatic expulsion is too weak to shield
proteins from aggregation around the isoelectric point (pI ≈ 7 for type I collagen) [45].

2.7. Cell Proliferation

The greater the optical density (OD) value indicted, the greater is the number of cells. As shown
in Figure 5, the OD value of the negative control and experimental group increased with culture
time. However, at different points in time, the OD values of the experimental groups were slightly
higher than those of the negative control group, although the difference was not significant. This
may be because the cells were cultured at 37 ◦C, which was above the denaturation temperature of
28.4 ± 2.5 ◦C for the collagen samples. When the collagen sample was kept at 37 ◦C for a long time,
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the collagen degraded, leading to loss of collagen activity. In the next stage of research, one important
aim of our research will be to improve the thermal stability of collagen.

Figure 5. MTT assay detecting the effects of collagen sample on cell proliferation of NIH3T3 cell.

2.8. Extraction of T. flavidus Collagen

To our knowledge, this is the first time electrodialysis was introduced as part of fish collagen
purification. The application of electrodialysis significantly increased the extraction yield of fish
collagen. Our experiments showed that 67.3 ± 1.3 g of T. flavidus collagen could be produced from
100 g of dry skin, which is much higher than the yields of T. rubripes collagen (10.7–44.7 g/100 g dried
weight, DW) extracted by traditional dialysis [23,30]. This discernible difference could be partially
attributed to the variations in collagen contents between the two Takifugu species. It is also likely due
to electrodialysis-mediated improvements of extraction efficiency as the extraction yield obtained
from this study was significantly higher than those reported by previous dialysis research on tilapia
(27.2 g/100 g DW) [46] and grass carp (46.6 g/100 g DW) [16].

This study showed that electrodialysis produced more than 10 kg of collagen samples in one
purification effort by purifying 100 L of crude collagen solution. It also concentrated the purification
step from a traditional 96-h dialysis [13–15] into a 2-h period. Considering that the traditional
method could not purify 100 L of crude collagen solution in one effort [12–14], the application of
electrodialysis is estimated to significantly reduce instrument and labor time for large-scale production.
This demonstrates that electrodialysis has a huge advantage over traditional dialysis for translation
into industrial use.

In addition to improving purification efficiency and productivity, electrodialysis is a cost-effective
technique with better environmental sustainability relative to the traditional method. In our study,
to produce 10 kg of T. flavidus collagen, electrodialysis consumed 45.0 L of acetic acid and produced
600 L of waste water (Table 3). In comparison, traditional dialysis is estimated to use 400 times more
acetic acid and 600 m of additional dialysis bag [12,14,15] while producing 600 times more waste
water to purify the same amount of collagen extract. In total, it would take US$15 to produce 10 kg
of collagen using electrodialysis extraction. This indicates a strong potential of the electrodialysis
technique to be used in industrial applications.
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Table 3. Expenses and instrumental requirements for producing 10 kg of T. flavidus collagen by
electrodialysis compared to traditional dialysis.

Traditional Dialysis Electrodialysis

Essential Instruments Dialysis bag, beakers and stirring hot plates DSA-Π electrodialysis apparatus
Instrument time (h/dialysis) >96 2.0

Dialysis bag (m) 600 none
Acetic acid (mole) 18,000 45.0

Waste water (L) 360,000 600

Expenses and essential instruments for traditional dialysis was estimated based on the studies of Liu et al. (2012),
Matmaroh et al. (2011), Nagai and Suzuki (2000), and Ogawa et al. (2004).

3. Materials and Methods

3.1. Materials and Chemicals

T. flavidus skin was purchased from the local fishery factory (Zhangzhou, China). Upon arrival,
the skin was washed with chilled distilled water and then stored at −20 ◦C until use. Coomassie
blue R-250, N,N,N′,N′-tetramethylethylenediamime and sodium dodecyl sulfate were purchased
from Bio-Rad Laboratories (Hercules, CA, USA). Type I collagen (C3867, rat) was purchased from
Sigma-Aldrich Inc. (St. Louis, MO, USA). Electrophoresis loading buffer was obtained from Sangon
Biotech Co., Ltd. (Shanghai, China). Other reagents (analytical grade) were purchased from Xiamen
Green Reagent Glass Instrument Co. Ltd. (Xiamen, China).

3.2. Isolation and Purification of T. flavidus Collagen

T. flavidus skin (15 kg in dry weight, DW) was incubated in 150 L of 0.1 mol/L sodium
bicarbonate for 3 h with continuous stirring and then rinsed with cold water until a neutral pH
was reached. The resulting material was hydrolyzed in 120 L of 0.5 mol/L acetic acid for 24 h and
then centrifuged at 10,000× g for 15 min to remove non-collagenous proteins and pigments. Skin
collagen was salted out from the supernatant in the presence of 0.5 mol/L NaCl, followed by 20 min of
10,000× g centrifugation. The resulting precipitate was dissolved in 0.5 mol/L acetic acid to produce
100 L of crude collagen solution, which was then purified by electrodialysis. The samples were
loaded to a DSA-Π electrodialyzer (Jiangsu Ritai Environmental Protection Engineering Co., Ltd.,
Yangzhou, China) equipped with both polyethylene cation-exchange membrane (361BW, Jiangsu
Ritai Environmental Protection Engineering Co., Ltd., China) and polyethylene anion-exchange
membrane (362BW, Jiangsu Ritai Environmental Protection Engineering Co., Ltd., China). The process
conditions of electrodialysis were as follows: feed compartment, 150 L of 3% NaCl (w/v); concentrate
compartment, 150 L of distilled water; electric potential, 80 V/cm; flow rate, ≤1 m3/h; electrodialysis
duration, 2 h. The purification products were lyophilized and stored at −20 ◦C until analysis. Isolation
and purification were all performed at 4 ◦C to prevent microbial growth (Figure 6). The extraction
yield was calculated based on the following equation.

Yield (g/100 g DW) = Mass of lyophilized collagen (g)/Mass of dry fish skin (100 g) (1)
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Figure 6. Isolation and purification of collagen from T. flavidus skin by electrodialysis.

3.3. Quality Measurements

3.3.1. Heavy Metal

Toxic metals in the pufferfish skin and collagen sample were characterized based on a method
described by Kosker et al. [47] with slight modification. Smashed pufferfish skin and collagen sample
were dissolved in nitric acid (25% v/v) and then digested using a Milestone ETHOS A microwave
digestion instrument (Milestone Srl., Sorisole, Italy). Inductively coupled plasma mass spectrometry
(ICP-MS, Thermo Fisher X Series II, Thermo Fisher Scientific Inc., Waltham, MA, USA) was used to
identify these metals. Standard solutions for the calibration curve were prepared according to the
dilutions of the toxic metals. Prepared solutions of toxic metals had levels of Pb, Cd, As, and Cr within
the range of 1–50 mg/L.

3.3.2. Tetrodotoxin

Tetrodotoxin in the pufferfish skin and collagen sample was characterized based on a method
described by Wang et al. [48] with slight modification. Smashed pufferfish skin and collagen sample
were incubated in 0.5 mol/L acetic acid at 100 ◦C for 40 min and then centrifuged at 10,000× g for
15 min. The resulting supernatants were collected and analyzed directly with an enzyme-linked
immunosorbent assay (ELISA) test kit (Beijing Zhongnuo Taian Technology Co. Ltd., Beijing, China)
for tetrodotoxin. As described in the manual, samples and enzyme-labeled MAb-TTX were added to
wells of a microplate in which standard tetrodotoxin had been immobilized as a competitive agent.
The absorbance (OD value) was measured at 490 nm. The ratio of absorbance (Ai/Ao, where Ai is
the absorbance of standard solution, and Ao is the absorbance of blank with no tetrodotoxin added)
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was used as the ordinate. The logarithm of the corresponding standard solution concentration was
plotted as the abscissa, a standard curve was prepared, and the tetrodotoxin content of the sample
was calculated.

3.4. SDS-PAGE

SDS-PAGE was conducted as described in our earlier study [2]. Briefly, 300 μL of 2 μg/μL
T. flavidus extract was mixed with 100 μL of loading buffer, incubated in boiling water for 3 min,
cooled at room temperature, and then centrifuged at 8500× g for 5 min. Supernatant (5 μL/lane) was
characterized by a polyacrylamide gel (4% stacking and 8% running) on a mini vertical electrophoresis
system (Bio-Rad Laboratories, US). After electrophoresis, the gel was incubated in fixing solution
(methanol:acetic acid:water, 50:10:40) for 30 min, stained by 0.1% Coomassie brilliant blue for 30 min,
and then rinsed by 30% methanol containing 10% acetic acid for 30 min. Contents of the collagen
subunits were estimated by Quantity One 4.6.0 (Bio-Rad Laboratories, US).

3.5. Amino Acid Composition

Amino acid composition of sample was conducted as described in our earlier study [2].
The T. flavidus collagen extract (5 mg) was hydrolyzed with 0.50 mL of 6.0 M hydrochloric acid at
110 ◦C for 8 h. The hydrolysate was vaporized by a vacuum evaporator, dissolved in 25 mL 0.1 M HCl,
and then analyzed by applying the hydrolysate to a HITACHI 835-50 amino acid analyzer (Hitachi,
Tokyo, Japan). Contents of the amino acid residues were expressed as residues/1000 residues.

3.6. Spectrophotometric Characterization

Spectra of UV, FTIR, and CD of the purified T. flavidus collagen were determined using a method
described by Wang et al. [49] with slight modification. UV spectrum (226–300 nm) of the T. flavidus
collagen extract (1 mg/mL) was determined by a UV-1780 spectrophotometer against 0.5 M acetic
acid (blank). FTIR (500–4000 cm−1) of the same extract was measured by a horizontal ATR trough
plate crystal cell (PIKE technology Inc., Fitchburg, WI, USA) coupled with a Bruker Model VERTEX 70
FTIR spectrometer (Bruker Co., Karlsruhe, Germany). FTIR spectra in the rage of 500–4000 cm−1 with
automatic signal gain were collected in 16 scans at a resolution of 4 cm−1 prior to analysis by OPUS
6.5 data collection software program (Bruker Co., Karlsruhe, Germany). In addition, CD spectrum
(190–260 nm) of the collagen extract (0.25 mg/mL) was produced by accumulating 100 scans at a speed
of 100 nm/min with 1 nm interval on a Chirascan spectrometer (Applied Photophysics Limited Inc.,
Leatherhead, UK).

3.7. Relative Solubility

The effects of pH and NaCl on sample solubility were characterized as described in our earlier
study [46].

The relative solubility of the T. flavidus collagen extract was determined in the presence of
0–6 g/100 mL NaCl. Briefly, 8 mL of 3 mg/mL collagen extract was mixed with 5 mL of NaCl solution
containing 0.5 M acetic acid. The mixture was centrifuged at 20,000× g and 4 ◦C for 30 min. The protein
concentration of the supernatant was measured according to the calibration curve for bovine serum
albumin by Folin assay [50]. The absolute protein concentration of the collagen extract was expressed
as mg bovine serum albumin equivalent/mL (mg BSAE/mL). The relative solubility was calculated
with Equation (2) below by normalizing the protein concentrations collected at all NaCl levels with
values obtained from collagen extracts that received no NaCl treatment.

Relative solubility (%) = (Protein concentration of supernatant with NaCl treatment)/
(Protein concentration of supernatant without NaCl treatment) × 100

(2)
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The relative solubility of the T. flavidus collagen extract was also determined at varied pH values
(1–10). The collagen extract (8 mL, 3 mg/mL) was adjusted to designed pH condition by 6.0 M HCl (or
NaOH) with a final volume of 10 mL. The resulting solution was centrifuged at 20,000× g and 4 ◦C
for 30 min. The protein concentration of the supernatant was determined by Folin assay as described
above. The relative solubility was calculated with Equation (3) below by normalizing the protein
concentrations collected at pH conditions with values obtained at pH 3.0.

Relative solubility (%) = (Protein concentration of supernatant at varied pH)/
(Protein concentration of supernatant at pH 3.0) × 100

(3)

3.8. DSC

The thermal properties of the sample were characterized by an established DSC method [14] with
slight modification. Lyophilized collagen extract was hydrated with 0.05 M acetic acid (1:40 w/v),
incubated at 4 ◦C for 2 days and then characterized using a DSC 2 calorimeter (Mettler-Toledo, Zurich,
Switzerland). Heat flow of the hydrated samples was measured between 5 and 75 ◦C at 1 ◦C/min
using an empty aluminum pan as reference. Tmax was defined as the peak of the transition curve.

3.9. Viscosity

The viscosity of the sample was characterized based on a method described by
Kittiphattanabawon et al. [24] with slight modification. Briefly, protein dispersion (0.1% w/v) was
prepared by hydrating the collagen sample in 0.05 M acetic acid at 4 ◦C for 2 days. An Ostwald’s
viscometer (Kusano Inc., Tokyo, Japan) loaded with collagen dispersion was incubated in a 15 ◦C water
bath for an extended period. Small temperature increments (2 ◦C) were then applied to the viscometer
at 30-min intervals in a stepwise manner. Viscosity was recorded between 15 and 50 ◦C prior to each
temperature change. Fractional viscosity was calculated with Equation (4). Td was defined as the
temperature for fractional viscosity to reach 0.50.

Fractional viscosity = (Measured viscosity − minimum viscosity)/
(Maximum viscosity − minimum viscosity)

(4)

3.10. Cell Proliferation

Cell proliferation experiments were performed using a method described by Golser et al. [51]
with slight modification. The collagen sample was dissolved in 0.5 mol/L acetic acid and cast into cell
culture wells at a final concentration of 0.5 mg/mL. After the collagen was fully dried, the plates were
sterilized via UV treatment and seeded with the NIH3T3 fibroblasts. NIH3T3 fibroblasts seeded in the
plates without collagen served as a negative control. After adding Dulbecco’s Modified Eagle Medium
(DMEM) cell culture medium to the plates, the cells were cultured in an incubator at 37 ◦C. At cell
seeded times of 1, 2, 3, 4, and 5 days, 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 plates were
removed, and the culture medium was aspirated. After adding dimethyl sulfoxide (DMSO) for 10 min,
the absorbance (OD value) was measured at 490 nm.

3.11. Statistical Analyses

All data in this study are expressed as average ± standard deviation of at least three measurements.
One-way ANOVAs coupled with Dunnett’s test was performed using SPSS 13.0 to determine the
statistical difference at 95% confidence level.

4. Conclusions

Our study, for the first time, introduced electrodialysis for the extraction of fish skin collagen (T.
flavidus). This cost-effective technique was found to be superior to traditional dialysis with its advanced
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efficiency (2 h/trial), large capacity (100 L/trial), high extraction yield (67.3 ± 1.3 g/100 g DW), and
better environmental sustainability (6 L waste water/L sample). SDS-PAGE, amino acid composition
analysis, and spectrophotometric characterization demonstrated that T. flavidus collagen extracted by
electrodialysis primarily consisted of type I collagen with a purity of 96.1 ± 1.3%. ICP-MS analysis
demonstrated that the heavy metals of T. flavidus collagen were less than the Chinese national standards.
ELISA analysis indicated the safety of T. flavidus collagen. Notably, the collagen appeared to have
better thermal stability than other fish species, with Tmax and Td of 41.8 ± 0.35 and 28.4 ± 2.5 ◦C,
respectively. This observation can be attributed to its relative higher imino acid content (246 ±
0.04 residues/1000 amino acid residues). Cell proliferation experiment demonstrated that the cell
proliferation rates of the experimental groups were slightly higher than those of the negative control
group, but there was no significant difference. In addition, both NaCl level and pH condition were
found to affect the relative solubility of T. flavidus collagen. All evidence suggests that electrodialysis is
a promising technique for fish collagen and that T. flavidus skin collagen could serve as an alternative
source of collagen to meet the increasing demand from academia and industry.
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Abstract: The small-spotted catshark is one of the most abundant elasmobranchs in the Northeastern
Atlantic Ocean. Although its landings are devoted for human consumption, in general this species
has low commercial value with high discard rates, reaching 100% in some European fisheries.
The eduction of post-harvest losses (discards and by-products) by promotion of a full use of fishing
captures is one of the main goals of EU fishing policies. As marine collagens are increasingly used as
alternatives to mammalian collagens for cosmetics, tissue engineering, etc., fish skins represent an
excellent and abundant source for obtaining this biomolecule. The aim of this study was to analyze
the influence of chemical treatment concentration, temperature and time on the extractability of skin
collagen from this species. Two experimental designs, one for each of the main stages of the process,
were performed by means of Response Surface Methodology (RSM). The combined effect of NaOH
concentration, time and temperature on the amount of collagen recovered in the first stage of the
collagen extraction procedure was studied. Then, skins treated under optimal NaOH conditions were
subjected to a second experimental design, to study the combined effect of AcOH concentration, time
and temperature on the collagen recovery by means of yield, amino acid content and SDS-PAGE
characterization. Values of independent variables maximizing collagen recovery were 4 ◦C, 2 h and
0.1 M NaOH (pre-treatment) and 25 ◦C, 34 h and 1 M AcOH (collagen extraction).

Keywords: fish discards; fish by-products; collagen; cosmetic applications; experimental designs;
response surface methodology

1. Introduction

The small-spotted catshark (Scyliorhinus canicula) is one of the most abundant elasmobranchs
in the Northeastern Atlantic Ocean [1]. Although its landings are sometimes devoted for human
consumption (rendering 10% and 16% of fish weight in the form of skin and viscera by-products
respectively), it has low commercial value and very often is captured as by-catch resulting in a very
high discard rate reaching 100% in some European fisheries. The reduction of post-harvest fish losses
(discards and by-products) by the promotion of a full use of fishing captures is one of the main purposes
of EU fishing policies [2]. The full use of fishing captures includes the transformation of raw materials
for the isolation/production of molecules that could be used in a wide variety of applications, which is
indeed one of the approaches included in the “blue growth” strategy of the European Commission.
One interesting bioactive compound which could be obtained from fish discards is collagen. Collagen
is the main protein present in animal connective tissue and although there are several types of collagens,
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type I is the most abundant in the skin and bone of teleost fish [3]. Type I collagen, which is a fibrillar
collagen, is a heterotrimeric molecule composed of two α1-chains and one α-2 chain with a similar
molecular weight of about 100 kDa [4].

Collagens obtained from marine sources include several Osteichthyes and Chondrichthyes species,
jellyfish, mollusks, sponges and sea cucumbers, among others [5–10]. As collagens are being used
increasingly as alternatives to mammalian collagens for cosmetics, tissue engineering and other
biomedical and pharmaceutical uses, due to safety reasons and ethical or religious constraints, fish
skins from discards or by-products represent an excellent and abundant source for obtaining this
biomolecule [5,8]. The main difference between marine and mammalian collagen includes a lower
content of imino acids (proline and hydroxyproline) in marine collagen, which also influences the
lower thermal stability shown by marine collagens [4,6]. In the literature, there is abundant information
regarding the extraction of collagen from the skin of different marine species [4,6], however there are
only few publications regarding the optimization of the key parameters influencing the process of
extraction (temperature, concentration of NaOH and acetic acid and also time of incubation) [11–13].
Thus, having in mind the importance of extraction conditions to achieve a higher collagen yield, and
although acid-soluble collagen (ASC) has been obtained previously from the skin of the small-spotted
catshark [6], the yield was 52%. It is necessary to study the effects of extraction conditions on trying to
obtain a higher recovery of collagen from this species.

The collagen extraction process comprises two main steps: the first step consists of the removal of
non-collagen proteins and other impurities such as lipids, calcium etc. from the skin, with the aim of
increasing the purity of the collagen extracted. To achieve this objective, 0.1 M NaOH is generally used,
with different stirring incubation times [14–16]. The de-proteinized skin is then washed with cold
water until it reaches a neutral pH and filtered. The second step in the extraction process consists of an
acidic extraction of the previously NaOH treated skin, commonly using 0.5 M AcOH with different
incubation times (48 h, 72 h, etc.) [4,5,17]. All procedures are usually done at 4 ◦C. After centrifugation,
supernatant containing the acid-soluble collagen (ASC) is dialyzed and freeze-dried.

As there are several factors influencing the two-step collagen extraction process (time, temperature,
NaOH concentration and AcOH concentration) and there is a need to study the optimal conditions of
each variable and also the interactions between them, response surface methodology (RSM) has been
employed to predict the optimal experimental conditions. RSM is a tool that has been previously used
for the optimization of collagen extraction conditions from the skin of different fish species [12,13,18,19],
however none of those studies included all the key optimization parameters influencing the two
main steps of the extraction process. Thus, this is the first study optimizing the complete process
for the extraction of acid-soluble collagen by means of three variables in each optimization stage:
temperature, time and chemical treatment (NaOH or AcOH) concentration, from the skin of the
small-spotted catshark.

2. Results and Discussion

2.1. Alkaline Pre-Treatment of Skin

The average (±standard deviation (SD)) chemical composition of non-treated skin from the small
spotted catshark expressed as dry weight is shown in Table 1.

Table 1. Approximate composition (media ± standard deviation (SD)) expressed as percentage of dry
weight of non-treated skin from the small-spotted catshark.

Composition (%)

Moisture Protein Lipid Ash

Non-treated skin 62.22 ± 0.48 69.24 ± 0.67 2.72 ± 0.18 35.13 ± 0.26
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Hydroxyproline (HPro) content was used as an estimation of initial collagen content in the non-
treated skins, considering that the ratio of HPro in collagen is 12.5 g of HPro/100 g of collagen [20].
Thus, the determined collagen content was 34.22% (g collagen/100 g dried skin). Collagen recovered
(g collagen/100 g of collagen in non-treated skins) was estimated in the solid skin residues and in the
filtrated liquid for the 20 experiments carried out during the experimental design, from the Kjeldahl
determined nitrogen using a factor of 5.4 [21] (Table S1, Supplementary Material).

Experimental data from Table S1 were modelled using second-order equations (Table 2).
These polynomial models describe the correlation between variables and the corresponding response
followed the general form defined by Equation (1).

Table 2. Second-order equations describing the effect of temperature (T), time (t) and concentration of
NaOH (M) on the efficiency of collagen recovery (%) from the skin of the small-spotted catshark.
The coefficient of adjusted determination (R2

adj) is also shown. Optimum (opt) values of each
independent variable to obtain maximum responses are also shown.

Polynomial Equations R2
adj

Topt

(◦C)
topt

(h)
NaOHopt (M)

Liquid Collagen (%) = 87.9 + 26.2 × T + 14.4 × NaOH + 12.7 × t −
5.9 × T × NaOH × t − 7.9 × T2 − 9.6 × NaOH2 − 9.1 × t2 0.846 25 48 2

Solid
Collagen (%) = 14.4 − 26.5 × T − 17.8 × NaOH − 14.9 × t +
3.7 × T × NaOH + 7.04 × T × t − 4.5 × NaOH × t + 6.6 × T

× NaOH × t + 6.9 × T2 + 11.7 × NaOH2 + 9.3 × t2
0.811 4 2 0.1

The R2
adj values revealed good agreement among experimental and predicted data described

by the second-order equations proposed (a high proportion of variability, more than 81% for both
solid residue skins and filtrated liquid, was achieved). The consistency of the polynomial equations
was validated since the F1 and F2 ratios from F-Fisher test were satisfied in all cases (data not shown).
The results of the multivariate analysis showed significant quadratic terms for temperature, NaOH
concentration and time (Student’s t-test, p < 0.05) in the estimated collagen present in both fractions.
In the solid fraction, this outcome is graphically translated as a concave surface where the collagen
recovery increases with lower temperature, lower concentration of NaOH and low reaction times
(Figure 1). The inverse response obtained for temperature, NaOH concentration and time in the
filtrated liquid (convex surface) is in agreement with the fact that collagen recovered in the solid
fraction is not present in the filtrated liquid fraction. Among the three independent variables, NaOH
seems to have a slightly higher effect on collagen recovery in both fractions.

The variables maximizing the recovery of collagen in the solid fraction were 4 ◦C, 2 h and
0.1 M NaOH. However due to industrial constraints, mainly due to the high cost of low temperature
processes, the temperature of 8.3 ◦C was selected for the next optimization step. Thus, the consensus
values for the subsequent acid-soluble collagen extraction step were a temperature of 8.3 ◦C, a treatment
time of 2 h and a NaOH concentration of 0.1 M.

Although previous studies have also shown that a low impact NaOH pre-treatment has a positive
effect on the collagen yield, this is the first time that an optimization study has been carried out
regarding the skin NaOH pre-treatment. Our results show that as little as two hours of treatment is
enough to condition the skin, making it suitable for the posterior acid treatment. Thus, Woo et al. [12]
have found that treatment times between 12 h and 36 h and NaOH concentration values between
0.5–1.3 M positively affects the achievement of maximum values of collagen content extracted from
yellowfin tuna skin. Zhou and Regenstein [22] found that significant amounts of collagens are lost
when pre-treatment conditions include concentration values higher than 0.5 M NaOH, reaction time
of 4 days and temperature of 4 ◦C. Liu et al. [15] have also studied the effect of different alkaline
pre-treatment conditions on the acid-soluble collagen obtained from grass carp, concluding that
temperature ranges of 4–20 ◦C for pre-treatment conditions and NaOH concentration between 0.05
and 0.1 M were adequate. Wang et al. [13] also employed 0.1 M NaOH to remove non-collagenous
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proteins from the skin of grass carp with low temperature (4 ◦C) but higher reaction time (6 h).
These results suggest that the efficiency of alkaline pre-treatment may vary between fish species and
also between temperature, time and NaOH concentration conditions, highlighting the importance of
specific two-step optimization studies for different species including these three variables.

a 

 

b 

 

c 

d 

 

e 

 

f 

Figure 1. Combined effect of alkali concentration (M), time (t) and temperature (T) on the removal of
collagen from the skin of the small-spotted catshark. Collagen recovered in the solid fraction (a–c).
Collagen recovered in the liquid fraction (d–f).

2.2. Acid-Soluble Collagen (ASC) Extraction Stage

The next experiment was designed for the optimization of collagen extraction in acidic media
using NaOH pre-treated skin. In this case, the combined effect of acetic acid concentration, temperature
and time of processing on collagen production was studied. The average (±SD) chemical composition
of NaOH treated skins (under the optimal consensus values obtained in the first experimental
optimization stage, expressed as percentage of dry weight) used for this second experimental design
was 76.55 ± 1.22% of moisture content; 56.71 ± 0.61% of protein content; 0.59 ± 0.10% of lipid content
and 46.49 ± 0.38% of ash content. Compared to the approximate composition of non-treated skins,
the protein and lipid content decreased significantly (Kruskal–Wallis test for protein: chi-square =
5.398, d.f. = 1, p = 0.020; ANOVA for lipid: F1,4 = 299.483, p < 0.01), confirming the removal of
unwanted materials [23]. The significantly higher ash content observed in NaOH treated skin (ANOVA
for ash: F1,4 = 1758.801, p < 0.01 is due to the NaOH added. A representation of the lyophilized
collagen obtained in some of the 20 experiments is shown in Figure 2. The corresponding amino acid
composition from all collagens is summarized in Table 3. In addition, the yields of lyophilized collagen
recovered varied between 18.33% and 49.65% and are defined in Table S2.
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.
Figure 2. Dialyzed (a) and lyophilized (b) collagens obtained in each of the 20 experiments developed
for the acid-soluble collagen extraction stage experimental design.

Table 3. Hydroxyproline (HPro), Proline (Pro) and Glycine (Gly) content in lyophilized extracted
collagen obtained in each of the 20 experiments developed for the acid-soluble collagen extraction
stage of the experimental design. Real values of independent variables are indicated, as well as the
codified values (in brackets).

N◦
Experiment

T (◦C)
Acetic Acid

(M)
t (h)

Micromole in Lyophilized Extracted
Collagen

OHPro Pro Gly
1 8.26 ((−1)) 0.36 (−1) 11.33 (−1) 65.12 102.24 367.69
2 20.74 ((1)) 0.36 (−1) 11.33 (−1) 151.34 237.70 854.61
3 8.26 ((−1)) 0.84 (1) 11.33 (−1) 87.58 137.44 494.40
4 20.74((1)) 0.84 (1) 11.33 (−1) 144.44 226.88 815.48
5 8.26 ((−1)) 0.36 (−1) 38.67 (1) 81.01 127.18 456.98
6 20.74 ((1)) 0.36 (−1) 38.67 (1) 168.79 265.12 952.75
7 8.26 ((−1)) 0.84 (1) 38.67 (1) 121.52 191.05 686.78
8 20.74 ((1)) 0.84 (1) 38.67 (1) 174.42 274.06 985.54
9 4.00 (−1.682) 0.60 (0) 25.00 (0) 68.59 107.72 387.32
10 25.00 (1.682) 0.60 (0) 25.00 (0) 168.85 265.32 953.85
11 14.50 (0) 0.20 (−1.682) 25.00 (0) 108.93 171.04 614.92
12 14.50 (0) 1.00 (1.682) 25.00 (0) 155.82 244.70 879.74
13 14.50 (0) 0.60 (0) 2.00 (−1.682) 71.32 112.12 403.03
14 14.50 (0) 0.60 (0) 48.00 (1.682) 131.02 205.82 740.10
15 14.50 (0) 0.60 (0) 25.00 (0) 116.16 182.34 655.82
16 14.50 (0) 0.60 (0) 25.00 (0) 131.89 207.09 744.66
17 14.50 (0) 0.60 (0) 25.00 (0) 139.18 218.56 785.62
18 14.50 (0) 0.60 (0) 25.00 (0) 158.14 248.32 892.94
19 14.50 (0) 0.60 (0) 25.00 (0) 141.82 221.77 797.30
20 14.50 (0) 0.60 (0) 25.00 (0) 134.02 210.51 756.67

The dependent variables (responses) evaluated were HPro, Gly, Pro and the sum of Pro + HPro
(imino acids) as well as the yield of collagen recovered. Table 4 summarizes the equations obtained
from the mathematical modelling and multivariable statistical analysis of the experimental responses
mentioned. The accuracy between experimental and theoretical data were remarkable with values
of R2

adj > 0.85. The robutness of the different response selected and the reproducibility of collagen
production was confirmed by the fact that equations and theoretical three-dimensional (3D) surfaces
were similar in all cases studied (Figure 3). As in the previous factorial design, the consistency of the
equations was also found: all ratios F1–F4 were validated (data not shown). Finally, the values of the
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independent variables which maximize the recovery of collagen were a temperature of 25 ◦C, a time of
34 h and a concentration of 1 M acetic acid. Using these optimal extraction conditions, the yield of
collagen obtained was 61.24% (g of collagen/100 g of initial collagen in skin), which is higher than that
obtained previously [6].

Table 4. Second-order equations describing the effect of temperature (T), time (t) and concentration of
AcOH (M) on the collagen recovery by means of HPro, Gly, Pro, HPro + Pro and yield determination,
from the skin of the small-spotted catshark. The coefficient of adjusted determination (R2

adj) is also
shown. Optimum values of each independent variable to obtain maximum responses are also shown.

Polynomial Equations R2
adj Topt (◦C) topt (h) AcOHopt (M)

Pro (μmoles) = 214.4 + 52.1 × T + 16.2 × AcOH + 22.8 × t −
17.1 × t2 0.860 25 34.2 1

HPro (μmoles) = 136.5 + 33.1 × T + 10.3 × AcOH + 14.5 × t
− 10.9 × t2 0.860 25 34.2 1

Gly (μmoles) = 770.7 + 187.1 × T + 58.3 × AcOH + 81.8 × t
− 61.4 × t2 0.860 25 34.2 1

HPro + Pro (μmoles) = 350.9 + 85.2 × T + 26.5 × AcOH +
37.2 × t − 28.0 × t2 0.860 25 34.2 1

Yield (%) = 39.2 + 9.3 × T + 3.1 × AcOH + 4.1 × t − 3.4 × t2 0.853 25 34.2 1

a 

 

b 

 

c 

d 

 

e 

 

f 

Figure 3. Combined effect of acetic acid (AcOH), time (t) and temperature (◦C) on HPro released (a–c)
and collagen yield (d–f) produced from S. canicula skins.

Previously published results on acid-soluble collagen extraction from the skin of the small-spotted
catshark [6] showed lower yield values as the extraction conditions were different than the optimum
values presented here. Several studies have also focused on the extraction and characterization of
acid-soluble collagen from different marine fish species, traditionally using 0.5 M acetic acid at around
4 ◦C [22] without a previous optimization study [24,25]. In recent decades, several manuscripts have
addressed the study of the optimization conditions of collagen extraction from different sources;
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however, not many of those optimize the complete extraction procedure, including both the alkaline
and the acidic stages. Thus, Wang et al. [13] found higher yields of acid-soluble collagen from the skin
of grass carp with increased acetic acid concentration (up to 0.5 M) and increased reaction times (up
to 32 h), while the optimum temperature differs with different levels of acetic acid or reaction time.
The collagen yield reported by these authors was lower than the one obtained in this study. As in the
previous alkaline pre-treatment optimization stage, the efficiency of the acidic extraction stage varies
between fish species and also with temperature, time and concentration of acetic acid, suggesting the
great importance of specific optimization studies for different species including the three variables
involved in the process.

As shown in Figure 4, ASC extracted under the different experimental conditions used in this
work resulted in similar electrophoretic patterns, which consisted of the typical heterotrimer collagen
structure containing two identical α1 chains (approximately 120 kDa) and one α2 chain (approximately
110 kDa) in the molecular form of [α1(I)]2 α2(I)], and one β dimer of about 200 kDa [6]. The band
intensity of the α1 chain was not two-fold higher than that of α2 chain; in fact, the α2 chain is
hardly visible. This fact, together with the high intensity of the β dimer, might suggest the existence
of higher crosslink degree between α2 chain in elasmobranchs This has also been found for other
elasmobranchs where the α2 chains are scarcely visible while the β dimer bands are stronger than in
other teleosts [17,26,27]. A γ-component can be also seen in all ASC obtained, similarly to previously
reported results by Sotelo et al. [6]. The collagen obtained in some of the experimental conditions
(corresponding to Experiments 6, 8, 10 and 12) present a few bands below 100 kDa. These low molecular
weight components might be the result of the particular extraction conditions on which those collagens
were obtained: the highest temperatures, times and AcOH concentrations or the combination of them
(further research on the characterization of those components using ionic exchange chromatography
might be interesting, however it exceeds the objectives of this study).

 

Figure 4. SDS-PAGE (7%) showing acid-soluble collagen (ASC) obtained in each of the 20
experiments developed for the acid-soluble collagen extraction experimental design. MWM: molecular
weight marker.

3. Material and Methods

3.1. Biological Samples and Compositional Analysis

Small-spotted catshark (Scyliorhinus canicula) individuals obtained approximately 12 h after
capture from a local market in Vigo (Northwestern Spain) were manually skinned (ES360570202001 by
Galicia Government). Skins were stretched and aligned on top of each other (Figure 5a) in order to
select only the central part of the skins (Figure 5b) with the aim of obtaining a homogeneous material.
The selected central parts were mechanically cut into small pieces (5 × 5 cm2) (Figure 5c) and then each
of those pieces were manually cut into smaller pieces (0.5 × 0.5 cm2) (Figure 5d), mixed thoroughly,
separated in sealed plastic bags each containing 5 g of skin and stored at −20 ◦C until used for the
experimental designs.
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Figure 5. Small spotted catshark skin sampling: Skins stretched and aligned on top of each other (a);
selected central portions of skins (b); homogeneized cutsobtained from the selected central parts of
skins using scissors and divided in three for sampling purposes (c); small pieces finally obtained using
a scalper (d).

The chemical composition of the skin was evaluated in triplicate by analyzing crude protein,
ash, moisture and fat content. Total nitrogen was determined with the Kjeldahl method [28] in a
DigiPREP HT digestor (SCP Science, Baie-d’Urfe, QC, Canada), DigiPREP 500 fully automatic steam
distillation (SCP Science, Baie-d’Urfe, QC, Canada) and a TitroLine easy titration unit (Schoot, Mainz,
Germany), and crude protein content was calculated as total nitrogen multiplied by 6.25. Fat content was
determined by the method of Bligh and Dyer [29]. Moisture was determined after heating the sample at
105 ◦C for 24 h, and ash content was determined after heating the sample for 24 h at 550 ◦C [28].

The hydroxyproline content in the skin was determined according to the procedure described
in Blanco et al. [30] and used for the estimation of initial collagen content in the untreated skin,
considering that the ratio of HPro in collagen is 12.5 g of HPro/100 g of collagen [20].

3.2. Experimental Design and Statistical Analysis

In this work, two experimental designs were performed to analyze the influence of chemical
treatment concentration, temperature and time on the extractability of collagen from the skin of the
small-spotted catshark. First, the effect of temperature (T), concentration of NaOH (M) and time (t) on
the efficiency of removing non-collagenous proteins was studied (alkaline pre-treatment). Then, the
effect of temperature (T), concentration of acetic acid (M) and time (t) on the efficiency of extracting
acid-soluble collagen (ASC) was optimized (acid-soluble collagen extraction stage). In both cases,
the factorial experiments were rotatable second-order designs with six replicates in the center of the
experimental domains [31].

3.2.1. Alkaline Pre-Treatment Experimental Design

The conditions of the independent variables studied in the pre-treatment experimental design
were: temperature in the range of 4–25 ◦C, concentration of NaOH in the range of 0.1–2 M and intervals
of time between 2–48 h (Table 5). The values of independent variables were selected from previously
reported studies to cover a wide range of conditions in order to obtain the values that maximize the
isolation of collagen and to reduce the times and concentrations needed for the bioproduction of S.
canicula collagen. The most common times and NaOH concentration values used in the literature

224



Mar. Drugs 2019, 17, 40

ranged from 1–36 h and 0.05–1.3 M NaOH. The temperature preferentially chosen in the literature for
removing other non-collagen proteins ranged from 4–20 ◦C [11–13].

Table 5. Experimental domain and codification of independent variables in the second-order rotatable
designs developed for collagen extraction from S. canicula skin.

Alkaline Pre-Treatment Acid Extraction

Coded Values T (◦C) NaOH (M) t (h) T (◦C) AcOH (M) t (h)

−1.68 4.0 0.10 2.0 4.0 0.20 2.0
−1 8.3 0.49 11.3 8.3 0.36 11.3
0 14.5 1.05 25.0 14.5 0.60 25.0

+1 20.7 1.61 38.7 20.7 0.84 38.7
+1.68 25.0 2.00 48.0 25.0 1.00 48.0

Codification: Vc = (Vn − V0)/ΔVn Decodification: Vn = V0 + (ΔVn × Vc)
Vn = natural value of the variable to codify ΔVn = increment of Vn for unit of Vc
V0 = natural value in the centre of the domain Vc = codified value of the variable

The conditions which were maintained as constants were the solid (skin):alkaline solution ratio
of 1:10 and high agitation (200 rpm). The reactions were developed in a stirred and thermostated
reactor (100 mL). After each of the 20 alkali treatments, the solutions were filtered using a 35 μm
membrane. The filtrate was measured, centrifuged and the supernatant collected to be analyzed in
terms of collagen content which was determined by means of total nitrogen content according to the
Kjeldahl method [28]. The skin residue of the filter was weighed and also analyzed in terms of total
nitrogen content. The dependent variable studied was collagen/initial collagen in skin rate, for both
the collagen recovered in the skin residues and the collagen measured in the filtered solution.

3.2.2. Acid-Soluble Collagen Extraction Stage Experimental Design

Skins (500 g) obtained as explained in Section 2.1 were introduced in a stirred and thermostated
5 L reactor connected to a pH electrode and a temperature probe (Afora S.A., Barcelona, Spain).
Based on the consensus values obtained in the alkaline pre-treatment experimental design, skins
were treated with NaOH and then filtered using a 200 μm membrane. The liquid was removed, and
the skins were washed with distilled water until neutral pH was achieved (Figure 6), weighed and
divided into 5 g sealed plastic bags which were frozen at −20 ◦C until used for the experimental
design. NaOH pre-treated skins (10 g) were used for approximate compositional analysis. Differences
in approximate composition between non-NaOH treated skins and NaOH treated skins were
statistically analyzed. Prior to analysis, data were checked for normality and homoscedasticity using
the Kolmogorov–Smirnov and Levene tests, respectively. The Kolmogorov–Smirnov test showed
that protein data and their transformations did not fit with the assumptions of normality. As a
consequence, non-parametric statistics were used for these data. Differences in lipids and ashes were
compared by one-way ANOVA, with NaOH treated or non-treated skins as the between-subject effect.
The Kruskal–Wallis test, the non-parametric equivalent of a one-way ANOVA, was used to examine
variations between treated and non-treated skins in protein content. Significance levels were set at
p < 0.05. Statistical tests were performed with IBM SPSS Statistics 23. 0 (IBM Corp., Armonk, NY, USA).

The conditions of the independent variables studied in the collagen extraction stage of the
experimental design were: temperature in the range of 4–25 ◦C, concentration of acetic acid (AcOH)
in the range of 0.2–1 M and intervals of time between 2–48 h (Table 4). The conditions that were
maintained as constants were solid (skin residue): alkaline solution ratio of 1:10 and high agitation
(200 rpm). The values of independent variables were again selected from previously reported studies
to cover a wide range of conditions in order to obtain the values that maximize the isolation of collagen
and to reduce the time and concentration needed for the bioproduction of S. canicula collagen. The most
common times and acetic acid concentration values used in the literature ranged from 1–16 h and
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0.1–1 M acetic acid. The temperature preferentially chosen in the literature for the acid extraction of
collagen ranged from 4–30 ◦C [12,13,24].

 
Figure 6. Filtered and washed NaOH treated skins used for the acid-soluble collagen extraction stage
of the experimental design.

The reactions were developed in the same reactor as the pre-treatment experimental design.
After each one of the 20 acid experiments, the solutions were filtered using a 200 μm membrane.
The filtrated solution was collected, measured, dialyzed and freeze-dried. The freeze-dried collagen
was weighed and characterized in terms of collagen content (determined by means of hydroxyproline
(HPro), proline (Pro) and glycine (Gly) content), yield of collagen recovered and SDS-PAGE
characterization (the content of other amino acid was also analyzed). The dependent variables studied
were yield of collagen (as a percentage of collagen recovered/initial collagen in skin) and contents of
the collagen characteristic amino acids: HPro, Pro and Gly.

3.2.3. Mathematical Modelling and Statistical Analysis

The experimental results of the factorial designs were modelled by second-order polynomial
equations as [31]:

Y = b0 +
n

∑
i=1

biXi +
n−1

∑
i=1
j>i

n

∑
j=2

bijXiXj +
n

∑
i=1

biiX2
i (1)

where Y represents the response to be modelled; b0 is a constant coefficient, bi is the coefficient of
linear effect, bij is the coefficient of interaction effect, bii is the coefficient of squared effect, n is the
number of variables and Xi and Xj define the independent variables. The statistical significance of the
coefficients was verified by means of Student’s t-test (α = 0.05), goodness-of-fit was established as the
adjusted determination coefficient (R2

adj) and the model consistency was determined by the Fisher F
test (α = 0.05) using the following mean squares ratios (Table 6):

Table 6. Fisher F tests used to check the consistency of polynomial equations.

The Model is Acceptable When:

F1 = Model/Total error F1 ≥ Fnum
den

F2 = (Model + Lack of fitting)/Model F2 ≤ Fnum
den

F3 = Total error/Experimental error F3 ≤ Fnum
den

F4 = Lack of fitting/Experimental error F4 ≤ Fnum
den

Fnum
den are the theoretical values to α = 0.05 with the corresponding degrees of freedom for numerator (num) and

denominator (den). All fitting procedures, coefficient estimates and statistical calculations were performed on a
Microsoft Excel spreadsheet.

3.3. Amino Acid Characterization of Acid-Soluble Collagen

Amino acids were determined in the freeze-dried collagen obtained in each one of the 20
experimental points. For this purpose, acid hydrolysis was conducted with 6 N hydrochloric acid
containing 0.1% phenol under an inert atmosphere by heating to 110 ◦C for 24 h. Then, HCl was
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removed from the hydrolysate by vacuum. The hydrolysate was resuspended in 20–50 μL of 0.2 M
sodium citrate buffer (pH 2.2), to which a known amount of norleucine was added as an internal
standard and applied to an automated amino acid analyzer (Biochrom30 Amino Acid Analyzer,
Biochrom, UK).

3.4. SDS-PAGE Characterization of Acid-Soluble Collagen

Samples (1 mg/mL) were prepared in sample buffer containing 10.52% glycerol, 21% Sodium
Dodecyl Sulfate (SDS) (10%), 0.63% Dithiothreitol (DTT)and 0.5 M Tris HCl (pH 6.8) and heated for
5 min at 100 ◦C. An aliquot (8 μL) of this mixture was applied to each well in 7% polyacrylamide
separating gels. Gels (100 mm × 750 mm × 0.75 mm) were prepared according to the procedure of
Laemmli [32] and were subjected to electrophoresis at 20 mA using a Mini-Protean II Cell (Bio-Rad,
Hercules, CA, USA). Following electrophoresis, the gels were stained with 0.04% Coomassie Blue
in 25% v/v ethanol and 8% v/v acetic acid for 2 h. Excess stain was removed with several washes
of destaining solvent (25% v/v ethanol, 8% v/v acetic acid). Molecular weights of subunits of ASC
(acid-soluble collagen) were estimated using molecular weight standards from BIO-RAD (Hercules, CA,
USA) SDS-PAGE standards high range: myosin (200 kDa); β-galactosidase (116 kDa); phosphorylase B
(97 kDa); bovine serum albumin (66 kDa); ovalbumin (45 kDa).

4. Conclusions

This is the first study optimizing the complete process for the extraction of acid-soluble collagen
by means of three variables (temperature, time and chemical treatment concentration) from the skin
of the small-spotted catshark using response surface methodology. Two-stage optimizations (alkali
pre-treatment and acid extraction) of the collagen extraction process should be accomplished in a
species-specific approach due to the variability of collagen extracted from different species (regarding
its structure and chemical differences (for example, variations in the amino acid composition)).
The variables maximizing the recovery of collagen in the first stage of extraction (alkaline pre-treatment)
were 4 ◦C, 2 h and 0.1 M NaOH. The variables maximizing the recovery of collagen in the second
stage of extraction (acid-soluble collagen extraction stage) were 25 ◦C, 34 h and 1 M AcOH with a
yield of 61.24%. The results obtained in this study might be helpful for a potential collagen extraction
upscaling study.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/1/40/s1,
Table S1: Experimental domains and codification of independent variables in the factorial rotable design executed
to study the optimal conditions for removing proteins different of collagen from the skin of small-spotted catshark,
Table S2: Experimental domains and codification of independent variables in the factorial rotable design executed
to study the optimal conditions for extraction of acid soluble collagen from the skin of small-spotted catshark.
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Abstract: The acid solubilised collagen (ASC) and pepsin solubilised collagen (PSC) were extracted
from the by-products (skin) of a cartilaginous fish (Mustelus mustelus). The ASC and PSC yields were
23.07% and 35.27% dry weight, respectively and were identified as collagen Type I with the presence
of α, β and γ chains. As revealed by the Fourier Transform Infrared (FTIR) spectra analysis, pepsin did
not alter the PSC triple helix structure. Based on the various type of collagen yield, only PSC was used
in combination with chitosan to produce a composite film. Such film had lower tensile strength but
higher elongation at break when compared to chitosan film; and lower water solubility and lightness
when compared to collagen film. Equally, FTIR spectra analysis of film composite showed the
occurrence of collagen-chitosan interaction resulting in a modification of the secondary structure of
collagen. Collagen-chitosan-based biofilm showed a potential UV barrier properties and antioxidant
activity, which might be used as green bioactive films to preserve nutraceutical products.

Keywords: cartilaginous fish by-products; collagen; chitosan; composite films; properties

1. Introduction

During the last decades, the increased consumer awareness of the nutritional value of fish and
seafood and the shift towards more processed fishery products in convenient form; has generated
larger quantities of by-products accounting for up to 70% of the volume of fish and shellfish [1].
In most cases, such biomasses, which include skin, head, bones and viscera, cause serious economic
and ecological issues. However, such biomass is currently of high interest to researchers and industry
as it represents a valuable source of compounds with high added value such as proteins, lipids,
enzymes, and polysaccharides.

Animal body contains high amount of collagen constituting around 30% of the total amount of
protein in vertebrates [2]. Actually, 27 types of collagens have been identified and collagen type I is
the most frequent one and is known as fibrillar collagen and plays a structural role by contributing to
the molecular architecture, shape and mechanical properties of skin tissues [2,3]. Due to its excellent
properties (non-toxicity, low antigenicity and allergenicity, biocompatibility, the ability of film-forming
and biodegradability), collagens are utilised in various fields such as medical, pharmaceutical and
cosmetics industries, and also as materials for food packaging [4–6].

At the start of its use, collagen was mainly extracted from porcine and bovine sources.
Later, people started to show reticence toward this practice due to religious background, beside
the proliferation of bovine spongiform encephalopathy (BSE) [7] which represented a source of
hazard contamination for the extracted protein [8,9]. As a consequence, several researchers have been
interested in marine collagen as an alternative because of the absence of disease transmission and
dietary restriction [10].
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Collagen has been studied and characterised from various marine sources, mainly from marine
invertebrates such as cuttlefish [11], octopus [12], squid [13], jellyfish [14], starfish [15], sea urchin [16],
sea cucumber [17] and also of sponges which represent the key of their complex structure and
integrity [18]. In marine vertebrate organisms, such interest was rather oriented to fish by-products
including scales [19], skin [20,21], swim bladder [22], bone [23] and cartilage [24].

For their extractions, collagens are commonly solubilized in organic acid, generally acetic acid
which causes the protonation of collagen polypeptides and consequently the repulsion between the
tropo-collagen leading to enhanced collagen solubility [25]. However, such procedure referred to Acid
Solubilised Collagen (ASC) gives generally low collagen yield. Therefore, research was oriented to
enzymatic extraction to increase collagen solubilisation with pepsin being among the most efficient
enzyme. Thus, pepsin provokes not only the cleavage of the collagens teleopeptide region maximising
their solubility, but also the hydrolysis of non-collagenous proteins increasing collagen purity. In this
case, pepsin maximise the extraction yield of collagens while reducing their antigenicity [26,27].

The common coastal smooth-hound Mustelus mustelus, is an abundant species of the genus
Mustelus in the Mediterranean Sea where it is regularly caught all over the year either as by-catch or as
targeted species [28,29]. The consumption of such species generates significant amounts of waste that
may be used as source to extract substance of interest such as collagen.

To our knowledge, the extraction of collagen from the skin of Mustelus mustelus and its valorisation
has never been reported. Therefore, the aim of this work was to extract and characterize collagen
using two methods. In a first step, the isolation of collagen was elaborated using acetic acid, which
allows a better solubilisation of the molecule followed in a second step, by an enzymatic extraction
using pepsin.

Our second objective was to elaborate a biodegradable film using collagen, however following the
extraction process (alkali then acid process), the collagen molecule loses its strong mechanical strength
compared to the native form [30]. To overcome such issue, we blended collagen with another natural
polymer such as chitosan derived from chitin known as the second most abundant polysaccharide
after cellulose. Thus, chitosan has attracted much attention for its biodegradability, biocompatibility,
bacteriostatic and fungistatic activities as well as for its texturizing properties and its ability to film
forming [31]. Therefore, we used chitosan as an adjuvant to elaborate composite film.

2. Results and Discussion

2.1. Collagen Characterization

2.1.1. Collagens Electrophoretic Patterns

The electrophoretic patterns of collagens from smooth-hound skin (ShS) performed under
denaturing condition are presented in Figure 1 and showed that there are no differences between the
ASC and pepsin solubilised collagen (PSC).

As native collagen molecule is constituted of three polypeptide chains (α-chains) organised in a
triple-helix, the denaturising sodium dodecyl sulfate (SDS) break the H-bonds yielding peptides [32].
In both types of ShS-collagen, the α (α1, α2) and their cross-linked dimer β-chains are the major
components with low content of γ-chain. Thus, the electrophoresis mobility and subunit composition
may suggest that ASC and PSC isolated from ShS should most likely be classified as type I collagen.
The SDS-PAGE, revealed two bands of chains α1 and α2 with a molecular weight of about 101 kDa and
83 kDa respectively; however with different intensities (α1 intensity higher than α2 by approximately
ratio 2:1). Such results suggest that α1 is formed by 2 subunits as collagen type I characterised by the
existence of 2 identical subunits of α1 and one of α2 [33].

Additionally, high molecular weight (MW) components, β-chains were clearly detected in both
ShS-ASC and PSC with a mean molecular weight of 226 kDa. Such results are in conformity with
several findings reported for other elasmobranches skins of brownbanded bamboo shark [34], skate [21]
and shark [35].
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Figure 1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of (1): acid soluble
collagen (ASC) and (2): pepsin soluble collagen (PSC) from hound-smooth skin M: high molecular
weight marker (KDa).

2.1.2. Peptide Mapping

The ShS-ASC and PSC were markedly digested by Lysyl endopeptidase which cleaves peptide
bonds at the carboxyl side of lysyl residues [36]. Generally, band intensity of major components α,
β and γ of ShS-ASC and PSC decreased after digestion and degraded into smaller peptides with
molecular weight ranging from 100 to 13 kDa (Figure 2).

Figure 2. Peptide mapping of acid soluble collagen ASC and pepsin soluble collagen PSC digested
by Lysyl endopeptidase with different hydrolysis time 1: ASC, 2: ASC-5 min, 3: ASC-25 min, 4: PSC,
5: PSC-5 min, 6: PSC-25 min from hound smooth skin, M: high molecular weight marker (KDa).

When comparing the effect of hydrolysis duration, an enhanced enzymatic hydrolysis was found
with an incubation time of 25 min for ShS-ASC and PSC. This was evidenced by the appearance of
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higher number of peptides bands with low molecular weight (Figure 2, lines 3 and 6); and a decreased
band’s intensity for PSC collagen. This might be caused by the pepsin action on the telopeptide
region inducing its cleavage and thus facilitating the changes in configuration, which may favour the
hydrolysis by lysyl endopeptidase.

2.1.3. Viscosity Measurement

The temperature of denaturation (Td) of ShS-ASC and PSC, referred as the temperature at which
the variation in viscosity is half completed, was calculated from a plot of temperature-induced variation
in viscosity (Figure 3).

Figure 3. Change in fractional viscosity with temperature of acid soluble collagen (ShS-ASC) and
pepsin soluble collagen (ShS-PSC) from the skin of hound smooth.

The viscosities of both collagens were higher at temperature ranging from 15–20 ◦C then decreased
with increased heating up to 25 ◦C.

The Td’s of ASC and PSC were 26.68 ◦C and 26.66 ◦C respectively. The similarity in the
denaturation temperature may be related to the resemblance of the major peaks wavelength of ASC
and PSC [37]. Such values were comparable to Td reported for collagen from other marine species
such as the Japanese sea bass (26.5 ◦C) [23], edible jellyfish exumbrella (26.0 ◦C) [14], chub mackerel
(25.6 ◦C), bullhead shark (25.0 ◦C) [23] but lower than porcine skin collagen (37.0 ◦C) [11]. However,
the Td’s of both ASC and ASC smooth hound skin were higher than those of Spanish marckel skin
(15.12 and 14.66 ◦C, respectively) [38].

2.1.4. Ultraviolet Spectrophotometric Analysis

The ShS-ASC and PSC collagens exhibited maxima absorbencies at 235 nm and 240 nm respectively
(Figure 4), which is in agreement with the maximum absorption of the collagen molecule (230 nm) [39];
principally due to the n → π* transitions of the peptide band C=O [40].

Unlike other protein types no peak was detected at 280 nm, suggesting that ASC and PSC
collagens have low amount of aromatic residues such as tyrosine and phenylalanine [41]. These results
are in line with those previously found in fish skin collagens [34,42–44] and confirm the effectiveness
of the alkaline treatment for the removal of non-collagenous proteins.
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Figure 4. Ultraviloet-Visible spectra of acid soluble (ShS-ASC) and pepsin soluble collagen (ShS-PSC)
from the skin of hound smooth.

2.1.5. Fourier Transform Infrared Spectra of Collagens

In order to determine the isolated collagens type; Fourier transform infrared technique was used
to detect the vibrational modes of bands and individual chemical groups in the extracted collagens [45].

The ShS-collagen’s Fourier Transform Infrared (FTIR) spectra represented in Figure 5, showed
that the amide A band of ASC and PSC originated from the stretching vibrations of N–H group
were found at 3293.57 and 3296.16 cm−1 respectively, although it commonly appears in the range of
3400–3440 cm−1 [19,46]. These shifts to lower frequencies means that the collagen NH groups of the
samples were involved in hydrogen bonding, which help to stabilize the collagen triple helix structure.
The absorption peak of amide B, related to asymmetrical stretch of CH2 [47], appeared at 2942 cm−1

for ASC and at 3092.05 cm−1 for PSC. Such results are concordant with that reported for the collagen
extracted from the skin of splendid squid [13].

The amide I band mainly associated with stretching vibrations of carbonyl groups (C=O bond)
along the polypeptide backbone [48], was depicted at 1629.6 cm−1 and 1629.5 cm−1 for ASC and PSC
respectively, this amide is actually a sensitive marker for peptide secondary structure [49].

Figure 5. Fourier Transform Infrared spectra of ASC (acid soluble collagen) and PSC (pepsin soluble
collagen) from the skin of hound smooth fish.
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The PSC and ASC amide II bands were situated at wavenumbers of 1548.95 and 1545.17 cm−1

respectively; while the ASC and PSC-amide III bands were located at wavenumbers of 1237.94 and
1239.84 cm−1, respectively. The amide II band represent N=H bending vibrations coupled with
C=N stretching vibration [50], and amide III peak reflects intermolecular interactions in collagen,
including peaks from C–N stretching and N–H deformation from amide linkages. It is also related
to absorptions resulting from wagging vibrations from CH2 groups from the glycine backbone and
proline side-chains [51].

The Infra-Red absorption (IR) ratios between amide III and 1454 cm−1 band for the ASC and PSC
fractions were found around 1 (0.95 and 1.08 respectively); indicating the persistence of the triple helix
structure within the extracted collagen [52].

Such detailed description allowed to conclude that the slight differences observed between
the ASC and PSC structure may be caused by pepsin treatment which has the effect to remove the
telopeptide region, whereas the similarity of IR ratios may suggest that pepsin had no influence on the
structure of the collagen triple helix.

2.2. Biofilms Mechanical and Functional Properties

2.2.1. Mechanical Properties

One of the laboratory objectives was to elaborate green edible biofilm using collagen from seafood
by-products without any chemical addition and at low collagen percentage taking in consideration the
cost of its production. However, when using skin M. mustelus collagen solution at 0.1%; the film was
too fragile to allow any mechanical properties analysis (Figure 6A). Therefore, blending collagen with
another polymer such as chitosan known for its high film-forming ability and lower cost was necessary
to enhance the biofilm compactness (Figure 6B). Beside the resulting film showed akin aspect to the
pure chitosan film (Figure 6C). The results suggest that the aggregation occurring between the collagen
molecules of the film matrix was filled by the dispersed chitosan enhancing the cohesion between the
various complexes within the adsorbed layer as shown in other study [53].

Figure 6. Pictures of (A) pure collagen film CO, (B) bi-composite Collagen-chitosan film and (C) pure
chitosan film CH.

Such assumption is reflected by the thickness of the elaborated biofilms which showed different
values as summarized in Table 1. The highest thickness value was noted in the pure chitosan film
(17.15 μm) and decreased with an increased collagen ratio into the chitosan solution. Similar result
were reported for the composite films using chitosan and collagen from the unicorn leatherjacket
skin [54]. In the present study, higher chitosan ratio (75%) had no significant effect (p > 0.05) on
film’s thickness (Table 1) which showed similar smoothness and compactness. Such results suggest
that the chitosan charge density was sufficiently high at the 50% ratio to assure the complexation
between protein and polysaccharide knowing that the degree of compactness of the gel network is
regulated by the polysaccharide charge density [55].
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Table 1. Thickness and mechanical properties (TS: Tensile strength and EAB: elongation at break) of
CH and composite films C50 and C75.

TS (MPa) EAB (%) Thickness (μm)

CH 70.52 ± 3.39 a 4.25 ± 0.63 a 17.15 ± 1.41 a

C50 55.42 ± 8.6 b 5.67 ± 0.51 b 15.66 ± 1.63 b

C75 66.28 ± 2.7 a,b 4.49 ± 0.23 b 16.07 ± 1.10 b

All values are mean ± standard deviation; a,b different superscripts in the same column indicate significant
differences (p < 0.05). CH: pure chitosan film; C50: Collagen-chitosan film 50%:50%, C75: Collagen-chitosan film
25%:75%.

The tensile strength (TS) was also affected by degree of protein/polysaccharide ratio.
Thus, the pure chitosane film value was 70.52 MPa and decreased with the addition of collagen.
The increased chitosan proportion in composite films increased significantly (p < 0.05) the tensile
strength from 55.42 MPa for C75 to 66.28 MPa for C50. This is not only due to the interactions between
chitosan and collagen molecules by electrostatic force but also by hydrogen bonding [56,57]. Similarly,
the percentage of elongation at break (EAB) increased significantly (p < 0.05) with the incorporation of
collagen in composite films from 4.25% in pure chitosane films to 4.49–5.67% in C75 and C50 respectively.
This phenomenon is attributed to the hydrophilic properties of collagen which provides a certain
increase in the hydration degree of the film giving an upper elongation at break value [58].

The comparison of the mechanical properties of the obtained composite films with those found in
literature gives contradictory interpretations (Table 2) due to several factors including species origin
(habitat, diet), the collagen amino acid composition [59], the protocol of extraction and the polymers
ratio (collagen/chitosan).

Similarly, the mechanical properties of chitosan-based films are affected by various parameters
such as the chitosan deacetylation degree, their molecular weight, as well as the conditions of film
preparation (pH of the film-forming solution, the water content, and the drying conditions) [60–63].

In this study, composite films (C50, C75) exhibited tensile strength of similar or higher values than
commercial films (LDPE 13%, HDPE 26%, Hydroxypropyl cellulose 15%) and collagen-chitosan-based
films reported in other studies (Table 2). However, the elongations at break values of the composite
films (C50, C75) were much lower than those of commercial films, since there is an inverse relationship
between TS and EAB [64].

Table 2. Table summarising tensile strength (TS) and elongation at break (EAB) values of biofilms
reported in other works and commercial films.

Film TS(MPa) EAB (%) Reference

Pure Chitosane
70.52 4.25 Present study
51.04 2.25 [65]
5.8 17.3 [54]

Pure Collagen 25.3 14.7 [54]
2.3 2.2 [66]

Collagen: Chitosan C50 55.42 5.67 Present study
Collagen: Chitosan C75 66.28 4.49 Present study

Collagen from shark catfish skin: Chitosane 8.16 14.3 [67]
collagen from jumbo squid: chitosan (15:85) 35.5 12.3 [58]

Polyester 178 85

[68]
Polyvinyl chloride (PVC) 93 30

Low-density polyethylene (LDPE) 13 500
High-density polyethylene (HDPE) 26 300

Hydroxypropyl cellulose 15 33
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2.2.2. Water Solubility

The highest water solubility was observed in pure collagen films (32.14%) and decreased
significantly (p < 0.05) with the incorporation of increased chitosan percentage (24.55% and 17.64%
for the C50 and C75 films respectively; Table 3).

Table 3. Color properties and solubility of collagen films where L*: luminance/brightness, a*: red/green,
b*: yellow/blue and ΔE*: total difference in colour.

L* a* b* ΔE* Film Solubility (%)

CO 97.93 ± 0.001 a 0.07 ± 0.2 a 2.13 ± 0.01 a 0.35 ± 0.02 a 32.14 ± 2.3 a

C50 97.76 ± 0.002 b −0.09 ± 0.06 b 2.63 ± 0.002 b 0.85 ± 0.009 b 24.55 ± 1.88 b

C75 97.30 ± 0.0002 c −0.19 ± 0.09 c 2.62 ± 0.003 b 0.99 ± 0.008 c 17.64 ± 2 c

CH 97.26 ± 0.001 c −0.13 ± 0.03 d 3.25 ± 0.03 c 1.56 ± 0.08 d 13.29 ± 1.02 d

All values are mean ± standard deviation; a–d different superscripts in the same column indicate significant
differences (p < 0.05). CO: pure collagen film; CH: pure chitosan film; C50: Collagen-chitosan film 50%:50%, C75:
Collagen-chitosan film 25%:75%.

Actually, the film’s resistance to water is owed to the hydrophobic nature of chitosan molecule
and to the covalent bond “amide bond” which has the effect of reducing the polarity of the films [54].

Indeed, an edible film must have both good resistance to water in order to preserve the integrity of
the product [69] and a good ability to dissolve when ingested by the consumer and degrade naturally
if it released into the environment [70].

However, the increase of water resistance of composite films could not be perceived as an
advantage since high solubility cannot shield the product from humidity and water loss [71].

2.2.3. Optical Properties—Colour, Opacity and Light Transmittance of the Films

The film colour is a key element in the consumer’s appreciation of the product since this
parameter has a direct influence on the product appearance, especially when the film is to be used for
packaging. For the various elaborated films, the highest (p < 0.05) L*-value (Lightness) and a*-value
(redness/greenness) and the lowest b*-value (yellowness) and ΔE* (colour difference) were recorded
in pure collagen films (Table 2). Thus, incorporation of chitosan induced a significant decrease in the
lightness (p < 0.05), particularly in the films with the highest concentration of chitosan C75, making
them more yellowish. This may be due to the reaction of Maillard which took place between the
carbonyls groups of chitosan and collagen amino groups [72].

The highest b*-value was observed in pure chitosan film (CH) and as described by Kurek et al. [73],
this parameter (b*-value) defines the natural colour of chitosan, Yellow, which is related to the presence
of β-1-4 linked 2-amino-2-deoxy-D-glucopyranose repeating units [74].

In addition to the colour of the film, transparency is also a very influential parameter in relation to
the acceptability of the product. Generally, a clear film is more attractive clearly displaying the contents
of the product. For all films, the light transmission in UV-Visible range was negligible at 200 nm,
regardless of types and concentrations of chitosan. Collagen film exhibit the highest transmission at
280 nm but after the addition of chitosan, transmission decreased from 72.6 % for collagen pure film to
63.3% and 50.6% for composite films C50 and C75 respectively (p < 0.05).

The results show that when increasing the concentration of chitosan, composite films have
better UV barrier properties. For instance, it makes these collagen-chitosan films usable as preventive
materials against loss of nutrients and discoloration caused by the lipid oxidation [75]. The transmission
of visible light at 400–800 nm, was superior to 80% in pure collagen film (CO), and was significantly
higher (p < 0.05) than that of the collagen-chitosan composite films (Figure 7).
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Figure 7. Optical transmission spectra of collagen films. CO: pure collagen film; CH: pure chitosan
film; C50: Collagen-chitosan film 50%:50%, C75: Collagen-chitosan film 25%:75%.

2.2.4. Fourier Transform Infrared Spectra of Composite Films

For the composite biofilms, FTIR was used to detect the new interactions between collagen and
chitosan and to identify the nature of the new linkages between both molecules.

The FTIR spectra revealed the characteristics of the specific bands corresponding to functional
groups in all films (Figure 8).

Figure 8. Fourier transform infrared spectra of different collagen films, CO: pure collagen film; CH: pure
chitosan film; C50: Collagen-chitosan film 50%:50%, C75: Collagen-chitosan film 25%:75%.

The CO, C50, and C75 composite films; displayed amide I bands at the wavenumbers of 1641.2,
1645.5 and 1642 cm−1 respectively. The shift to higher wavenumber was a result of a structural
rearrangements occurring in the film structure with a strong affinity between the collagen and chitosan.

The amide I peak in CH film at the wavenumber of 1642.6 cm−1 was assigned to C=O stretching
of N-acetyl group [76]. The amide II band was found at approximately the same wavenumber in
CO film (1543.9 cm−1) and C50 film (1543.6 cm−1) but at lower peak compared to C75 (1550.61 cm−1)
and CH films (1550.8 cm−1).
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At amide III region, the addition of the chitosan had as result a significant decrease in the
wavenumber from 1239.9 for CO film to 1016.9 and 1022.7 cm−1 for C50 and C75 films respectively.
This shift induced by chitosan addition suggested some interaction between the CH2 side chains of
collagen molecule with that of chitosan molecules [67].

As shown in Figure 8, amide A peak of collagen film decreased after incorporation of chitosan
from 3294.5 to 3250.4 cm−1 for C50 film and to 3288.5 cm−1 for C75 film, this suggests the loss of
hydrogen bonding between water and collagen by chitosan interaction [77].

Similarly, a shift to lower frequency was noticed for amide B from 2941.9 for collagen film to
2932.2 and 2925.42 cm−1 for collagen-chitosan films C50 and C75. As previously reported, when the
CH group of a peptide was involved in a hydrogen bond with other polymer, the position of amide
B moved to lower frequency.

The FTIR spectra clearly indicated that interactions between the two polymers have taken place
and the secondary structure of collagen had been changed by chitosan incorporation.

2.2.5. Radical Scavenging Activity of Films

The radical scavenging activities, DPPH (1,1-diphenyl-2-picrylhydrazyl) of the different type of
films are showed in Table 4.

Table 4. Radical scavenging activity DPPH (1,1-diphenyl-2-picrylhydrazyl)of the different biofilms.

Films DPPH (%) Reference

Pure Collagen CO 30.88 ±0.03 a This study
Cuttlefish Gelatin 30.99 [78]

Chitosan CH
24.13± 0.75 b This study

0.17 [79]

Collagen: Chitosan C50 23.91± 1.15 b
This study

Collagen: Chitosan C75 19.77± 0.25 b

Gelatin film + henna extract 61.86 [78]
Chitosan + Eucalyptus globulus essential oil 23.03–43.62 [80]

Chitosan + xanthan gum + fish protein hydrolysate 1.7–2.46 [79]

All values are mean ± standard deviation; a,b different superscripts in the same column indicate significant
differences (p < 0.05). C50: Collagen-chitosan film 50%:50%, C75: Collagen-chitosan film 25%:75%.

Pure collagen film exhibited the highest radical scavenger with 30.8%. However, the addition
of chitosan into the collagen solution, induced a significant decrease (p < 0.05) of the DPPH
radical-scavenging ability of the composite films to values of 23.91% and 19.77% for C50, C75,
respectively, when compared to pure collagen film. This result might be explained by the reaction that
took place between residual free amino groups of chitosan and free radicals which may form stable
macromolecular radicals and ammonium groups [81].

The scarcity of data on the DPPH- scavenging activity of collagen-based films, did not allow a
comparative study. However, when comparing with other work such as cuttlefish gelatin-based films,
CO film exhibited similar DPPH- scavenging values (Table 4). Regarding the composite films (C50,
C75), scavenging activity was less or similar to other composite films (Table 4).

3. Experimental Section

3.1. Raw Materials

Smooth-hound (Mustelus mustelus) were purchased from a local market in La Goulette, Tunisia
and brought immediately to the laboratory. Fish were thoroughly washed with cold tap water
and manually de-skinned as occurs in the marked. The cleaned fish skins were cut into pieces
(approximately 1 cm × 1 cm) and subjected to a pre-treatment for collagen extraction.
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3.2. Pretreatment of Fish Skin

To remove pigments and non-collagenous proteins; the fish skins pieces (FSPs) were immersed
into a solution of NaOH (0.1 M, ratio skin: solution 1:10) during 48 h with a daily solution changing.
To reach neutral pH, the FSPs were washed with cold distilled water, then soaked for 24 h in butanol
solution (10%, ratio 1:10) to eliminate fat and then thoroughly washed with cold water.

3.3. Collagen Extraction

Acid solubilised collagen and pepsin solubilised collagen were isolated from hound-smooth skin
following the method proposed by Nagai and Suzuki [23] to which we introduced some modification
as detailed in the following paragraph. All preparations were conducted in a cold room at 4 ◦C.

3.3.1. Acid Extraction

To extract collagen, the pre-treated FSPs were suspended in a solution of acetic acid
(0.5 M, ratio 1:10) for 3 days with a continuous stirring, filtered and the residue was subjected to a
second extraction under the same conditions. Following this step NaCl was added to both supernatants
to a final concentration of 2.0 M to precipitate collagen. The pellets were recovered by centrifugation
(7000× g, during 1 h) then re-dissolved in acetic acid (0.5 M).

For purification, the resulting acetic acid solution was dialysed (bag cut-off of 14 kDa) against an
acetic acid (0.1 M) solution, then against distilled water during 48 h in each case. The purified extract
was thereafter lyophilized (Christ, Alpha 2–4 LD plus, Osterode am Harz, Germany), and the resulting
collagen was referred as acetic ASC.

3.3.2. Enzymatic Extraction

Un-dissolved materials (residue 2) resulting from the previous steps (Figure 9) were washed with
cold distilled water and re-suspended in acetic acid (0.5 M) containing 1% pepsin (w/w) at a ratio of
1:10 (w/v) then incubated for 72 h at 4 ◦C. The filtrate was recovered in two steps for precipitation,
dialysis and freeze drying as explained in ASC purification. The resulting collagen was called PSC.
The collagens were stored at −20 ◦C until analyses.

3.4. Extracted Collagen Characterisation

3.4.1. Sodium Dodecyl Sulfate Gel Electrophoresis

The determination of the collagen’s electrophoretic profiles was performed according to
Laemmli [82] method. The extracted collagens ASC and PSC (1 mg/mL) were dissolved in 0.02 M
sodium phosphate buffer (pH 7.2) containing urea (3.5 M) and sodium dodecyl sulfate (SDS = 1% w/v).
The solubilised samples were then mixed with a Tris HCl buffer (0.5 M, pH 6.8) containing 10% (w/v)
SDS, 50% (v/v) glycerol and 5% (v/v) b-mercaptoethanol (b-ME), at 1:1 (v/v) ratio. Electrophoresis
was carried on a polyacrylamide gel made of 7.5% running gel and 4% stacking gel. Following
150 min of electrophoretic migration, the protein bands were stained with Coomassie brilliant blue
R-250 (0.1%) in methanol and acetic acid (45%, 10% v/v respectively). After that the gel was finally
distained with methanol and acetic acid (10%, 10% v/v respectively). High molecular weight markers
(Biorad, CA, USA) were used to estimate collagen molecular weights.

3.4.2. Peptide Mapping

The ASC and PSC peptide mappings were determined according to the method of
Kittiphattanabawon et al. [83] with a slight modification. To solubilise collagen, samples (6 mg)
were suspended in 0.1 M sodium phosphate buffer (pH 7.2) containing 0.5% SDS, then heated at
100 ◦C for 5 min. The digestion of collagen in solutions (300 μL) was realized by adding 200 μL of
Lysyl endopeptidase (from Achromobacter lyticus, 10 μg/mL buffer) and incubating at 37 ◦C for 5 min
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and 25 min. The proteolysis was stopped by incubating samples in boiling water for 3 min, then
SDS-PAGE was realized using 12% running gel and 4% stacking gel.

Figure 9. Collagen extraction process from smooth hound skin (ShS).

3.4.3. Viscosity Measurement

The ASC and PSC viscosities at different temperatures were measured according to Kimura and
Ohno [84] procedure with some modification. The Ubbelohde viscometer (AVS 470, SI Analytics,
Weilheim, Germany) was first filled with one of the collagen solution (1 mg/mL 0.1 M acetic acid),
immersed in the water bath at 15 ◦C for 20 min; then temperature was increased stepwise up to 50 ◦C.
The collagen solution viscosities were measured in each step of a 5 ◦C-temperature interval maintained
for 20 min. The fractional viscosity of ASC and PSC at a designated temperature was calculated
according to the formula below:

Fractional viscosity =
(maximum viscosity − measured viscosity)
(maximum viscosity − minimum viscosity)

242



Mar. Drugs 2018, 16, 211

3.4.4. Ultraviolet Spectrophotometric Analysis

The UV absorption spectrum of collagen samples was measured with an UV-spectrophotometer
(LLG Labware, model unispec, Meckenheim, Germany). The spectrum of ASC and PSC samples
(5 mg/mL) in acetic acid (0.5 M) were identified by scanning the wavelength between 190 and 500 nm.
The baseline was set with 0.5 M acetic acid.

3.5. Preparation of Polymer Composite Films and Characterisation

To prepare the film forming solution, lyophilized PSC collagen was suspended at 0.1 (w/v) in 4%
aqueous commercial vinegar solution with continuous stirring overnight at 4 ◦C.

The film-forming solution of chitosan extracted from shrimp waste (mean degree of
deacetylation = 80%), was solubilised in a 4% aqueous commercial vinegar solution (1%, w:v) with an
overnight continuous homogenisation at room temperature.

Once both polymer solutions were prepared, different films were prepared: pure CO, CH and
mixture of collagen-chitosan solution with different ratios C50 (50% collagen, 50% chitosan), and C75

(25% collagen, 75% chitosan). For a homogeneous suspension, the collagen-chitosan solution was
stirred continuously for at least 30 min at room temperature; the solution was then poured into
Petri dishes and dried at room temperature. Finally, the dried films were peeled off manually and
stored at maintained at 55% relative humidity in a desiccator before analysis.

3.5.1. Thickness

The thickness of films was measured using a Thickness Tester (Thwing-Albert Instrument,
ProGage, NJ, USA). Different locations on each film sample were used for determination of thickness.

3.5.2. Mechanical Properties

The film’s stress-strain properties (tensile strength TS and elongation at break point EAB)
were measured in accordance to ISO 527-1 [85]. The test was performed using the universal testing
machine (Lloyd Instruments Ltd, LRX plus Series, West Sussex, UK).

Films were cut to width 15 mm and conditioned at 23 ± 2 ◦C and ~50 ± 10% RH 25 ± 0.5 ◦C for
24 h before measurement. Initial grip separation distance was set to 30 mm and mechanical crosshead
speed to 100 mm/min.

3.5.3. Water Solubility

The film water solubility was tested using the procedure of Gómez Estaca, et al. [86] with slight
modification. Film sections of 1 × 1 cm2 (n = 6, in each case) were placed in an oven at 105 ◦C
until constant weights were reached (Wi). The films were then immersed in water for 24 h at room
temperature with gentle shaken. After filtration, the residual films were dried again at 105 ◦C for 24 h
(Wf). The solubility of the films was calculated as:

Solubility (%) =
Wi − Wf

Wi
× 100

where, Wi = Initial weight of the film, Wf = Weight of the un-dissolved dried films residue.

3.5.4. Light Barrier Properties

Using an UV-Visible Spectrophotometer (LLG Labware, model unispec, Meckenheim, Germany),
the light barrier properties of the different polymer films were measured by exposing them to light
absorption at wavelengths ranging from 200 nm to 800 nm.
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3.5.5. Colour Properties

The colour of the films was determined using a CIE colorimeter (Konica minolta Sensing, CR
410, Japan), and was expressed as: L*: luminance/brightness, a*: red/green and b*: yellow/blue.
DE* (total difference in colour) was calculated using the equation below [87]:

ΔE∗ =

√
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2

where ΔL*, Δa* and Δb* are the differences between the corresponding colour parameter of the sample
and the white standard.

3.5.6. Fourier Transform Infrared Spectroscopy

The FTIR analyses of collagens ASC and PSC extracted from smoothhound skin and of
different films were performed using a Cary 630 FTIR spectrophotometer (Agilent Technologies,
Santa Clara, CA, USA) within the wavenumber ranging between 4000 and 400 cm−1. In each case,
the sample was placed directly on the FTIR spectrometer fitted with an Agilent diamond ATR sample.

3.5.7. 1,1-Diphenyl-2-picrylhydrazyl Radical Scavenging Ability

The free radical-scavenging ability of films was measured as reported by Shimada, et al. [88] with
slight modification. Films were cut in small pieces and dissolved in acetic acid solution (0.5 M) at
5 mg/mL, then 500 μL 0.1 mM DPPH solution was added to 500 μL of each film sample and kept in
the dark for 30 min. Absorbance was measured at 571 nm and DPPH radical scavenging ability was
calculated with the following equation:

DPPH(%) =
(A control –A sample)

A control
× 100

where Asample and Acontrol were the absorbencies of sample and control group, respectively.

3.6. Statistical Analysis

The experiments (carried out at least in triplicate) were presented as mean ± standard deviation.
Statistical interpretation of the results was performed by One way ANOVA and LSD (least significant
differences) tests (using p < 0.05 level of significance to compare mean values) using the software
SPSS 22.0 (SPSS 22.0 for Windows, SPSS Inc., Chicago, IL, USA).

4. Conclusions

In a first step the type of collagen extracted from the hound-smooth skin was identified.
Thus, electrophoretic patterns revealed that both extracted ASC and PSC are mostly composed of α
(α1, α2) and β-chains with low content of γ-chain suggesting that hound-smooth skin collagen should
most likely be classified as type I collagen.

Fourier transform infrared investigations showed that the secondary structure and the triple helical
structure of ASC and PSC were both maintained intact even after the enzymatic hydrolysis with pepsin.
Similar denaturation temperatures were found for ASC and PSC (26.68 ◦C and 26.66 ◦C respectively).

In a second step, collagen was used to elaborate film but with the incorporation of chitosan.
The addition of chitosan increased the films mechanical strength and reduced its water solubility.
The FTIR spectra clearly indicated that interactions between both polymers occurred and the secondary
structure of collagen triple helix have been changed by the addition of chitosan.

The addition of 50% chitosan into collagen films was sufficient to obtain an edible film with good
mechanical properties, suitable solubility and antioxidant activity. Owing to its anti-UV properties,
such collagen-chitosan film could be used as a protective material to preserve nutraceutical products.
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Abstract: Collagen from a marine resource is believed to have more potential activity in bone tissue
engineering and their bioactivity depends on biochemical and structural properties. Considering
the above concept, pepsin soluble collagen (PSC) and acid soluble collagen (ASC) from blue shark
(Prionace glauca) skin were extracted and its biochemical and osteogenic properties were investigated.
The hydroxyproline content was higher in PSC than ASC and the purified collagens contained three
distinct bands α1, α2, and β dimer. The purity of collagen was confirmed by the RP-HPLC profile and
the thermogravimetric data showed a two-step thermal degradation pattern. ASC had a sharp decline
in viscosity at 20–30 ◦C. Scanning electron microscope (SEM) images revealed the fibrillar network
structure of collagens. Proliferation rates of the differentiated mouse bone marrow-mesenchymal
stem (dMBMS) and differentiated osteoblastic (dMC3T3E1) cells were increased in collagen treated
groups rather than the controls and the effect was dose-dependent, which was further supported
by higher osteogenic protein and mRNA expression in collagen treated bone cells. Among two
collagens, PSC had significantly increased dMBMS cell proliferation and this was materialized
through increasing RUNX2 and collagen-I expression in bone cells. Accordingly, the collagens from
blue shark skin with excellent biochemical and osteogenic properties could be a suitable biomaterial
for therapeutic application.

Keywords: blue shark collagen; osteogenic activity; Runx2; differentiated mesenchymal stem cell;
osteoblast; proliferation
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1. Introduction

There are three major types of protein present in fish, such as sarcoplasmic (25–30%), myofibrillar
(66–77%), and stroma protein (1–5%). Among them, stromal proteins are mostly located in the
interstitial space of muscle cells and the extracellular membrane. One of the most available stromal
proteins in fish is collagen. It is extracted from different part of fish such as bones, scales, skin, swim
bladder, and fins. Currently, collagen from the marine organism has been widely investigated due to
its excellent biological activity with low or no side effect as an alternative to mammalian collagen [1,2].
Collagen is graded based on its biochemical, functional, and rheological characteristics, which may
depend on fish species and the manufacturing method. Based on the quality and bioactivity, fish
collagen can be used as a drug in the biomedical industries or as a food supplement in food industries.

In tissue engineering, fish collagen is used in the form of films, scaffolds, sponge, hydrogel,
microspheres, and composite biopolymers. Wang et al. [3] studied the hemostatic properties of type
I collagen to treat tissue burns. In another study, type I collagen 3D matrix was used as a potential
biomaterial for heart regeneration [4]. It is well known that the growth and characteristic of cells such
as proliferation, adhesion, and maturation were enhanced by collagen labeling [5]. It was found that
the inflammatory response of tilapia collagen biomaterials in rabbits was similar to that of collagen
from porcine or polyethylene [6]. In addition, the collagen from jellyfish could induce an immune
response similar to that of bovine collagen [7]. Sugahara et al. [8] reported that jellyfish collagen
produced by pepsin digestion up-regulated the production of immunoglobulin IgM in the human
hybridoma cells and IgM and IgG in human peripheral blood lymphocytes due to the presence of
telopeptides. Our recent research confirmed the biocompatible and non-immunogenic effect of acid
soluble- and pepsin soluble-collagen isolated from shark cartilages and tilapia skin and these collagens
did not elicit immune response in in-vivo and in-vitro models [9,10]. In that sense, collagen from shark
can be used as a potential biomaterial for bone tissue engineering.

Indeed, shark collagen has been widely used in bone tissue engineering application due to its
excellent biocompatible, osteoconductive, osteoinductive, and natural bone biomimetic properties.
The collagen material used in bone tissue engineering not only regulates morphological properties
but also maintains appropriate cues for regulating cellular processes during bone formation. It was
reported that the collagen-based biomaterial implanted in rabbit induced neotendon and neoligament
formation [11,12]. Our previous study revealed the osteogenic potential of whale shark bone collagen
on mesenchymal stem cells and primary osteocytes [13]. In another study, composite scaffold 3D
matrices were prepared by mixing acid soluble collagen from blue shark (Prionace glauca) skin with
calcium phosphates from the teeth of Prionace glauca and Isurus oxyrinchus and tested the effect of a
composite collagen scaffold 3D matrix in the proliferation of osteoblast-like cells, Saos-2 [14]. However,
the osteogenic properties of pure collagen isolated from blue shark skin need to be addressed before
being used as a biomaterial in bone tissue engineering, since the osteogenic potential of fish collagen is
profoundly influenced by the molecular composition and arrangement, which is thought to be varied
by different extraction methods. Considering the above hypothesis, for the first time, we explored the
osteogenic response of type I collagens (Acid and Pepsin soluble) isolated from blue shark (Prionace
glauca) skin using differentiated mouse bone marrow-mesenchymal stem (dMBMS) and differentiated
osteoblastic (dMC3T3E1) cells and their relationship with the biochemical and functional properties of
collagen in the present study.

2. Results and Discussion

2.1. Hydroxyproline and Collagen Content of Raw Materials

The quantification of total collagen content from hydroxyproline (Hyp) was determined as per
the earlier method [15]. In general, the PSC had a high content of Hyp than ASC, similarly the collagen
content was also high in PSC. The hydroxyproline and collagen contents of PSC and ASC were about
120 and 106.36 mg/g and, 896.738 and 793.49 mg/g, respectively (Figure 1). The present result was in
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accordance with the hydroxyproline content of collagen from silvertip shark (113 and 105 mg/g) and
brownbanded bamboo shark (103.71 mg/g) [1,16]. The hydroxyproline content may depend on the
seasonal variations and body temperature of the fish species.
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Figure 1. Hydroxyproline and collagen content of blue shark skin collagen. ASC-Acid soluble collagen,
PSC-Pepsin soluble collagen. * p < 0.05 vs. ASC.

2.2. Amino Acid Content

The amino acid profiles of blue shark collagens (PSC and ASC) were similar in trend and expressed
as residues per 1000 total residues (Table 1). Both ASC and PSC had glycine (392 and 387) as a
foremost amino acid, followed by alanine (144–130) and proline (132–124). The amino acid contents
of glycine, asparagine, proline, and hydroxyl-proline were high in general. The sum of Pro and Hyp
(imino acid) content was higher in PSC (222) than ASC (213). The high content of alanine, glycine,
hydroxyproline, and proline were the typical amino acids that represent the high content of collagen
in blue shark skin. The present finding of collagen amino acid composition was similar to other fish
collagen [16,17]. The differing amino acid composition between PSC and ASC was due to the removal
of some non-collagen amino acid and the breakdown of certain specific amino acid residues at the
telopeptide region during pepsin hydrolysis.

Table 1. The amino acid composition of ASC and PSC from blue shark skin.

Amino Acids ASC PSC

Glycine 392.44 387.12
Alanine 144.59 130.88
Proline 132.98 124.46

Hydroxyproline 80.45 98.28
Glutamic acid 69.23 71.50
Aspartic acid 36.73 40.51

Arginine 28.64 26.25
Leucine 24.44 13.83
Serine 21.75 26.25
Lysine 14.84 15.95

Phenylalanine 13.63 14.02
Methionine 10.17 12.03
Threonine 10.04 8.19
Histidine 5.39 6.65

Valine 7.61 8.38
Isoleucine 3.79 9.38

2.3. Molecular Weight Analysis

The electrophoretic pattern of the skin collagen was shown in Figure 2A. The electrophoretic
pattern of ASC and PSC was comparable, which was comprised of three distinct bands, α1, α2

and β chains. However, there was some smaller molecular weight component observed in the
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PSC electrophoretic pattern, which was due to the hydrolysis of pepsin at the telopeptide region.
The present finding of the collagen molecular pattern (α1, α2 and β) was a characteristic type I collagen
electrophoretic profile and was comparable with other teleost fish species [18].

2.4. Viscosity and Solubility

Upon increasing temperature, the viscosity of ASC and PSC had decreased gradually (Figure 2B).
The viscosity of PSC was gradually decreased in respect to temperature, which was similar to other
fish collagen [19,20], whereas the viscosity of ASC had a sharp decline at 20–30 ◦C. The collagens had
lost their viscosity against the temperature due to the breaking of the collagen molecule hydrogen
bonds that lead separate triple helix chains into random coils or distinct chains during heating at high
temperature. Therefore, the secondary structure highly influences the viscosity of collagen. In this
study, PSC was more viscous than ASC due to the high content of imino acid, which is believed to be
responsible for the stability of collagen [19].

Figure 2. Electrophoretic profile (A), viscosity (B) and solubility against pH (C) and salt (D) of blue
shark skin collagen. ASC-Acid soluble collagen, PSC-pepsin soluble collagen.

The solubility of collagen against pH was presented in Figure 2C. The results showed that ASC
had high solubility in acidic conditions at pH 4.0, whereas the maximum solubility PSC was observed
at pH 6.0. The solubility of collagen against salt, NaCl, showed that the maximum solubility of PSC
and ASC was observed at 3% and 4% NaCl concentration, respectively (Figure 2D). Similar findings on
salt solubility (3–4%) of eel fish skin collagen were earlier reported by Veeruraj et al. [17]. In general, the
collagen tends to precipitate at their iso-ionic point (pH 5–8), which leads to decrease the solubility [18].
Also, the solubility of collagen against pH is closely related with the molecular composition and ionic
state of the functional groups present in collagen [15].

2.5. UV Absorbance

The UV absorbance pattern of blue shark skin collagen was presented in Figure 3A. Both collagens,
PSC and ASC, had a UV maximum absorption at 225 nm. It was reported that the major functional
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groups (-COOH, C=O and CO-NH2) of collagen tend to absorb UV light [21]. An earlier study revealed
that the purity of collagen was indirectly measured by the absence of UV absorption at 280 nm since
the non-collagen proteins tend to absorb maxima at this particular UV wavelength [16].

2.6. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR peak of blue shark skin collagen was presented in Figure 3B. As shown, the primary
peaks such as Amide-A and Amide-B were observed at 3302.67 and 3301.20 cm−1, and 2972.57 and
2972.36 cm−1 for ASC and PSC, respectively. Amide-A and Amide-B peaks are generally produced
by N-H stretch joined with the H2 bond in a carbonyl group of peptide chains and an asymmetric
stretching vibration of NH3

+ with =C-H, respectively. The major spectral wavelength observed in blue
shark skin collagen was similar to earlier studies [17,20,22,23]. In this study, the shifting of Amide-A
peak in PSC to lower wavelength was due to the hydrogen bond vibration of the NH group.

The other major peaks like Amide-1 and Amide-2 occurred at 1632.28–1632.06 cm−1 and
1547.89–1547.25 cm−1 for blue shark skin ASC and PSC, respectively. The secondary structure of
collagen is closely represented by Amide-1 peak, which is due to the C=O stretching vibration of
peptides. Therefore, any shifting in the amide-1 peak directly reflects the changes in the secondary
structure of a protein. In this study, the amide-1 peak of PSC shifted to a lower wavelength compared
to ASC, which denotes the secondary structural changes of PSC by pepsin digestion.

Figure 3. UV absorption (A) and Fourier transform infrared spectroscopy (FTIR) pattern (B) of blue
shark skin collagen. ASC-Acid soluble. collagen, PSC-Pepsin soluble collagen.

2.7. Reversed-Phase High-Performance Liquid Chromatography (RP-HPLC)

In order to confirm the purity, the extracted blue shark skin collagens were eluted through
RP-HPLC column and compared with standard bovine collagen. As shown in Figure 4, there were
two main chromatogram peaks eluted at 3.427 and 19.0 min for ASC and 3.407 and 22.980 min for
PSC, respectively. The first peak observed at 3.4 was the acetic acid peak. The present observation
was in accordance with a previous report [24]. Compared to the standard bovine collagen, the blue
shark fish collagen showed a dissimilar chromatographic pattern. We speculated that this might be
due to the difference in their molecular arrangements between mammalian and fish collagen. Also,
the RP-HPLC pattern confirmed that extracted collagen was pure and free from non-collagen protein
and other contaminants, further justifying the SDS-PAGE data of collagen (Figure 2A).
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Figure 4. RP-HPLC elution profile of blue shark skin collagen. ASC-Acid soluble collagen, PSC-Pepsin
soluble collagen.

2.8. Thermal Properties

Thermal properties such as the material weight loss towards temperature and the thermal
disintegration configuration of the blue shark skin collagens were evaluated by the thermogravimetric
analyzer (TGA). From the TGA curves, 50% weight loss in ASC and PSC were observed at 339 and
342 ◦C, respectively (Figure 5A). At high temperature (650 ◦C), the mass weight of ASC and PSC were
about 22.53 and 23.64, respectively.

Figure 5. Thermogravimetric analysis (TGA) (A) and differential scanning calorimetry (DSC) (B) of
blue shark skin collagen. ASC-Acid soluble collagen, PSC-pepsin soluble collagen.

ASC and PSC from blue shark skin had two endothermic peaks, which denoted the thermal
denaturation and melting temperature. The denaturation temperature of ASC and PSC was about
28.3 and 29.8 ◦C, respectively (Figure 5B). The degree of hydroxylation and certain specific amino
acid residues such as Gly-Pro-Hyp might determine the denaturation temperature of collagen [15].
It was observed that imino acids play a major role in the thermal properties of collagen. For instance,
the hydroxyproline mainly contributes to the stability of the helix chain [25]. In this study, PSC had
better thermal properties than ASC due to the high content of iminoacids.
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2.9. Morphalogical Characteristics

The field emission scanning electron microscope was used to analyse the morphological structures
of the blue shark skin collagens (PSC and ASC). From the microphotography, both collagens were rich in
a fibrillar network with many flaky orientation layers (Figure 6). The present finding was in accordance
with the morphology of other fish collagens reported earlier [10,17]. However, the morphology was
regular and an organized fibrillar network in PSC, while ASC had irregular fibrillar interconnectivity
and wall morphology. It was opioned that the morphalogical features of collagen such as fibril
interconnectivity, shape and wall morphology were important factors in tissue engineering, since
they may influence the growth, migration, proliferation, differentiation, and maturation of cells [26].
In recent research, the collagen from the same species (blue shark skin) was used to formulate a scaffold
3D matrix and tested the proliferation and mineralisation effect on Saos-2 cells, and further confirmed
that the scaffold prepared from blue shark skin collagen could support Saos-2 cell attachment and
osteoblast-like cells formation [14]. In the present study, the morphological features confirmed the
aptness of blue shark skin collagens in bone tissue engineering.

Figure 6. Morphological features of blue shark skin collagens using field emission scanning electron
microscope. ASC-Acid soluble collagen, PSC-Pepsin soluble collagen. SEM image with 200 micro
meter magnifications.

2.10. Effect of Collagen on Bone Cells

The effect of collagens on the dMBMS and dMC3T3E1 cell growth was determined and presented
in Figure 7. As shown in Figure 7, the collagens treated dMBMS and dMC3T3E1 cells showed a
higher cell proliferative rate than the control cells and the rate was accelerated with increasing collagen
concentration in a dose-dependent manner. Remarkably, the osteogenic effect of the collagen on
the bone cell was maxima at a high concentration (50 ng/mL). Among the two cells, dMBMS cells
had a higher proliferation rate in PSC treated group. Whereas dMC3T3TE1 cells showed similar cell
proliferation in both ASC and PSC treated groups. A recent study by Diogo et al. [14] reported that the
composite blue shark skin collagen-calcium phosphate scaffold crosslinked with 12.5% EDC/NHS
accelerated Saos-2 cells metabolic activity and supported osteoblast-like cells formation, however,
this study was conducted using acid soluble collagen. Conversely, in the present study, the collagen
was extracted by two different methods using acetic acid and pepsin, respectively, and the proliferative
effect of freeze dried collagens was tested using dMBMS and dMC3T3E1 cells.
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Figure 7. The effect of blue shark skin collagen on differentiated bone cells proliferation. MBMS:
differentiated mouse bone marrow mesenchymal stem cells, MC3T3E1- differentiated-osteoblasts,
ASC-Acid soluble collagen, PSC-pepsin soluble collagen. For differentiation, MBMS and MC3T3E1
cells were cultured with osteoblast differentiation medium for 21 days. * p < 0.05 vs control.

The levels of osteogenic mRNA expression of alkaline phosphatase, collagen 1 aplha1 and Runx2
were significantly increased in the collagen treated cells than the control cells, however, the osteocalcin
mRNA expression was not significantly altered between the collagen and control cells (Figure 8A).
Confocal laser scanning microscope showed a high number of mature bone cells in collagen treated
cells compared to control cells (Figure 8B), which further substantiated the osteogenic stimulatory
activities of blue shark skin collagens. Similar to the present study, type I collagen and its peptides
from rat tail showed osteogenic stimulatory activities on a mesenchymal stem cell [27,28]. Recently,
Chiu et al. [29] reported that the MBMS cell expressed a high the level of integrin α2β1 complex
upon collagen treatment. In support of the proliferation result, the levels of osteogenic mRNA of
alkaline phosphatase and collagen 1 were increased in collagen treated cells. Runx mRNA expression
of collagen treated cells revealed the potential osteogenic activity of collagen. These findings further
justify the increased proliferation rate of collagen treated cells. Recent studies claimed that certain
amino acids such as glutamine, alanine, asparagine, and glycine of collagen triggered new bone cell
formation through the initiation of FAK-JNK signaling pathway via RUNX2 in MBMS cell [29,30].
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Figure 8. mRNA (A) and confocal images (B) of blue shark collagen treated bone cells. Scale bars:
75 micrometers. MBMS: differentiated mouse bone marrow mesenchymal stem cells, MC3T3E1-
differentiated osteoblasts, ASC-Acid soluble collagen, PSC-pepsin soluble collagen. For differentiation,
MBMS and MC3T3E1 cells were cultured with osteoblast differentiation medium for 21 days. * p < 0.05
vs. control.

The western blot analysis of the osteogenic protein expression of collagen treated cells was in
agreement with the proliferation, mRNA expression, and microscopic results, which indicated the
higher osteogenic protein expression of collagen I alpha I and Runx2 in collagen treated cells than in
the control (Figure 9A).

Figure 9. Osteogenic regulatory protein expressions (Collagen I and Runx2) of bone cells (differentiated
MBMS) treated with blue shark skin collagen by western blot assay. (A) Level of osteogenic protein
expression of bone cells (B) Fold changes of osteogenic protein expression compared to control
(GAPDH). ASC-Acid soluble collagen, PSC-Pepsin soluble collagen. For differentiation, MBMS cells
were cultured with osteoblast differentiation medium for 21 days, * p < 0.05.
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In addition, the cells treated with PSC showed higher osteogenic regulatory protein expressions
than ASC treated cells (Figure 9B). Interestingly, the Runx2 protein was highly expressed in collagen
treated cells, especially in PSC treated cells. It was reported that the collagen could interact with
integrin alpha1 beta 2 of the mesenchymal stem cells and trigger FAK/JNK signals through Runx2
during osteoblast differentiation [29]. In that sense, the blue shark skin collagen accrued osteoblast
differentiation through upregulating the Runx2 protein expression in dMBMS cells. These findings
further confirmed the admirable osteogenic properties of blue shark skin collagens.

3. Materials and Methods

3.1. Extraction, Purification, and Total Collagen Content of Fish Collagen

The raw material, blue shark skin (Prionace glauca), was procured from a private fish processing
plant, M/s. Yueqing Biological Health Care Product Co., Ltd. Zhejiang, China and chopped into
small pieces. They were then homogenized in PBS prior to extraction. The pretreatment was done in
order to remove water-soluble protein, non-collagen protein, and mineral content using distilled water,
NaOH and ethylenediaminetetraacetic acid (EDTA), respectively. The pretreated samples were used
for the extraction of acid soluble collagen (ASC) and pepsin soluble collagen (PSC) using acetic acid
and acetic acid containing 1% pepsin, respectively, as per our previous method [10]. The extracted
samples were purified using Sephadex G-100 column chromatography coupled with UV spectroscopy
with the absorbance of 230 nm [1]. The purified samples were freeze-dried using a lyophilizer.
The hydroxyproline and total collagen content of the purified samples were determined [31].

3.2. Molecular Mass by SDS-PAGE and Amino Acid Profile

The protein molecular mass analysis was done by SDS-PAGE using 10% running gel, 4% stacking
gel, 20 microliter sample loading volume (10 micrograms per lane) and 120 voltage as per our earlier
method [10]. After the run, the gels were stained with Coomassie blue R-250 in methanol and acetic
acid for 30 min followed by detaining with methanol and acetic acid [32]. The amino acid profile
was determined by hydrolyzing the samples in 6M hydrochloric acid at 110 ◦C for 24 h and then
injected (aliquot of 0.4 mL) into an amino acid analyzer (Hitachi L-8800, Tokyo, Japan) and expressed
as residues per 1000 residues [1].

3.3. Viscosity and Solubility

The viscosity and solubility of the collagen samples were done as per our earlier method [1].
For viscosity, the samples were heated from 5 to 40 ◦C followed by injection to a Brookfield LVDV-II+P
viscometer (Brookfield Engineering Laboratories Ltd., Middleboro, MA, USA) to measure relative
viscosity. The percentage of collagen solubility was tested against different pH (2–10) and salt
concentrations (1–6%). The relative solubility was measured from the protein content [33].

3.4. Absorbance UV Maxima and FTIR Spectra

The maximum UV absorbance of collagen was done using a UV-spectrophotometer, scanning
at a different wavelength from 210 to 318 nm. For the FTIR spectra, the collagen samples were
mixed with kBr to produce a disk and scanned at different wavelengths using a Fourier transform
infrared spectrometer (Nicolet 6700, Thermofisher Scientific Inc., Waltham, MA, USA) equipped with a
DLaTGS detector. The absorption intensity of each peak was calculated as mentioned in our previous
method [1].

3.5. RP-HPLC

The purity of extracted collagen was confirmed by RP-HPLC as per our earlier method [34].
In brief, a collagen sample dissolved in acetic acid was loaded on a ZORMAX 300 SM-C18 (Agilent,
Shanghai, China) column of LaChrom Elite HPLC system (Hitachi, Tokyo, Japan) equipped with an
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L-2130 pump, L-2300 column oven, L-2400 UV detector and L-2200 auto-sampler; and eluted with a
two gradient solvent system using acetonitrile and trifluoroacetic acid with the peak absorbance at
230 nm using the HITACHI D-2000 Elite workstation software (Hitachi, Tokyo, Japan).

3.6. Thermal Stability

The thermal stability of collagen was determined from differential scanning calorimetry (DSC)
and TGA analysis [35]. In brief, the DSC spectrum was obtained by scanning the collagen samples
from 20 to 120 ◦C using a differential scanning calorimeter (Model-DSC822e, Mettler-Toledo GmbH,
Greifensee, Switzerland). For TGA Analysis, the samples were scanned using a TG 209 F1 analyzer
(NETZSCH-Geratebau GmbH, Selb, Germany) from 0 to 650 ◦C at a rate of 10 ◦C min−1 in a
nitrogen atmosphere.

3.7. Morphological Analysis

The morphology of the blue shark skin colalgens, PSC and ASC was captured using a field
emission scanning electron microscope (FE-SEM S-3400 N, Hitachi, Tokyo, Japan) operated at 5 kV.
The samples were sputter-coated with gold to produce 10 nm thin layer and moved to the SEM
chamber for image capturing at 20 kV voltage.

3.8. Effect of Collagen on Osteoblastogenesis

3.8.1. Cell Culture

Mouse bone marrow-mesenchymal stem (MBMS) and MC3T3E1 cells were received from the
cell bank (Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd., Shanghai, China) and were
cultured in stem cell culture medium and DMEM, respectively, comprising 10% FBS and antibiotics
(1% penicillin/streptomycin) at 37 ◦C in a CO2 incubator. Mesenchymal stem cell growth supplement
was added with the culture medium to induce MBMS cell growth.

3.8.2. Osteogenic Differentiation

The MBMS and MC3T3E1 cells with a density of 5 × 104 cells/well were seeded in 6 well microtiter
culture plate and cultured with osteoblast differentiation medium composed of growth supplements
(Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd., Shanghai, China) for 21 days as reported in
our previous protocol [13]. The culture medium was replaced every three days.

3.8.3. Proliferation Assay

After differentiation, the cells were trypsinized using EDTA/Trypsin solution and re-seeded in
96 well plates. Then the cells were treated with 1, 10, and 50 ng/mL concentration of blue shark skin
collagens. Cells grown without collagen samples served as the control. The proliferative effect of
collagen on bone cells was measured using a cell counter (Invitrogen, Countess II Automated Cell
Counter, ThermoFisher Scientific, Shanghai, China) at 3 days after treatment.

3.8.4. mRNA Expression

The bone cells were treated with collagen as mentioned above and the total mRNA was isolated
using the TRIzol method as per our earlier protocol [13]. Briefly, a Trizol lysed cell monolayer
was mixed with chloroform to obtain RNA and the RNA was precipitated using isopropanol.
After thorough washing with 70% ethanol, the RNA was converted to first strand cDNA using an
Invitrogen kit as per the manufacturer’s instructions. The percentage of osteogenic mRNA expression
(ALP, Runx2, osteocalcin, Col1a1, and beta-actin) (Table 2) of blue shark collagen treated bone cells was
determined using an ABI 7500 Fast Real-Time PCR System (Applied Biosystems, Shanghai, China) [13].
The cDNA template was mixed with SYBR Green Fast qPCR RT Master Mix (Invitrogen, Shanghai,
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China) and target primers as per the manufacture’s instructions. The relative mRNA expression of the
target gene was calculated by subtracting the mRNA expression of a house-keeping gene, beta-actin.

Table 2. List of primers and its sequence used in this study.

S.No Primers Name Primers Sequence

1 Alkaline phosphatase (ALP)
5′-TCC TGA CCA AAA ACC TCA AAG G-3′

5′-TGC TTC ATG CAG AGC CTG C-3′

2 Osteocalcin
5′-CTC ACA GAT GCC AAG CCC-3′

5′-CCA AGG TAG CGC CGG AGT CT-3′

3 Collagen 1 alpha 1 (Col1a1)
5′-GCG AAG GCA ACA GTC GCT-3′

5′-CTT GGT GGT TTT GTA TTC GAT GAC-3′

4 Runx2
5′-CCA CCA CTC ACT ACC ACA CG-3′

5′-TCA GCG TCA ACA CCA TCA TT-3′

5 Beta-actin
5′-CTG GCA CCA CAC CTT CTA CA-3′

5′-GGT ACG ACC AGA GGC ATA CA-3′

3.8.5. Immunocytochemistry

For immunocytochemistry, cells were grown in the confocal disc (Cat no. 150682, ThermoFisher
Scientific, Shanghai, China) with collagen, washed with ice-cold PBS, fixed with 4% paraformaldehyde
for 15 min and permeabilized at room temperature with 0.1% Triton X-100 for 15 min.
Then, the cells were incubated with fluorescence stains such as fluorescein isothiocyanate (FITC)
and 4′,6-diamidino-2-phenylindole (DAPI). The images were captured using a confocal laser scanning
microscope (Leica TCS SP8, Leica Microsystems CMS GmbH, Wetzlar, Germany).

3.9. Western Blot Analysis

The osteogenic effect of the ASC and PSC was further tested in dMBMS cells using the western
blot method, as an empirical study. In brief, the cells were seeded at a cell density of 1 × 105 in 6
well plates and cultured with 1 mL culture medium for control. For collagen treatment, the samples
(50 ng/mL) were mixed with 1 mL cultured medium and cultured for three days. Then, the treated
and untreated cells were harvested using a lysis buffer with 30 s sonication and centrifuged at 12,000
rpm at 4 ◦C for 15 min for the extraction of total cellular protein. The protein content was quantified
using a BCA kit as per the manufacturer’s instructions (Thermo Fisher Scientific, Shanghai, China) and
then was separated by 12% SDS-PAGE and transferred to PVDF nitrocellulose membrane (Invitrogen,
Shanghai, China) using iblot-2 dry blotting system (Invitrogen, Shanghai, China). A protein transferred
membrane blocked with 5% BSA-PBST were incubated with primary antibodies such as anti-GAPDH,
anti-Col1α2 and anti-Runx2 (ABcam, Shanghai, China) overnight at 4 ◦C. Then the membrane was
incubated with secondary goat anti-rabbit IgG-HRP (Abcam) for 1 h at 37 ◦C and exposed to an
enhanced chemiluminescent reagent. Images were captured with a Universal Hood II Gel Doc System
(Bio-Rad, Rochester, NY, USA).

3.10. Statistical Analysis

All the experiments were conducted three times and the data were presented as mean with
standard error based on descriptive statistics. One way ANOVA (p < 0.05) and post hoc test were
adapted using the statistical software SPSS version 16.0 (SPSS, Chicago, IL, USA).

4. Conclusions

In this study, two types of collagens, PSC and ASC were isolated and purified from blue shark
skin, which contained three distinct chains, 2 alpha, and beta chains. The amino acid composition
and the FTIR secondary structure of PSC varied with ASC due to pepsin hydrolysis. Among
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two collagens, PSC had high thermal stability, which might be due to high imino acid content.
Most importantly, the obtained collagens promoted osteoblast cell growth and upregulated collagen
synthesis in bone cells, which is a most desirable property of biomaterials for the treatment of a bone
disorder. Proliferation of differentiated osteogenic cells by blue shark skin collagen may be achieved
through activation of Runx2 dependent FAK/JNK signaling pathway. Overall, the blue shark skin
collagens with good biochemical and osteogenic properties may be considered as a potential drug
in biomedical application. Conversely, the in vivo evaluation of blue shark skin collagen and its
molecular interaction with bone cells needs to be addressed by further research in order to understand
the actual mechanism of the action.
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Abstract: The aim of the present investigation was to systematically analyse the literature on the
facial bone reconstruction defect using marine collagen or not and to evaluate a predictable treatment
for their clinical management. The revision has been performed by searched MEDLINE and EMBASE
databases from 2007 to 2017. Clinical trials and animal in vitro studies that had reported the
application of bone substitutes or not for bone reconstruction defect and using marine collagen
or other bone substitute material were recorded following Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. The first selection involved 1201 citations.
After screening and evaluation of suitability, 39 articles were added at the revision process. Numerous
discrepancies among the papers about bone defects morphology, surgical protocols, and selection
of biomaterials were found. All selected manuscripts considered the final clinical success after the
facial bone reconstruction applying bone substitutes. However, the scientific evidence regarding
the vantage of the appliance of a biomaterial versus autologous bone still remains debated. Marine
collagen seems to favor the dimensional stability of the graft and it could be an excellent carrier for
growth factors.

Keywords: bone grafting; bone biocompatible materials; bone regeneration; marine collagen

1. Introduction

The management of large facial bone defects is a current challenge for clinicians and surgeons.
Treatment success is frequently related to the size of the defect, the quality of the soft tissue covering
the defect, the decision of reconstructive method and the choice of the grafted material [1–3].

Numerous bone grafts’ regenerative procedures are currently available for having complete
regenerative processes after bone trauma, or for favoring healing between two bones across a diseased
joint, and also for obtaining new clinical function or aesthetic on site affected by disease, infection,
or resection [2–5].
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Facial bone augmentation procedure using autologous bone is a reliable technique, as confirmed
by several studies; however, this treatment choice has integration advantages associated with several
disadvantages. Autogenous bone harvested from the patient’s extra oral or intra oral sites even
considered the gold standard, at the same time is related with surgical intra and post operative
complications, biological cost, and patient morbidity, pain and discomfort at the bone grafting
area [1–7].

Recently, great interest has been directed towards the application of synthetic three-dimensional
biomaterials scaffolds as bone substitutes used for facial large bone defect regeneration in order to
have a substantial quantity of material and to avoid a second surgery site. Those synthetic bone
substitutes materials should be non-toxic, compatible with the biological systems, and bio absorbable.
The biomaterial has to be a macroscopic structure that is easy for surgeons to handle. Its microstructure
should be able to promote cell adhesion, proliferation and new bone formation [4–8]. The fundamental
key parameters for an excellent biomaterial are related to its capability on replacing the natural bone
extracellular matrix. Secondly, it should be able to recall the osteo-genic cells in order to lay down
the bone tissue matrix, and then the biomaterial should guarantee a sufficient vascularization to
meet the growing tissue nutrient supply and clearance needs. Therefore, after being placed in situ,
the microscopic features of the biomaterial should influence the host by releasing osteogenic and/or
genic growth factors [5–10].

Nowadays, the tissue engineering approaches to the facial bone regeneration are connected with
biomaterial matrices/scaffold that favorably interact with cells. The potential benefits of using recent
tissue engineering findings is fundamental today in order to limit donor site morbidity, reducing
operative time, and replacing the anatomical microstructure in an attempt to restore physiological
craniofacial functions [8–11]. Currently, advances in computer-aided modeling and biomaterials
manufacturing help the craniofacial surgery field, which is frequently confronted with the rebuilding
of three-dimensional anatomic structures on function and aesthetics. Three-dimensional models of
bone defects can be realized from patient computed tomography scans, creating a customized scaffold
that interacts with the defect site and re-builds the complex anatomical features [4,5,8,12,13].

Recently, the use of bone substitutes obtained from marine origins is being considered high
attractive by the industry as an alternative source. In this specific field, the marine collagen can
be obtained from numerous sources. Type I collagen is obtained predominantly from skin, tendon,
bone and muscle (epimysium), which is the most abundant type of collagen. Marine fish collagens
find applications in numerous biomedical fields. Besides its mechanical elastic properties, marine
collagen exhibited good absorption characteristics with interconnectivity between pores, which allowed
human Mesenchymal Stem Cells (hMSCs) to adhere and proliferate, being a good base for osteogenic
differentiation [3,7,12].

The aim of this review is to screen recent papers about biomaterials applied for facial bone
reconstruction in order to give the clinicians’ valuable suggestions about the possibility of replacing
autologous bone graft for large reconstruction defects.

This systematic review also aimed to evaluate the potential of reconstructive marine biomaterials
uses like scaffolds for growth factor in order to provide better results in comparison to others.

2. Materials and Methods

2.1. Application Protocol and Website Recording Data

A protocol including the investigation methods and the inclusion criteria for the current revision
was submitted in advance and documented on the Center for Review and Dissemination (CRD) York
website PROSPERO, an international prospective register of systematic reviews. The parameters and
the analytic structure of the present work can be visualized relating the CRD id and code: Application
number: CRD 74603.
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The data of this systematic investigation observed the Preferred Reporting Items for Systematic
Review accordingly with the (PRISMA) statement [14].

2.2. Target Questions

The next spotlight questions processed the following guidelines, parameters, and possible aims of
the Patient Intervetion Control Outcome (PICO) study design:

• What are the overall treatment outcomes of reconstructive procedures using bone substitutes in
the place of autologous bone?

• As an alternative focused question, does marine collagene use provide beneficial clinical outcomes
applied as scaffolds for growth factors?

2.3. Search Strategy

The investigation method followed the examinations of electronic databases and searches by hand.
A search of five electronic databases, including Ovid MEDLINE, PubMed, EMBASE, and Dentistry
and Oral Sciences Source, and Biomaterials, for relevant studies published in the English language
from February 2010 to September 2017 was carried out.

Digital and searches by hand were then performed in facial bone reconstruction, biomaterials and
bone graft scaffold journals from February 2010 to September 2017, including the following: (1) Journal
of Craniofacial Surgery; (2) Journal Biomed. Mater. Research A; (3) International Journal of Oral and
Maxillofacial Implants; (4) Clinical Oral Implants Research; (5) Implant Dentistry; (6) International
Journal of Oral and Maxillofacial Surgery; (7) Journal of Oral and Maxillofacial Surgery; (8) Journal
of Dental Research; (9) Biomed. Research International; (10) International Journal of Prosthodontics;
(11) Acta Biomaterial.; (12) Journal of Clinical Periodontology; (13) Clinical Implant Dentistry and
Related Research; (14) European Journal of Oral Implantology; (15) Facial Plastic Surgery; (16) Materials;
(17) Marine Drugs; (18) Biomaterials; (19) Br. J. Oral Maxillofacial Surgery; (20) Aesthetic Plastic
Surgery; (21) Ophthal. Plast. Reconstr. Surg.; (22) J. Craniomaxillofacial Surg.; (23) Arch Facial Plast
Surg.; (24) Head and Face Medicine; (25) Talanta; (26) Eur. Cell Materials; (27) Mater. Sci. Eng. C Mater.
Biol. Appl.; (28) Int. J. Biol. Macromol.; (29) Adv. Food Nutr. Res.; and (30) Macromol. Bioscience.
The search was limited to English language articles. In-depth research of the reference lists in the
recorded manuscripts was performed in order to add significant studies and to increase the sensitivity
of the revision.

2.4. Collection Data

The Medical Subject Headings (MeSH) was applied for finding the keywords used in the present
revision. The selected key words: “facial” or “face” and “bone” or “bone graft” and “reconstruction”
or “biomaterial” or “biomaterials” and “marine” and “collagen” were recorded for collecting the data.

2.5. Manuscript Selections

Two independent reviewers of two different universities (Messina and Naples) singularly
analyzed the obtained papers in order to select inclusion and exclusion criteria as follows. Reviewers
correlated their evaluations and analyzed differences through comparing the manuscripts and
consulting a third experienced senor independent reviewer (Loma Linda University) when consensus
could not be reached. For the stage of the full-text articles revision, a complete independent dual
analysis was performed.

2.6. Manuscripts Selection

The manuscripts selected in the analysis involved experimental and clinical research on humans
and animals published in the English language. Letters, editorials, case reports, and PhD theses
were excluded.
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2.7. Research Classifications

The method of classification included all human prospective and retrospective clinical studies,
split mouth cohort studies, case-control papers, and case series manuscripts, animal investigations and
literature review published between February 2010 and September 2017, on biomaterial used for facial
bone reconstruction.

2.8. Statement of the Problem

The sentence case of “facial bone defect reconstructive graft” was searched over each selected
papers; moreover, authors investigated if there was a documented bone reconstructive surgery and a
biomaterial graft placed in situ [1–10].

2.9. Exclusion and Inclusion Criteria

The full texts of all studies related to the main revision topics were obtained for comparing the
inclusion parameters:

• Investigated surgical bone regenerative procedures in patients with vertical and horizontal defect
of the jaws.

• Studies involving animals in which the created bone defects were vertical and horizontal.
• Clinical human prospective or retrospective follow-up research and trials, cohort studies,

case-control investigations, and case series papers with at least six months follow-up
• Animal or in vitro studies

The following exclusion parameters for manuscripts were decided as follows:

• Research treating patients with general specific diseases, heart disease, bloody pressure disease,
virus infected patients, osteoporosis, immunologic disorders, uncontrolled diabetes mellitus,
or other surgical risk related systemic conditions;

• Not enough information regarding the selected topic;
• Articles published prior to 1 February 2010;
• No access to the title and abstract number in the English language.

2.10. Strategy for Collecting Data

After the first literature analysis, the entire manuscript titles list was highlighted to exclude
irrelevant publications, case reports and the non-English language publications. Then, research was
not selected based on data obtained from screening just the abstracts. The final selection was performed
reading the full texts of the papers in order to approve each study’s eligibility, based on the inclusion
and exclusion criteria.

2.11. Record of the Extracted and Collected Data Extraction

The results and conclusions of the selected full text papers were used for assembling the data,
according to the aims and themes of the present revision, as listed onwards.

The following parameters were used as a method for assembling the data and then organized
following the schemes:

“Author (Year)”—revealed the first author and the year of publication;
“Type of study”—indicated the method of the research;
“Sample size”—described the number of patients, animals or models examined;
“Bone substitute/membrane”—described types of bone grafts and membranes used

for regeneration;
“Follow-up”—yes/no described the duration of the observed outcomes;
“Bone graft histology”—yes/no described the presence of the graft at 6–9 months

follow-up control.
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2.12. Risk of Bias Assessment

The grade of bias risk was independently considered, and in duplicate by the two independent
reviewers at the moment of data extraction process. According to Moher and Higgins, this revision
followed the Cochrane Collaboration’s two-part tool for assessing risk of bias and PRISMA
statement [14,15].

Potential causes of bias were investigated:

• Selection bias;
• Performance bias and detection bias;
• Attrition bias;
• Reporting bias;
• Examiner blinding, examiner calibration, standardized follow-up description, standardized

residual graft measurement, standardized radiographic assessment.

In this way, the possible random sequence generation, the possible allocation concealment,
the possibility of blinding of participants and personnel, the possible presence of having incomplete
outcome data and other biases were all considered and evaluated.

This method applied by the two reviewers was valuable for giving to each study a level of bias.
Then, the selected papers were classified with low, moderate, high and unclear risk.

3. Results

3.1. Manuscript Collection

Manuscript revision and recording data process followed the PRISMA flow diagram (Figure 1).
The initial electronic and hand search retrieved 1197 citations and four more papers from Dentistry,
PubMed MEDLINE and Oral Sciences Source with a total of 1201 selected papers. Furthermore,
617 papers were excluded because they were published prior to 1 February 2010. Then, titles and
abstracts were evaluated, and 52 articles were selected as having significant data regarding “facial
bone reconstruction biomaterials” topics. In addition, 48 articles were determined as full-text papers,
39 of which were incorporated in this work. Some research was excluded due to being classified as
single case reports presented (n = 4), weak methods or being way off-topic (n = 5).
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Figure 1. PRISMA flow diagram.

3.2. Study Characteristics

After the study selection, a new division related to the kind of bone graft has been performed:

• Autlogous Bone: Thirteen studies [16–28];
• Homologous Bone: Five studies [29–33];
• Xenograft or Allograft material and bone derived from animal or synthetic origin: Ten studies [34–43];
• Marine collagen material: Eleven studies [44–55].
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3.3. Risk of Bias within Studies

Evaluation on the total risk of bias for each selected paper, and the majority of the manuscripts
were allocated as unclear risk [20–23,27–29,34–36]. Three research papers were considered as having a
low risk of bias [32,37,39], where another one was classified as moderate risk [30].

3.4. Risk of Bias across Studies

Numerous limitations have arisen from the present revision. Current analysis of the data extracted
from studies written in English only could introduce a publication bias. The main limitation of the
revision is related to the different kinds of biomaterials used for the same final objective, having a
bone graft material able to be predictable and safe in the reconstructive and regenerative bone tissue
procedures. Regarding the bias, some selected papers have a relatively short follow-up period and,
when in clinical study, included relatively small numbers of treated patients. Moreover, the presented
data underlined high heterogeneity and several differences in each study method, selections of the
cases, and final treatment results.

It is also important to note that choice of biomaterial for doing reconstruction surgery of the facial
bones is a convoluted technique and its success is related to numerous parameters, comprehending
patients’ general health conditions, oral hygiene habits, bone defect size, surgical procedures, operator
skill, and various other factors that are not possible to fit within the frames of systematic literature.
Table 1 resumes the studies selected and their results.

Table 1. Studies findings and results kind of bone graft and possible clinical application.

Author and Year In Vivo vs. In Vitro Kind of Graft Follow up after 12 Months

Janner et al., 2016 In Vivo Autologous Yes
Emodi et al., 2017 In Vivo Autologous Yes
Du Toit et al., 2016 In Vivo Autologous Yes
Nadon et al., 2015 In Vivo Autologous Yes
Bande et al., 2014 In Vivo Autologous Yes

O’Connell et al., 2014 In Vivo Autologous No
Gultekin et al., 2016 In Vivo Autologous Yes

Zhang et al., 2014 In Vivo Autologous Yes
Nkenke et al., 2014 In Vivo Autologous Yes
Cicciù et al., 2014 In Vivo Autologous No

Nary Filho et al., 2014 In Vivo Autologous Yes
Koerdt et al., 2013 In Vivo Autologous Yes

Pereira R et al., 2013 In Vivo Autologous Yes
Krasny et al., 2015 In Vivo Homologous Yes
Schlee et al., 2014 In Vivo Homologous No
Monje et al., 2014 In Vivo Homologous No

Fretwurst et al., 2014 In Vivo Homologous No
Sbordone et al., 2014 In Vivo/In Vitro Homologous Yes
Scheyer et al., 2016 In Vivo/In Vitro Xenograft/Synthetic No

Le et al., 2016 In Vivo/In Vitro Xenograft/Synthetic Yes
Fienitz et al., 2017 In Vivo/In Vitro Xenograft/Synthetic N/A

You et al., 2016 In Vivo/In Vitro Xenograft/Synthetic No
De oliveira et al., 2016 In Vivo/In Vitro Xenograft/Synthetic Yes
Ghanaati et al., 2014 In Vivo/In Vitro Xenograft/Synthetic Yes

Peng et al., 2016 In Vivo/In Vitro Xenograft/Synthetic Yes
Klein et al., 2014 In Vivo/In Vitro Xenograft/Synthetic No

Figueiredo et al., 2013 In Vivo/In Vitro Xenograft/Synthetic No
Kim et al., 2011 In Vivo/In Vitro Xenograft/Synthetic No
Lin et al., 2010 In Vivo/In Vitro Marine Collagen N/A

Hayashi et al., 2012 In Vivo/In Vitro Marine Collagen N/A
Senni et al., 2013 In Vitro Marine Collagen N/A

Fernandes et al., 2013 In Vitro Marine Collagen N/A
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Table 1. Cont.

Author and Year In Vivo vs. In Vitro Kind of Graft Follow up after 12 Months

Yamamoto et al., 2014 In Vitro Marine Collagen N/A
Hayashi et al., 2014 In Vivo/In Vitro Marine Collagen N/A

Silva et al., 2014 In Vivo/In Vitro Marine Collagen N/A
Jridi et al., 2015 In Vivo/In Vitro Marine Collagen N/A

Derkus et al., 2016 In Vivo/In Vitro Marine Collagen N/A
Raftery et al. 2016 In Vivo/In Vitro Marine Collagen N/A
Coelho et al. 2017 In Vivo/In Vitro Marine Collagen N/A

3.5. Autogenous Bone

Autogenous bone graft is still considered the “gold” standard graft by the international community.
The selected papers underlined the autogenous bone graft osteoinductivity properity and its good
integration in the treated bone defect; however, its limited availability due to the donnor site has
been underlined.

Janner et al. demonstrated how the addition of autogenous bone chips and the presence of the
collagen membrane increased bone formation. Wound protection from mechanical noxa during early
healing may be critical for bone formation within the grafted area, but the presence of the chips
guaranteed the cells osteoinduction [16]. The predictable use of autogenous bone graft has been
investigated by Emodi et al. underlining the possibility of costhcondral graft application for rebuilding
a mandibular condyle by using a three-dimensional printing template [17]. Moreover, the capability
of autogenous graft has been proved in a split mouth study performed by Du Toit et al. Authors
compared split-mouth human bone biopsy specimens derived from Platelet Rich Fibrin (PRF) and
autogenous bone with bone that had healed without intervention, concluding how the quality of
newly formed bone is the same in the two groups [18]. Autogenous bone graft for repairing cleft
palate has been investigated by Nadon et al. The six-month outcomes of all examined patients were
excellent in terms of both bone graft stability and closure of the oronasal fistulae [19]. In a retrospective
study, Baden et al. evaluated the stability of bone grafted from maxillary sinus for repairing orbital
trauma. The choice of autogenous bone is demonstrated to be a predictable choice for reducing the
floor of orbit manually to the proper position, which helps to decrease the orbital floor defect [20].
Extra oral autogenous bone graft, and specifically the iliac bone graft for repairing the orbital floor
fractures, has been retrospectively evaluated by O’Connell et al. concluding how isolated orbital
blow-out fractures may be safely and predictably reconstructed using autogenous iliac crest bone [21].
Volumetric changes after autogenous ramus block bone grafting (RBG) or guided bone regeneration
(GBR) in horizontally deficient maxilla before implant placement have been retrospectively evaluated
by Gultekin et al. Authors stated how the two techniques are both predictable and demonstrated
that the autogenous bone works have long-term dimensional stability for the next dental implant
placement [22]. Zahng et al. retrospectively evaluated the outcomes of using autogenous coronoid
process like bone grafts (n = 32) and compared with costochondral grafts (n = 28) in the condylar
reconstruction in case of temporomandibular joint (TMJ) ankylosis. The clinical outcomes in both
groups were satisfactory and comparable concluding how the autogenous coronoid process grafting
may therefore be a good alternative for condylar reconstruction in patients with ankylosis of the
TMJ [23]. Nkenke made a revision investigating numerous published papers about the morbidity
related to the autogenous bone graft harvesting and the follow-up graft resorption and dental implant
survival in the grafted sites. The author made conclusions about how the all-autologous grafts are
predictable because there is no significative difference on bone resorption related to the grafting
sites [24]. Cicciù et al. published a significative paper about the combination of autologous bone and
growth factors applied to the mandibular continuity defects reconstruction. Authors concluded that
the use of rhBMP-2 without concomitant autogenous bone grafting materials in large critical-sized
mandibular defects secondary to a large mandibular tumor produced excellent regeneration of the
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treated area [25]. Nary Filho et al. have analyzed the possibility of autogenous bone graft infection and
exposure after the regenerative surgery. The autogenous bone has less chance of causing infection due
to its high possibility of integration with the host. However, all of the regenerative procedures should
guarantee the covering of the grafted bone once fixed [26]. Koerdt et al. evaluated the revascularization
processes in autogenous bone grafts from the iliac crest to the alveolar ridge. Even if the resorption
prediction is not predictable, the immunohistochemical investigation performed showed blood vessels
between the graft and the alveolar ridge [27]. Pereira Rdos et al. analyzed the management of orbital
fracture with autologous bone graft in their study. A computed tomography scan shows excellent bone
healing at the anterior and posterior parts of the medial orbital wall reconstruction [28].

3.6. Allogeneic Bone

Allogeneic bone graft used for facial reconstruction has been considered as a good alternative
option in the place of autogenous bone. However, a short number of investigations recorded long-term
clinical success and totally safe procedures for the treated patients.

Krasny et al. recently demonstrated how the fresh, frozen, radiation sterilized, allogeneic bone
blocks constitute good and durable bone-replacement material allowing effective and long-lasting
reconstruction of the atrophied alveolar ridge to support durable, implant-based, prosthetic
restoration [29]. Schlee et al. underlined the concept about bone grafting with allogeneic allografts
yielding equivalent results to autologous grafting, and patients appreciate the omission of bone
harvesting from donor sites [30]. Monje et al. investigated the feasibility by means of survival
rate, histologic analysis, and causes of failure of allogeneic block grafts for augmenting the atrophic
maxilla. In their conclusions, the authors stated how the atrophied maxillary reconstruction with
allogeneic bone block grafts represents a reliable option as shown by low block graft failure rate,
minimal resorption, and high implant survival rate [31]. Fretwurst et al. performed a histological and
biochemical evaluation of four allogeneic bone blocks concluding how this kind of graft can absolutely
stimulate the newly bone formation and can be considered a valid alternative to the autologous bone
graft [32]. Sbordone et al. in their study analyzed the potential bone volume changes after sinus
augmentation using blocks of autogenous iliac bone or freeze-dried allogeneic bone (FDBA) from the
hip. Authors concluded how application of FDBA for the short-term sinus grafting procedure showed
an outcome close to that reported for autogenous bone [33].

3.7. Xenograft and Synthetic Bone

The bone grafts derived from animal or by synthetic production can be classified as biomaterials
with osteoconductivity properties and currently have been used for being scaffolds for growth factor
application in the bone defects. Scheyer et al. just published a randomized controlled multicenter
clinical trial in which different biomaterials for the preservation of the bone volume after tooth
extraction were tested. Authors stated how, at six months follow up, the xenograft collagen and
autologous bone graft can give no significant difference on the socket modifications after extraction [34].
Le et al. evaluated 14 patients affected by soft tissue recessions around implant-supported restorations
in the maxillary central or lateral incisor area. In their records, authors concluded that the use of the
allograft and xenogeneic collagen significantly favored the alveolar volume conditioning hard and
soft tissue dimensions in the aesthetic zone of the anterior maxilla [35]. Fienitz et al. histologically
and radiologically compared a sintered and a no sintered bovine bone graft used in the sinus lift
surgeries. The authors affirmed that both xenogeneic materials showed comparable results regarding
the possibility of having new bone formation [36].

You et al. evaluated the effects of the bilayer bone augmentation technique for the treatment of
dehiscence-type defects around implants and evaluated the role as a membrane of the xenogeneic
bone using a histological method for evaluating the new bone formation. The results of this study
showed the osteogenic effect of autogenous bone and the effect of mechanical support for prolonged
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space maintenance of xenogeneic collagen membrane applied for the treatment of dehiscence-type
bone defects around implants [37].

De Oliveira et al. studied the regenerative results of the addition of bone marrow aspirate
concentrate, using a single or double centrifugation protocol, to a xenogeneic bone graft in sinus
floor elevation. This pilot study indicates that the clinical use of bone marrow aspirate concentrate,
obtained by either a single or double centrifugation process, combined with a xenograft result in more
adequate bone repair when used in the bone regenerative surgery [38]. Ghanaati et al. studied the
structure of two allogeneic bone blocks and three xenogeneic bone grafts, which are used in dental
and orthopedic surgery, and histologically analysis have been performed. The final findings affirmed
that, even manufactory declared blocks were free of organic/cellular remnants, authors’ histological
analysis revealed that bone blocks did contain such remnants. Moreover, such specimens might be
able to induce an immune response within the recipient [39]. Peng et al. analyzed the influence
of platelet rich plasma (PRP) associated with xenograft for managing peri-implant bone defects.
The results indicate how the PRP associated with the bovine-derived xenograft in the small bone
defect can favor the bone healing [40]. Klein et al. published a systematic histomorphometric analysis
of two human bone biopsy specimens analyzed at five-years follow up after a bone regenerative
procedure using a xenogeneic bovine bone substitute material. Authors demonstrated a completed
bony integration without extensive resorption of the biomaterial particles [41]. Figuerido et al.
evaluated the chemical and structural features of a xenogeneic and an alloplastic material highlighting
the in vivo inflammatory response.

The in vivo results analyzing the data extracted from the inflammatory infiltrates revealed that
the grade of inflammation is not severe, particularly in terms of collagen production and formation of
fibrous capsule [42].

Kim et al. investigated the efficacy of the alveolar ridge preservation technique using collagen
sponge and xenograft after extraction. The results indicated that, in the ridge preservation using
collagen sponge and xenograft, xenograft prevents the horizontal resorption of the alveolar ridge,
and the upper collagen sponge blocks the infiltration of soft tissues to the lower area, and thus it has
the advantage of the enhancement of bone fill [43].

3.8. Marine Collagen and Derived Bone

Marine collagen and marine derived bone substitutes as an alternative to autologous bone
are quickly advancing, especially since the service of tissue engineering is researching biomaterial
with low cost and high availability. Marine collagen should be a true alternative source of collagen.
Marine species present a distinct advantage as a lower known risk of transmission to humans of
infection-causing agents and are thought to be far less associated with cultural and religious concerns
regarding the human use of marine derived products. Moreover, a clarification of the marine collagen
origin is important in order to underline the microscopical features of the final material used for
bone defect repairing. Not only marine invertebrate collagen sources, but also marine vertebrate ones
reflect several similarity with human collagens [44]. Fish would be rich sources of collagen in terms of
its production and application in various biological process. Marine organisms like coral or sponge
are rich in mineralized porous structures and their microstructures seem to replace the human bone
features. Evaluating the source of collagen extraction, jellyfish and invertebrate collagen are obtained
from mesoglea, following a methodology based on solubilization in acetic acid solution, typically
during three days. Nowadays, the collagen is considered the major constituent of the extracellular
matrices of all animal and metazoans. For this reason, collagen derived from marine sponges can be
evaluated as available substitutes for uses like scaffolds in the bone regenerative procedures [44–52].

Recently, Lin et al. developed a novel scaffold, derived from fish scales, as an alternative
functional material with sufficient mechanical strength for medical regenerative applications.
Fish scales, which are usually considered marine wastes, were acellularized, decalcified and
fabricated into collagen scaffolds. The scanning electron microscope (SEM) was used for imaging
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the microstructure of the scaffold. The highly centrally-oriented micropatterned structure of
the scaffold was beneficial for efficient nutrient and oxygen supply to the cells cultured in the
three-dimensional matrices, and therefore it is useful for high-density cell seeding and spreading [45].
Hayashi et al. evaluated the biomedical application of chitosan and collagen from marine products
and advantages and disadvantages of regeneration medicine, demonstrating that the properties of
biocompatibility and biodegradation of fish atelocollagen are suitable for the scaffolds in regenerative
medicine [46]. Senny et al. investigated the HE800 exopolysaccharide (HE800 EPS) secreted by a
deep sea hydrothermal bacterium displays an interesting glycosaminoglycan-like feature resembling
hyaluronan, and the results of the study proved how the HE800 EPS family can be considered as an
innovative biotechnological source of glycosaminoglycan-like compounds useful to design biomaterials
and drugs for tissue engineering applications [47]. Fernandes-Silva et al. analyzed the possibility to
fabricate marine collagen porous structures cross linked with genipin under high pressure carbon
dioxide. By the in vitro data results of their investigation, authors concluded that cell culture tests
performed with a chondrocyte-like cell line showed good cell adherence and proliferation, which is a
strong indication of the potential of these scaffolds to be used in tissue cartilage tissue engineering [48].
Yamamoto et al. published an in vitro and in vivo biological study of medical materials to investigate
the safety and the predictable results on applying fish collagen for regenerative procedure. The extract
of fish collagen gel was examined to clarify its sterility and demonstrated that atelocollagen prepared
from tilapia is a promising biomaterial for use as a scaffold in regenerative medicine [49]. Hayashi et al.
demonstrated the contributions for a proteomic view of chitosan nanoparticle to hepatic cells,
the promotion of D-glucosamine to transfection efficiency, and chitin application as skin substitutes.
Moreover, the latter showed the contributions for hydroxyapatite-gelatin nanocomposite, genipin
modification of dentin collagen, dentin phosphophoryn/collagen composite for dental biomaterial,
and biological safety of fish collagen [50]. Silva et al. evaluated all of the available forms of marine
collagen and their potential application in regenerative medicine. Authors concluded that marine
collagen could be considered a valuable source of collagen [51]. Jiridi et al. studied the structural
and rheological properties of collagen-based gel obtained from cuttlefish skin, and to investigate its
ability to enhance wound healing, demonstrating that cuttlefish collagen based gel might be useful as
a wound healing agent [52]. Derkus et al. described the sonochemical isolation of nano-sized spherical
hydroxyapatite (nHA) from egg shell and application towards thrombin aptasensing. The data of
the presented paper reflected how, for clinical application of the developed aptasensor, thrombin
levels in blood and cerebrospinal fluid (CSF) samples obtained from patients with Multiple Sclerosis,
Myastenia Gravis, Epilepsy, Parkinson, polyneuropathy and healthy donors were analyzed using both
the aptasensor and commercial ELISA kit. The results showed that the proposed system is a promising
candidate for clinical analysis of thrombin [53].

Raffery et al. tried to determine if the incorporation of chitosan into collagen scaffolds could
improve the mechanical and biological properties of the scaffold. In addition, the study assessed if
collagen, derived from salmon skin (marine), can provide an alternative to collagen derived from
bovine tendon (mammal) for tissue engineering applications. The data results underlined how the
collagen–chitosan composites showed similar results to the bovine one. Moreover, a clear support
to stem cell differentiation towards both bone and cartilage tissue was demonstrated. The collagen
obtained from the bovine bone resulted in a versatile scaffold incorporating the marine biomaterial
chitosan and showing great potential as appropriate platforms for promoting orthopaedic tissue repair
while the use of salmon skin-derived collagen may be more suitable in the repair of soft tissues such as
skin [54].

Coelho et al. performed an investigation in which collagen has been isolated from the skins of
the squids using acid-based and pepsin-based protocols, with the higher yield being obtained from I.
The produced collagen was selected for evaluating its biomedical potential, exploring its incorporation
on poly-ε-caprolactone (PCL) 3D printed scaffolds for the development of hybrid scaffolds for tissue
engineering, exhibiting hierarchical features [55].
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4. Discussion

Nowadays, the autologous bone is considered to be the “gold standard” by the scientific
community, as its use is a predictable practice. As widely described above, it increases the formation
of new bone near defects. The main advantage, moreover, is to have an osteoinductive power, and to
offer increased resistance to infections due to its biological activity and the revascularization of the
graft, so this is a biological active tissue. In any case, in the case of autologous bone regenerations,
the patient’s morbidity should be considered, due to the donor site, such as the inability to access large
amounts of bone tissue [1,8,12–28]. However, allogeneic bone grafting is a viable alternative that has the
advantage of not requiring a donor site, in the event that no alloplastic and autologous mixture grafts
are used. The alloplastic material can be subjected to different chemical-physical treatment, satisfying
also the requirements of larger graft surgeries, having bone blocks available [29–34]. This biomaterial
also has the advantage of being able to stimulate the formation of new bone. Moreover, tissue grafts
from other species or synthetic biomaterial with osteoconductivity can be available. These are mainly
used as a scaffold for the regeneration of bone defects. Even if this type of material is “free cell tissue”,
it could induce an immune response within the recipient [2,7,35–43]. Finally, marine collagen and
derived bone can be considered a viable alternative, thanks mainly to its microscopic structure that
would favor the metabolism of new bone tissue and hence its formation. It is similar to those found in
the human spongiform bone and thus has osteoconductive abilities [45–55]. The porosity characteristics
reflect the optimal ones, and the compression resistance is high but has little resistance to tension.
As already mentioned by some studies, the ability of some cell lines to adhere to this material and
proliferate on it has emerged. It is an easy-to-find material and is considered commercially as a waste
material. Its production involves decellularization and then decalcification having biocompatibility
properties, reducing the risk of transmitting infectious agents to humans. Marine collagen can be
derived from different animal genera, from marine sponges to salmon skin or fish scales. Surely,
a production of these materials using existing 3D printing technologies could revolutionize the field of
biomaterials and used materials for bone facial defects.

Furthermore, Rahman published a paper just recently that demonstrated the potential for marine
calcifiers to generate new drugs. Among the different sources of polysaccharides, algal polysaccharides
such as chitin and collagen could play an important role in future development of tissue engineering,
bone regeneration, and much more. In light of these emerging findings, in the near future, established
techniques might also be potentially useful for isolating skeletal proteins from similar marine calcifiers
for drug discovery [56]. Moreover, the isolation, biochemical and biophysical features of the collagen
from the marine sponges Axinella cannabina and suberites carnosus were analyzed by Tzivileka et al.
Authors demonstrated how marine collagen can be considered a valuable and safe alternative to
the common collagen used in the current biomedical application [57]. Moreover, Hermann Ehrlich
performed several experiments demonstrating how chitin and collagen are valid alternative template
scaffolds in the field of mineralization [58–60]. Therefore, in a monograph published in 2015, the author
classified significant information regarding the modern knowledge on biomineralization, biomimetics
and materials science with a deep investigation about marine vertebrates. For the first time in scientific
literature, the author gives the most coherent analysis of the nature, origin and evolution of biomaterials
and biopolymers isolated from marine sources. Moreover, the variety of marine vertebrate organisms
(fish, reptilian, birds and mammals) and within their unique hierarchically organized structural
formations has been highlighted [61]. This can be a reference for performing future studies and
research about the possibility of using chitin and collagen marine in the field of the biomedicine.

Limitations

Even if a comprehensive and complete investigation of the effects of surgical therapies had been
performed, there were some limitations to this systematic review. Our findings could not provide the
ideal material for the bone reconstruction technique of the face. The choice of the materials depend
on the size of the defect, the skill of the surgeons and the donor host in the case of autogenous bone.
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Moreover, there could be potential language bias in this systematic review, as we only considered
literature written in English.

5. Conclusions

The first aim of this revision is to highlight the evolving role of biomaterial used like bone graft in
the place of autologous bone during craniofacial bone reconstruction and regenerative procedures.
Discussion highlighted how the ideal biomaterial scaffold is still far from being realized because of it it
still being hard to reproduce the design, the micro shapes and the chemical features of the autologous
bone. While human clinical applications are limited to date, great promise seems to start from scaffolds
originating from the lab or obtained from the sea. Specifically, marine collagen replacing the human
bone features can be optimally used for being a safe scaffold on large bone reconstruction defects of
the facial area.
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Abstract: Aging-associated changes of skin conditions are a major concern for maintaining quality of
life. Therefore, the improvement of skin conditions by dietary supplementation is a topic of public
interest. In this study, we hypothesized that a composite supplement containing fish derived-collagen
peptide and ornithine (CPO) could improve skin conditions by increasing plasma growth hormone
and/or insulin-like growth factor-1 (IGF-1) levels. Twenty-two healthy Japanese participants were
enrolled in an 8-week double-blind placebo-controlled pilot study. They were assigned to either
a CPO group, who were supplemented with a drink containing CPO, or an identical placebo
group. We examined skin conditions including elasticity and transepidermal water loss (TEWL),
as well as plasma growth hormone and IGF-1 levels. Skin elasticity and TEWL were significantly
improved in the CPO group compared with the placebo group. Furthermore, only the CPO group
showed increased plasma IGF-1 levels after 8 weeks of supplementation compared with the baseline.
Our results might suggest the novel possibility for the use of CPO to improve skin conditions by
increasing plasma IGF-1 levels.

Keywords: collagen peptide; ornithine; skin elasticity; transepidermal water loss; growth hormone;
insulin-like growth factor-1

1. Introduction

The major role of skin is the protection of our body from external stimuli. Skin also plays
an important role in maintaining homeostasis, including protection against loss of moisture and
adjustment of body temperature [1]. Furthermore, aging-associated changes of skin conditions, such
as the increased wrinkles and decreased skin elasticity, are a major concern for maintaining quality
of life. Skin is composed of epidermis, dermis, and subcutaneous tissue. Collagen and elastin in the
dermis maintain the structure of skin and create its elasticity [2,3]. Notably, the fibrous protein collagen,
which plays a major role in maintaining the mechanical strength of skin, constitutes the majority of the
dermis. The collagen molecule is formed by the three polypeptides, named alpha chains. The alpha
chains are composed of high levels of glycine, hydroxyproline, proline and alanine [4]. Thus, collagen
has unique amino acid composition. These collagen molecules assemble to form collagen fibrils by
cross linking. Then, collagen fibrils assemble to form large collagen fiber. There are several types of
collagen, and type I and type III collagen are the most abundant collagen in the skin [5]. Because
collagen synthesis decreases with aging, decreased collagen content is one of the major causes of
aging-associated changes of skin conditions [6,7]. As skin aging and nutrition states are linked [8], the
improvement of skin conditions by dietary supplementation is a topic of increasing public interest [9].
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The effects of growth hormone, a peptide hormone secreted from the pituitary gland (especially
during the first few hours of sleep), cover a broad range of biological phenomena including cell growth,
proliferation, regeneration, and metabolism [10–12]. For skin, severe growth hormone deficiency
results in early aging, such as wrinkling and dryness [13]. In addition to the direct effects of growth
hormone to several tissues, it also elicits indirect effects mediated by insulin-like growth factor-1
(IGF-1) [12]. Plasma IGF-1 levels correlate with plasma growth hormone levels, as production of IGF-1
by the liver is stimulated by growth hormone [14,15]. Similar to growth hormone, IGF-1 activates cell
growth in several tissues including bone [16], muscle [17], and skin [18,19], whereby it contributes
to both epidermal or dermal skin development and maintenance. Secretion of growth hormone is
decreased with aging, suggesting that aging-associated changes of skin conditions are mediated, at
least in part, by decreased levels of growth hormone, or its associated decrease of IGF-1 [20]. Thus,
these previous studies suggest that aging-associated changes of skin conditions might be improved by
increasing growth hormone and/or IGF-1 levels.

In recent years, many products containing collagen or a denatured form of collagen have been used
for a wide variety of purposes, including cosmetics and food. With regard to food or supplements,
the effects of collagen have been controversial, as orally ingested native collagen or its partially
hydrolyzed form, gelatin, are not efficiently absorbed [21]. However, several lines of evidence revealed
the beneficial role of collagen-derived small peptides, which exhibit high absorbability compared
with native collagen [21,22], for a wide variety of tissues including bone [23], joint [24], muscle [25],
tendon [26], and skin [27–29] in humans. Collagen has been isolated from many marine, brackish
water and freshwater sources such as fishes [30–32] and mollusks [33–35]. Compared with collagen
peptide derived from land animals, collagen peptide derived from these aquatic sources has unique
molecular and biological properties for amino acid composition, antioxidant activity, neuroprotective
activity and anti-skin aging activity, because of low temperature and/or high salt condition in the
surrounding environment [36–39]. Furthermore, a previous study showed that collagen derived from
sea- and freshwater-rainbow trout had quite similar amino acid composition and molecular weight
properties [40]. Collagen derived from two marine demosponges, Axinella cannabina and Suberites
carnosus, collected from the Aegean and the Ionian Seas, respectively, had low imino acid content,
and showed lower or similar denaturation temperatures compared with collagen derived from other
marine organisms such as tropical fish [41], suggesting the universal properties of collagen derived
from aquatic sources. In addition to collagen peptide, ornithine is a non-essential, non-protein amino
acid contained in various foods such as freshwater clams. Recent studies have highlighted ornithine as
a functional food for improving sleep quality [42] and recovery from fatigue [43,44] in human.

The beneficial effects of collagen peptide for skin conditions have been analyzed by several
groups both in rodents [39] and humans [27–29,45]. However, to our knowledge, the effects of collagen
peptide, ornithine or the combined effects of collagen peptide and ornithine (CPO) on the increase
of growth hormone and/or IGF-1 levels, and the subsequent improvements of skin conditions have
not been investigated. A previous study showed the increase of plasma growth hormone levels after
ingestion of ornithine [46], though its relationship to the improvements of skin conditions have not
been investigated. In this study, we anticipated the combinational effects of fish-derived collagen
peptide and ornithine on skin conditions, and plasma growth hormone and/or IGF-1 levels in healthy
Japanese people. We hypothesized that orally administered CPO induced an increase of plasma growth
hormone and/or IGF-1 levels, which exerted subsequent improvements of skin conditions including
elasticity, moisture and transepidermal water loss (TEWL).

2. Results

2.1. Participants

Forty participants were recruited from the Osaka area, of whom 22 participants (aged from 31 to
48 years, 18 females and 4 males) exhibiting low skin moisture and elasticity were enrolled. Participants
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were recruited from September to October 2017. Included participants were assigned to either the CPO
group (n = 11) or placebo group (n = 11). All participants completed the study. One participant in the
CPO group was excluded from analysis because of aberrant blood ureic acid levels both before and
after supplementation (Figure 1).

Figure 1. Flow diagram of participants.

Finally, 21 participants (aged from 31 to 48 years, 17 females and 4 males) were analyzed. Thus, per
protocol set analysis was performed. Statistically significant differences between originally included
participants and finally analyzed participants were not observed for baseline scores including age,
skin elasticity, and moisture. This study consisted of an 8-week administration period from October to
December 2017. CPO and placebo groups were matched according to age, gender, body mass index
(BMI), skin elasticity, and moisture at baseline (Tables 1 and 2).

Table 1. Baseline characteristics of participants who completed 8-week test.

Placebo (n = 11)
Collagen Peptide and Ornithine

(CPO) (n = 10)
p Value

Age (mean ± standard deviation (SD)) 40.4 ± 5.2 40.0 ± 6.8 0.89
Female, n (%) 9 (81.8) 8 (80.0)

Body mass index (BMI) (mean ± SD) 20.6 ± 1.8 21.2 ± 2.2 0.55

Average ingestion rate was 100 ± 0% and 99.8 ± 0.5% in CPO and placebo groups, respectively.
All subjects had a more than 98% ingestion rate. No statistically significant differences were observed
for ingestion rate between CPO group and placebo groups.

2.2. Skin Conditions

The aim of this study was to evaluate the effects of CPO on skin conditions including elasticity,
moisture, and TEWL. These skin conditions were measured at baseline and after 8 weeks of
supplementation (Table 2). TEWL was significantly attenuated in the CPO group compared with the
placebo group after 8 weeks of supplementation. For skin elasticity and VISIA analysis, no statistically
significant differences were observed between raw values for CPO and placebo groups. However,
placebo group showed a decrease of elasticity, from 0.818 ± 0.05 at baseline to 0.779 ± 0.06 after
8 weeks of supplementation. On the other hand, CPO groups showed an increase of elasticity, from
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0.766 ± 0.07 at baseline to 0.784 ± 0.07 after 8 weeks of supplementation (Table 2). By analyzing
the changes from the baseline, we observed statistically significant differences between the placebo
and CPO groups (−0.039 ± 0.047 in placebo group, and 0.018 ± 0.065, Figure 2A). In addition to
elasticity, a significantly reduced change in the number of skin pores was also observed after 8 weeks
of supplementation in the CPO group compared with the placebo group (Figure 2B).

Table 2. Score of skin conditions.

Week

0 8

Skin Conditions Group Mean ± SD Mean ± SD

Moisture (A.U.)
Placebo 57.3 ± 13.3 60.9 ± 10.7

CPO 58.5 ± 7.4 60.3 ± 8.2

TEWL (g/m2 × h)
Placebo 14.4 ± 4.3 16.2 ± 3.4

CPO 11.3 ± 4.1 11.5 ± 4.2 *

Elasticity Placebo 0.818 ± 0.05 0.779 ± 0.06
CPO 0.766 ± 0.07 0.784 ± 0.07

Skin-pH Placebo 5.96 ± 0.23 6.00 ± 0.24
CPO 6.03 ± 0.24 6.15 ± 0.23

DermaLab Collagen Score Placebo 45.9 ± 17.9 40.9 ± 14.6
CPO 41.1 ± 15.2 38.9 ± 13.4

VISIA Spots Placebo 99.9 ± 38.1 96.1 ± 37.6
CPO 83.3 ± 39.0 75.1 ± 34.6

VISIA Wrinkles
Placebo 172.3 ± 100.5 186.9 ± 124.5

CPO 186.2 ± 108.2 209.5 ± 106.9

VISIA pores Placebo 670.2 ± 328.8 745.8 ± 354.2
CPO 848.4 ± 404.6 763.5 ± 452.7

VISIA Texture
Placebo 1972.0 ± 1171.7 1755.8 ± 1172.9

CPO 1773.4 ± 1276.9 1610.5 ± 1243.7

VISIA Porphyrins Placebo 719.9 ± 709.6 607.6 ± 585.6
CPO 694.4 ± 402.4 868.2 ± 648.8

VISIA Spots Placebo 193.3 ± 63.7 202.0 ± 56.9
CPO 199.7 ± 56.4 209.9 ± 43.1

Red Areas
Placebo 49.5 ± 14.6 49.3 ± 14.8

CPO 42.9 ± 17.2 36.4 ± 17.3

Brown Spots Placebo 123.5 ± 58.5 125.3 ± 61.1
CPO 104.1 ± 47.4 109.6 ± 50.5

* p < 0.05 vs. placebo.

 

Figure 2. Dietary supplementation with collagen peptide and ornithine increased skin elasticity, and
decreased the number of pores. Change in skin elasticity from baseline (A), and change in the number
of pores from baseline (B). * p < 0.05 and ** p < 0.01 by unpaired t-test. Error bars indicate SD.

In addition, only the placebo group showed significantly decreased collagen scores compared
with baseline using the DermaLab test (placebo group, from 45.9 ± 17.9 to 40.9 ± 14.6, p = 0.027; CPO
group, from 41.1 ± 15.2 to 38.9 ± 13.4, p = 0.097). No statistically significant differences in moisture or
superficial pH were observed between CPO and placebo groups.
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2.3. Plasma Growth Hormone and Insulin-Like Growth Factor-1 (IGF-1) Levels

As aging-associated changes of skin condition are partially mediated by decreased levels of
growth hormone [13], we analyzed plasma levels of growth hormone before and 30, 60, 120, 150,
180 and 240 min after supplementation. Growth hormone levels before supplementation were more
than two-fold higher in the CPO group compared with the placebo group (0.65 ± 0.49 ng/mL in the
placebo group vs. 1.41 ± 1.70 ng/mL in the CPO group, p = 0.778), suggesting that comparison of
growth hormone levels between CPO and placebo groups was unworthy of evaluation. Indeed, we
observed no significant differences of plasma growth hormone levels in the CPO group compared with
the placebo group. We also evaluated IGF-1 levels at baseline and after 8 weeks of supplementation
because IGF-1 levels reflect growth hormone secretion [15]. No statistically significant difference
between CPO and placebo groups was observed. However, a statistically significant increase of
IGF-1 levels from the baseline was observed only in the CPO group (Figure 3), suggesting that the
improvements of skin conditions by CPO were mediated by the increase of IGF-1 levels, at least in part.

Figure 3. Dietary supplementation with collagen peptide and ornithine increased plasma insulin-like
growth factor-1 (IGF-1) levels. Comparison of plasma IGF-1 levels before and after 8-week
supplementation with collagen peptide and ornithine (CPO) (right) or with placebo (left). * p < 0.05 by
paired t-test. Error bars indicate SD.

2.4. Clinical Safety

We observed neither adverse events nor severe changes in scores for general biochemical
examination of blood or hematologic tests. Adverse events related to the ingestion of CPO were
not observed. Thus, safety concerns were not observed.

3. Discussion

To our knowledge, our study is the first report to demonstrate the combined effects of CPO on
skin conditions, plasma growth hormone and IGF-1 levels. We found that dietary supplementation
of CPO improved skin elasticity and TEWL. TEWL was increased in the placebo group, while the
CPO group showed no increase, indicating that the seasonal increase of TEWL was prevented by CPO
(Table 2). As TEWL is linked to the barrier function of skin [1], this result suggests a protective effect of
CPO for skin barrier function. In addition to TEWL, we observed a statistically significant difference
between placebo and CPO groups in the changes of elasticity from baseline. Elasticity in the placebo
group was decreased, while the CPO group showed increased elasticity, suggesting that the seasonal
decrease in elasticity was prevented by CPO (Figure 2A). Furthermore, we observed increased IGF-1
levels only in the CPO group, suggesting that the improvements of skin conditions were mediated, at
least in part, by increased IGF-1 levels (Figure 3).
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The effects of collagen peptide on the improvements of skin moisture, elasticity, wrinkles,
ultraviolet-induced erythema and ultraviolet-induced pigmented spots were previously revealed by
several groups [28,29,45,47–49]. Furthermore, it has been previously reported that oral administration
of marine collagen peptide derived from the skin of Nile Tilapia enhanced the process of wound
healing [32]. Marine collagen peptide derived from Chum Salmon also promoted cutaneous wound
healing [50,51]. Our study reinforced the beneficial effects of fish-derived collagen peptide to maintain
or improve skin conditions such as elasticity and TEWL. Furthermore, we performed combined
administration of collagen peptide and ornithine. Similar to collagen peptide, a previous study
showed that ornithine enhanced wound healing effects by upregulating collagen synthesis in mice [52],
suggesting that both collagen peptide and ornithine contribute to the improvements of skin conditions.
In light of the independent effects of collagen peptide and ornithine, we hypothesized that skin
conditions would be improved by the synergistic effects of CPO to increase growth hormone and/or
IGF-1 levels, as described in the Introduction. Indeed, we observed the increased IGF-1 levels only
in the CPO group. Between-group differences for TEWL and elasticity reinforced our hypothesis.
However, because the effects of ornithine on skin conditions have not been investigated in humans, we
could not conclude that the improvements of skin conditions observed in this study were derived from
either the sole effects of collagen peptide or ornithine, or the synergistic effects of CPO. Furthermore,
because we did not evaluate the sole effects of collagen peptide in this study, we could not conclude
that the previously observed improvements of skin conditions including moisture and TEWL by
collagen peptide [28,29,45,47–49] was enhanced by co-administration of ornithine. A comparison of
the sole effects of ornithine, collagen peptide, and CPO is required to evaluate the synergist effects of
CPO in the future.

As described in the Materials and Methods section, we employed a cutometer with a 6-mm
diameter probe, suggesting that the improvement of skin elasticity reflected the state of relatively
deep skin areas, such as the dermis. Generally, improvement of skin barrier function leads to the
attenuation of TEWL, which results in subsequent improvement of the dermis environment [53,54].
In addition to this general understanding, increased IGF-1 levels in the CPO group suggested that
the attenuation of TEWL occurred through the improvement of the dermal environment, which can
result in the activation of dermal fibroblasts. Increased collagen scores in the CPO group, as measured
by the DermaLab test, support the notion of CPO improving the dermal environment. Furthermore,
previous studies have shown that the increased IGF-1 levels or treatment with collagen peptides
leads to the activation of dermal fibroblasts [55,56]. Activated dermal fibroblasts construct the firm
structure of the basement membrane, which is required for stable adherence of epidermal cells to the
basement membrane. This stable adherence maintains an adequate balance between proliferation
and differentiation of epidermal cells, leading to the enhancement of barrier function and subsequent
attenuation of TEWL [57]. However, further study is required to determine how CPO improved
skin elasticity and TEWL, as well as the relationship between improvements of elasticity and TEWL.
Furthermore, we focused on the improvement of skin elasticity exclusively in the neck because only a
thin muscle is present under neck skin [58]. However, as the effects of IGF-1 would not be restricted
only to neck skin, we suspect that the positive effects observed in this study would be applicable to
other areas of skin.

In this study, we hypothesized that CPO improved skin condition by increasing the secretion of
growth hormone and/or IGF-1. Indeed, we observed increased plasma IGF-1 levels, which reflect
increased secretion of growth hormone in the CPO group [15]. However, we did not observe an
apparent increase of growth hormone levels immediately after CPO supplementation. One possibility
for this result is that CPO enhanced secretion of growth hormone levels during the night, as we required
participants to take CPO before bed time and growth hormone is secreted during non-rapid eye
movement sleep. Thus, analysis for the effect of CPO on growth hormone secretion during sleep merits
future investigation to potentially explain increased IGF-1 levels elicited by CPO supplementation.
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Our study has several limitations. Even though the sample size was limited, which rated this
study as a pilot trial, we observed improvement of skin elasticity, TEWL and increase of IGF-1 levels by
CPO, suggesting the strong effects of CPO. Ornithine is found in freshwater clams, a traditional food for
Japanese people. Furthermore, fish dishes are favored by Japanese people. We prohibited participants
from continuously ingesting a functional food with identical or similar effects as the active ingredient
of the test food. However, we did not estimate the exact dietary intake of CPO by participants; thus,
the effects of CPO were potentially underestimated or overestimated. We hypothesized that combined
supplementation of CPO elicited increased growth hormone and/or IGF-1 levels, which was followed
by the improvement of the skin condition. In fact, we observed improvements of both elasticity and
TEWL. However, the only intra-group difference was observed for increased plasma IGF-1 levels in
the CPO group. Thus, precise mechanisms underlying how CPO improved the condition of skin, the
specific contributions of CPO, and potential synergistic effects of CPO were not elucidated. Further
analysis or a large-scale study is required to examine how CPO influences skin conditions.

4. Materials and Methods

4.1. Study Design, Randomization and Blinding

This study was a randomized, double-blind, placebo-controlled, parallel-group comparison
trial to evaluate the effects of CPO dietary supplementation on skin conditions, plasma growth
hormone and IGF-1 levels in healthy Japanese participants. Equal numbers of participants were
allocated to active and placebo groups. This study, which was approved by the Kenshokai Ethical
Review Board (Approved Number: 20170927-1) and registered in the UMIN Clinical Trials Registry
(ID: UMIN000028924), followed the Declaration of Helsinki and Ethical Guidelines for Medical and
Health Research Involving Human Subjects. Participants, clinicians, and practitioners were blinded.
Practitioners performed intervention, outcome measurements, and analysis. Clinicians performed
safety evaluation. According to our previous independent trial to evaluate skin TEWL or minimum
erythema dose by dietary supplementation of astaxanthin in 10 healthy people [9,59], we set the
required sample size as 10. The evaluation of skin elasticity was the primary outcome, while secondary
outcome measures included other skin conditions such as skin moisture and TEWL, as well as plasma
levels of growth hormone and IGF-1, and safety evaluation. Participants were enrolled and randomly
allocated into the CPO or placebo group using a random number table with consideration of sex, age,
skin elasticity, and moisture by practitioners. Allocation was concealed until all participants completed
the tests.

4.2. Participants

Participants aged from 30 to less than 50 years in the Osaka area were included in this study.
Every participant received an explanation of the objectives and details of this study, and provided
written informed consent themselves. This study consisted of an 8-week ingestion period from October
to December 2017. Participants meeting the following criteria were included in the study: (1) aged
from 30 to 49 years at the time informed consent was provided; (2) exhibited relatively low levels of
blood IGF-1; (3) exhibited relatively low skin moisture and skin elasticity; (4) BMI was less than 25;
(5) capable of visiting the administrative facility on every inspection day; and (6) provided written
informed consent for involvement in this trial themselves. Participants with the following criteria were
excluded from the study: (1) continuous ingestion of a functional food or supplement; (2) continuous
ingestion of a functional food or quasi-medicine with identical or similar effects as the active ingredient
in test food; (3) frequent ingestion of food which rich in the same active ingredient in test food or
ingestion of these kinds of food during the 3 days before and after trial initiation, or during the last
3 days of the trial; (4) worked a night shift or day and night shifts; (5) receiving medical treatment
or prophylactic treatment, or diagnosed with the need for medical treatment; (6) presence of skin
disease or abnormality in skin condition, such as atopic dermatitis; (7) exhibited apparent change of
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skin condition that was not related to the intake of test food at the end of the trial compared with
the initiation; (8) history of severe disease or abnormality in glucose metabolism, lipid metabolism,
liver function, kidney function, or cardiovascular system function including heart, respiratory tract,
endocrine system and nerve system function, or psychiatric disorder; (9) exhibiting anemia, or felt sick
as a result of blood collection; (10) history of alcoholism or drug addiction; (11) risk of food allergy;
(12) exhibited apparent abnormality in blood test or were positive for hepatitis B antigen or hepatitis
C virus antibody in trial duration, including the screening period; (13) pregnant or lactating when
informed consent was provided, or hoped to become pregnant during the trial; (14) involvement
in another trial within 4 weeks prior to this trial, or participation in another concurrent trial; and
(15) otherwise judged to be inappropriate for this trial by the clinician responsible for this trial.

4.3. Supplement Formulation

One 30-mL CPO drink contained 10 g of fish-derived collagen peptide (FUJIFILM, Tokyo, Japan),
400 mg of ornithine, and other ingredients including vitamin C, acidifier, and sweetener. To prepare
fish-derived collagen peptide, gelatin was extracted from the fish scales, almost all from Tilapia, by
hot water extraction. Gelatin was then digested by food-processing protease to prepare fish-derived
collagen peptide. Total amount of hydroxyproline in fish-derived collagen peptide, which was analyzed
by the hydrolysis of collagen peptide and subsequent high performance liquid chromatography, was
1100 mg in one CPO drink. The weight-average molecular weight of the collagen peptide was 2000 to
3000 Da. This drink contained less than 9 mg of potassium and 0.3 mg of magnesium. The placebo drink
contained the same amount of vitamin C, acidifier, and sweetener, but did not contain CPO. One bottle
was administered every day before bedtime for 8 weeks. On the test initiation day, the test drink was
administered in the daytime because of the measurement of growth hormone levels. CPO and placebo
drinks, including the bottle, were indistinguishable by shape, taste, or color. The dosage of collagen
peptide was determined according to the previous report that showed the dose-dependent increase
of blood hydroxyproline content by the intake of 2, 10 and 25 g of collagen peptide in humans [60].
In addition, the dose and the duration of this study were based on our previous study focusing on the
effects of collagen peptide (UMIN: 000016587). The dosage of ornithine was based on an earlier study
focusing on the effects of ornithine on sleep quality [42].

4.4. Evaluation of Skin Condition

For evaluation of skin conditions, we measured skin elasticity using a Cutometer MPA580 with
a 6-mm diameter probe (Courage and Khazaka Electronic GmbH, Cologne, Germany). A 6-mm
diameter probe was used, as opposed to a 2- or 4-mm diameter probe, to analyze functional changes
in relatively deep areas of skin, such as the dermis. Furthermore, we analyzed skin elasticity at
the neck because only thin muscles, such as the sternocleidomastoid muscle, are under the skin,
making the neck a suitable area to analyze skin elasticity compared with the cheek, which mount on
facial muscle [58]. To evaluate skin moisture, TEWL, and superficial pH at the cheek, a Corneometer
(Courage and Khazaka Electronic GmbH, Cologne, Germany), VAPO SCAN AS-VT100RS (ASCH
JAPAN Co., Tokyo, Japan), and Skin-pH-Meter PH905 (Courage & Khazaka Electronic GmbH, Cologne,
Germany) were used, respectively. Skin conditions were also evaluated by VISIA Evolution (Canfield
Scientific Ltd., Parsippany, NJ, USA), which analyzed spots, wrinkles, pores, texture, porphyrins,
UV spots, red areas and brown spots from the picture of the participant’s face [61], and DermaLab
(Cortex Technology, Hadsund, Denmark), which analyzed echo-graphic density of subcutaneous tissue
including epidermis, dermis and subcutaneous fat and calculated collagen score from its ultrasound
image. All measurements of skin condition were evaluated in a testing room with stable temperature
(21 ± 1 ◦C) and humidity (50 ± 5%).
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4.5. Blood Sampling and Safety Evaluation

Serum was obtained at baseline and after 8 weeks of supplementation, and blood IGF-1 levels
were evaluated. To analyze the increases of plasma growth hormone levels, serum was obtained at 0,
60, 120, 150, 180, and 240 min after ingestion of test food. Plasma IGF-1 and growth hormone levels
were measured by LSI Medience Co, Ltd. (Osaka, Japan) General biochemical examination of blood
and hematologic tests were performed for safety evaluation.

4.6. Statistical Analysis

All results were presented as mean ± standard deviation (SD). Normality was analyzed by the
Shapiro–Wilk test. If the data showed a normal distribution, differences between CPO and placebo
groups were assessed by an unpaired t-test, and intra-group changes were evaluated by paired
t-test. If the data did not show a normal distribution, we performed a Wilcoxon signed-rank test to
analyze inter-group differences, and Wilcoxon rank sum test to analyze between-group differences.
No additional analysis was performed. Probabilities less than 5% (* p < 0.05 and ** p < 0.01) were
considered to be statistically significant. Statistical analyses were performed with JMP (version 13).
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