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Preface to ”Biomedical and Pharmacological

Applications of Marine Collagen”

Biomimetic polymers and materials have been widely used in a variety of biomedical and

pharmacological applications. Collagen-based biomaterials in particular have been extensively

applied in various biomedical fields, for example, as scaffolds in tissue engineering. However, there

are many challenges associated with the use of mammalian collagen, including the issues of religious

constraints, allergic or autoimmune reactions, and the spread of animal diseases such as bovine

spongiform encephalopathy, transmissible spongiform encephalopathy, and foot-and-mouth disease.

Over the past few decades, marine collagen has emerged as a promising biomaterial for

biomedical and pharmacological applications. Marine organisms are a rich source of structurally

novel and biologically active compounds, and to date, many biological components have been

isolated from various marine resources. Marine collagen offers advantages over mammalian

collagen due to its water solubility, easy extractability, low immunogenicity, safety, biocompatibility,

biodegradability, antimicrobial activity, functionality, and low production costs. Due to its

characteristics and physicobiochemical properties, it has tremendous potential for use as a scaffold

biomaterial in tissue engineering and regenerative medicine, in drug delivery systems, and as a

therapeutic agent.

In this book, some recent innovativeapplications of these proteins have been discussed that

could potentially be applied in scientific and industrial research. This book covers recent trends in

all aspects of basic and applied scientific research on marine collagen, with a particular focus on their

biotechnological, biomedical and pharmacological uses.

Sik Yoon

Editor
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Abstract: Marine collagen is gaining vast interest because of its high biocompatibility and lack
of religious and social restrictions compared with collagen from terrestrial sources. In this study,
lizardfish (Synodus macrops) scales were used to isolate acid-soluble collagen (ASC) and pepsin-
soluble collagen (PSC). Both ASC and PSC were identified as type I collagen with intact triple-helix
structures by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and spectroscopy. The
ASC and PSC had high amino acids of 237 residues/1000 residues and 236 residues/1000 residues,
respectively. Thus, the maximum transition temperature (Tmax) of ASC (43.2 ◦C) was higher than
that of PSC (42.5 ◦C). Interestingly, the Tmax of both ASC and PSC was higher than that of rat tail
collagen (39.4 ◦C) and calf skin collagen (35.0 ◦C), the terrestrial collagen. Solubility tests showed that
both ASC and PSC exhibited high solubility in the acidic pH ranges. ASC was less susceptible to the
“salting out” effect compared with PSC. Both collagen types were nontoxic to HaCaT and MC3T3-E1
cells, and ASC was associated with a higher cell viability than PSC. These results indicated that ASC
from lizardfish scales could be an alternative to terrestrial sources of collagen, with potential for
biomedical applications.

Keywords: lizardfish scale; marine collagen; thermal stability; cell viability

1. Introduction

Collagen is an important structural protein of connective tissue, and it is also a
principal component of the natural extracellular matrix (ECM) that plays a dominant
role in providing overall tissue stiffness and integrity [1]. The main feature of collagen
is its triple helical structure. In collagen type I, this structure consists of two identical
polypeptide chains, α1, and one polypeptide chain, α2, with each chain containing one or
more repeating amino-acid motifs (Gly–X–Y), where X is proline or hydroxyproline and Y
represents any amino acid [2,3]. So far, 29 types of collagen (I–XXIX) have been identified
and characterized. Among them, fibril-forming type I collagen with a high structural order
and high stiffness is the most widely distributed type of collagen in connective tissue,
accounting for 80–85% of collagen in the body [4,5]. Due to its excellent biocompatibility,
low antigenicity, and high biodegradability, type I collagen is regarded as one of the
promising biomaterials and is widely used in tissue engineering and the pharmaceutical
and biomedical industry [6,7].

Collagen’s preferred sources are the skin and tendons of bovine and porcine. However,
as collagen of mammals has the risk of triggering an immune reaction and transferring
zoonosis and transmissible spongiform encephalopathies, marine collagen has attracted
interest in recent years [2,8]. Marine collagen has lower gelling and melting temperatures
than mammalian collagen, but marine collagen is cheaper to extract and easier to prepare
than mammalian collagen [8,9]. Marine collagen, such as that from sponges, jellyfish,
squids, octopuses, cuttlefish, and fish skin, bone, and scales, comes from both marine
vertebrates and invertebrates [9,10]. There is great demand for marine collagen, and
this is now the main source of collagen globally. Sourour Addad et al. (2011) obtained
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collagen from Jellyfish [11], Tziveleka et al. (2017) isolated the collagen from marine
sponges Axinella cannabina and Suberites carnosus [12] and skin and Cruz-López et al.
(2018) extracted collagen from gulf corvina skin and swim bladder [10]. As reported in
the literature, the marine collagen market is expected to reach USD 983.84 million by
2025, with a compound annual growth rate of 7.4% [13]. Marine collagen, compared with
collagen from terrestrial sources, is more easily extracted [2], has high biocompatibility [5],
is without the risks of animal diseases and pathogens; has a higher absorption capacity (up
to 1.5 times more efficient entry into the body), and is not associated with religious and
ethical restrictions [14,15]. This provides an opportunity for fish scales. Namely, fish scales
are the waste product from the fish processing industry, and they represent on average
2% of fish body weight [16]. The poor biodegradability of scales makes them difficult to
be managed as waste [16]. However, scales are a safe and good source of marine type I
collagen [17]. Therefore, the extraction of type I collagen from scales may be beneficial
in terms of both economic and environmental benefits, and it could possibly drive the
development of new industries. Type I collagen from scales has gained increasing interest,
and scales are widely regarded as a promising source of collagen [17]. Many successful
extractions of collagen from scales have been reported, including tilapia scales collagen [18],
gourami scales collagen [19], and miiuy croakers scales collagen [20]. Lizardfish (Synodus
macrops) is a common economic fish species in China, and there have been no studies about
lizardfish scales collagen.

Therefore, in this study, we isolated collagen from lizardfish scales by using acid and
enzymatic extraction methods; characterized the physicochemical properties, structural
properties, and thermal stability of acid-soluble collagen (ASC) and pepsin-soluble collagen
(PSC), and investigated the rheological properties, and cell viability, all of which might
provide useful information for the development and application of marine collagen.

2. Results

2.1. Collagen Yield

The collagen from lizardfish scales was prepared using acid extraction and enzymatic
extraction separately. The yield of ASC and PSC was 4.2 ± 0.2% (based on a dry weight
basis) and 4.7 ± 0.1% (dry weight), respectively.

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

The electrophoretic patterns of ASC and PSC from lizardfish scales are illustrated in
Figure 1. It is clear that ASC and PSC show similar electrophoretic patterns as both consist
mainly of two different types of α-chains (α1 and α2) and dimeric β-chains. The molecular
weight of collagen was analyzed using Quantity One 4.6.0 software (Bio-Rad Laboratories,
Hercules, CA, USA); we found that the molecular weight of ASC (α1-MW, 137 kDa; α2-MW,
127 kDa) was slightly higher than that of PSC (α1-MW, 135 kDa; α2-MW, 123 kDa), which
can be attributed to the removal of telopeptide regions of the PSC [21]. The protein patterns
of ASC and PSC were similar to those of the collagen obtained from tilapia skin [18] and
Pacific cod skin [22]. Although pepsin removed the cross-link-containing telopeptide, the
electrophoresis patterns showed that PSC contained a higher intensity of β-chains than
ASC, indicating that PSC has high molecular cross-linkages [23,24]. Moreover, the ratio
of α1 and α2 was calculated by Image J software (VERSION 1.8.0, National Institute of
Mental Health, Bethesda, MD, USA); specifically, the ratios of α1 and α2 for ASC and PSC
were 1.86 and 2.23, respectively, both close to 2:1, implying that ASC and PSC extracted
from lizardfish scales are type I collagen ([α1]2α2) [25].
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Figure 1. SDS-PAGE patterns of ASC and PSC from lizardfish scales. Lane 1: Marker standard;
Lane 2: PSC; Lane 3: ASC. The experiment was conducted only once (n = 1).

2.3. Spectroscopy Characterization
2.3.1. UV Absorption Spectrum

Generally, collagen has a maximum absorption peak in 210–240 nm range, which is
attributed to the presence of C=O, –COOH, and CONH2 groups in the polypeptide chains
of collagen [23]. The UV absorption spectra of lizardfish scales collagen are shown in
Figure 2a, namely, ASC and PSC showed sharp and intense maximum absorption peaks at
235 nm and 236 nm, respectively, which is consistent with the UV absorption characteristics
of type I collagen [25]. The aromatic residues, including tyrosine and phenylalanine, have
a maximum absorption peak at 280 nm. As shown in Figure 2a, ASC and PSC did not
demonstrate a significant absorption peak at 280 nm.

(a) (b)

(c) (d)

Figure 2. Spectroscopy properties of ASC and PSC. (a) UV absorption spectra, (b) Fourier transform
infrared spectroscopy, (c) circular dichroism, and (d) X-ray diffraction. The experiment was conducted
only once (n = 1).

2.3.2. Fourier-Transform Infrared (FTIR) Spectrum

FTIR spectra of collagen from lizardfish scales are displayed in Figure 2b. ASC and
PSC from lizardfish scales contained five major characteristic absorption bands, including
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Amide A, Amide B, Amide I, Amide II, and Amide III. The Amide A band (3400–3440 cm−1)
is mainly associated with the stretching vibration of N–H [18]. However, the hydrogen
bond formation leads to a change in wavenumber to a lower frequency [18]. The Amide A
absorption bands of ASC and PSC were found at 3307 cm−1 and 3324 cm−1, respectively,
indicating that N–H groups were involved in the formation of hydrogen bonds, which
resulted in a shift of the Amide A band to the lower frequency. The Amide B band
(3080 cm−1) is linked to the asymmetrical stretch of –CH2. We showed that the Amide B
bands of ASC and PSC were located at 3080 cm−1. In the present study, the positions of
Amide I bands of ASC and PSC were found at wavenumbers of 1653 cm−1 and 1654 cm−1,
respectively; Amide II bands of both ASC and PSC were located at 1542 cm−1; and Amide
III bands of ASC and PSC were observed at 1240 cm−1 and 1241 cm−1, respectively.
Moreover, the ratios of absorption intensities between the Amide III band and 1450 cm−1

band were approximately 1.0, confirming that the triple helical structures of ASC and PSC
were well maintained [6].

2.3.3. Circular Dichroism (CD) Spectrum

CD is a simple and effective technique to identify whether the triple helical structure
is intact [22]. The CD spectrum of native collagen with a triple-helix structure shows
a positive peak at 221 nm (maximum positive cotton effect), a negative peak at 198 nm
(maximum negative cotton effect), and a crossover point (zero rotation) at approximately
213 nm [10,22]. As shown in Figure 2c, the CD spectrum of lizardfish scales ASC and PSC
exhibited weak positive absorption peaks at 221 nm and 220 nm, respectively, and negative
absorption peaks were observed at 198 nm and 197 nm, respectively, both with a crossover
point at 213 nm. Moreover, the Rpn values (the ratio of the positive to negative) of ASC and
PSC were 0.12 and 0.14, respectively, indicating that the collagen extracted from lizardfish
scales possess a triple-helix conformation [26,27].

2.3.4. X-ray Diffraction (XRD) Spectrum

The XRD patterns of ASC and PSC are shown in Figure 2d. We found that ASC and
PSC consisted of two peaks, a sharp and a broad peak. The diffraction angles (2θ) of ASC
were 7.86◦ and 21.25◦, and those of PSC were 7.58◦ and 21.02◦, which are consistent with
the characteristic diffraction peaks of collagen [28]. The d value of the first sharp peak of
ASC was 11.25 Å, and that of PSC was 11.66 Å, and this reflects the distance between the
molecular chains [28]. The distance between the molecular chains of PSC was greater than
that within ASC, indicating weaker molecular interactions in PSC. This may be related to
the cleavage of the terminal peptide sequence of collagen [29]. The d value of the second
relatively broad peak of ASC was 4.18 Å, and that of PSC was 4.23 Å, and this reflects the
distance between their skeletons [22].

2.4. Amino Acid Composition

The amino acid compositions of the lizardfish scales ASC and PSC are shown in Table 1.
It can be seen that glycine was the abundant amino acid in collagen, with ASC and PSC
containing 35.1% and 34.9% of glycine, respectively. Similar results were found in the giant
groaker skin collagen [30] and the Pacific cod skin collagen [22]. The results are consistent
with glycine, which is identical in that in the collagen polypeptide chain, the repeating
(Gly-X-Y)n assembles into a triple helix structure [30]. Alanine and proline accounted for
161 residues/1000 residues and 159 residues/1000 residues, and 158 residues/1000 residues
and 157 residues/1000 residues in ASC and PSC, respectively. In addition, both the
ASC and PSC were devoid of cysteine and tryptophan. Further, the amino acid (proline
and hydroxyproline) contents of the ASC and PSC were 237 residues/1000 residues and
236 residues/1000 residues, respectively.
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Table 1. Amino acid composition of the ASC and PSC from lizardfish scales. The results are expressed
as residues/1000 total amino acid residues. Values represent the means ± standard deviations (SD)
of duplicate assays (n = 3).

Amino Acid ASC PSC

Aspartic acid 15 ± 1 16 ± 2
Glutamine acid 13 ± 1 11 ± 1

Serine 50 ± 2 51 ± 2
Histidine 7 ± 1 7 ± 2
Glycine 351 ± 19 349 ± 21

Threonine 29 ± 2 30 ± 3
Arginine 15 ± 1 14 ± 1
Alanine 161 ± 11 159 ± 14
Tyrosine 5 ± 1 5 ± 1

Valine 25 ± 2 26 ± 1
Methionine 8 ± 1 7 ± 1

Phenylalanine 11 ± 2 12 ± 1
Isoleucine 8 ± 2 10 ± 2
Leucine 26 ± 3 25 ± 1
Lysine 35 ± 4 37 ± 2
Proline 158 ± 9 157 ± 7

Hydroxylysine 4 ± 1 5 ± 1
Hydroxyproline 79 ± 9 79 ± 7

Total 1000 1000
Proline + Hydroxyproline 237 ± 16 236 ± 14

2.5. Morphology Characterization

The morphology of collagen is vital for assessing its potential application in biomedicine [31].
The collagen solution obtained from lizardfish scales was lyophilized, and the morphology
of collagen sponges was observed by scanning electron microscopy (SEM) (Figure 3). As
shown in Figure 3a,a’, ASC and PSC were observed as white sponges with loose, uniform,
and porous structures observed by the naked eye. ASC and PSC surfaces under SEM were
partially wrinkled, which may be attributed to water being sublimated during the freeze-
drying process [32]. The SEM images showed that ASC and PSC had a similar multilayer
overlapping and porous microstructure. However, there were some differences in the
structure between ASC and PSC under SEM observation. As observed at a magnification
of 400×, ASC exhibited a compact sheet and porous structure (Figure 3b), while PSC had a
loose and large sheet structure (Figure 3b’); ASC exhibited a more porous structure than
PSC. It was clearly visible at higher magnifications (800×) that ASC had considerable
fibrillary structure and a small number of sheet structures (Figure 3c), while PSC had large
sheet-like film structures (Figure 3c’).

(a) (b) (c)

Figure 3. Cont.
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(a’) (b’) (c’)

Figure 3. SEM images of ASC and PSC. (a) ASC, (b) ASC at 400× magnification, (c) ASC at 800× magnification, (a’) PSC,
(b’) PSC at 400× magnification, and (c’) PSC at 800× magnification. The experiment was done only once (n = 1).

2.6. Thermal Stability

Differential scanning calorimetry (DSC) was used to measure the maximum transition
temperature (Tmax) of collagen. The DSC curves of collagen from the lizardfish scales are
shown in Figure 4. It was observed that the Tmax of collagen from lizardfish scales was
higher than that of rat tail collagen. The Tmax values of rat tail collagen, ASC, and PSC
were 39.4 ◦C, 43.2 ◦C, and 42.5 ◦C, respectively. The Tmax of ASC was higher than PSC and
the rat tail collagen, and the ΔH of ASC (0.981 J/g) was also higher than the PSC (0.711 J/g)
and the rat tail collagen (0.680 J/g).

Figure 4. The DSC curve of ASC and PSC. The experiment was performed only once (n = 1).

2.7. Solubility
2.7.1. The Influence of pH on the Solubility of Collagen Solutions

The relative solubility of ASC and PSC extracted from the scale of lizardfish at dif-
ferent pH showed similar trends, as shown in Figure 5a. ASC and PSC exhibited higher
relative solubility in the very acidic pH range (1–4), and both ASC and PSC showed the
maximum relative solubility at pH 2. The relative solubility of ASC and PSC decreased
with increasing pH, and a sharp decrease in relative solubility of ASC and PSC occurred
at pH above 5 and 4, and the minimum relative solubility was 11.09% and 7.70%, respec-
tively. The isoelectric points (pI) of ASC and PSC were approximately around 7 and 8,
respectively [33].

6
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(a) (b)

Figure 5. Relative solubility of ASC and PSC. (a) Effect of pH; (b) effect of NaCl concentration. Values
represent the means ± standard deviations (SD) of duplicate assays (n = 3). Different letters indicated
significant differences between the samples.

2.7.2. The Influence of NaCl Concentration on the Solubility of Collagen Solutions

The effect of NaCl concentration on the relative solubility of ASC and PSC from
lizardfish scales is shown in Figure 5b. ASC and PSC showed high relative solubility at
low NaCl concentrations, both above 80%. The relative solubility of ASC and PSC from
lizardfish scales decreased with increasing NaCl concentrations, with the lowest values at
14% and 10% and 11.42% and 13.64% NaCl concentrations, respectively. Subsequently, as
the NaCl concentration increased, the relative solubility of collagen remained relatively
stable but very low (around 20%).

2.8. Rheological Properties

The frequency dependence of the rheological parameters elastic modulus (G′) and
viscous modulus (G′′) from lizardfish scales ASC and PSC was assessed using dynamic
frequency scan tests. The G′ was defined as the elasticity of protein, and G′′ was defined as
the viscous behavior of the protein [34]. Figure 6 exhibits the dynamic frequency sweep
tests of ASC and PSC, and the G′ and G′′ values of ASC and PSC showed an increasing
trend as the frequency increased from 0.01 to 10 Hz. The G′ and G′′ values of PSC are
higher than the corresponding G′ and G′′ values of ASC between 0.01 and 10 Hz. As shown
in Figure 6a, the increase in the G′ value of PSC was higher than that of ASC in the test
frequency range 0.01–10 Hz.

(a) (b)

Figure 6. Rheological behavior of collagens solution (a) storage modulus (G′); (b) loss modulus (G′′).
The experiment was performed only once (n = 1).

2.9. Cell Compatibility

The cytotoxicity of the HaCaT (Cat No. CBP60331) and MC3T3-E1 (Cat No. CBP60946)
cells lines on lizardfish scales collagen after 24 h and 48 h was investigated using a CCK-8
assay. The results of relative cell viability are shown in Figure 7. After 24 h of cell culture, the
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relative viability of the HaCaT cells on ASC and PSC were 107.18 ± 1.78% and 101.44 ± 3.62%,
respectively, and for the MC3T3-E1 cells, 113.43 ± 2.40% and 105.95 ± 1.90%, respectively.
Moreover, the relative viability of HaCaT cells on ASC and PSC were 111.78 ± 1.74% and
106.45 ± 1.89%, respectively, and for the MC3T3-E1 cells, 117.80 ± 1.65% and 110.64 ± 2.70%,
respectively, after 48 h. The relative viability of the HaCaT and MC3T3-E1 cells on ASC and
PSC increased during 48 h of cell culture. Moreover, the morphology of cells was observed
under an inverted microscope, and there were no observable changes in the HaCaT and
MC3T3-E1 cells compared to the control group (Figure 8).

(a) (b)

Figure 7. Relative cell viability of HaCaT and MC3T3-E1 cells after 24 h and 48 h of incubation in
ASC and PSC. (a) is HaCaT cells; (b) is MC3T3-E1 cells. Values represent the means ± standard
deviations (SD) of duplicate assays (n = 6). * p < 0.5, ** p < 0.01, *** p < 0.001.

(a1) (a2) (a3)

(b1) (b2) (b3)

Figure 8. Cont.
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(c1) (c2) (c3)

(d1) (d2) (d3)

Figure 8. Morphology of HaCaT and MC3T3-E1 cells on lizardfish scales collagens (40× magnifications). (a1–a3) HaCaT
cells for 24 h cell culture, (a1) is control, (a2) is ASC, and (a3) is PSC; (b1–b3) MC3T3-E1 cells for 24 h cell culture, (b1) is
control, (b2) is ASC, (b3) is PSC; (c1–c3) HaCaT cells for 48 h cell culture, (c1) is control, (c2) is ASC, and (c3) is PSC;
(d1–d3) MC3T3-E1 cells for 48 h cell culture, (d1) is control, (d2) is ASC, and (d3) is PSC.

3. Discussion

Collagen is an important and diverse biopolymer that has seen a significant increase
in applications in food, medicine, cosmetics, and tissue engineering [35] with the highest
structural order and the greatest stiffness, is widely used in materials for biomedical applica-
tions [36]. Marine collagen has been successfully isolated from marine by-products [1,37,38].
There are no reports on the use of lizardfish scales for collagen preparation.

In the present study, we isolated type I collagen from lizardfish scales by using acid
and enzymatic extraction methods. It was found that the use of pepsin increased the yield of
the collagen extraction, and this could be attributed to the fact that pepsin cleaves the cross-
linked molecules in the telopeptide region, leading to further extraction with increased
yield. This made the extraction yield of PSC higher than that of ASC. These results agreed
with those of Keawdang et al. (2014), who reported that ASC and PSC from yellowfin
tuna swim bladders were extracted with yields of 1.07% and 12.10%, respectively [38], and
Matmaroh et al. (2011), who reported that ASC and PSC from spotted golden goatfish
were extracted with yields of 0.46% and 1.20%, respectively [39]. The difference in the
extraction yields could be attributed to the varying cross-linking of collagen fibrils in
the different raw materials. In this study, the collagen yields from lizardfish scales were
higher than that from bighead carp scales (2.7%) and spotted golden goatfish scales (ASC
0.46% and PSC 1.20%). Both the ASC and PSC had similar UV absorption spectra to
those of soft-shelled turtle collagen [23], carp scales collagen [37], and red stingray skin
collagen [25]. In addition, we also studied the infrared spectra of the ASC and PSC, and
the infrared spectra of the ASC and PSC were similar to the spectra of type I collagen from
tilapia skin and scales [18], giant salamander skin [33], and silver carp skin [6], where
the Amide I band (1600–1700 cm−1) typically corresponds to the stretching vibration of
C=O along the protein polypeptide backbone. This can be used as a positive marker for
peptide secondary structure, and therefore it is often used in the analysis [37]. The Amide II
band (1500–1600 cm−1) commonly arises from N–H bending coupled with C–N stretching
vibrations [40]. The Amide III band (1200–1300 cm−1) arises due to C–N stretching and

9



Mar. Drugs 2021, 19, 597

N–H in-plane bending from amide linkages, and this is the standard confirming presence
of the triple-helical structures of collagen [17]. The absorption peaks of the Amide A
band of PSC showed a higher wavenumber than those of the ASC, suggesting that fewer
N–H groups in PSC were involved in hydrogen bonding in the polypeptide chain. Similar
results were found in chicken feet collagen [41]. It has also been reported in the literature
that the hydrolysis of telopeptide by pepsin might increase the free amino group, and
this may have led to the higher wavenumber of PSC [40,42]. Moreover, the results of the
CD spectrum obtained from the ASC and PSC was similar to the CD spectrum of gulf
corvina collagen (positive absorption peaks at 221 nm and negative absorption peaks
at 198 nm) [10], Perinereis nuntia cuticle collagen (positive absorption peaks at 221 nm
and negative absorption peaks at 199 nm) [28], and Nile tilapia skin collagen (positive
absorption peaks at 221 nm and negative absorption peaks at 197 nm) [16]. In addition, the
XRD spectrum analysis showed that the distance between the molecular chains and the
distance between their skeletons of the ASC and PSC were similar to the Pacific cod skin
collagen [22] and the cuticle of the Perinereis nuntia collagen [28]. The results of the FTIR,
CD, and XRD indicated that both the ASC and PSC had a native triple helix conformation,
and that the acid and enzymatic extraction methods of collagen had no adverse effects
on the molecular integrity of the collagen. The highly porous structure is an important
feature of biomedical materials that can influence cell seeding, migration, growth, and
other physiological activities [28]. The morphology results suggested that ASC and PSC
from lizardfish scales have the potential for biomedical materials [41].

The pyrrolidone ring formed by the amino acids facilitates the strengthening of the
triple helix structure of collagen, and this is directly linked to thermal stability and is
one feature that determines the potential use of collagen. An analysis of the amino acid
content showed that the ASC and PSC had higher amino acid contents than that of the
grass carp skin collagen (186 residues/1000) [43], the spotted golden goatfish collagen (ASC
186 residues/1000 and PSC 189 residues/1000, respectively) [39], and the calf skin collagen
(221 residues/1000) [44]. Therefore, collagen extracted from the lizardfish scales may have
high thermal stability based on the amino acid analysis. Thus, we further characterized
the thermal stability of the collagen. In general, collagen obtained from fish species that
live in cold environments is often less thermal stable than collagen from fish species that
live in warmer environments [39]. The lizardfish (S. macrops) is widely distributed in
tropical and subtropical waters [45], and the Tmax of lizardfish scale collagen is similar to
that of spotted golden goatfish scale collagen (ASC 41.58 ◦C, PSC 41.01 ◦C), a common
and abundant species in tropical and sub-tropical regions [39]. In addition, it is higher
than cold-water species arabesque greenling skin collagen (ASC 15.7 ◦C and PSC 15.4 ◦C,
respectively) [46] and temperate-water fishes grass carp skin collagen (28.4 ◦C) [43]. These
results were consistent with the results previously reported, indicating that the collagen
obtained from the fish species living in cold environments often had lower hydroxyproline
contents exhibited less thermal stability than collagen from fish species living in warmer
environments [39]. These results were consistent with the amino acid composition of the
above studies, with lizardfish scales collagen containing a higher total amino acid content
(ASC 237 residues/1000 residues and 236 residues/1000 residues) than arabesque greenling
skin collagen (ASC 159 residues/1000 and PSC 157 residues/1000, respectively) [46] and
grass carp skin collagen (186 residues/1000 residues) [43]. Thermal stability is one of the
most important properties that determine the potential applications of collagen, and it
is related to the total amino acid content, habitat temperature, and body temperature [1].
In addition, the Tmax of lizardfish scale collagen was also higher than calf skin collagen
(35.0 ◦C) [44], a collagen from terrestrial sources, and this indicated that collagen from
lizardfish scales has the potential for use as an alternative source of terrestrial collagen.

The study of the effect of the NaCl concentration and pH on the relative solubility of
collagen can provide useful information for collagen preparation as well as for processing
and application. When collagen is used as a source in production in moisturizing cosmetics,
solubility is a major determinant. This is because the hydrolyzed substances are used for
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cosmetic and medical cream formulations in this industry [47]. The ASC and PSC solutions
exhibited the lowest solubility at pH 7 and pH 8, respectively, and this was attributed to the
pI of protein with the total net charge of protein molecules being zero when the pH of the
solution is equal to the pI [6,48]. In this case, the hydrophobic interaction between collagen
molecules is enhanced, leading to aggregation and precipitation of the protein, thereby
leading to the low solubility of the solution [21,37]. In contrast, as the solution pH increases
above the pI, the net negatively charged residues of the protein increase, causing the ASC
and PSC to display a slight increase in solubility at pH levels above 7 and 8, respectively.
The differences in the relative solubility of collagen at varying pH levels are related to
the molecular properties and conformation of collagen [38]. Kaewdang et al. (2014) [38]
reported that the difference in the relative solubility of ASC and PSC at different pHs may
be due to the removal of telopeptide regions that affect the protonation or deprotonation
of charged amino and carboxyl groups, and this may affect the repulsion of molecules
associated with different solubilities. Moreover, the effect of the NaCl concentration on
the solubility of collagen solutions showed that the relative solubility of the PSC solutions
decreased sharply above a 6% NaCl concentration, while the ASC solutions maintained
a high relative solubility (greater than 80%). The relative solubility of the ASC solutions
decreased sharply until the NaCl concentration was greater than 10%. The relative solubility
of the collagen solutions decreased as the concentration of NaCl increased, and this may
have been due to the protein precipitation and salting-out effect [21]. Jongjareonrak et al.
(2005) [49] explained that the addition of salt increases the ionic strength and enhances the
hydrophobic interaction between protein chains, resulting in a decrease in the solubility
of collagen solutions. Thus, the ASC might be less susceptible to the “salting out” effect
compared to the PSC [50]. A similar phenomenon has been found in giant croaker swim
bladder collagen [48] and silver carp skin [6].

The results of the dynamic frequency scan test revealed that the preparation method
markedly affects the rheological parameters, G′ and G′′, of ASC and PSC extracted from
lizardfish scales. An analysis of the frequency dependence of G′ and G′′ suggested that the
elasticity of the PSC had a greater dependence on frequency than that of the ASC, while the
viscosity of the ASC had a greater dependence on frequency than that of the PSC. Moreover,
it was noted that the G′ and G′′ values of PSC were higher than the corresponding G′
and G” values of ASC between 0.01 and 10 Hz (Figure 6), and these were similar to the
collagen from chicken feet. In addition, the G′ and G′′ of PSC were higher than those of
ASC at a scan frequency range of 0.2–10 Hz [41], suggesting that the PSC exhibited good
viscoelasticity. It was also observed that G′′ was higher than G′ for all of the collagen,
indicating a greater contribution of viscosity than elasticity in the ASC and PSC from
lizardfish scales.

The CCK-8 assay was used to determine the viability of live cells. The relative viability
of the HaCaT and MC3T3-E1 cells on the ASC and PSC were greater than 70% during
the 48 h of cell culture, indicating that the ASC and PSC from lizardfish scales are not
toxic to HaCaT and MC3T3-E1 cells [6]. However, the relative viability of the HaCaT and
MC3T3-E1 cells increased during the 48 h of cell culture, suggesting that the lizardfish
scales collagen had the ability to promote cell proliferation. And the relative viability of the
HaCaT and MC3T3-E1 cells were both higher on ASC than PSC (p < 0.05). These results
suggested that the ASC was associated with higher cell viability than PSC. Moreover, a
morphological examination of the cells showed that both the HaCaT and MC3T3-E1 cells
had similar cell growth patterns as the control groups over the culture period (Figure 8).
Thus, the results suggested that lizardfish scales ASC and PSC can be used as non-toxic
materials in the biomedical field.

4. Materials and Methods

4.1. Materials

Type I collagen from rat tail and protein markers (26,634) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Sodium dodecyl sulphate (SDS), Coomassie Brilliant
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Blue R-250, and N,N,N′,N′-tetramethylethylenediamine (TEMED) were obtained from Bio-
Rad Laboratories (Hercules, CA, USA). HaCaT cell line (Cat No. CBP60331) and MC3T3-E1
cell line (Cat No. CBP60946) were provided by Cobioer (Nanjing, Chian). All chemicals
were of analytical grade.

4.2. Preparation of Collagen

Collagen extraction from lizardfish scales was in accordance with the method of
Chen et al. (2019) [29] with slight modifications. Lizardfish scales were purchased from a
food processing factory in Zhangzhou, Fujian Province, China. The scales were cleaned
several times with water to remove bones, spines, shellfish, shrimp feet, and offal, and
then dried naturally indoors and stored at −20 ◦C until use. To remove noncollagenous
proteins and pigments from the scales, the scales were soaked in 0.1 M NaOH at a ratio of
1:8 (w/v) at 4 ◦C. The mixture was continuously stirred for 12 h (EUROSTAR 20 digital,
IKA, Germany), with 0.1 M NaOH solution being changed every 6 h. The scales residues
were washed with cold distilled water until the pH was neutral. Thereafter, the scales
residues were treated with a ratio of 1:10 (w/v) of 0.5 M Na2EDTA (pH 7.5) for 24 h
under stirring, changing the solution at an interval of 6 h. The decalcified materials were
washed with cold distilled water to achieve the neutral pH and dried, followed by crushing
under liquid nitrogen. The samples were then stored at −20 ◦C until further processing of
collagen extraction.

Pretreated scales’ samples were extracted with 0.5 M acetic acid at ratio of 1:10 (w/v) for
24 h under stirring to obtain ASC, while PSC was obtained by extracting with 0.5 M acetic
acid (1:10, w/v) containing 1% (pepsin 1:3000) pepsin for 24 h. The two suspensions were
centrifuged at 14,334× g for 30 min at 4 ◦C using an Avanti J-26 XP centrifuge (Beckman
Coulter, Inc., Brea, CA, USA), and the collagen in the supernatant was precipitated by
adding NaCl to the final concentration of 2.5 M. After stirring for 2 h, the precipitates were
collected by centrifugation at 14,334× g for 30 min at 4 ◦C. The precipitates were dissolved
in 0.5 M acetic acid at a ratio of 1:20 (w/v) and dialyzed (molecular weight cutoff: 10 kDa,
MD 77 MM, Viskase, Lombard, IL, USA) against 40 volumes of 0.1 M acetic acid for 24 h,
and then dialyzed against 40 volumes of cold distilled water for 48 h; the dialysis water
was changed every 6 h. All of the procedures were carried at 4 ◦C. The dialyzed solution
was freeze-dried (Telstar, lyoobeta-25, Spain) and stored at −40 ◦C.

The yield of collagen was calculated using the following equation:

Yield (%) =
m1

m2
× 100 (1)

where m1 is the weight of lyophilized collagen, and m2 is the dry scales weight after
pretreatment.

4.3. SDS-PAGE Characterization

The SDS-PAGE of the sample was conducted in accordance with the method of
Laemmli (1970) [51] with slight modifications. The samples (2 mg/mL) were dissolved in
cold distilled water and mixed at a 4:1 v/v ratio with sample loading buffer (277.8 mM
Tris-HCl, pH 6.8, 44.4% (v/v) glycerol, 4.4% SDS, and 0.02% bromophenol blue), followed
by boiling for 10 min. Then, 10 μL of the samples’ solution was loaded onto a gel consisting
of 7.5% separating gel and 3% stacking gel at a constant voltage of 110 V for electrophoresis
(Bio-Rad Laboratories, Hercules, CA, USA). After electrophoresis for 90 m, the gel was
soaked using a solution consisting of 50% (v/v) methanol and 10% (v/v) acetic acid followed
by staining with 0.125% Coomassie Brilliant Blue R-250 that contained 50% (v/v) methanol
and 10% (v/v) acetic acid. The gel was finally destained with a mixture of 50% (v/v)
ethanol and 10% (v/v) acetic acid for 30 m. The Marker of 46,634 was used to estimate the
molecular weight of the collagen, and the type I collagen from rat tail was used as standard.
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4.4. Spectral Characterization
4.4.1. UV Spectrum

The lyophilized collagen was dissolved in 0.5 M acetic acid to produce a 1 mg/mL
sample solution, followed by centrifugation at 9729× g for 5 min at 4 ◦C (Neofuge 15R,
Shanghai Lishen Scientific Equipment Co., Ltd., Shanghai, China). The supernatant was
analyzed by UV-visible spectrophotometer (UV-2550 Spectrophotometer, Shimadzu, Japan)
at a wavelength range of 600–190 nm with a scan speed of 400 nm min−1 with a data
interval of 1 nm per point. The baseline was set with 0.5 M acetic acid.

4.4.2. FTIR

The infrared spectrum of the samples was obtained by using a Bruker FTIR spectropho-
tometer (VERTEX 70, Bruker, Karlsruhe, Germany) at room temperature. The samples
(lyophilized collagen) were mixed with KBr by grinding at the ratio of 1:100 (w/w). The
wavelength range was 4000–400 cm−1, with a resolution of 4 cm−1. The signals were
collected automatically in 32 scans and ratioed against a background spectrum recorded
from KBr.

4.4.3. CD

The samples were dissolved in precooled 0.5 M acetic acid to obtain a final concentra-
tion of 0.1 mg/mL. The sample solutions were centrifuged at 14,010× g for 10 min at 4 ◦C
(Neofuge 15R, Shanghai Lishen Scientific Equipment Co., Ltd., Shanghai, China), and then
the supernatants were measured using a CD spectropolarimeter (Chirascan, Applied Pho-
tophysics Ltd., Leatherhead, UK). The spectrum was recorded at 260–190 nm wavelengths
at 15 ◦C in 0.1 nm steps with a response time of 1 s.

4.4.4. XRD

The diffractograms of the samples were recorded by X-ray diffractometer (X’Pert Pro
XRD, PANalytical, The Netherlands), which was operated at 40 kV and 40 mA with CuKα

radiation (λ = 1.5406 Å). The data were collected at scanning speed of 4.5◦·min−1 and 2θ
range of 5–50◦. Bragg equation was used to calculate the d values of collagen:

d (
◦
A) =

λ

2 sinθ
(2)

where λ is the X-ray wavelength (1.54◦) and θ is the Bragg diffraction angle.

4.5. Amino Acid Analysis

The samples were hydrolyzed in 6 M HCl at 110 ◦C for 8 h. After being vaporized,
the residue was dissolved in 100 mL of 0.1 M HCl [22]. Then 50 μL of the sample solution
was analyzed using high-performance liquid chromatography (HPLC-MS/MS, Ultimate
3000-API 4000 Q TRAP, Thermo Fisher Scientific, Dreieich, Germany).

4.6. Microscopy Characterisation

The collagen solution (5–10 μL) without acetic acid was poured into a 12-cm-diameter
lyophilization dish and then freeze-dried. The morphology of the sample was imaged
using SEM (S-4800, HITACHI, Tokyo, Japan), with an accelerating voltage of 5 kV. After
being coated with Pd, the samples were observed at 400× and 800× magnifications.

4.7. Thermal Stability

The thermal stability of the samples was measured using a differential scanning
calorimeter (DSC2, Mettler-Toledo corp., Zurich, Switzerland) under a nitrogen atmosphere
with a flow rate of 100 mL min−1. The samples were dissolved in 0.4 M acetic acid at the
ratio of 1:40 (w/v) for 48 h at 4 ◦C. The solution (5 mL–10 mL) was placed into aluminium
crucible, and then scanned over the range of 20–70 ◦C at a heating rate of 1 ◦C/min. The
empty aluminium crucible was used for reference. The maximum transition temperature
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(Tmax) was obtained from the DSC thermogram, and the enthalpy of denaturation (ΔH)
was calculated from the area of the corresponding endothermic peak.

4.8. Solubility
4.8.1. Effect of pH

The effect of pH on collagen solubility was determined using the method described
by Chen et al. (2016) [18], with bovine serum albumin (BSA) as the protein standard. The
samples were dissolved in 0.5 M acetic acid at the final concentration of 0.2 mg/mL. The pH
of the sample solution (5 mL) was adjusted from 2 to 10, with 6 M HCl or 6 M NaOH. Then,
the sample solutions were mixed with distilled water of the same pH until the solution
volume reached 10 mL. The relative solubility was calculated through comparison with the
solubility obtained at the pH that exhibited the highest solubility.

Collagen solubility was determined at various pH levels using the method described
by Chen et al. (2016) [18] with slight modifications. The samples were dissolved in 0.5 M
acetic acid at a concentration of 0.3% (w/v) with gentle stirring at 4 ◦C for 12 h. The collagen
solution (8 mL) was placed in a centrifuge tube. Then, the pH was adjusted to different
levels, ranging from 2 to 10, using 6 M HCl or 6 M NaOH. The final volume was brought
to 10 mL by distilled water previously adjusted to the same pH as the collagen solution
tested. The solutions were gently stirred at 4 ◦C for 30 min and left overnight. Next, the
supernatants were collected after centrifugation for 30 min at 10,000× g. Protein content
in the supernatant was calculated using the Lowry method (1951) [52], with BSA as the
protein standard. The relative solubility was determined in comparison with that obtained
at the pH level that provided the highest solubility.

4.8.2. Effect of NaCl

The effect of NaCl on collagen solutions was measured in accordance with the method
described by Chen et al. [18], BSA was used as standard. The samples were dissolved in
0.5 M acetic acid at a concentration of 0.2 mg/mL. The sample solution (5 mL) was mixed
with 5 mL of a series of NaCl concentrations containing 0.5 M acetic acid to obtain the final
solutions with NaCl concentrations of 0%, 2%, 4%, 6%, 8%, 10%, 12%, and 14%, w/v. The
protein content was measured as described in Section 4.8.1, and the relative solubility was
calculated using the solution with final NaCl concentrations of 0% (w/v) as a control.

4.9. Rheological Properties

The rheological properties of collagen were measured by a rheometer (MCR 302,
Anton Paar, Graz, Austria) using a stainless-steel cone/plate geometry (0.5◦ cone angle,
60 mm cone diameter, gap of 57 μm). The sample (20 mg/mL) was dissolved in 0.5 M acetic
acid and then assessed by dynamic frequency sweeps with a constant strain of 30%. The
elastic modulus (G′) and viscous modulus (G′′) of the sample were measured as functions
of the frequency range of 0.01 to 10 Hz, at 25 ◦C [41]. Each sample was equilibrated for
10 min before measurement.

4.10. Cell Compatibility and Cell Morphology

The cytotoxicity of collagen to the HaCaT and MC3T3-E1 cells was evaluated using
a CCK-8 assay with some modifications as described by Sripriya et al. (2015) [53]. The
collagen samples were dissolved in distilled water at a concentration of 5 mg/mL. The
bottom of the 96-well plates was coated with the collagen solutions (5 mg/mL) and dried
under a laminar airflow hood followed by UV disinfection. The cells were seeded with a
density of 1 × 104 cells per well and then incubated at 37 ◦C in a humidified atmosphere
with 5% CO2 for 24 h and 48 h. The CCK-8 solution was added to each well, and incubation
was continued for 1.5 h. The absorbance values were measured at 450 nm (Mithras2 LB 943,
Berthold, Germany), and the uncoated wells were used as controls. The cell viability was
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calculated using Equation (2). Subsequently, the morphology of each group was observed
under an inverted microscope (ECLIPSE Ti, Nikon, Japan).

Cell viability (%) =

(
1 − absorbance of treatment

absorbance of control

)
× 100% (3)

4.11. Statistical Analyses

The analysis of variance (ANOVA) was performed using SPSS Version 17.0 software
(IBM SPSS Statistics, Ehningen, Germany), and a value of p < 0.05 was used to indicate a
significant deviation. The different letters indicate significant differences between the sam-
ples.

5. Conclusions

Collagen was successfully isolated from lizardfish by-product scales by using acid
and pepsin extraction methods with yields of 4.2% and 4.7% (based on the dry weight).
The analysis of SDS-PAGE and UV indicated that both ASC and PSC were type I collagen.
The FTIR and CD spectra of ASC and PSC were similar; the collagen maintained the
triple-helical structures well, indicating that the triple-helix structure of collagen was not
disrupted by pepsin digestion. The two types of collagen exhibited multilayer overlapping
and porous sheet-like microstructure under SEM. The analysis of the amino acid structure
showed that the ASC and PSC had high amino acid contents at 237 residues/1000 residues
and 236 residues/1000 residues, respectively. Solubility tests showed that ASC and PSC
exhibited high solubility in the acidic pH ranges (pH 1–4) and low NaCl levels (1–6%, w/v).
Moreover, the ASC from lizardfish scales exhibited higher Tmax (43.2 ◦C) compared to rat
tail collagen (39.4 ◦C) and calf skin collagen (35 ◦C), indicating its potential as an alternative
to collagen of terrestrial source. A dynamic rheological examination indicated that the
preparation method may affect the viscoelasticity of the collagen, and that PSC exhibited
better viscoelasticity than ASC. Both ASC and PSC were not toxic to the HaCaT and MC3T3-
E1 cells, and the relative cell viability of ASC was higher than that of PSC during the 48 h
of cell culture. Overall, the results suggest that lizardfish scales ASC may be considered a
potential alternative to terrestrial collagen for further use in the biomedical area.
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Abstract: Fish collagen has been widely used in tissue engineering (TE) applications as an implant,
which is generally transplanted into target tissue with stem cells for better regeneration ability. In this
case, the success rate of this research depends on the fundamental components of fish collagen such as
amino acid composition, structural and rheological properties. Therefore, researchers have been trying
to find an innovative raw material from marine origins for tissue engineering applications. Based on
this concept, collagens such as acid-soluble (ASC) and pepsin-soluble (PSC) were extracted from a
new type of cartilaginous fish, the blacktip reef shark, for the first time, and were further investigated
for physicochemical, protein pattern, microstructural and peptide mapping. The study results
confirmed that the extracted collagens resemble the protein pattern of type-I collagen comprising
the α1, α2, β and γ chains. The hydrophobic amino acids were dominant in both collagens with
glycine and hydroxyproline as major amino acids. From the FTIR spectra, α helix (27.72 and 26.32%),
β-sheet (22.24 and 23.35%), β-turn (21.34 and 22.08%), triple helix (14.11 and 14.13%) and random
coil (14.59 and 14.12%) structures of ASC and PSC were confirmed, respectively. Collagens retained
their triple helical and secondary structure well. Both collagens had maximum solubility at 3% NaCl
and pH 4, and had absorbance maxima at 234 nm, respectively. The peptide mapping was almost
similar for ASC and PSC at pH 2, generating peptides ranging from 15 to 200 kDa, with 23 kDa as a
major peptide fragment. The microstructural analysis confirmed the homogenous fibrillar nature
of collagens with more interconnected networks. Overall, the preset study concluded that collagen
can be extracted more efficiently without disturbing the secondary structure by pepsin treatment.
Therefore, the blacktip reef shark skin could serve as a potential source for collagen extraction for the
pharmaceutical and biomedical applications.

Keywords: blacktip skin collagens; amino acid profile; protein pattern; microstructure

1. Introduction

Marine organisms cover three-fourths of the land surface, claiming to be a treasure for
many biologically active substances, especially proteins and carbohydrates. The extraction
of proteins from marine sources has been increasing at a tremendous rate due to their
distinct environment and biological activity. For instance, collagens from fish species have
been explored by researchers for many years to sort-out the suitable materials for biomate-
rial fabrication in tissue engineering applications. It is well-known that collagen, the most
abundant structural protein in the extracellular matrix (ECM), is the main component of
various connective tissues in the body [1,2]. Based on the structure, molecular composition
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and distribution, collagens are classified according to at least 29 different types [3]. How-
ever, the main backbone of most of the collagens is composed of chains of polypeptides
with the repeating sequence (Gly-X-Y)n, where X and Y are commonly occupied by proline
and hydroxyproline [1]. Collagen from the skins of several fish species such as tilapia [4],
horse mackerel, yellow sea bream, and tiger puffer [5], black ruff (Centrolophus niger) [6],
and Parang-Parang (Cirocentrus dorab) [7] were reported earlier.

Much empirical evidence proved the adaptability of fish collagen for the fabrication
of different biomaterials for artificial tissue implants. For instance, different types of
scaffolds were fabricated using collagens from tilapia [8,9], Trachicephalus uranoscopus [10],
bigeye snapper Priacanthus hamrur [11], etc. Fish collagen has been used as an alternative
to mammalian counterparts for food, biomedical and pharmaceutical uses due to safety
reasons and religious constraints [12]. In addition, fish processing industries produce large
quantities of byproducts, in which most of the sources such as skin, bones, and scales are
poorly utilized [13].

The blacktip reef shark (Carcharhinus melanopterus) belongs to the Carcharhinidae
family, a species of requiem shark which is commonly found in Pacific regions like southern
Asia, the Philippines and northern Australia. Shark is commonly used for shark fin and
fillet production. During shark processing, the generated wastes, particularly skin and
cartilage, can be ultimately used as potential source material for collagen extraction [14,15].
Unfortunately, none of the studies has used blacktip reef shark skin for collagen extraction
and, therefore, it is important to understand the properties of collagens extracted from
blacktip reef sharks, due to its potential value. Hence, this study is intended to accomplish
the above objectives to extract the collagens using acetic acid and pepsin. It is important to
investigate the physicochemical and functional properties of collagens that are extracted in
two different ways: with and without enzymatic digestion. Therefore, in the present study,
we tried to extract and characterize acid-soluble and pepsin soluble collagen from Blacktip
reef shark (Carcharhinus melanopterus) skin, and provided a simultaneous comparison
of collagens. Accordingly, the present results would be useful in developing a viable
alternative collagen material for further biomedical and pharmaceutical applications.

2. Results

2.1. Protein Pattern of Collagens

The protein pattern between ASC and PSC was compared by using the SDS-PAGE
method. ASC and PSC had similar molecular patterns, having α1, α2, β and γ chains,
which confirm that both collagens belong to the type I category (Figure 1).

By comparing the standard molecular weight marker and standard analysis, the
molecular weights of α1, α2, and β were about 135, 120 and 250 kDa, respectively. As
expected, increasing collagen concentration from 0.5 mg/mL to 1 mg/mL had increased the
bandwidth. Specifically, the pepsin treatment increased α and β band thickness compared
to ASC, which claims the efficiency of pepsin in collagen extraction. As evidence, the final
yield of PSC was higher (17.78% ± 0.64%) than ASC (15.46% ± 0.42%) (data are shown
as mean ± standard deviation, n = 3, p < 0.05). However, the intact structure of collagen
was more stable in ASC than in PSC, since the pepsin treatment had triggered the strong
hydrolysis of collagen; as a result, many smaller peptide fractions were generated in PSC
compared to ASC. From the gel image, it was clear that the higher molecular weight of
collagen β and γ could be disintegrated into smaller fractions in PSC, which was not
obvious in ASC.
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Figure 1. SDS-PAGE patterns of ASC and PSC from the skin of blacktip reef shark on 7.5% gel.
Lane 1: protein markers; lane 2: BS-ASC (0.5 mg/mL); lane 3: BS-ASC (1 mg/mL); lane 4: BS-PSC
(0.5 mg/mL); lane 5: BS-PSC (1 mg/mL).

2.2. Amino Acid Composition of Collagens

The total amino acid residues present in collagens were determined to understand
the pattern of amino acid composition in ASC and PSC. In general, the pattern of the
amino acid profile was similar between ASC and PSC. For instance, both collagens had
a higher content of glycine as a major amino acid, only the percentage varies in between
collagens, having higher content in PSC (293 residue/1000 residues) than ASC (283 residue/
1000 residues) (Table 1). The second major amino acid was hydroxyproline (195 and
202 amino acid residue/1000 residues for ASC and PSC, respectively), followed by alanine,
proline and glutamic acid, respectively.

Table 1. Amino acid composition of acid-soluble and pepsin soluble collagens from blacktip reef
shark skin (residues/1000 residues).

Amino Acid Acid Soluble Collagen Pepsin Soluble Collagen

Leucine (Leu) 23.24 ± 0.13 a 20.52 ± 0.41 b

Isoleucine (Ile) 18.05 ± 0.70 a 17.24 ± 0.01 b

Phenylalanine (Phe) 11.07 ± 0.34 a 10.73 ± 0.16 a

Valine (Val) 21.53 ± 1.04 a 19.45 ± 0.09 b

Methionine (Met) 3.37 ± 0.16 a 3.21 ± 0.15 a

Tyrosine (Tyr) 1.69 ± 0.32 a 1.06 ± 0.14 b

Alanine (Ala) 103.94 ± 0.07 a 105.04 ± 0.05 b

Threonine (Thr) 20.46 ± 0.53 a 19.91 ± 0.27 b

Glutamic acid (Glu) 66.63 ± 0.29 a 64.74 ± 0.06 b

Glycine (Gly) 292.95 ± 0.46 a 283.86 ± 0.19 b

Serine (Ser) 38.49 ± 0.15 a 36.22 ± 0.15 b

Aspartic acid (Asp) 38.30 ± 0.28 a 36.43 ± 0.10 b
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Table 1. Cont.

Amino Acid Acid Soluble Collagen Pepsin Soluble Collagen

Arginine (Arg) 43.86 ± 0.2 a 43.00 ± 0.15 b

Lysine (Lys) 21.13 ± 0.54 a 20.41 ± 0.34 b

Histidine (His) 7.14 ± 0.32 a 6.50 ± 0.20 b

Proline (Pro) 195.84 ± 0.47 a 202.22 ± 0.37 b

Hydroxyproline (Hyp) 92.3 ± 0.16 a 109.46 ± 0.13 b

Total 1000.00 1000.00
Imino acid 288.14 ± 0.31 a 311.68 ± 0.24 b

All values are shown as mean ± standard deviation (n = 3, a and b in the same row indicate significant differences,
p < 0.05).

There was no sulfur-containing amino acid observed in either collagen. From the
results, it was clear that the hydrophobic amino acids such as glycine, proline, alanine,
valine, leucine, isoleucine, and phenylalanine were more dominant than hydrophilic amino
acids such as serine and threonine in both collagens. Compared to ASC, the content
of amino acid was in general higher in PSC, which also supports the higher yield and
liberation of peptide fragments in PSC (Figure 1). The content of imino acids such as proline
and hydroxyproline in PSC (311.68 residues/1000 residues) was much higher than in ASC
(288.14 residues/1000 residues).

2.3. Maximum Absorption of Collagens

This experiment was performed to investigate the two characteristic features of col-
lagens: (1) to identify the maximum absorption (nm) of collagen and (2) to verify the
contamination of non-collagenous protein presence in extracted collagens. The results
showed that the collagens had maximum absorbance at 234 nm, respectively (Figure 2A).
The absorption intensity was more in PSC at 230 nm than in ASC. There was no absorbance
at 280 nm that usually corresponds to a sulfur-containing amino acid, cysteine, which is
normally absent in collagen. From the above finding, it was further confirmed that the
extracted collagen was pure.

Figure 2. (A) UV–Vis spectrum of ASC and PSC made from the skin of the blacktip reef shark.
(B) Fourier transform infrared spectra of BS-ASC and BS-PSC. Secondary structure analysis of ASC
(C) and PSC (D) through the deconvolution of amide I band (between 1600 and 1700 cm−1).
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2.4. Secondary Structure Analysis

The structural changes of collagens were investigated by using FTIR spectra. FTIR
transmission spectra of ASC and PSC were shown in Figure 2B and Table 2. Both collagens
had general transmission patterns in major amide bands such as amide A, amide B, amide I,
amide II and amide III, respectively. The maximum transmission wave numbers of amide A
and amide B (which represent N-H stretch and CH2 asymmetric stretch, respectively), were
at 3298 and 2926 cm−1, and 3298 and 2930 cm−1 for ASC and PSC, respectively. ASC and
PSC had maximum transmission for amide I at 1639 cm−1, amide II at 1542 and 1546 cm−1

and amide III at 1237 cm−1, respectively. There were not many differences observed in
amide I, II and III bands between ASC and PSC. The IR absorption ratios of two collagens
were 1.11 (ASC), and 1.03 (PSC), respectively.

Table 2. FTIR spectra peak position and assignments for blacktip reef shark acid-soluble collagen
(ASC) and pepsin-soluble collagen (PSC).

Region
Wavenumber (cm−1)

Assignment References
ASC PSC

Amide A 3298 3298 N-H stretch Doyle et al. [16]
Amide B 2926 2930 CH2 asymmetrical stretch Abe and Krimm [17]
Amide I 1639 1639 C=O stretch Muyonga et al. [18]
Amide II 1542 1546 N-H bend coupled with C-N stretch Jackson et al. [19]
Amide III 1237 1237 N-H in-plane bend Jackson et al. [19]

In addition, the secondary structural pattern of collagen was determined by using
PeakFit Version 4.12 software and the Gaussian peak fitting algorithm. The data showed
that ASC and PSC contained 27.72 and 26.32% of α helix, 22.24 and 23.35% of β-sheet, 21.34
and 22.08% of β-turn, 14.11 and 14.13% of triple helix and 14.59 and 14.12% of the random
coil, respectively (Figure 2C).

2.5. Solubility against pH and Salt

The functional behavior of collagen is generally investigated by determining pH and
salt solubilities. For this intention, collagen was solubilized with different salt concen-
trations (ranging from 0–6%) and pH (ranging from 1 to 11), respectively. In general,
increasing salt concentration from 0–6% decreased the solubility of collagen from 100% to
70% (Figure 3A). Both collagens reach the exponential phase (optimum) at 3% NaCl; after
that, a sudden decrease in the solubility of collagens was observed. On the other hand, a
typical sigmoid curve was observed in a collagen solubility pattern against pH (Figure 3B).
Similar to salt, both collagens had no significant changes in solubility against pH, and the
maximum solubility was obtained at pH 4.

Figure 3. Relative solubility (%) at different pH values (A) and NaCl concentrations (B) of ASC and
PSC isolated from blacktip reef shark skin extracted using different methods.
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2.6. Peptide Mapping

Peptide mapping was used to understand the hydrolysis pattern of collagen by pro-
teolytic enzymes. Based on the earlier protocol, the collagen was hydrolyzed by trypsin
with two different pHs at 2.5 and 7.8 for 3 h and 3 min. Due to the higher activity of trypsin
at neutral or slightly basic pH (6–7.5), the reaction was carried-out at pH 7.8 for a shorter
time. As shown in Figure 4A, the peptide map was not so obvious in all the collagens
hydrolyzed by trypsin at pH 2.5 and 7.8, except ASC at pH 2.5. The hydrolytic pattern
of ASC was significantly different from PSC, which had no peptide bands, unlike ASC
(Figure 4A). The unseen peptide bands of collagens were visible as the gel concentration
increased from 7.5 to 12% (Figure 4B). The data showed that proteolytic hydrolysis of ASC
released the low MW peptide fragments ranging from 200 to 5 kDa MW at 2.5 pH, whereas
the peptide fragments from 55 to 23 kDa MW were observed at pH 7.8 for ASC (Figure 4B).
In general, all the collagens had a major peptide fragment at 23 kDa, both collagens had
similar peptide fragments ranging from 55 to 23 kDa at pH 7.8, and no higher molecular
component was seen in any of the groups.

Figure 4. Peptide maps of ASC and PSC from the skin of blacktip reef shark digested by trypsin
using 7.5% (A) and 12% (B) gels. Lanes 1 and 6: protein markers; lanes 2 and 4: ASC; lanes 3 and 5:
PSC. Lanes 2 and 3: peptide fragments of collagens with trypsin digestion at pH 2.5; lanes 4 and 5:
peptide fragments of collagens with trypsin digestion at pH 7.8.

2.7. Microstructural Analysis

The microstructural features of collagens were determined by using SEM at different
magnifications (100, 50 and 10 μm). It was seen that both collagens had a fibrillary and
more condensed network-like structure (Figure 5). The distribution of fiber was more
homogeneous and alveolate porous. There were more interconnected filaments with
varying thicknesses in both collagens. As seen, there were not many changes in the
microstructural characteristics of either collagen. The fibril bundle structure of collagen
was further confirmed by the AFM experiment. Similar to SEM, the fibril bundle structure
was denser and more condensed in nature in both ASC and PSC (Figure 6). However, the
AFM image of PSC showed longer filaments with loosely connected intra-structure than
ASC, where the filaments were shorter and more connected to each other.
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Figure 5. Scanning electron microscopic structure of ASC (A) and PSC (B) from blacktip reef shark
skin. SEM image with different magnifications: (a) (100 μm), (b) (50 μm), (c) (10 μm).

 

Figure 6. High-resolution AFM image of blacktip reef shark skin collagen fiber bundle. The ASC (A)
and PSC (B) fibril display the natural structure.
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3. Discussion

From the protein pattern, we confirm that the extracted collagens were characterized
as type-I collagen due to the presence of α1, α2, β and γ chains. To support this finding,
earlier reports dealing with fish skin type-I collagens had a similar molecular pattern
of proteins [20–22]. The SDS-PAGE protein profile further confirmed that the extracted
collagen was pure and had no presence of other proteins. The pattern of the amino acid
composition of blacktip reef shark skin collagen was very similar to the earlier reported fish
collagens [22]. The higher amount of amino acid content in PSC was related to the extensive
hydrolysis process of raw materials by pepsin, which ultimately facilitated the solubilization
process of collagen in raw material and thereby releases many smaller fractions.

The maximum absorbance of collagen at 234 nm was due to higher amounts of glycine
(which absorbs maxima at 216.8 nm) and peptide bonds (at 230 nm) [23]. In addition,
the liberation of more peptides (which tend to absorb UV maxima at 230 nm) by pepsin
treatment might be the actual reason for the higher absorption of PSC at 234 nm than
ASC. Interestingly, no absorbance peak of collagens at 280 nm further confirmed that the
extracted collagens were pure.

FTIR analysis confirmed that the secondary structure of collagen was not significantly
altered by the different extraction procedures with acid and pepsin. Only CH2 asymmetric
stretch and N-H bend coupled with C-N stretch were more pronounced in PSC than ASC,
which was due to the extensive hydrolysis of collagen by pepsin. The IR absorption ratio
indicated that the triple helix and high molecular structure of the two collagens were
intact [24]. The amide I band in the wavelength range from 1600 to 1700 cm−1 was used
to calculate the collagen secondary structure [25,26]. Using the Gaussian peak fitting
algorithm, we confirmed that neither collagen had any significant changes in α helix,
β-sheet, β-turn, triple helix and random coil, which confirms that the pepsin treatment
had not significantly altered the secondary and triple helical structure of collagen and
only improved the production yield. A recent study also reported a similar finding in
the secondary structures of α helix, β-sheet, β-turn and triple helix by pepsin soluble
collagen [27]. This finding reveals the compatibility of pepsin use in collagen extraction
from blacktip reef shark skin.

Increasing ion concentration on the surface reduces the free functional groups and
the hydrophilic nature, thereby reducing the solubility of collagens [28]. The maximum
solubility of collagen against pH was observed at 4, which corresponded to the isoionic
point of collagens; for instance, it was reported that the isoionic point of collagen ranged
from pH 3 to 5 [29,30].

In the present study, the collagens were hydrolyzed at pH 7.8 by trypsin for a shorter
duration (3 min) unlike pH 2.5 (3 h), due to the higher proteolytic activity of trypsin at
pH 7.8 [31]. The peptide fragments observed in the present study were similar to the
peptide maps generated in earlier studies [32,33]. At pH 2.5, the peptide fragments were
derived from higher MW components; as evidence, the intensity of high MW bands such
as α, β and γ was decreased significantly and almost absent in collagens treated at pH
7.8. To support this finding, earlier studies reported similar findings with the absence of
a higher MW component after trypsin hydrolysis [34–36]. The lower amount of peptide
bands observed in PSC at pH 2.5 compared to ASC was mainly attributed to the earlier
hydrolysis of collagen by pepsin during extraction, which makes them more susceptible
to consecutive hydrolysis by another proteolytic enzyme, trypsin, to liberate peptides
less than the measurable range (below 15 kDa). In contrast, the lower amount of peptide
fragments in collagens treated at pH 7.8 than at pH 2.5 were due to the extensive hydrolysis
of collagen by trypsin at an optimum pH of 7.5 and thereby smaller peptides could be
obtained (less than 15 kDa). To support this finding, earlier studies reported a similar
observation of peptide mapping of collagens (ASC and PSC) extracted from fresh Spanish
mackerel [31], and largefin longbarbel catfish [37]. The similar microstructural properties
of ASC and PSC proved that the pepsin treatment did not contribute to any major changes
in the microstructure, as evidenced by FTIR data earlier (Figure 3).
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4. Materials and Methods

4.1. Chemicals

Sodium hydroxide (NaOH), acetic acid, sodium chloride (NaCl), hydrochloric acid
(HCl), ethanol, and potassium bromide (KBr) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Pepsin from porcine stomach mucosa (EC 3.4.23.1;
1:3000 U) was purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
China). Trypsin (EC 3.4.21.4, 1:250), dithiothreitol (DTT), and Coomassie brilliant blue
R-250 were purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA). Dual Color
protein standard marker with MW of 37–250 kDa (Catalog No. 1610374), 4× Laemmli
Sample Buffer (Catalog No. 1610747), 10× Tris/Glycine/SDS (Catalog No. 1610732) were
purchased from Bio-Rad Laboratories Inc. (Hercules, CA, USA). All reagents were used at
an analytical grade unless otherwise specified.

4.2. Raw Materials and Pre-Treatment

The skin of the blacktip reef shark (Carcharhinus melanopterus) was purchased from
M/s. Yueqing Ocean Biological Health Care Product Co., Ltd. Zhejiang, China. The skins
were washed thoroughly with tap-water and cut into small pieces, then stored in plastic
bags in the freezer at −80 ◦C until further use. The skin pieces of blacktip reef shark were
mixed with 0.1 M NaOH at a sample-to-solution ratio of 1:10 (w/v) at 4 ◦C with stirring for
24 h to remove water-soluble substances and non-collagenous protein, respectively, and
the alkali solution was refreshed every 8 h. The samples were then repeatedly washed with
distilled water until a neutral pH of washing water was obtained.

4.3. Preparation of Acid-Soluble and Pepsin-Soluble Collagen

All procedures were carried out at 4 °C with stirring. Acid-soluble (ASC) and pepsin-
soluble collagens (PSC) were extracted from blacktip reef shark skin according to our earlier
method with some modifications [38]. For extraction of acid-soluble collagen, the cleaned
skins were soaked with 0.5 M acetic acid in a ratio of 1:20 (w/v) for 48 h. The mixture was
then centrifuged at 20,000× g for 30 min at 4 ◦C using a Himac CR 21G High-speed floor
centrifuge (Hitachi, Tokyo, Japan).

At the same time, the centrifugation pellet from the first extraction was redissolved in
0.5 M acetic acid for second extraction for 48 h, and then the supernatant was combined
with the earlier extraction. After centrifuge, the collagen was precipitated by mixing the
supernatant with 1.0 M NaCl. The salting-out precipitates were redissolved in 10 volumes
of 0.5 M acetic acid and dialyzed using dialysis membranes (MWCO: 10 kDa) against
distilled water until a neutral pH was obtained. The dialyzed sample was lyophilized
using a freeze-dryer (Labconco Freezone 2.5L, Kansas City, MO, USA), and concentrates
were stored at −80 ◦C. The procedure for the extraction of pepsin soluble collagen was
the same as the extraction of acid-soluble collagen by using 1% pepsin in 0.5 M of acetic
acid. A detailed flow chart of the blacktip reef shark skin collagen preparation procedure is
presented in Figure 7.
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Figure 7. Schematic representation of steps involved in collagen extraction.

4.4. Molecular Pattern

The molecular pattern of purified collagen was determined by using sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) according to Laemmli’s
method [39]. The ASC and PSC samples were prepared with SDS to obtain 0.5 mg/mL
and 1 mg/mL, respectively. The collagen samples were mixed with (3:1) 4 × Laemmli
Sample Buffer (SDS, Tris-HCl, bromophenol blue, glycerol, and DTT) and oscillated slightly
with a scroll oscillator (TianGen Biotech Co, Ltd., Beijing, China). The samples were boiled
for 5 min and the boiled mixture was briefly centrifuged at 1890 g. The test samples
and standard protein standard marker (MW ranging from 37 kDa to 250 kDa) (Bio-Rad
Laboratories Inc., Hercules, CA, USA) were loaded onto 4.5% stacking polyacrylamide
gel with 7.5% separating gel (Cat# PG112, EpiZyme Biotechnology, Shanghai, China). The
electrophoresis unit was set at a constant voltage of 200V in order to efficiently separate the
collagen samples using a mini-PROTEAN Tetra Cell (Bio-Rad Laboratories Inc., Richmond,
CA, USA). After the electrophoresis, the gel was stained with 0.25% Coomassie brilliant
blue R-250 solution for 30 min and discolored with the mixture of 20% (v/v) ethanol and
10% (v/v) acetic acid twice, each for 1 h until clear protein bands were observed. The
protein bands were then captured using the gel documentation system (Clinx GenoSens
2100(T), Shanghai, China).

4.5. Amino Acid Composition

The amino acid content of collagen samples was analyzed by using an amino acid
analyzer (Hitachi LA-8080, Tokyo, Japan) [14]. The freeze-dried collagens were completely
hydrolyzed in 6M HCl at 110 ◦C for 24 h. The excess amount of solvent was evaporated
under the vacuum incubator until the dried sample then dissolved in distilled water and
the drying process was repeated three to four times. In the end, the dried sample was
dissolved with a minimum amount of sodium citrate buffer solution (pH 2.2) and filtered
through a 0.45 nm hydrophilic membrane. The amino acid analyzer was calibrated with a
standard reagent, and a positive control of all amino acids was run as a reference before
analyzing the test sample. The retention time of each amino acid peak was equalized with
the respective positive control amino acid peak and the content of amino acid is expressed
as the number of residues/1000 residues.

4.6. UV Absorption

The maximum absorption of collagen in the UV range was determined using a UV-vis
spectrophotometer in order to confirm the purity and contamination of other proteins [33].
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The ultraviolet absorption spectra of blacktip reef shark skin collagens were recorded by a
spectrophotometer (MAPADA UV-3000PC, Shanghai, China). Freeze-dried collagen was
dissolved in 0.5 M acetic acid and the absorption from 190 to 400 nm was measured at a
scan speed of 2 nm/s with an interval of 1 nm. An aliquot of 0.5 M acetic acid was used
as blank.

4.7. Fourier Transform Infrared Spectroscopy (FTIR)

The structural and amide differences between ASC and PSC were determined by using
the Spotlight 400 FT-IR Imaging System (PerkinElmer, Waltham, MA, USA) equipped with
a deuterated triglycine sulfate detector. The 2 mg freeze-dried sample was mixed with
dried KBr (100 mg) in order to make a 13 × 1 mm thin transparent disk by subjecting a
pressure of approximately 5 × 106 Pa. The transparent disk was then placed in a sample
holder in FTIR and the spectra in a range of 4000 to 600 cm−1, with automatic signal gain
collected in 32 scans at a resolution of 2 cm−1. The absorption intensity of the peaks was
calculated using the baseline method. The resultant spectra were analyzed using Origin Pro
2021 software. The secondary structures of the collagen were analyzed through the areas
of 1600–1700 cm−1 in the amide I region using PeakFit Version 4.12 software (SeaSolve
software Inc., Framingham, USA) and the Gaussian peak fitting algorithm. Finally, the
secondary structure percentage was calculated by dividing the peak area of the secondary
structure by the whole peak area of all the secondary structures.

4.8. Relative Solubility

The relative solubility of collagen was determined by varying NaCl and pH by fol-
lowing our previous protocol [40]. The freeze-dried collagen sample (10 mg/mL) was
prepared with 0.5 M acetic acid with gentle stirring at 4 ◦C for 12 h and used for solubility
experiments.

4.8.1. Effect of pH

The collagen solution (5 mL) was transferred into a series of centrifuge tubes, adjusted
to pH values ranging from 1 to 11 by the addition of the appropriate amount of 6 M NaOH
or 6 M HCl. The resulting sample solution totaled 10 mL of distilled water. The solution was
stirred gently for 30 min at 4 ◦C and centrifuged at 5000× g for 30 min. An aliquot (1 mL) of
the supernatant was collected from each tube and the protein content was measured. The
relative solubility of collagen was calculated compared with the pH rendering the highest
solubility.

4.8.2. Effect of NaCl

The collagen solution (5 mL) was mixed with 5 mL of cold NaCl in acetic acid of
various concentrations (0–12%, w/v) to obtain final concentrations of 1–6% (w/v). The
mixture was stirred gently at 4 ◦C for 30 min and centrifuged at 10,000× g for 30 min at
4 ◦C. The relative solubility was calculated compared with that of the salt concentration
exhibiting the highest solubility.

4.9. Peptide Mapping

The peptide mapping pattern of collagen against the proteolytic enzyme, trypsin,
was determined by following the method of Li et al., with some modification [31]. The
freeze-dried collagen sample was dissolved in 0.5 M acetic acid, pH 2.5, at a concentration
of 1.5 mg/mL. In parallel, another set of collagen samples was dissolved in a 0.2 M sodium
phosphate buffer, pH 7.8, at a concentration of 1.5 mg/mL. After the addition of trypsin
with an enzyme/substrate ratio of 1/2 (w/w) to collagen solutions, the reaction mixtures
were incubated at 37 ◦C for 3 h (pH 2.5) and 3 min (pH 7.8), respectively. The SDS-PAGE
sample buffer was added to the digestion samples, and the mixtures were boiled for 5 min to
terminate the reaction. Using 4.5% stacking gel, 7.5% and 12.5% separating gels, SDS-PAGE
was performed to separate peptides generated by the protease digestion and compared.
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4.10. Microstructural Analysis

The changes in the structural properties between ASC and PSC were determined by
scanning electron microscopy (SEM). The freeze-dried collagen samples were pasted on an
aluminum plate with conductive adhesive tape in the desired orientation and placed in an
ion coater for the gold coating to increase the electrical conductivity. The metalized collagen
samples on the SEM sample holder (20-s glow discharged carbon support adhesive films)
were mounted and then introduced into the specimen chamber for analysis. The surface
morphology of collagen was captured with different magnifications of 100 μm, 50 μm and
10μm by using SEM (Hitachi SU5000, Tokyo, Japan) at an accelerating voltage of 15 kV.

4.11. Atomic Force Microscope Analysis

In order to evaluate the surface morphology, collagen fiber alignment, topography
and superficial properties of the collagen, an atomic force microscope (AFM, Bruker Cor-
poration, Billerica, MA, USA) was carried-out with collagen samples by following the
standard operating procedure [41]. SNL-series silicon 1 cantilevers with a normal spring
cantilever of 0.35 N/m were used. The nominal AFM tip radius is 2 nm and the maximized
tip radius is 12 nm. 10 μL collagen aqueous solution was cast on freshly cleaved muscovite
mica and was allowed to dry in ambient air for 60 min. Images were obtained using a
multimode scanning probe microscope with NanoScope Analysis software (version 1.80,
Bruker Corporation, Billerica, MA, USA) operating in the tapping mode, in air, at room
temperature. Surface images were acquired at fixed resolution (512 × 512 data points) with
a scan rate of 1.0 Hz.

4.12. Statistical Analysis

Each experiment was replicated three times. Data were expressed as mean ± standard
deviation and mentioned in the figure legends. Statistical analysis was performed using
GraphPad Prism 9 software (GraphPad Inc, San Diego, CA, USA) using two-way ANOVA
with Fisher’s LSD test multiple comparison analysis. The values identified as outliers were
excluded from statistical analysis. Results were considered statistically significant if the
p-value < 0.05.

5. Conclusions

In this study, the structural and functional changes in ASC and PSC were investigated,
and it was found that the use of pepsin had contributed to the increase in the collagen
yield; however, it produced many smaller protein fragments after extraction. Therefore,
the functional and structural properties were investigated in ASC and PSC, and no signifi-
cant differences were observed in both collagens, which directly revealed that the pepsin
treatment did not affect the secondary structures such as α helix, β-sheet, β-turn, and triple
helix. Therefore, the physicochemical, structural and functional properties of collagens
indicate that the PSC could be an appropriate material for biomaterial fabrication in tissue
regeneration applications.
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Abstract: Marine collagen is an ideal material for tissue engineering due to its excellent biological
properties. However, the limited mechanical properties and poor stability of marine collagen limit its
application in tissue engineering. Here, collagen was extracted from the skin of tilapia (Oreochromis
nilotica). Collagen-thermoplastic polyurethane (Col-TPU) fibrous membranes were prepared using
tilapia collagen as a foundational material, and their physicochemical and biocompatibility were in-
vestigated. Fourier transform infrared spectroscopy results showed that thermoplastic polyurethane
was successfully combined with collagen, and the triple helix structure of collagen was retained.
X-ray diffraction and differential scanning calorimetry results showed relatively good compatibility
between collagen and TPU.SEM results showed that the average diameter of the composite nanofiber
membrane decreased with increasing thermoplastic polyurethane proportion. The mechanical eval-
uation and thermogravimetric analysis showed that the thermal stability and tensile properties of
Col-TPU fibrous membranes were significantly improved with increasing TPU. Cytotoxicity experi-
ments confirmed that fibrous membranes with different ratios of thermoplastic polyurethane content
showed no significant toxicity to fibroblasts; Col-TPU fibrous membranes were conducive to the
migration and adhesion of cells. Thus, these Col-TPU composite nanofiber membranes might be used
as a potential biomaterial in tissue regeneration.

Keywords: collagen; Col-TPU composite nanofiber membranes; electrospinning; thermal stability;
mechanical properties

1. Introduction

As accidents and diseases lead to tissue damage, natural tissue repair materials are
a popular area of research [1]. Collagen has good biocompatibility and can promote cell
proliferation and differentiation [2]. What is more, fabricated collagen nanofiber mem-
branes have high-density pores and network structures from micro- to macro-length scales
via non-thermal electrospinning. Thus, collagen electrospinning nanofiber membranes
enable biomaterials to simulate the extracellular matrix (ECM) environment in vitro [3].
This, in turn, acts as a source of foundation materials for the repair of natural tissue and
provides an environment for cell adhesion and proliferation. These collagen-based natural
tissue repair materials are frequently used in skin, tendons, blood vessels, as well as nerve
and bone regeneration [4,5]. The risk of disease transmission and religious factors have
limited traditional collagen such as bovine and pig collagen [6]. Therefore, researchers have
focused on searching for marine collagen. Wang et al. separated types I and V collagens
from the skin of deep-sea redfish by chromatographic techniques [7]. Chen et al. separated
type I collagen from the scales of the lizardfish and maintained the triple-helical structures
with no cytotoxicity [8]. Recently, some Japanese scholars extracted collagen from the scales
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of barramundi (Lates calcarifer), which was found to be comparable to that of mammals and
showed potential for three-dimensional cell cultivation [9]. Tilapia is a kind of freshwater
and saltwater fish promoted by the FAO for aquaculture all around the world, and the
production of tilapia is increasing year after year [10]. Marine tilapia collagens have also
received significant attention in recent years [11–13]. However, marine collagen, without
specific shape, structure, or function, cannot be directly applied. Collagen can be com-
pounded with other materials to prepare nanofiber membranes endowed with high-density
pores and a network structure with micro- to macro-lengths in scale. Researchers have de-
veloped a series of collagen-polymer nanofibrous membranes. Shue et al. fabricated a series
of composite fibrous membranes incorporated with fish collagen, nanohydroxyapatite, and
poly (lactic-co-glycolic acid) (PLGA) to guide bone regeneration [14]. He et al. prepared
collagen-polycaprolactone (PCL) nanofiber membranes, which had diameters of at least
150 nm [15]. However, marine composite fibrous membranes often have limited mechanical
properties and poor thermal stability, which hampers their use in tissue repair [16].

Thermoplastic polyurethane (TPU) is an elastomeric polymer with excellent mechan-
ical properties, wear resistance, good elasticity, and toughness [17]. TPU also has good
degradability when hydrolyzed, oxidized, or enzymatically degraded in vivo [18]. Routes
to degradation of TPU can combine materials in the degradation process to retain CO2
and water and modulate changes in pH and chemical stability of the surrounding tis-
sues [19]. Therefore, TPU promotes a stable environment for tissue regeneration; it has
good mechanical properties and is environmentally friendly [20]. However, there are
few reports of the micromorphology, microstructure, thermal stability, mechanical prop-
erties, and biocompatibility of collagen-thermoplastic polyurethane (Col-TPU) composite
fiber membranes.

For this reason, the aim of this study was to develop collagen-based nanofibrous
membranes that are suitable for the growth of fiber cells and have balanced mechanical
properties, good thermal stability, and the potential to become fundamental materials for
tissue repair. First, collagen was extracted from tilapia skin. Then, collagen and TPU funda-
mental materials were used to electrospin a series of Col-TPU nanofiber membranes. The
compatibility, micromorphology, microstructure, thermal stability, mechanical properties,
and biocompatibility of Col-TPU composite fiber membranes were then studied.

2. Results and Discussion

2.1. Collagen Structure Identification

The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis
showed three main bands, as seen in Figure 1. Tilapia skin collagen showed similar
electrophoretic patterns to type I rat tail collagen consisting of two different α-chains (α1
and α2), dimeric β-chains, and γ-chains. Tilapia collagen was also consistent with rainbow
trout (Onchorhynchus mykiss) [21] and black sea gilthead bream (Sparus aurata) [22]. Herein,
the molecular weight of collagen was analyzed using Quantity One 4.6.0 software (Bio-Rad
Laboratories, Hercules, CA, USA). Two bands had molecular weights of 130 and 121 kDa.
They were assigned to two α-chains of collagen: α1 and α2 [23]. The two high-molecular-
weight components had weights over 200 kDa. These were identified as a β-chain consisting
of two α-chains and a γ-chain consisting of three α-chains, respectively [24]. In addition, the
ratio of α1 and α2 was calculated with Image J software (VERSION 1.8.0, National Institute
of Mental Health, Bethesda, MD, USA); specifically, approximately 2:1 was consistent with
the molecular structure of type I collagen [α1]2α2, thus indicating that the prepared TSC
was type I collagen.
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Figure 1. Preparation and characterization of collagen. (A) Type I rat tail collagen, (B) Tilapia
skin collagen.

2.2. Structural Analysis of Col-TPU Composite Nanofiber Membranes
2.2.1. Scanning Electron Microscope (SEM) Analysis

SEM (Figure 2) revealed that Col-TPU composite nanofiber membranes (Col95, Col90,
Col80, Col60) are uniform and continuous with no beads and better straightness than
pure TPU. They range in diameter from 112 nm to 858 nm. The porosity increased
with increasing TPU ratios. The average diameters of Col100, Col95, Col90, Col80, and
Col60 decreased from 379.96 ± 134.28 nm to 378.40 ± 151.87 nm, 316.80 ± 94.51 nm,
313.80 ± 102.88 nm, and 232.94 ± 87.82 nm, respectively (Table 1). The average diameters
of the nanofibers decreased gradually with the increasing compound ratio of TPU. The
porosity of all composite nanofiber membranes was higher than 45%, which benefits water
and oxygen permeability. The appropriate porosity also facilitates cell migration and cell
attachment in the resulting pore structure.

Table 1. SEM results of Col-TPU composite nanofiber membranes.

Ratio (Col:TPU) Abbreviation Average Diameter (nm) Porosity (%)

100:0 Col00 379.96 ± 134.28 46.59
95:5 Col95 378.40 ± 151.87 47.29
90:10 Col90 316.80 ± 94.51 48.81
80:20 Col80 313.80 ± 102.88 49.15
60:40 Col60 232.94 ± 87.82 52.89
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Figure 2. SEM analysis. (A) Col100. (B) Col95. (C) Col90. (D) Col80. (E) Col60. (F) TPU.

2.2.2. FTIR
Main Characteristic Peak

All Col-TPU composite nanofiber membranes have five characteristic peaks that were
similar to collagen peaks (Figure 3A,B). The amide A band of collagen was near 3315 cm−1,
the amide B band was at 2920–2944 cm−1, the amide I was at 1625−1690 cm−1, the amide
II band was at 1500−1600 cm−1, and the amide III band was oriented at 1200−1300 cm−1.
Figure 3B and Table S1 shows that the amide A band of Col100 was oriented at 3311 cm−1,
and the Col-TPU composite nanofiber membranes were blue-shifted from 3307 cm−1 to
3309 cm−1 with increasing TPU, which may be caused by the N-H vibration (3310 cm−1)
coupling effect of the group in TPU. The amide B band reflects the ubiquitinated coupling
between the amide A band and the amide II band. Col100 was oriented at 2932 cm−1, and
Col-TPU composite nanofiber membranes were blue-shifted to 2939 cm−1 with increasing
TPU. This affected the asymmetric stretching of the C-H group (2942 cm−1) in TPU, thus
indicating that collagen and TPU were prepared successfully. The amide I and II bands of
Col100 were oriented at 1655 cm−1 and 1655 cm−1. The amide I and II bands of Col-TPU
composite nanofiber membranes were ultimately red-shifted to 1554 cm−1 and 1534 cm−1

with increasing TPU ratios. This may be due to the combination of collagen and TPU,
thus showing the characteristic peak of TPU and resulting in a red-shift of the hydroxyl
peak. The C=C stretching vibration absorption peak (1532 cm−1) of TPU in the Col-TPU
composite nanofiber membranes approached the N-H out-of-plane vibration absorption
peak at 1537 cm−1 in collagen, thus leading to two peaks that expanded into one wide
absorption peak on the surface of Col-TPU composite nanofiber membranes [25].

The amide III band of Col100 was oriented at 1223 cm−1, and the Col-TPU composite
nanofiber membranes were blue-shifted to 1230 cm−1 upon the addition of TPU, which
may affect the vibration of C-C-N in the ethyl carbamate bond (-NHCOO-) in TPU near
1240 cm−1. Moreover, the absorption peaks in the region of 1100 cm−1 (stretching vibration
of C-O-C) in TPU were blue-shifted from 1000 cm−1 to 1100 cm−1 when the ratio is 60:40
(collagen:TPU). This suggests that TPU combined with collagen to form Col-TPU composite
nanofiber membranes during the interfacial interaction between collagen and TPU [26].
The absorption ratio of the amide III band to 1450 cm−1 (amide III/A1450) is an important
index to determine the integrity of the collagen triple helix structure. When the ratio is
<0.5, collagen unwinds the triple helix structure due to denaturation. The absorption ratio
of amide III/A1450 in Col100 was 1.114. After adding TPU, and the absorbance ratios of
Col-TPU composite nanofiber membranes were 1.131 (Col95), 1.127 (Col90), 1.036 (Col80),
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and 0.948 (Col60). These data indicate the presence of triple-helical structures of collagen
in Col-TPU composite nanofiber membranes [27].

Figure 3. Spectroscopy analysis. (A) FTIR of collagen; (B) FTIR of Col-TPU composite nanofiber
membranes; (C) Conformation relative content of amide I band in Col-TPU composite nanofiber
membranes; (D) XRD of Col-TPU composite nanofiber membranes.

Secondary Structure

The secondary structure ratios of Col-TPU composite nanofiber membranes were
associated with the amide I band including an α-helix structure, a β-sheet structure, and a
β-turn structure. Figure 3C shows that the ratio of β-sheet for collagen decreased from 45%
to 21% with increasing TPU ratios, thus suggesting that a more compact structure of the
composite nanofiber membrane was formed due to the interactions from larger volumes of
side-chain amino acids between collagen and TPU [28]. All Col-TPU composite nanofiber
membranes lacked a random collagen structure, suggesting that TPU would not destroy the
overall conformation of the secondary structure of collagen. The α-helix ratio of composite
nanofiber membranes increased from 40% to 59% with increasing TPU, thus suggesting
that the addition of TPU makes sense for the formation of the α-helix. The ratio of the
β-turn of Col100 is 14.18%. With increasing TPU ratio, the β-turn of Col-TPU composite
nanofiber membranes increased from 15% to 20%. The β-turn mostly transformed into a
β-sheet resulting from more -NH groups forming hydrogen bonds, thus indicating that the
composite reaction between collagen and TPU is conducive to the formation of an ordered
secondary structure leading to a stable collagen structure [29].

2.2.3. XRD

The tertiary structure of the Col-TPU composite nanofiber membranes is shown in
Figure 3D. Each Col-TPU composite nanofiber membrane has only one characteristic peak
at about 20◦ in the XRD pattern. This represents the distance between collagen frameworks
associated with the diffuse scattering of collagen fibers [30]. These data indicate that the
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collagen phase does not change upon the addition of TPU. TPU is an amorphous polymer,
and there is a wide diffraction peak from 16◦ to 26◦ caused by the polyether chain segment
in its amorphous structure [31].

Figure 3D shows that the wide peak of the Col-TPU composite nanofiber membranes
increased to a TPU diffraction peak with an increasing TPU ratio. No obvious characteristic
TPU peaks were observed in the pattern. These results indicate that TPU and collagen
have high compatibility, and the mixed-membrane matrix can accommodate TPU without
affecting its crystal shape. However, 2θ was at 28.72◦ when the ratio of TPU shifted to
almost 40◦ while maintaining the wide amorphous peak. This suggests that when the ratio
of collagen and TPU was lower than 6:4, the tertiary structure of the Col-TPU nanofibrous
membrane resulted in a wider diffraction peak. This result was caused by the strong
hydrogen bond action between groups of collagen and the secondary amine groups of
TPU, which is beneficial in improving the toughness of Col-TPU composite nanofiber
membranes [32].

2.3. Differential Scanning Calorimetry (DSC)

The DSC curves of the Col-TPU composite nanofiber membranes are shown in Figure 4.
The changes in disappearance of the endothermic peak, the emergence of new peaks, and
the change in the enthalpy potentially indicate the components are incompatible [33]. From
Figure 4, the endothermic peak of Col100 is 70 ◦C. There was no obvious peak in TPU
because it belongs to the elastomer. Therefore, it does not contain boundaries between soft
and hard phases. According to the peaks of collagen-based composites, the addition of
TPU in collagen did not generate a new crest, indicating the two had good compatibility.
Due to the uniformity of compatibility, the summits of the endothermic peak will be in
close proximity to each other if the two phases are compatible [34]. The endothermic peaks
of Col95, Col90, and Col80 were 72.1 ◦C, 74.4 ◦C, and 73.7 ◦C, respectively. When the ratio
of TPU to composite nanofiber membranes increased to 20, the endothermic peak began to
decrease. When the ratio of TPU doubled (60:40), the peak appeared at 65.5 ◦C. Thus, at
the appropriate TPU proportion, the compatibility could be maintained. In addition, the
melting enthalpy (ΔHf) of Col100, Col95, Col90, Col80, and Col60 was 49.5 J/g, 47.5 J/g,
46.4 J/g, 41.3 J/g, and 31.8 J/g, respectively. The decrease in enthalpy, in association with
the changes in the temperature transition, may indicate there is a limited consistency in the
boundary of the two phases [35].

Figure 4. The DSC curves of Col-based composite nanofiber membranes.

2.4. TGA

The thermal stability of Col-TPU nanofibrous membranes was evaluated by thermo-
gravimetric analysis (TGA). The thermogain-loss trend of all samples can be divided into
two stages (Figure 5A–F). In stage one, the temperature leading to a 5% weight reduction
is caused by the evaporation of free water in the sample defined as T5% (Table S2). The
T5% of the Col-TPU composite nanofiber membranes with different ratios are roughly the
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same. When the ratio of TPU increased to 40, the weight loss temperature of Col-TPU
nanofibrous membranes increased from 65.0 ◦C to 75.7 ◦C, which implied enhanced water
retention of nanofibrous membranes. Col100 and Col-TPU composite nanofiber membranes
have weight loss caused by thermal decomposition in stage two. The temperature of the
maximum decomposition rate (Tp) was used to characterize this thermal decomposition
temperature [36]. The weight-loss curves of all Col-TPU composite nanofiber membranes
were higher than those of Col100. Table S2 shows that the Tp in Col100 is at 314 ◦C. With
increasing TPU, the Tp of Col-TPU composite nanofiber membranes gradually reached
314 ◦C, 320.5 ◦C, 320.7 ◦C, and 321.8 ◦C, respectively. These data indicate that the thermal
stability of Col-TPU composite nanofiber membranes improved versus collagen with in-
creasing TPU. We also investigated the weight-loss stage when the weight dropped by half
(with the decomposition temperature defined as T50%). This was a good metric of thermal
stability. When the ratio of TPU increased, the T50% of Col100 changed from 327.0 ◦C to
331.0 ◦C, 342.3 ◦C, 343.0 ◦C, and 353.7 ◦C. These further indicated that the addition of
TPU led to better heat resistance with improved decomposition temperatures. At the same
decomposition temperature, the residual Col-TPU composite nanofiber membranes were
5% higher than that in Col100 after heating. The Col-TPU composite nanofiber membranes
had less decomposition at high temperatures. These data indicate that TPU might slow
the decomposition of the collagen matrix and prevent external diffusion and release, thus
improving the thermal stability of Col-TPU composite nanofiber membranes.

2.5. Water Contact Angle (WCA)

The hydrophilicity of Col-TPU composite nanofiber membranes was assessed with
the WCA. Figure 6A shows that the WCA of Col100 was 87.1 ± 0.6◦, thus indicating
that collagen is hydrophilic [37]. When the ratio of TPU increased, the WCA of Col-TPU
composite nanofiber membranes increased to 96.7 ± 0.0◦, 95.5 ± 0.1, and 91.1 ± 0.5◦. The
diameter of fibers, the surface roughness, and the pore structure of the membrane affect
the hydrophilicity of the material [14]. TPU decreased the diameters of the nanofiber
membrane so that the surface of the membranes had more visible pores. This further
weakened the barrier properties of the composite material, making it easy for water to
penetrate and leading to a lower water contact angle [38]. Moreover, Col-TPU composite
nanofiber membranes are hydrophobic, which may be caused by electrospinning disrupting
the hydrophilic balance and producing a higher WCA. When the ratio of TPU increased to
40, the WCA of the Col-TPU composite nanofiber membrane (Col60) was 79.1 ± 1.4◦, thus
indicating that the wetting behavior of Col-TPU composite nanofiber membranes gradually
changed from hydrophobic to hydrophilic. These data indicate that the hydrophilic groups
on the TPU molecular chain gap and collagen microfiber were transferred to the side of
the low-moisture section after absorbing water at the high-moisture section when TPU
reached a certain ratio [39]; this, in turn, increased the hydrophilic groups in the Col-TPU
composite nanofiber membranes and greatly increased the water absorption performance
of the composite nanofiber membranes. These observations were consistent with the
FTIR results.

Appropriate hydrophilicity has great significance for biomaterials, and improved
surface hydrophilicity is expected to promote cell adhesion and proliferation [40]. Thus, the
proper addition of TPU can lead to stable hydrophilicity of Col-TPU composite nanofiber
membranes. This, in turn plays an important role in improving the adhesion and growth of
cells on the surface of nanofibers.
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Figure 5. TG-DTA thermogravimetric curve. (A) Col100; (B) Col95; (C) Col90; (D) Col80; (E) Col60;
(F) Local enlarged view of TG curve.
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Figure 6. Properties of Col based composite nanofiber membranes. (A) WCA; (B) Stress–stain curve;
(C) Prepared Col-TPU composite nanofiber membrane; (D) Before tensile test; (E) After tensile test.

2.6. Mechanical Properties

The mechanical properties of Col-TPU composite nanofiber membranes were evalu-
ated as shown in Figure 6B and Table 2. The breaking strength reflects the anti-aging ability
of the material [41]. The breaking strength of Col100 is 36.21 cN, which is lower than all
Col-TPU composite nanofiber membranes. With an increase in the TPU ratio, the breaking
strength gradually increases from 43.26 cN (Col95) to 56.28 cN (Col60), thus indicating that
the Col-TPU composite nanofiber membranes had better wear resistance and mechanical
durability. Elongation at breaking reflects the toughness and elasticity of the composites’
mechanical properties. The elongation at the breaking of Col100 is 3.20%, which has tensile
mechanical properties caused by the relaxation process immediately after fiber forma-
tion. However, during the relaxation process, the poor deformation ability of the collagen
molecular chain and the loss of molecular orientation generate poor tensile properties.

Table 2. Properties of Col-TPU composite nanofiber membranes.

Samples
Thickness

(mm)
Width (mm)

Breaking
Strength (cN)

Tensile
Strain (%)

Tensile
Strength (MPa)

Col100 10.50 0.0242 36.21 3.20 1.40
Col95 9.80 0.0264 43.26 8.90 1.64
Col90 10.20 0.0200 44.06 16.50 2.12
Col80 10.60 0.0190 51.10 41.90 2.49
Col60 10.40 0.0174 56.28 48.30 3.05

TPU is an elastic body with excellent elasticity and wear resistance. It is very soft
and flexible with a low modulus. After adding TPU, the values for elongation at break of
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Col95, Col90, Col80, and Col60 were 8.90%, 16.50%, 41.90%, and 48.30%, respectively. The
elongation at break of Col-TPU composite nanofiber membranes increased significantly
with increasing TPU content. Tensile strength is commonly used to describe the external
force that the composite material can bear, which in turn depends on the maximum external
force for each fiber in the unit area; Col100 was 1.40 MPa. As TPU increased gradually,
the tensile strength of Col95, Col90, Col80, and Col60 increased to 1.64 MPa, 2.12 MPa,
2.49 MPa, and 3.05 MPa, respectively. The tensile strengths of Col90, Col80, and Col60 were
similar to the tensile strength of human tissues [42]. For instance, the native blood vessel
structures in the human body, such as the left internal mammary artery (4.1–4.3 MPa),
saphenous vein (1 MPa), and femoral artery (1–2 MPa), limit the burst strength to prevent
rupture due to variation in blood pressure [43]. Similarly, stiffness of ECM in vivo was
verified in the approximate range of 0.1 kPa (brain tissues) to 100 GPa (bone tissues) [38].

Ideal tissue repair materials are expected to have sufficient long-term mechanical prop-
erties to support tissue growth—especially scaffold materials such as tissue-engineered
cartilage, bone, muscle legs, and ligaments [44]. Furthermore, the excellent elastic proper-
ties can withstand repeated dynamic loads and maintain structural stability to simulate
human tissues; these properties are needed for tissue engineering applications in the heart,
skin, blood vessels, and cartilage [45]. The ratio of TPU in Col-TPU composite nanofiber
membranes significantly affected the mechanical properties. Col-TPU composite nanofiber
membranes give the material better flexibility and can lead to close contact with the sur-
rounding tissues after implanting the chosen tissue repair material [39]. Col-TPU composite
nanofiber membranes have high strength, good anti-aging ability, and suitable flexibility in
comprehensive mechanical properties. As such, Col-TPU composite nanofiber membranes
can theoretically contribute to a stable environment for tissue regeneration.

2.7. Cytocompatibility
2.7.1. Cell Proliferation and Cytotoxicity

To evaluate the biocompatibility of Col-based composite nanofiber membranes, a CCK-
8 assay was used to investigate the proliferation of MC3T3-E1 cells on Col100 and Col-TPU
composite nanofiber membranes for 1, 2, and 3 days (Tables S3 and S4 as well as Figure 7G).
After culturing for 3 days, all samples showed a significant difference compared to the
control group with higher absorbance. The proliferation rate of all samples was higher than
164% after 3 days of culture, which was higher than that of polycaprolactone/poly compos-
ite nanofiber membranes (approximately 111%), polycaprolactone/poly/hydroxyapatite
composite nanofiber membranes (approximately 112%), and silk fibroin nanofiber mem-
branes (ranged from 83% to 90%) [46,47]. The cytotoxicity assay is also an important
index reflecting the biocompatibility of fabricated materials. Specifically, the cytotoxicity of
composite nanofiber membranes was grade 0, according to the ISO standard (ISO10993.12-
2004). The presence of collagen on composite nanofiber membrane surfaces improved the
tendency of cells to adhere to the scaffolds [48]. Col-TPU composite nanofiber membranes
support cell growth.

2.7.2. Cell Morphology

The morphology of MC3T3-E1 cells cultured on Col100 and Col-TPU composite
nanofiber membrane surfaces was preliminarily evaluated by SEM analysis; the cell mor-
phology can be observed in Figure 7A–F. After 3 days of culture, the cells grew well
on Col00 and Col-TPU composite nanofiber membranes and showed a natural spindle
shape. Similar changes in morphology were found in Liu’s research [49]. These Col-TPU
composite nanofiber membranes were well distributed with increased pseudopodia and
spreading area. Compared to the control group (Figure 7A), cells adhered to fibers well,
thus indicating that Col-based composite nanofiber membranes can support cell adhesion
and diffusion.
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Figure 7. Growth of MC3T3-El cells on collagen-based composite nanofiber membranes. (A) Control;
(B) Col100; (C) Col95; (D) Col90; (E) Col80; (F) Col60; (G) Cell proliferation rate.

2.7.3. Cell Adhesion

Figure 8 shows that MC3T3-E1 fibroblasts adhered and diffused evenly along the fibers
inside and on the surface of the Col100 and Col-TPU composite nanofiber membranes.
The cells adhered firmly with a normal and round shape, thus presenting a dense amount
along the length of the fiber edges. The number of high-density cells was observed over
time. There were more cells at 3 days than at 1 day, which is consistent with the CCK-8
cell proliferation assay. Few apoptotic nuclei were observed on Col100 membranes, which
indicated that collagen may affect intracellular signaling and cellular responses [50]. As the
collagen ratio decreased, fewer cells adhered to Col-TPU composite nanofiber membranes.
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Figure 8. Positive fluorescence microscope scan of MC3T3-El cells on Col-based composite nanofiber
membranes; scale bar is 150 μm. (A) Control; (B) Col100; (C) Col95; (D) Iol90; (E) Col80; (F) Col60.

Figures 9 and S2 show similar trends. After 3 days, there were many viable cells filled
with MC3E3-E1 fibroblasts on the material’s surface. Col100 was significantly better than
the Col-TPU composite nanofiber membranes. The number of adherents decreased with
reduced collagen proportion in the Col-TPU composite nanofiber membranes. Identifying
the appropriate ratios between collagen and TPU is key to the success of the material. As a
result, processed tissue engineering materials can be developed with the desired properties
and biocompatibility.
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Figure 9. HCA scan of MC3T3-E1 cells on control and samples (green: cytoplasm; blue: nucleus);
scale bar is 150 μm. (A) Control; (B) Col100; (C) Col95; (D) Col90; (F) Col80; (G) Col60.

Overall, the Col-TPU composite nanofiber membranes promoted migration and adhe-
sion of MC3T3-E1 cells on the surface of the materials and also supported the proliferation
of MC3T3-E1 cells on the surface. This result was consistent with the conclusions of similar
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experiments [51], thus indicating that the Col-TPU composite nanofiber membranes have
good biocompatibility.

3. Materials and Methods

3.1. Materials

Tilapia (Oreochromis nilotica) skin was obtained from Beihai Quality Aquatic Prod-
ucts Co., Ltd. (Beihai, China). Type I collagen from rat tail and protein markers (26634)
were purchased from Thermo Fisher Scientific (St. Louis, MO, USA). TPU was purchased
from Dongguan Jiayang New Material Technology Co., Ltd (Dongguan, China). The
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was from Sigma-Aldrich (Shanghai, China) Trad-
ing Co., Ltd. (Shanghai, China). The separating gel buffer (pH = 8.8), stacking gel buffer
(pH = 6.8), sodium dodecyl sulfate (SDS), and loading buffer (5×, with DTT) were pur-
chased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). Coomassie
Brilliant Blue R-250 and N,N,N′,N′-tetramethylethylenediamine (TEMED) were obtained
from Bio-Rad Laboratories (Hercules, CA, USA). Coomassie Brilliant Blue (CBB, R-250)
was purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Phosphate
buffer solution (PBS, pH = 7.4) was purchased from Wuhan Servicebio Technology (Wuhan,
China) Co. Ltd., and potassium bromide (KBr, spectral pure) powder was purchased
from PIKE (Mount Airy, NC, USA). Mouse embryo osteoblast precursor (MC3T3-E1) cells
(Cat No. CBP60946) were provided by Cobioer (Nanjing, China). The pression vector
(LV-GFP) was synthesized by Amer Genomics Biotechnology Co., Ltd. (Xiamen, China).
The cell counting kit-8 (CCK-8) was obtained from Dojindo (Beijing, China). In addition, 4’,
6-diamino-2-phenylindole (DAPI) and paraformaldehyde (POM, pH = 7.4) were purchased
from Solarbio (Beijing, China). All reagents were of analytical grade.

3.2. Preparation and Characterization of Collagen

Collagen was prepared by acid treatment according to the methods described by Li
et al. [52] with slight modifications. Before preparation, the adhering residue tissues of
skins were removed manually. Then, the non-collagenous proteins and pigments of skins
were removed by treatment with 10 volumes of 0.1 mol/L NaHCO3 for 6 h. As shown in
Figure 1, the pretreated skins were soaked in 0.5 M acetic acid with a sample-to-solvent
ratio of 1:40 (w/v) for 24 h. The extracted liquid was then centrifuged at 9000× g for 30 min.
The supernatant was precipitated by adding 4% NaCl, salted out for 30 min, and allowed
to rest for 30 min. The resulting precipitate was collected using a freezing high-speed
centrifuge (J-26 XP, Beckman Coulter Inc., Miami, FA, USA) at 9000× g for 30 min. The
supernatant was then discarded, and the precipitate was removed until no precipitate
remained. The collection was then dissolved and redispersed at a 1:9 (w/v) ratio in 0.5 M
acetic acid and dialyzed against 20 volumes of 0.1 M acetic acid for 24 h, followed by 24 h of
dialysis with distilled water five times. Thereafter, the tilapia skin collagen was lyophilized
and stored at −20 ◦C until further use. All of these steps were conducted at temperatures
below 4 ◦C.

The SDS-PAGE of the sample was conducted in accordance with the method of Chen
et al. [53] with slight modifications. The samples were dissolved in cold distilled water and
mixed at a 4:1 v/v ratio with sample loading buffer (277.8 mM Tris-HCl, pH 6.8, 44.4% (v/v)
glycerol, 4.4% SDS, and 0.02% bromophenol blue) followed by boiling for 10 min. Next,
10 μL of samples were loaded onto a gel consisting of 8% separating gel and 3% stacking
gel at a constant voltage of 110 V for electrophoresis (Bio-Rad Laboratories, Hercules, CA,
USA). After electrophoresis for 90 min, the gel was soaked in 50% (v/v) methanol and
10% (v/v) acetic acid followed by staining with 0.125% CBB R-250 containing 50% (v/v)
methanol and 10% (v/v) acetic acid. The gel was finally destained with a mixture of 50%
(v/v) ethanol and 10% (v/v) acetic acid for 30 m. Marker 46634 was used to estimate the
molecular weight of collagen, and type I collagen from rat tail was used as a standard.
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3.3. Collagen-Based Composite Electrospun Fiber Membranes

The 4% collagen and 3% TPU were dissolved in HFIP separately in accordance with
Jiang et al. [54]. A series of collagen-based composite spinning solutions were prepared
with collagen and TPU solutions in different ratios (100:0, 95:5, 90:10, 80:20, 60:40) at room
temperature. The spinning solutions were stirred using a magnetic stirrer (RCT digital S025,
IKA, Staufen, Germany) until the solution was uniform and free of bubbles after mixing
for 1 h. The mixture was then placed in a 2.5 mL syringe. The collagen-based composite
electrospun fiber membranes were fabricated using an electrospinning apparatus (WL-2,
Beijing Albizhi Ion Technology Co. Ltd., Beijing, China) with an applied voltage of 20 kV.
The distance from the needle to the collector plate was 15 cm, and the propelling rate
of the pump was 0.1 mL/h. The entire electrospinning process was conducted at room
temperature at a relative humidity of 30–50%. The samples obtained from electrospinning
were dried in a desiccator overnight to remove any residual organic solvent until use.

3.4. Structural Analysis of Col-TPU Nanofiber Membranes
3.4.1. SEM

The morphology of the collagen-based composite electrospun fiber membranes was
visualized using a scanning electron microscope (Quanta 450, FEI, Hillsboro, OR, USA). The
sample was fixed on the sample platform with conductive adhesive, and sputtered with a
gold coating for 30 s. The images were captured with SEM, with an accelerating voltage of
5–10 kV. The average nanofiber diameter of each sample was randomly measured using
ImageJ (version 1.8.0, National Institute of Health, Bethesda, OR, USA) software in parallel
three times by calculating the average and standard deviation per micrograph with more
than 50 counts per image.

3.4.2. FTIR

The infrared spectra of the samples were obtained with a Bruker FTIR spectrophotome-
ter (Tensor27, Bruker, Madison, Germany) at room temperature. The samples were mixed
with KBr by grinding at the ratio of 1:100 (w/w). The wavelength range was 4000-400 cm−1

with a resolution of 4 cm−1. The signals were collected automatically over 32 scans and
ratioed against a background spectrum recorded from KBr. The secondary structure of
the samples was then analyzed with OMNICTM software (Version 8.2, Thermo Nicolet
Corporation, Madison, WI, USA) and PeakFit software (Version 4.12, Systat Software Inc.,
San Jose, CA, USA).

3.4.3. XRD

The diffractograms of the samples were recorded with an X-ray diffractometer (X’Pert
Pro XRD, PANalytical, The Netherlands) operating at 40 kV and 25 mA with CuKα radiation
(λ = 1.5418 Å). The data were collected at a scanning speed of 10◦·min−1 and a 2θ range of
5–90◦.

3.5. DSC

The DSC curves were obtained using a DSC instrument (DSC 204 F1, Netzsch, Selb,
Bavaria, Germany) and the method reported by Kun et al. [55]. A certain amount of the
samples (approximately 2–5 mg) were loaded into the bottom of an aluminum crucible and
pressed with a lid. The samples were then transferred to the DSC instrument. During DSC
scanning, the sample was cooled quickly with liquid nitrogen to −60 ◦C from room tem-
perature and then heated to 200 ◦C at a heating rate of 10 ◦C/min in nitrogen atmosphere
(purge flow of 50 mL/min and protective flow of 70 mL/min). Indium metal standard was
used for temperature calibration.

3.6. Thermal Stability

The thermogravimetric analysis was conducted according to the methods described
by Krishnakumar et al. [56] with some modifications. Thermogravimetric analysis (TGA2,
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Mettler Toledo Co. Ltd., Shanghai, China) used continuous nitrogen (flow rate 50 mL/min)
in the sample chamber. Approximately 1 mg of the sample was placed in a crucible and
pressed to create complete contact followed by sequential heating from 20 ◦C to 600 ◦C at a
constant heating rate of 10 ◦C/min; the thermogravimetric data at the first heating curve
were then recorded.

3.7. WCA

The static water contact angle was recorded following the protocol reported by Lalia
et al. [57]. The WCA of all samples was studied with a video optical contact angle mea-
surement instrument (OCA15EC, DataPhysics, Filderstadt, Germany) and the sessile drop
method. The samples were fixed on a glass slide, and deionized water (2 μL) was dispensed
slowly onto the surface with a water rate of 5 μL/s. The water contact angle was measured
at 3 s, and five different sites were measured from each sample to determine the uniform
distribution of the samples. The images and calculation of the angle of the drop contact
surface on both sides were recorded and analyzed with SCA20 (DataPhysics, Filderstadt,
Germany) software.

3.8. Mechanical Properties

Sample mechanical properties were measured using a uniaxial tensile test according
to the methods described by Zhu et al. [58]. Samples were trimmed into 1 cm × 5 cm strips,
and both ends (1 cm on each side) of the samples were gripped by the fiber tensile tester
(XQ−1C, New Fiber Instrument Co. Ltd., Shanghai, China). Material stress–strain curves
were obtained through load deformation. The data were recorded by measuring the tensile
strength and elongation at break at a tensile speed of 20 mm/min.

3.9. Cytocompatibility
3.9.1. Cell Proliferation

The proliferation evaluation of samples on MC3T3-E1 (Cat No. CBP60946) cells lines
used a CCK-8 assay as reported by Yuan et al. [59] with slight modifications. The Col-
TPU composite nanofiber membranes were spun on 14 mm-diameter round coverslips.
Before culturing, samples were soaked in 75% ethanol for 30 min and UV-sterilized for
1 h. Subsequently, the samples were placed in a 24-well culture plate. After sterilization
with 75% ethanol for 30 min, cells were rinsed three times with sterilized PBS solution
(0.1 M) and cultured in Roswell Park Memorial Institute (RPMI)−1640 medium (Gibco, CA,
USA) containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin mixture
(100 unit/mL penicillin, 100 μg/mL streptomycin) (Solarbio, Beijing, China). The cell
density of MC3T3-E1 cells was adjusted to 1 × 104 cells/well and seeded onto the samples
cultured in the 24-well plate. The cells were cultured in a cell incubator with an atmosphere
of 5% CO2 at 37 ◦C (HERAcell 150i, Thermo Scientific, Waltham, MA, USA). The CCK-8
solution was added to each well at 1, 2, and 3 days after culture. The optical densities of
each well were measured using a multi-function microporous plate analyzer (Mithras2 LB
943, Berthold, Germany). The 14 mm-diameter round coverslips with no samples were
used as the control; wells with no samples or coverslips were used as the blank; and the
cell proliferation was calculated as follows:

Cell proliferation (%) = As − A0/Ac − A0 × 100%, (1)

where Ac, As, and Ab were the absorbance at 450 nm of the control group, the experimental
group, and the blank group, respectively.

3.9.2. Cell Morphology

Samples containing cultured MC3T3-E1 were immobilized in 2.5% POM for 3 days
after inoculation. Before observation, the samples were washed with PBS and then washed
with distilled water at least three times. Finally, all samples were gold-sputtered before cell
morphologies were examined using SEM.
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3.9.3. Cell Adhesion

After 1, 2, and 3 days of cell inoculation, the MC3T3-E1 cells were fixed with 2.5%
glutaraldehyde at pH = 7.4. During observation, the sample was washed with PBS three
times for 5 min each, and the excess water was absorbed by the filter paper. After removal,
the cells were inverted with 10 μL of DAPI and stained for 5 min. The adhesion of cells was
observed with a laser scanning confocal microscope (LSCM) (TCSSP5, Leica Microsystems,
Heerbrugg, Germany) or a positive fluorescence microscope (Axio Imager A2, ZEISS,
Oberkochen, Germany). After 3 days of cell inoculation, the cells were fixed in 5% POM,
and cell growth was observed using an automatic Cellomics Arrayscan (VTI-HCS, Thermo
Scientific, Waltham, MA, USA).

3.10. Statistical Analyses

The analysis of variance was calculated using SPSS Version 17.0 software (IBM SPSS
Statistics, Ehningen, Germany), and a value of p < 0.05 was used to indicate a significant
deviation. Different letters indicate significant differences between samples.

4. Conclusions

In this study, collagen was extracted from tilapia fish skin and identified as type I
collagen by SDS-PAGE. A series of Col-TPU composite nanofiber membranes (Col95, Col90,
Col80, and Col60) were prepared via electrospinning and shown to be stable and have a
nanostructure. There was relatively good compatibility between collagen and TPU. Besides
maintaining the triple-helical structures of collagen, the addition of TPU enhanced the
porosity, thermal stability, and mechanical properties of the composite. Thus, it was found
to be more suitable for human tissue environments for long-term growth. In vitro fibroblast
culture demonstrated a high cell proliferation rate with no cytotoxicity. The Col-TPU
composite nanofiber membrane allowed the proliferation and migration of MC3T3-E1
cells and promoted fibrogenesis of cells; there was good biocompatibility. These results
suggested that Col-TPU composite materials with different ratios of TPU were candidate
biomaterials for tissue repair.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md20070437/s1, Figure S1: HCA scan of Col-TPU composite
nanofiber membranes, scale bar is 150 μm; Table S1: Comparison of Col-TPU composite nanofiber
membranes different spectral peak positions in FTIR spectra; Table S2: The thermogravimetric
analysis of Col-TPU composite nanofiber membranes; Table S3: CCK-8 assay OD450 of Col-TPU
composite nanofiber membranes. The sequence of letters a–d represents the size of the mean value
(a > b > c > d). The same letter indicates no statistically significant difference (p < 0.05, n = 4); Table S4:
Cell proliferation and cytotoxicity evaluation of Col-TPU composite nanofiber membranes respect to
control, % and grade.
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Abstract: Although the S8 family in the MEROPS database contains many peptidases, only a few S8
peptidases have been applied in the preparation of bioactive oligopeptides. Bovine bone collagen is
a good source for preparing collagen oligopeptides, but has been so far rarely applied in collagen
peptide preparation. Here, we characterized a novel S8 gelatinase, Aa2_1884, from marine bacterium
Flocculibacter collagenilyticus SM1988T, and evaluated its potential application in the preparation
of collagen oligopeptides from bovine bone collagen. Aa2_1884 is a multimodular S8 peptidase
with a distinct domain architecture from other reported peptidases. The recombinant Aa2_1884
over-expressed in Escherichia coli showed high activity toward gelatin and denatured collagens,
but no activity toward natural collagens, indicating that Aa2_1884 is a gelatinase. To evaluate the
potential of Aa2_1884 in the preparation of collagen oligopeptides from bovine bone collagen, three
enzymatic hydrolysis parameters, hydrolysis temperature, hydrolysis time and enzyme-substrate
ratio (E/S), were optimized by single factor experiments, and the optimal hydrolysis conditions
were determined to be reaction at 60 °C for 3 h with an E/S of 400 U/g. Under these conditions, the
hydrolysis efficiency of bovine bone collagen by Aa2_1884 reached 95.3%. The resultant hydrolysate
contained 97.8% peptides, in which peptides with a molecular weight lower than 1000 Da and 500 Da
accounted for 55.1% and 39.5%, respectively, indicating that the hydrolysate was rich in oligopeptides.
These results indicate that Aa2_1884 likely has a promising potential application in the preparation of
collagen oligopeptide-rich hydrolysate from bovine bone collagen, which may provide a feasible way
for the high-value utilization of bovine bone collagen.

Keywords: peptidase; the MEROPS S8 family; bovine bone collagen; oligopeptides; hydrolysate

1. Introduction

Bioactive oligopeptides are referred to peptides that consist of 2–20 amino acids, which
have various bioactivities [1]. In addition to being efficient amino acid sources, bioactive
oligopeptides have been reported to possess many physiological functions and attractive
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physic properties in pharmacy (e.g., anticancer, antimicrobial, antihypertensive and anti-
inflammatory activities, anticoagulant, and immunomodulatory), foods (gelling activity
and emulsifying property), cosmetic (antioxidant and water holding capacity), and other
functional products (foaming ability and hydrophobicity) [2–5]. In recent years, collagen
oligopeptides attract more and more attention due to their various bioactive properties,
such as angiotensin I converting enzyme (ACE) inhibitory activity, antioxidant activity,
immunomodulatory and antimicrobial activities [6–9], and beneficial effects on human
health, including improving skin health, muscle strength, and bone density [10–12], and
reducing obesity, joint pain, and blood pressure [13–15]. Collagen oligopeptides have been
widely applied in food, cosmetics, healthcare, and pharmaceutical industries [16–18].

Enzymatic hydrolysis is now the common method to prepare collagen bioactive
peptides from collagen-rich animal tissues, such as skin, bones, tendons, and ligaments.
Nowadays, the common enzymes for preparing collagen bioactive peptides are proteases
from plants, animals, and bacteria, such as serine proteases alcalase of the MEROPS
S8 family and trypsin and α-chymotrypsin of the MEROPS S1 family, aspartic protease
pepsin of the MEROPS A1 family, cysteine protease papain of the MEROPS C1 family,
and metalloprotease thermolysin of the MEROPS M4 family [6,19–22]. The S8 family is
the second largest family of serine proteases after the S1 family [23]. In the S8 family,
many members have activity on gelatin, the denatured form of collagen, and some are
collagenolytic proteases, such as the thermostable protease from Geobacillus collagenovorans
MO-1 [24], MCP-01 from Pseudoalteromonas sp. SM9913 [25], myroicolsin from Myroides
profundi D25 [26], and P57 from Photobacterium sp. A5-7 [27]. Due to their activity on natural
or denatured collagen, these S8 peptidases may have potentials in collagen oligopeptide
preparation. However, only a few S8 peptidases have been used in preparing collagen
oligopeptides, or their potentials have been evaluated. In addition to alcalase that are
from Bacillus and have been used in collagen oligopeptide preparation [28], MCP-01 has
also been shown to have a potential in preparing collagen bioactive peptides from codfish
skin [7]. It is still necessary to identify more S8 peptidases suitable for preparing collagen
bioactive peptides.

Recently, we isolated and identified a novel marine bacterium Flocculibacter collageni-
lyticus SM1988T (hereafter SM1988) that has a high collagenase production [29]. According
to the genome and secretome analyses of this strain, Aa2_1884 was the most abundant
of the 6 secreted S8 proteases and was predicted to be a potential collagenase [29]. The
aim of this study was to characterize Aa2_1884 and to evaluate its potential in preparing
collagen bioactive peptides. In this study, Aa2_1884 was expressed in Escherichia coli and
biochemically characterized. The potential of Aa2_1884 in preparing collagen oligopeptides
from bovine bone collagen was further evaluated. The results indicate that Aa2_1884 is a
novel multimodular gelatinase with a good potential in preparing collagen oligopeptide
from bovine bone collagen.

2. Results and Discussion

2.1. Aa2_1884 Is a Novel Multimodular Peptidase of the S8 Family

The amino acid sequence of protein Aa2_1884 (WP_199608745.1) deduced from the
genome of strain SM1988 is composed of 1135 amino acid residues, containing a signal
peptide with a length of 34 amino acid residues at the N terminus based on the SignalP 5.0
prediction. Aa2_1884 is annotated as an S8 family serine peptidase by BLASTP through
the non-redundant protein database. InterProScan analysis indicated that, in addition to
the predicted signal peptide, Aa2_1884 has five conserved domains (Figure 1), including
an inhibitor I9 domain (Tyr72-Thr175, IPR010259), a peptidase S8 domain (Gly209-Lys661,
IPR000209), a protease associated (PA) domain (Ser466-Leu545, IPR003137), a fibronectin
type-III (FN3) domain (Leu711-Arg790, IPR041469), and a domain of unknown function
(DUF11) (Lys817-Val863, IPR001434). The inhibitor I9 domain likely functions as a molecu-
lar chaperone to assist the protein folding of Aa2_1884 [30,31]. The peptidase S8 domain is
the catalytic domain, containing the characteristic catalytic triad of the S8 family, namely
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Asp218, His287, and Ser622 (Figure 2). The PA domain is an inserted domain in the pep-
tidase S8 domain, which has been shown to play a role in collagen binding in some S8
proteases [27,32]. FN3 domain has been found in several proteases [33,34], whose function
in proteases, however, has not been revealed. DUF11 domain is also present in peptidase
brachyurin-T of the S1 family from Caldilinea aerophile based on InterProScan prediction
(Figure 1). However, its function in peptidases such as brachyurin-T and Aa2_1884 needs
further study.

Figure 1. Domain architectures of Aa2_1884 and similar proteases predicted by InterPro. Marked
numbers show the corresponding position of predicted domains in the amino acid sequences of the
proteases.

Among the characterized peptidases, Aa2_1884 shares the highest sequence identity
(44.05%) with brachyurin-T of the S1 family [35]. It is also most close to brachyurin-T in
the phylogenetic tree (Figure 3). However, the domain architectures of these two enzymes
are different. Compared to brachyurin-T, Aa2_1884 lacks the C-terminal Trypsin domain
(Figure 1). Among all the characterized peptidases, none were found to have the same
domain architecture as Aa2_1884 (Figure 1). These data suggest that Aa2_1884 is a novel
multimodular protease of the S8 family. In addition, as shown in Figure 2, sequence
alignment indicated that Aa2_1884 contains several motifs that are conserved in reported
S8 collagenases, which suggests that Aa2_1884 may have collagenolytic activity.
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Figure 2. Sequence alignment of Aa2_1884 with similar proteases and reported S8 collagenases using
the ClustalW program. Similar amino acid residues are boxed and shown in red, conserved amino
acid residues are shown with red background. Amino acid residues constituting the catalytic triad
of the MEROPS S8 family are marked with blue triangles, and motifs containing these residues are
marked with blue underlines. Aa2_1884 (WP_199608745) is from Flocculibacter collagenilyticus SM1988,
brachyurin-T (YP_005442656) from Caldilinea aerophile, At3g14240 (MER0006049) from Oryza barthii,
P69 peptidase (XP_002275452) from Vitis vinifera, At5g51750 (XP_009789180) from Nicotiana sylvestris,
MO-1 (BAF30978) from Geobacillus sp. MO-1, and P57 (KT923662) protease from Photobacterium
sp. A5-7.

Figure 3. Neighbor-joining (NJ) phylogenetic tree based on amino acid sequences of Aa2_1884
and similar proteases. The tree was constructed with MEGA X. Bootstrap values (>50%) based on
1000 replicates were presented at nodes. Bar, 0.20. The reported S8 collagenases are indicated by
asterisks.
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2.2. Aa2_1884 Is a Gelatinase with High Activity toward Denatured Collagens

To characterize Aa2_1884, the gene of Aa2_1884 was over-expressed in Escherichia coli
BL21 (DE3) with the vector pET-22b (+) containing a C-terminal His tag. The recombinant
Aa2_1884 protein was purified by affinity chromatography on a His Bind Ni chelating
column and gel filtration chromatography on a Sephadex G200 column. Sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis showed that the purified
Aa2_1884 had an apparent molecular weight of approximately 100,000 Da (Figure 4a). The
N-terminal sequence of the purified Aa2_1884 was determined to T181-D-V-G-P-A186 by
N-terminal sequencing. Thus, on the basis of its N-terminal sequence and molecular weight,
mature Aa2_1884 should contain 955 amino acid residues from Thr181 to Lys1135 (Figure 1).
The signal peptide and the inhibitor I9 domain are cleaved off during maturation.

Figure 4. Purification and characterization of Aa2_1884: (a) SDS-PAGE analysis of purified Aa2_1884.
Lane M, protein mass markers. Lane 1, purified Aa2_1884. The protein band of Aa2_1884 is indicated
by an arrow; (b) Effect of temperature on the activity of Aa2_1884. The experiment was performed in
Tris-HCl buffer (50 mM, pH 9.0) at 40–80 ◦C, and the enzyme activity at 60 ◦C was taken as 100%;
(c) Effect of pH on the activity of Aa2_1884. The enzyme activity was measured at 60 ◦C with 40 mM
Britton–Robinson buffers ranged from pH 7 to pH 11. The enzyme activity at pH 9.0 was taken
as 100%; (d) Effect of NaCl concentration on the activity of Aa2_1884. The activity was measured
at 60 ◦C in Tris-HCl buffer (50 mM, pH 9.0) containing different concentrations of NaCl from 0 to
4 M. The enzyme activity in the Tris-HCl buffer with 0 M NaCl was taken as 100%. In (b–d), bovine
bone collagen was used as the substrate in the experiments. The graphs show data from triplicate
experiments (mean ± SD).

Sequence alignment implied that Aa2_1884 may have collagenolytic activity. Indeed,
Aa2_1884 had noticeable activity towards bovine bone collagen at temperatures of 50–70 ◦C,
with an optimal temperature at 60 ◦C. However, it had almost no activity towards bovine
bone collagen at 40 ◦C (Figure 4b). At 60 ◦C, Aa2_1884 also had activity towards bovine
tendon collagen, gelatin, and casein, but no activity toward elastin-orcein (Table 1). As
collagen is denatured at temperatures more than 40 ◦C, these results indicate that Aa2_1884
can hydrolyze denatured collagen, but not natural collagen. Therefore, Aa2_1884 is a
gelatinase, rather than a collagenase. With bovine bone collagen as the substrate, Aa2_1884
showed the highest activity at pH 9.0 (Figure 4c), indicating that it is an alkaline protease.
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In the buffer containing different NaCl (0–4 M), Aa2_1884 showed the highest activity at
0.5–1 M NaCl (Figure 4d). These characteristics reflect the adaptation of Aa2_1884 to the
marine salty and alkaline environment.

Table 1. The substrate specificity of Aa2_1884 $.

Substrate Enzymatic Activity (U/mL)

Bovine bone collagen 801.15 ± 46.45
Bovine tendon collagen 761.27 ± 43.41

Gelatin 834.00 ± 61.39
Casein 51.75 ± 1.85

Elastin-orcein –
$ The activities of Aa2_1884 towards different substrates were measured in Tris-HCl (50 mM, pH 9.0) at 60 ◦C. The
data represent the mean ± SD of three experimental repeats.

We also analyzed the effects of metal ions and protease inhibitors on the activity of
Aa2_1884. As shown in Table 2, Ca2+, Ba2+, Sr2+, and Mg2+ significantly increased the
activity of Aa2_1884 towards bovine bone collagen, Zn2+ and Fe2+ severely inhibited its
activity, and Ni2+, Co2+, and Mn2+ completely inhibited its activity (Table 2). Surprisingly,
none of the four tested inhibitors, phenylmethylsulfonyl fluoride (PMSF), ethylenediamine
tetraacetic acid (EDTA), ethylene glycol tetraacetic acid (EGTA), or o-phenanthroline (o-P),
had inhibitory effect on the activity of Aa2_1884 (Figure 5), which is an unusual phe-
nomenon for an S8 peptidase. Among these inhibitors, PSMF is a classical inhibitor to
serine proteases, however, there are also some exceptions. Kexin has been reported to be
resistant to PMSF [36]. Kexin is a typical S8 peptidase produced by Saccharomyces cerevisiae,
which contains 814 amino acid residues. Different from Aa2_1884, Kexin contains only a
P-proprotein domain in addition to the Peptidase S8 domain [37]. It still remains elusive
why kexin is resistant to PMSF. Thus, the underlying mechanisms of kexin and Aa2_1884
to resist PMSF need further investigation.

Table 2. Effects of metal ions on the activity of Aa2_1884 a.

Metal Ion
Relative Activity (%)

Metal Ion
Relative Activity (%)

2 mM 4 mM 2 mM 4 mM

Control 100 100 K+ 108.62 ± 8.24 116.60 ± 4.18
Ca2+ 263.67 ± 7.06 251.90 ± 10.14 Sn2+ 97.01 ± 0.12 100.32 ± 4.40
Ba2+ 250.54 ± 11.34 276.80 ± 10.14 Zn2+ 56.50 ± 2.99 40.69 ± 1.33
Sr2+ 245.91 ± 6.45 210.87 ± 29.18 Fe2+ 43.73 ± 4.78 5.05 ± 2.04

Mg2+ 217.58 ± 7.25 217.25 ± 32.74 Ni2+ – b –
Li+ 111.41 ± 4.40 116.60 ± 4.18 Co2+ – –

Cu2+ 100.32 ± 2.96 122.83 ± 2.43 Mn2+ – –
a The activity of Aa2_1884 was measured in Tris-HCl (50 mM, pH 9.0) at 60 ◦C with bovine bone collagen as the
substrate. The activity (657.37 U/mL) without any metal ion was used as a control (100%). The data represent the
mean ± SD of three experimental repeats. b “–” means that enzyme activity was not detectable.

The S8 family, the second largest family of serine peptidases, contains more than
200 peptidases in the MEROPS database (https://www.ebi.ac.uk/merops/cgi-bin/famsum?
family=S8, accessed on 6 December 2021). In this family, only a small number have
collagenolytic activity, but many have gelatinolytic activity. Different from those with
collagenolytic activity, Aa2_1884 has no activity towards native collagen. On the other
hand, although Aa2_1884 has gelatinolytic activity, it has a distinct domain architecture
and is resistant to PMSF, compared to those with gelatinolytic activity in the S8 family.
Therefore, Aa2_1884 is a new gelatinase of the S8 family. The S8 family includes diverse
peptidases produced by bacteria, archaea, and eukaryotes from various environments,
and most are secreted endopeptidases. Therefore, both the temperature and pH optima
of the S8 peptidases are in a wide range due to the adaptation of the peptidases to their
respective environments [38]. For example, assays of subtilisins from Bacillus species are
typically performed at pH 8.2–8.6 and 25 ◦C [39]. The pH optima of the S8 peptidases from

58



Mar. Drugs 2022, 20, 48

archaea are usually in the range of 7.5–10.7, and their temperature optima are in a wide
range of 55–115 ◦C [40]. The pH optima of the S8 collagenases from bacteria are within
the range of 7.1–9.3, and their temperature optima are usually 50–60 ◦C [24,26,41,42]. The
optimal temperature and pH of Aa2_1884 are 60 ◦C and pH 9.0, which fall in the optimal
temperature and pH ranges of the S8 peptidases.

Figure 5. Effects of protease inhibitors on the activity of Aa2_1884. Aa2_1884 and the control enzyme
alcalase were incubated at 4 °C for 1 h in 50 mM Tris-HCl (pH 9.0) containing 2 mM of each inhibitor,
PMSF, EDTA, EGTA, or o-P. After incubation, the residual activity toward bovine bone collagen was
measured at 60 ◦C, pH 9.0. The activity of Aa2_1884 without any inhibitor was taken as 100%. The
graphs show data from triplicate experiments (mean ± SD).

2.3. Aa2_1884 Shows High Hydrolytic Efficiency on Bovine Bone Collagen

As Aa2_1884 had high activity towards bovine bone collagen at 60 ◦C (Figure 4b), it
may have a potential in preparing collagen bioactive peptides from bovine bone collagen.
Thus, attempts were made to prepare peptides from bovine bone collagen with Aa2_1884
as a tool. To determine the optimal hydrolysis conditions, three enzymatic hydrolysis
parameters were optimized by single factor experiments, including hydrolysis temperature,
hydrolysis time and enzyme-substrate ratio (E/S). On the basis of the residual amount of
collagen, the appropriate hydrolysis temperature and time of Aa2_1884 were determined
to be 55–65 ◦C (Figure 6a) and ≥3 h (Figure 6b), respectively. When the E/S was more
than 400 U/g, no more obvious decrease in the amount of residual collagen was detected
(Figure 6c). Hence, considering the hydrolysis efficiency and economic benefit, the optimal
conditions of Aa2_1884 for the hydrolysis of bovine bone collagen on the laboratory scale
were determined to be reaction at 60 ◦C for 3 h with an E/S ratio of 400 U/g. Under these
hydrolysis conditions, the maximum hydrolytic efficiency of bovine bone collagen reached
95.3 ± 0.3%, indicating that Aa2_1884 is a good enzyme for the hydrolysis of bovine bone
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collagen. We then prepared bovine bone collagen hydrolysate with Aa2_1884 under the
determined hydrolysis conditions.

Figure 6. Effects of temperature, time and E/S on the hydrolysis efficiency of bovine bone collagen:
(a) Effect of hydrolysis temperature determined at the hydrolysis time of 3 h and the hydrolysis E/S
of 400 U/g; (b) Effect of hydrolysis time determined at the hydrolysis temperature of 60 ◦C and the
hydrolysis E/S of 400 U/g; (c) Effect of hydrolysis E/S determined at the hydrolysis temperature of
60 ◦C and the hydrolysis time of 3 h. The graphs show data from triplicate experiments (mean ± SD).

2.4. The Collagen Hydrolysate Prepared with Aa2_1884 Is Rich in Collagen Oligopeptides

To evaluate the quality of the prepared hydrolysate, we analyzed the contents of amino
acids and peptides, amino acid composition, and molecular weight distribution of peptides
in the hydrolysate. According to the ninhydrin method, there were 2.2 ± 0.1% free amino
acids and 97.8 ± 0.1% peptides in the hydrolysate. Analysis of the composition of free amino
acids in the hydrolysate by automatic amino acid analyzer also showed that there was only
a small amount of free amino acids in the hydrolysate (Table 3). Thus, the hydrolysate is
rich in peptides. In the hydrolysate, glycine is the most abundant (17.2%), followed by
proline (10.1%). In addition, there were 1.0% hydroxylysine and 8.2% hydroxyproline in
the peptides in the hydrolysate (Table 3). As hydroxylysine and hydroxyproline are two
unique amino acids in collagen, our results indicated that the hydrolysate is rich in collagen
peptides. The molecular weight distribution of peptides in the hydrolysate was analyzed
by high performance liquid chromatography (HPLC) (Figure 7). The results showed that
peptides with a molecular weight lower than 3000 Da, 1000 Da, and 500 Da accounted for
approximately 71.6 ± 0.2%, 55.1 ± 0.2%, and 39.5 ± 0.2%, respectively (Table 4), indicating
that the hydrolysate is rich in collagen oligopeptides.

Figure 7. Size exclusion chromatography analysis of the molecular weight distribution of peptides in
the hydrolysate. The hydrolysate dissolved in deionized water was analyzed by HPLC with a TSK
gel G2000 SWXL column.
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Table 3. Composition and content of free and total amino acids in the hydrolysate a.

Amino Acid
Total Amino Acids

(g/100 g)
Free Amino Acids

(g/100 g)

Ala 6.87 ± 0.05 0.07 ± 0.02
Arg 7.16 ± 0.06
Asp 3.39 ± 0.03 0.10 ± 0.02
Cit 0.07 ± 0.03
Cys 0.56 ± 0.04 0.12 ± 0.01
Glu 4.04 ± 0.03
Gly 17.21 ± 0.12 0.02 ± 0.01
His 0.67 ± 0.02
Ile 1.54 ± 0.04 0.07 ± 0.01

Leu 2.73 ± 0.06 0.04 ± 0.01
Lys 3.23 ± 0.05
Met 0.75 ± 0.06 0.10 ± 0.01
Orn 0.17 ± 0.01
Phe 1.83 ± 0.11
Pro 10.10 ± 0.08
Ser 3.03 ± 0.03 0.15 ± 0.04
Thr 2.47 ± 0.03

Trp b –
Tyr 0.79 ± 0.10 0.09 ± 0.07
Val 2.10 ± 0.02 0.14 ± 0.01

Hylys 1.04 ± 0.05 0.19 ± 0.05
Hypro 8.18 ± 0.11

a Composition and content of free and total amino acids in the hydrolysate were analyzed by using an amino acid
analyzer. The data represent the mean ± SD of three experimental repeats; b Trp was not detectable because it
was destroyed in the process of acid hydrolysis.

Table 4. Molecular weight distribution of peptides in the hydrolysate a.

Molecular-Weight Range
(Da)

Hydrolysate
(%)

>10,000 9.68 ± 0.13
5000–10,000 6.25 ± 0.02
3000–5000 12.46 ± 0.11
1000–3000 16.49 ± 0.09
500–1000 15.60 ± 0.07

<500 39.50 ± 0.20
a The content of each range of peptides in the hydrolysate were calculated based on the percentage of the
area of corresponding molecular weight range in the total chromatograph area of the hydrolysate in the HPLC
chromatogram.

2.5. Antioxidant Activity of Bovine Bone Collagen Hydrolysate

The antioxidant activity of the hydrolysate was further evaluated by measuring its free
radical scavenging activity towards 1,1-diphenyl-2-picryl-hydrazyl radical (DPPH•) with
hyaluronic acid (HA) as a control. The scavenging ratio of the hydrolysate to DPPH• in-
creased with the hydrolysate concentration, which reached 32.8 ± 1.1% at the concentration
of 10 mg/mL (Figure 8). In addition, as shown in Figure 8, the DPPH• scavenging ratio of
the hydrolysate was obviously higher than that of HA, especially at high concentrations. A
comparison of the DPPH• scavenging ratio of the hydrolysate with those of some reported
collagen hydrolysates are shown in Table 5. The differences in the DPPH• scavenging ratios
among the hydrolysates are likely attributed to the differences in the collagen sources, the
preparation methods, and the enzymes used.
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Figure 8. Antioxidant activity towards DPPH• of the hydrolysate and hyaluronic acid (HA).

Table 5. Antioxidant activity towards DPPH• of collagen hydrolysates prepared from different
collagen sources by different methods.

Antioxidant Activity
Hydrolysate Concentration

(mg/mL)
Enzyme Method Collagen Source Reference

32.8% a 10 Aa2_1884 (S8) Enzymolysis Bovine bone This study
40.7% a 30 A69 (M4) Enzymolysis Bovine bone [43]

341.91% a 10 MCP-01 (S8) Enzymolysis Fish skin [7]
50% a 8.38 SWH b Fish bone [44]
50% a 7.58 SWH Fish skin [44]
50% a 5.81 Pepsin Enzymolysis Fish skin [45]

50% a 1.57 Pepsin Enzymolysis and
fraction isolation Fish skin [46]

a DPPH• scavenging ratio, b SWH, subcritical water hydrolysis.

As oligopeptides from various proteins have been demonstrated as beneficial com-
pounds for skin protection or against diseases such as hypertension, hypercholesterolemia,
and atherosclerosis, oligopeptides have been widely prepared from a variety of proteins,
including proteins from various plant fruits and seeds, and proteins from skins and meats of
various marine and terrestrial animals [4,47,48]. Protein hydrolysates containing oligopep-
tides have been prepared with both commercial and non-commercial proteases. For ex-
ample, a loach protein hydrolysate prepared with papain contained approximately 30%
oligopeptides with a molecular weight lower than 500 Da, and exhibited good hydroxyl
radical scavenging and antioxidant activities [49]. A salmon skin hydrolysate prepared
with alcalase and papain contained approximately 90% oligopeptides with a molecular
weight lower than 1000 Da, and showed the ACE inhibitory effect from different frac-
tions collected by reversed-phase HPLC [19]. A 1301 Da peptide from the cod fish skin
hydrolysate prepared with pepsin, trypsin, and α-chymotrypsin exhibited potent ACE
inhibitory and antioxidant activities [20]. A shrimp hydrolysate prepared with the crude
enzyme from Bacillus sp. SM98011 contained approximately 41% oligopeptides with
molecular mass lower than 3000 Da, and exhibited good hydroxyl radical scavenger and
antioxidant activities [50]. A codfish skin hydrolysate prepared with the collagenolytic
protease MCP-01 from Pseudoalteromonas sp. SM9913 contained 60% oligopeptides with
a molecular weight lower than 1000 Da, and exhibited good hydroxyl radical scaveng-
ing activity and promoted an effect on cell viability of human dermal fibroblasts [7]. A
bovine bone collagen hydrolysate prepared with the thermolysin-like protease A69 from
Anoxybacillus caldiproteolyticus 1A02591 contained 21.1% oligopeptides with a molecular

62



Mar. Drugs 2022, 20, 48

weight lower than 1000 Da, and exhibited good moisture-retention ability and antioxidant
activity [43]. The hydrolysate prepared from Bigeye tuna skin collagen contained peptides
with molecular weights of 300–425 Da and had DPPH• scavenging activity [51]. It has been
demonstrated that di-/tripeptides can be absorbed in their intact forms in human intestine
without further hydrolysis [5]. Thus, protein hydrolysates containing more oligo-peptides
with a molecular weight of <1000 Da or even <500 Da are preferred in cosmetics, functional
food, and nutraceuticals [52].

Collagen used in collagen oligopeptides preparation have been extracted from the
bones and skins of various animals, such as fish skins and bones [7,44,53], and goat skin [54].
Bovine bone is a by-product of beef processing industry and its annual production is huge
due to the large number of global slaughtered cattle. Bovine bone is rich in collagen and
therefore, is a cheap and good source for collagen preparation. However, bovine bone
collagen has rarely been used in collagen oligopeptide preparation to our knowledge.
In this study, we used Aa2_1884 to prepare collagen oligopeptides from bovine bone
collagen. Aa2_1884 showed a high hydrolysis efficiency (95%) on bovine bone collagen
and the resultant hydrolysate contained a high proportion of collagen oligopeptides, 55.1%
peptides with a molecular weight lower than 1000 Da, and 39.5% peptides with a molecular
weight lower than 500 Da. These data suggest that Aa2_1884 has a promising potential in
preparing collagen oligopeptides from bovine bone collagen, which may provide a feasible
way for the high-value utilization of bovine bone collagen.

3. Materials and Methods

3.1. Materials

Bovine tendon collagen was purchased from Worthington (Lakewood, NJ, USA), and
bovine bone collagen from Kinry Biotech Co., Ltd. (Jinan, China). Casein (from bovine milk),
gelatin (from cold water fish skin), elastin-orcein, EGTA, o-P, aprotinin, and cytochrome C
were purchased from Sigma (St. Louis, MO, USA). Alcalase was purchased from Vazyme
Biotech Co., Ltd. (Nanjing, China). PMSF was purchased from BBI (Shanghai, China).
EDTA was purchased from HUSHI (Shanghai, China). Bacitracin was purchased from
Aladdin (Shanghai, China). Tripeptide GGG and tetrapeptide GGYR were synthesized by
Qiangyao Biotechnology Co., Ltd. (Shanghai, China). DPPH• was purchased from Tokyo
Chemical Industry (Tokyo, Japan). HA was purchased from Shandong Freda Bioeng Co.,
Ltd. (Jinan, China). Other chemicals were of analytical grade and commercially available.

3.2. Sequence Analysis

The domains of Aa2_1884 (WP_199608745) from Flocculibacter collagenilyticus SM1988
(CP05988) and of the other proteases shown in Figure 1 were predicted by InterPro (https:
//www.ebi.ac.uk/interpro/; 6 December 2021) [55]. The signal peptide of Aa2_1884
was predicted by the SignalP 5.0 server (https://services.healthtech.dtu.dk/service.php?
SignalP-5.0; 6 December 2021) [56]. For sequence alignment, previously reported MCP-01
(ABD14413) from Pseudoalteromonas sp. SM9913, the collagenolytic protease (BAF30978)
from Geobacillus sp. MO-1, myroicolsin (AEC33275) from Myroides profundi D25, and
P57 (KT923662) from Photobacterium sp. A5-7 were selected to align with Aa2_1884 by
ClustalW with bootstrap of 1000 [57]. The sequence alignment was displayed using ESPript
3.0 [58]. The conserved sites were predicted by MEME (https://meme-suite.org/meme/; 6
December 2021) [59]. The phylogenetic tree was constructed via MEGA X [60].

3.3. Protein Expression and Purification

The genome DNA of strain SM1988 was extracted with bacterial genomic DNA isola-
tion kit (BioTeke, Beijing, China) according to the manufacturer’s instructions. The gene
sequence of Aa2_1884 was amplified by PCR using the genome DNA of strain SM1988 with
primers 1884-F (5′-AAGAAGGAGATATACATATGATGAAAATAGAACATAGT-3′) and
1884-R (5′-TGGTGGTGGTGGTGCTCGAGTTTATTGTCACACGTGGTT-3′). The primers
were synthesized by Tsingke Biotechnology Co., Ltd. (Qingdao, China). The PCR product
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was then cloned into vector pET-22b (+) (Vazyme) with a C-terminal His tag. The con-
structed plasmid carrying the gene sequence of Aa2_1884 was verified by sequencing and
then transformed into Fe2 BL21 (DE3). Recombinant E. coli cells were cultured in Lysogeny
broth (LB) medium with 100 μg/mL ampicillin at 37 ◦C, 180 rpm to an OD600 of 0.8–1.0.
Then, 0.2 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) was added, and the cells were
further incubated at 15 ◦C, 120 rpm for 5 days [26]. After incubation, cells were lysed by a
high-pressure cracker and centrifuged at 4656× g, 4 ◦C for 1 h, and the supernatant was
collected. The recombinant Aa2_1884 protein was extracted from the supernatant by an His
binding Ni chelating column, and then purified on a Sephadex G200 gel filtration column
(GE, Boston, MA, USA) using fast protein liquid chromatography (FPLC) on AKTA purifier
(GE, Boston, MA, USA) [61]. The purified Aa2_1884 was analyzed by 12.5% SDS-PAGE.
Protein concentration was determined by a BCA protein assay kit (Thermo, Waltham, MA,
USA) with bovine serum albumin (BSA) as the standard according to the manufacturer’s
instructions.

3.4. Enzyme Assay

The activities of Aa2_1884 toward bovine bone collagen, bovine tendon collagen, and
gelatin at 60 ◦C were measured by the method provided by Worthington Biochemical Co.
(Lakewood, NJ, USA) [26]. For collagen, a mixture of 5 mg substrate and 1 mL enzyme
solution was incubated at 60 ◦C in Tris-HCl buffer for 0.5 h with continuous stirring. For
gelatin, 100 μL enzyme solution was incubated with 100 μL of 2% (w/v) gelatin at 60 ◦C for
10 min. The reaction was stopped by the addition of 10 μL of 1.25 M trichloroacetic acid.
The released amino acids were quantified using the colorimetric ninhydrin method [62]
with L-leucine as the standard. One unit of enzyme activity was defined as the amount
of enzyme that released 1 nmol of L-leucine per hour from collagen or gelatin [26]. The
caseinolytic activity was determined at 60 ◦C using the method described by He et al. [63].
A reaction mixture containing 100 μL enzyme solution and 100 μL of 2% (w/v) casein
was incubated at 60 ◦C for 10 min, and then the reaction was terminated by 200 μL
trichloroacetic acid (0.4 M). The mixture was centrifuged at 17,935× g for 10 min, and
100 μL of the supernatant was incubated with 500 μL of sodium carbonate solution (0.4 M)
and 100 μL of the Folin-phenol reagent at 40 ◦C for 20 min. After the reaction, the OD660
of the mixture was measured. One unit of enzyme activity was defined as the amount
of enzyme that liberated 1 mg tyrosine per minute [63]. The elastolytic activity at 60 ◦C
was determined using the method described by Chen [64]. A mixture of 250 μL enzyme
solution and 5 mg elastin-orcein was incubated at 60 ◦C for 1 h. After the reaction, the
residual elastin-orcein was removed by centrifugation. The OD590 of the supernatant was
recorded. One unit of enzyme activity was defined as the amount of enzyme that caused
an increase of 0.01 in OD590 per minute [64].

3.5. Enzyme Characterization

The optimal temperature was determined by measuring the activity of Aa2_1884
toward bovine bone collagen in Tris-HCl buffer (50 mM, pH 9.0) at 40, 50, 60, 70, and 80 ◦C.
The optimal pH was determined by measuring the activity of Aa2_1884 toward bovine
bone collagen at 60 ◦C in 40 mM Britton–Robinson buffers from pH 7.0 to pH 11.0. The
effect of NaCl concentration on the activity of Aa2_1884 was determined by measuring
the activity of Aa2_1884 toward bovine bone collagen in Tris-HCl buffer (50 mM, pH 9.0)
containing NaCl of different concentrations (0–4 M) at 60 ◦C. To evaluate the effect of metal
ions (Li+, K+, Ca2+, Mg2+, Cu2+, Ni2+, Mn2+, Ba2+, Fe2+, Zn2+, Co2+, Sn2+, Sr2+) on the
enzymatic activity, Aa2_1884 was incubated in Tris-HCl buffer (50 mM, pH 9.0) containing
each metal ion (2 mM or 4 mM) at 4 ◦C for 1 h, and the enzymatic activity toward bovine
bone collagen was then measured at 60 ◦C. For the inhibitory experiment, Aa2_1884 and
alcalase were incubated at 4 ◦C for 1 h with 2 mM of an inhibitor, PMSF, EDTA, EGTA, or
o-P. After incubation, the residue activity toward bovine bone collagen was measured at
60 ◦C and pH 9.0.
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3.6. Optimization of the Enzymatic Hydrolysis Parameters

Three parameters, hydrolysis temperature, hydrolysis time, and E/S, which influence
the efficiency of the enzymatic hydrolysis, were optimized via single-factor experiments,
in which enzymatic hydrolysis of 10 mg bovine bone collagen in 1 mL 50 mM Tris-HCl
(pH 9.0) was performed at 180 rpm in a shaking bath. Each parameter was determined
under the optimum conditions of the other two parameters. To determine the hydrolysis
temperature, the enzymatic hydrolysis was performed at different hydrolysis temperature
(40, 45, 50, 55, 60, 65, 70 ◦C). To determine the hydrolysis time, the enzymatic hydrolysis
was performed for different time (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5 h). To determine the E/S,
the enzymatic hydrolysis was performed with different E/S (0, 4, 8, 40, 80, 160, 400, 600,
800 U/g collagen). After the hydrolysis, the reaction system was heated at 90 ◦C for 15 min
to terminate the reaction, and then centrifuged at 4 ◦C for 20 min. The precipitate was
freeze-dried and weighted, which was taken as the residual amount of collagen.

3.7. Preparation and Evaluation of Collagen Hydrolysate

To prepare peptides from bovine bone collagen, 10 mg bovine bone collagen was
hydrolyzed under the determined parameters (at 60 ◦C for 3 h with an E/S ratio of 400 U/g).
After hydrolysis, the reaction system was heated at 90 ◦C for 15 min and then centrifuged
at 4 ◦C for 20 min. The supernatant was collected, freeze-dried, and weighted, which was
the prepared hydrolysate.

Ten milligrams of the hydrolysate were dissolved in 1 mL deionized water. With
L-leucine as the standard, the content of free amino acids in the hydrolysate solution was
determined by the ninhydrin method [62]. The content of peptides in the hydrolysate was
calculated by subtracting the content of free amino acids from that of the hydrolysate in
the solution [43]. The compositions of free and total amino acids of the hydrolysate were
analyzed by using an amino acid analyzer HITACHI 835 (Tokyo, Japan). The molecular
mass distribution of peptides in the hydrolysates were analyzed by the method described
by [7]. Briefly, the hydrolysate was dissolved with deionized water, and then analyzed
by HPLC (LC-20AD, SHIMADZU, Tokyo, Japan) equipped with a TSK gel G2000 SWXL
column (300 × 7.8 mm; range, <150,000 Da; void volume, 5.7 mL; Tosoh, Japan) that was
eluted with the buffer containing 45% acetonitrile and 1% trifluoroacetic acid in deionized
water at a flow rate of 0.5 mL/min HPLC under 220 nm monitoring. The calibration
standards for molecular mass were tripeptide Gly-Gly-Gly (GGG, Mr 189), tetrapeptide
Gly-Gly-Tyr-Arg (GGYR, Mr 451), bacitracin (Mr 1422), aprotinin (Mr 6511), and cytochrome
C (Mr 12400). Based on the calibration standards, the chromatogram of the hydrolysate
was separated into several fractions (<500 Da, 500–1000 Da, 1000–3000 Da, 3000–5000 Da,
5000–10,000 Da, and >10,000 Da), and the content of each fraction was determined by its
relative peak area.

3.8. Analysis of the Antioxidant Activity of the Collagen Hydrolysate

The antioxidant activity of the prepared hydrolysate was analyzed by measuring its
free radical scavenging activity towards 1,1-diphenyl-2-picryl-hydrazyl radical (DPPH•)
according to the method described by Sun [65]. HA was used as a positive control due to
its widespread application in scavenging free radical. To determine the DPPH• scavenging
activity, 1 mL hydrolysate samples in incremental concentrations (0.1, 0.25, 0.5, 1, 2, 3, 5,
7.5, 10 mg/mL) were reacted with 2 mL of 100 μM DPPH• (dissolved in ethanol solution)
for 40 min at room temperature (25 ◦C) in dark, and then the absorbance of the reaction
solution was detected at 525 nm. DPPH solution was replaced with ethanol solution to
obtain the result of background of sample, and the hydrolysate sample was replaced with
water to obtain the result of blank control.

The free radical scavenging activity (D) was calculated as follows:

D(%) =
[
1 − (

Ai − Aj
)
/A0

] ∗ 100 (1)
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where Ai was the absorbance of the sample, Aj was the background absorbance of the
sample, and A0 was the absorbance of the blank control.

4. Conclusions

As only a few peptidases of the S8 family so far have been applied in the preparation
of bioactive oligopeptides, there is still a need to develop more S8 serine peptidases with
potentials in bioactive oligopeptide preparation. In this study, the peptidase Aa2_1884
from marine bacterium Flocculibacter collagenilyticus SM1988T was demonstrated to be a
novel multimodular gelatinase of the S8 family, which has high activity towards gelatin and
denatured collagens. Moreover, under the optimized enzymolysis conditions, Aa2_1884
has a high hydrolysis efficiency (95%) on bovine bone collagen. The prepared hydrolysate is
rich in collagen oligopeptides and has antioxidant activity. The results in this study suggest
that Aa2_1884 has a promising potential application in preparing collagen oligopeptides
from bovine bone collagen. The collagen hydrolysate prepared with Aa2_1884 may have
good bioactivities due to its high oligopeptide content as well as good antioxidant activity,
which awaits further investigation.
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Abstract: The successful integration of transplanted three-dimensional tissue engineering (TE) con-
structs depends greatly on their rapid vascularization. Therefore, it is essential to address this
vascularization issue in the initial design of constructs for perfused tissues. Two of the most impor-
tant variables in this regard are scaffold composition and cell sourcing. Collagens with marine origins
overcome some issues associated with mammal-derived collagen while maintaining their advantages
in terms of biocompatibility. Concurrently, the freshly isolated stromal vascular fraction (SVF) of
adipose tissue has been proposed as an advantageous cell fraction for vascularization purposes
due to its highly angiogenic properties, allowing extrinsic angiogenic growth factor-free vascular-
ization strategies for TE applications. In this study, we aimed at understanding whether marine
collagen 3D matrices could support cryopreserved human SVF in maintaining intrinsic angiogenic
properties observed for fresh SVF. For this, cryopreserved human SVF was seeded on blue shark
collagen sponges and cultured up to 7 days in a basal medium. The secretome profile of several
angiogenesis-related factors was studied throughout culture times and correlated with the expression
pattern of CD31 and CD146, which showed the formation of a prevascular network. Upon in ovo
implantation, increased vessel recruitment was observed in prevascularized sponges when compared
with sponges without SVF cells. Immunohistochemistry for CD31 demonstrated the improved inte-
gration of prevascularized sponges within chick chorioalantoic membrane (CAM) tissues, while in
situ hybridization showed human cells lining blood vessels. These results demonstrate the potential
of using cryopreserved SVF combined with marine collagen as a streamlined approach to improve
the vascularization of TE constructs.

Keywords: stromal vascular fraction; vascularization; blue shark skin collagen; 3D constructs

1. Introduction

Vascularization is a critical aspect of every tissue engineering (TE) approach for thick
perfused tissues. A comprehensive network of capillaries is necessary to ensure, upon
anastomosis with the host’s circulation, the proper delivery of nutrients and oxygen to all
cells of the engineered tissue, avoiding necrotic events and promoting integration with the
surrounding tissue. TE approaches for thick tissues not specifically addressing vascular-
ization rely, in an initial phase after implantation, on passive diffusion, which is limited to
~150 μm [1]. Although the hypoxic environment created by the lack of oxygen potentiates
the host vessel’s invasion towards the implanted construct, the rate of spontaneous vascular
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ingrowth is slow [2] and does not satisfy the metabolic needs of cells, leading to necrosis
at the bulk of the graft. As a result, the successful use of TE constructs in the clinic is
mainly limited to thin engineered constructs in which this rate of neovascularization from
the host combined with diffusion is sufficient [3,4]. Therefore, most current strategies for
engineering thick 3D constructs encompass a prevascularization step. Prevascularization
uses endothelial cells (ECs) to form capillary-like networks before implantation, which will
ideally anastomose with the circulation of the host tissue after implantation [5]. ECs are
seeded alone or in combination with other supportive cell types and most frequently require
supplementation with angiogenic growth factors [6,7]. However, the sourcing of ECs is an
issue since macrovascular cells such as HUVECs are often used but are arguably not the
most suited for capillary network formation [8]. Moreover, supplementation with extrinsic
angiogenic growth factors fails to reproduce the growth factor kinetics involved in native
vasculogenesis, which often leads to the formation of a non-mature network [9]. In this
context, adipose tissue’s stromal vascular fraction (SVF) may be extremely important due
to its intrinsic angiogenic potential [10]. This fraction can be isolated after the enzymatic
digestion of adipose tissue obtained from liposuction or abdominoplasties, which other-
wise would be discarded. Several cell populations encompass the SVF, namely endothelial
and hematopoietic cells, mesenchymal and endothelial progenitors, pericytes, fibroblasts,
and preadipocytes [10–12]. As previously reported, the pericytes and endothelial progeni-
tors present in this fraction have the potential to spontaneously assemble in capillary-like
networks in vitro without the need for angiogenic growth factor supplementation, both
in 2D [13] and 3D settings [14]. However, freshly isolated SVF is usually used for this
purpose, which may be disadvantageous for widespread clinical applications. The use of
preserved SVF is therefore underexplored and warrants further investigation. Another
important factor for the vascularization of 3D TE constructs is the biomaterial used. The use
of natural origin polymers with intrinsic biocompatible properties has revealed a promis-
ing approach [15]. [15] Of these polymers, collagen is the most broadly used, as it is the
major structural component of the native extracellular matrix (ECM) in living tissues and
provides several cues for directing cellular behavior. Among the latter, adhesive motifs
are included, which are powerful regulators of cell responses, such as cell spreading or
stem cell differentiation [16]. Although collagen from mammalian sources is mostly used to
produce TE constructs [17–21], regulatory and religious issues [22] have boosted the search
for other collagen sources. Marine collagen is one such source. This type of collagen can
be isolated from a number of marine species. In particular, the skin and bones of fish, sea
urchin waste, jellyfish, and starfish have high collagen contents [15] with similar properties
to mammalian collagen type I [23]. Due to by-catch, the blue shark is one of the most caught
shark species [24], and its by-products are highly available and, thus, desirable for collagen
extraction [25,26]. We have previously developed blue shark skin collagen sponges with
interconnected micro-porous structures that promote not only human adipose stem cells
adhesion but also ECM production and cell proliferation and infiltration within scaffolds,
indicating a great potential for vascularization purposes [27].

Considering all of the above, blue shark collagen sponges were used as 3D matrices to
explore the capacity of cryopreserved SVF to spontaneously yield a prevascular network
in vitro in the absence of extrinsic angiogenic growth factors. This was achieved by assess-
ing the spontaneous formation of capillary-like structures in vitro and by evaluating vessel
recruitment, constructing the integration of the prevascular network with the host tissue
after in ovo implantation using a chick chorioalantoic membrane (CAM) model.

2. Results

2.1. Generation of Prevascularized Collagen Sponges in an Extrinsic Angiogenic Growth Factor
Free Manner

We investigated the potential of cryopreserved SVF to create a prevascular network,
in the absence of extrinsic angiogenic growth factors, after seeding in a blue shark collagen
sponge (Figure 1A). Highly interconnected microporous sponges were produced by resort-
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ing to a cryogelation method, as previously described [27] (Figure 1B). SVF was isolated
from human adipose subcutaneous tissue and cryopreserved in 10% DMSO in FBS for
at least 7 days. SVF was then thawed and seeded on collagen sponges and cultured for
7 days without angiogenic growth factor supplementation, as previously described for fresh
SVF [13] (Figure 1A). After that period, the expression pattern of endothelial marker CD31
and pericytes CD146 revealed the presence of endothelial cells together with pericytes
organized in a complex and interconnected capillary-like network, confirming that SVF
maintained its capacity to create a prevascular network without angiogenic growth factor
supplementation even after cryopreservation (Figure 1C).

Figure 1. Generation of pre-vascularized collagen sponges. (A) In vitro experimental design. (B) Rep-
resentative macroscopic images of shark skin collagen sponge’s macroporosity after freeze drying.
Scale bar: 1000 μm. (C) Representative immunocytochemistry images of the network-like organiza-
tion of SVF-derived CD31-expressing cells (white) interconnected with pericytes CD146-expressing
cells (green), within collagen sponges after 7 days of culture in the absence of extrinsic angiogenic
growth factors. Cell nuclei were counterstained with DAPI (blue). Scale bar: 75 μm (top) and
25 μm (bottom). (D) Angiogenic secretome profile of SVF cells seeded in collagen sponges at dif-
ferent culture periods. Conditioned media were collected at days 5 and 7 for dot blot analysis of
angiogenesis-related factors. Protein expression profiles were measured using mean intensity and
normalized to the reference spots. Data are presented as mean ± std dev and were analyzed using a
paired t-test (* p < 0.0332, ** p < 0.0021, *** p < 0.0002, and **** p <0.0001).
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2.2. Profiling of Angiogenesis-Related Proteins in Prevascularized Collagen Sponges Secretome

Given the confirmation of prevascular network formation, we sought to understand
if and how the secretome profile changed throughout the culture time. To achieve this, a
multiplex analysis of secretome targeting angiogenesis-related proteins was performed on
secretome samples collected after 5 and 7 days of culture (Figure 1D). The selection of these
timepoints was based on previous studies from our lab [13]. The secretion of important
angiogenic modulators such as VEGF and MMP-9 remained unchanged from one time
point to the other. However, an increase in the secretion of several factors specifically
involved in ECM remodeling (uPA, PAI-1, and TIMP-1) was verified from day 5 to 7, while
macrophage-related factors decreased over culture time (IL-8, MCP-1). Interestingly, no
expression of angiogenic proteins other than the ones detected for the first timepoint was
found for the later timepoint.

2.3. In Ovo Evaluation of Angiogenic Potential

Upon the in vitro confirmation of prevascular network formations, the in ovo angio-
genic potential of the prevascularized collagen sponge was assessed by using a chick CAM
assay (Figure 2A). After prevascularization, collagen sponges were implanted into the
CAM of chicken eggs. A control group consisting of sponges without seeded cells was
also implanted. For the evaluation and quantification of angiogenesis, the area around
the implantation site was fixed, photographed, and finally excised and paraffin embed-
ded. Results demonstrate host vessel recruitment in both the prevascularized and control
sponges (Figure 2B). However, vessel quantification demonstrated a significantly higher
number of recruited vessels for prevascularized sponges when comparing with sponges
without SVF cells (Figure 2C), strongly suggesting a beneficial role of prevascularization
with SVF in post-implantation vascularization. Concurrently, histological analysis after
H&E staining clearly presented a higher CAM tissue ingrowth towards the bulk of prevas-
cularized sponges in contrast with the control group with empty sponges where host tissue
was very much limited to the outside of the sponge’s structure (Figure 2D). Importantly,
no significant immune reaction was visible for both groups. Together with the higher
number of recruited vessels, these results strongly suggest a positive effect of prevascu-
larization with SVF upon the integration of implanted collagen sponges with the CAM
tissue. In situ hybridization results show that human origin cells from the SVF persist
in the CAM tissue after 4 days of implantation (Figure 3A) and, importantly, incorporate
new vessels, suggesting a net contribution to the higher vessel density determined above.
The contribution of implanted SVF cells to neo-vessel formation was further confirmed
after immunohistochemistry for human CD31, which clearly demonstrates CD31-positive
cells lining blood vessel walls in the interface between CAM tissues and collagen sponges
(Figure 3B).
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Figure 2. In ovo angiogenic potential upon implantation in Chick Chorioallantoic Membrane (CAM).
(A) In vivo experimental design. (B) Representative micrographs of recruited vessels after 4 days
of implantation of collagen sponges with and without SVF. Scale bar: 2000 μm. (C) Quantification
of recruited vessels after 4 days of implantation of collagen sponge with and without SVF. Data are
presented as violin plot illustrating the kernel density distribution frequency of recruited vessels and
analyzed using an unpaired t-test (** p < 0.0021). (D) Representative micrographs of hematoxylin and
eosin staining in collagen sponges with and without SVF. Scale bar: 500 μm (left) and 50 μm (right).
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Figure 3. In ovo angiogenic potential upon implantation in Chick Chorioallantoic Membrane (CAM).
(A) Representative images of the in situ hybridization performed with a DNA probe that stains human
cellular nuclei (blue, arrows) in contrast with chicken nuclei (pink). The implanted cells infiltrated the
host tissue and vasculature as highlighted by black arrows. Chicken erythrocytes identified by orange
arrows. Scale bars: 200 μm (left) and 50 μm (right). (B) Representative immunohistochemistry
images of the collagen sponge after 4 days of implantation showing human CD31-positive cells
(brown). Human CD31 expression patterns demonstrated the integration of the pre-vascular network
in the CAM, as highlighted by black arrows. Chicken erythrocytes identified by orange arrows. Scale
bars: 500 μm (left) and 20 μm (right) and 50 μm (inset right).
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3. Discussion

The fast and efficient establishment of blood perfusion in engineered constructs after
transplantation represents one of the major challenges for the incorporation of TE products
into the clinical practice. Some early vascularization approaches focused on vascular
ingrowth stimulation in tissue constructs by optimizing scaffolds’ material properties [28]
or by incorporating growth factor delivery systems [29,30]. Both strategies proved to
be inefficient, however, since vascular ingrowth is a slow process [2]. To overcome this,
TERM strategies started to incorporate the in vitro creation of a prevascular network. ECs
are seeded in scaffolds and supplemented with angiogenic growth factors that induce a
vasculogenic-like process, ultimately forming a prevascular network [31]. However, the
native vasculogenic process requires different growth factors produced by different cell
types that interact with target receptors in a coordinated manner to ultimately yield a
mature vascular network [9]. This is why early prevascularization strategies using only
ECs, typically HUVECs, were often found to yield non-mature prevascular that is prone to
regression after some period of time [32]. However, to recapitulate, the in vitro complexity
of native vasculogenesis is a formidable challenge, both technically and in terms of costs
due to the diverse cell types and different culture media and growth factors required. These
facts urge the development of a streamlined and more cost-effective strategy to promote
the vascularization of constructs.

In recent years, the SVF of adipose tissue became a focus of attention mainly due to its
intrinsic angiogenic potential. However, studies demonstrating the angiogenic potential of
SVF commonly use freshly isolated samples, which may limit its clinical applicability to
specialized centers. The development of cell-banking strategies for SVF while maintaining
its angiogenic potential would boost its clinical potential. The development of cell-banking
strategies for SVF while maintaining its angiogenic potential would boost its clinical
potential. Some studies describe the use of cryopreserved SVF for the production of
vascularized adipose tissue, showing its ability to create capillary-like structures after
preservation [33]. However, such studies use supplementation with angiogenic growth
factors to induce capillary-like structure formation, which introduces a significant degree of
complexity to the system. A previous study from our laboratory has shown that fresh SVF
can spontaneously produce capillary-like structures as early as 5 days of culture, without
the addition of angiogenic growth factors, representing a cost reduction and a more organic
vasculogenic process since it is orchestrated by the cells themselves [13]. In this sense,
we explored if cryopreserved SVF, in the absence of extrinsic angiogenic growth factors,
retained this ability to spontaneously create a prevascular network in 3D conditions. SVF
consists of a heterogeneous population of cells with an intrinsic capacity to secrete several
angiogenic-associated growth factors, creating the perfect angiogenic microenvironment
capable of promoting the formation of in vitro capillary-like networks in the absence of
extrinsic angiogenic growth factors [13].

Vasculogenesis and angiogenesis are complex processes involving the coordinated
action of several families of growth factors such as the vascular endothelial growth fac-
tor (VEGF), platelet-derived growth factor (PDGF), tissue inhibitor of metalloproteinases
(TIMP), fibroblast growth factor (FGF), angiopoietin (ANG), interleukins (ILs), and matrix
metalloproteinases (MMPs). All these players contribute not only ro capillary formation
but, critically, to their stabilization and maturation [13]. In the 3D SVF cultures reported
herein, we verified the protein expression of several angiogenic modulators over the culture
time. Factors involved in ECM remodeling, namely urokinase (uPA), plasminogen activator
inhibitor (PAI-1), and TIMP-1, increased from day 5 to day 7. Plasminogen activators
such as (uPA) are key mediators of the ECM degradation process by converting inac-
tive plasminogen to active plasmin, and it is in turn capable of degrading specific matrix
constituents and of activating matrix-degrading metalloproteases such as MMP-9 [34]. Con-
currently, it has been demonstrated that the increased production of uPA by microvascular
ECs in response to angiogenic stimuli is accompanied by an increase in the production of
the PAI-1 [35], which is in line with what we observed. This is most likely related with
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the need of a proteolytic balance that allows ECM degradation for cell migration but in
a controlled fashion to keep the three-dimensional matrix intact, into which ECs form
capillary-like networks [36]. The secretion of MMPs inhibitors is also influenced by this
synergistic effect. Increased TIMP-1 expression is important for vessel stabilization by
limiting matrix degradation and allowing matrix depositions that could explain its increase
over culture times [37]. The decrease in IL-8 and MCP-1 expression also suggests that
the angiogenic process is more directed to capillaries stabilization and maturation. In
an initial phase of angiogenesis, MCP-1 recruits macrophages [38] that in turn secrete a
variety of angiogenic-related factors such as thrombospondin-1 and IL-8 [39]. The latter is
in fact essential for EC proliferation and migration [40,41], allowing capillary formation and
elongation. The role of MCP-1 in angiogenesis promotion is not exclusively for macrophage
recruitment. It up-regulates VEGF expression [42], increases vascular permeability [43],
and is involved in pericytes recruitment [44]. The incorporation of pericytes initiates the
stabilization and maturation of new vessels [45]. They are capable of modulating the ECM
remodeling capacity of ECs by inducing the upregulation of PAI-1 in ECs and, in this way,
limiting its migration and branching [46]. We verified the presence and incorporation of
pericytes in the pre-vascular nerwork after 7 days, together with an increase over culture
time of the levels of thrombospondin-1 and a decrease in levels of IL-8 and MCP-1 and
stagnation in VEGF release. This strongly suggests a move towards the stage of capillary
stabilization and maturation. This is further reinforced by decreased levels of ANG-2,
involved in angiogenesis initiation [47]. The synergy between all cells present in the SVF
and the secretion of all of these factors ultimately led to the formation of a prevascular
network, as demonstrated by CD31’s expression pattern, and it is anchored by perivascular
cells identified by the expression of CD146 and the lack of expression of CD31. Although
the present study did not directly compare the angiogenic capacity of cryo-preserved and
fresh SVF, our results are in agreement with what was reported by Costa et al. for fresh SVF.
That study showed the spontaneous formation of a network of capillaries, with increased
secretions of several angiogenic modulators from 5 to 8 days of culture. All of this, of course,
occurred in the absence of extrinsic angiogenic factors [13]. Collagen scaffolds also provided
structural and mechanical support and permitted significant capillary formation within
its structure in vitro. The ability of collagen, as a three-dimensional matrix, to support
the adherence and proliferation of endothelial cells in vitro has been observed for several
years [48]. While mammalian collagen is the standard, new collagen sources have emerged.
The skin and bones of several marine organisms are abundant in collagen, presenting very
similar characteristics to that of mammalian origin. Blue shark skin collagen demonstrated
a comparable chondrogenic differentiation of human adipose stem cells compared to the
commercial alternative comprising bovine collagen [27]. In the case of a direct comparison
between collagen from marine tilapia skin and bovine skin collagen, both showed a similar
performance in a wound-healing scenario, allowing fibroblasts infiltration, vascularization,
reduced inflammation, and collagen deposition [49]. In fact, the existing differences are
only noticeable in proline and hydroxyproline contents [27]. The lower content of this
amino acids in comparison with mammalian collagen, affects the denaturation temperature
and, consequently, its thermal stability, resulting in a faster degradation of scaffolds [50].
Despite presenting a faster degradation rate due to its lower denaturation temperature,
the use of crosslinkers allowed the stabilization of sponges. The large pores created (aver-
aging 250–300 μm) [27] with highly interconnective microporosities positively influenced
endothelial cell migration, rearrangement, and vessel density. Microporosity is considered
critical for the new vessel’s size and number [51,52]. High pore interconnectivity results in
significantly higher blood vessel density in vitro and increased blood vessel density and
average invasion depth after implantation [53]. These architectural features present in the
sponges used in this study allowed for the cell migration, proliferation, and organization of
vascular networks, validating marine-derived collagen as a suitable raw material for TE of
vascularized tissues. This alternative source of collagen for TE products not only surpasses
disease-transmission concerns, such as bovine spongiform encephalopathy (BSE) [22], but
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also religious constraints, making it suitable for broader applications. Furthermore, new
applications of marine by-products are of extreme importance, especially those that are en-
vironmentally friendly [54]. Its isolation represents low costs, creating value from products
that are considered wasteful for the fish transformation industry.

To assess the in ovo functionality of the created prevascular network, a CAM assay
was performed. The membrane of chick embryo provides a non-innervated and rapidly
growing vascular bed, which can serve as a blood supply for engineered tissues and,
therefore, be a useful model for testing prevascularization strategies [55]. In particular,
its use has been reported in approaches ranging from cell sheets [56] to spheroids [57].
Herein, prevascularized collagen sponges were implanted onto the CAM and collected
after 4 days. Empty sponges were implanted as controls. Both prevascularized and empty
sponges were able to recruit blood vessels from the host in the implant region. Nonetheless,
this effect was significantly improved for prevascularized constructs, suggesting that the
presence of SVF can accelerate graft’s vascularization in ovo. Furthermore, the rapid
infiltration of the implanted construct by host cells, without visible inflammatory response,
revealed a superior integration with CAM when SVF cells were present. It is known that
the cell complexity present in SVF can have an effect on neovascularization in ischemic
tissues [58,59]. By injecting SVF in a hind limb ischemic mouse model, previous studies
demonstrated that SVF cells not only improved blood flow [58,59] but were also able to
integrate blood vessel linings [58]. It is thought that this improvement is mainly mediated
by angiogenic cytokines secreted from implanted cells [60]. Since the latter two studies
were conducted by injecting cells, the residence time for implanted cells at the injured site
was probably reduced; thus, the release of angiogenic stimulators is limited in time. While
the encapsulation of SVF can improve residency times, the creation of a 3D prevascular
network prior to implantation [61] may further accelerate the vascularization of the graft
in vivo through a rapid connection to recipient blood vessels [61,62]. In fact, the maturation
of the created prevascular network also influences the angiogenic potential. Cerino et al.
demonstrated that faster inosculation and the enhanced survival of transplanted cells in
full-thickness rat wounds is associated to pericytes, for which its number was significantly
higher in more mature constructs [62]. In the present study, it was clearly demonstrated
that implanted human cells, namely CD31-positive cells, were able to integrate newly
formed blood vessels at the interface between the CAM and implanted sponges. While this
was not specifically tested, no evidence of prevascular network inosculation with the host’s
circulation was found. Nevertheless, ISH and CD31 results, together with the demonstrated
increase in vessel recruitment from the host, show that cryopreserved SVF had a positive
effect on vascularization after implantation, underscoring the potential of this fraction for
TE applications.

4. Materials and Methods

4.1. Collagen Acid Extraction

Collagen was extracted from blue shark (Prionace glauca) skin at Instituto de Investi-
gaciones Marinas (CSCI, Vigo, Spain), according to a previously described protocol [27].
Blue shark skin was stirred with 0.1M NaOH in a cold room (3–5 ◦C) for 24 h to remove
non-collagenous proteins and pigments. After a centrifugation step, the remaining pellet
was washed with distilled water and incubated overnight with 0.5 M acetic acid under
agitation to start the acid extraction process. The obtained extract was centrifuged at 10 ◦C,
and the supernatant dialyzed against distilled water for 2 days in a cold room (3–5 ◦C).
Finally, the obtained collagen extract was freeze-dried.

4.2. Collagen Sponge Fabrication

The production of highly interconnective microporous collagen sponges was per-
formed as previously described [27]. Briefly, the previously extracted collagen was sol-
ubilized at 1% (w/v) concentration in a 10 mM hydrochloric acid (HCl, Sigma-Aldrich,
St. Louis, MO, USA) solution. Cryogelation and crosslinking reactions were carried out at
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−20 ◦C for 4 h by the addition of 1-[3-(dimethylamino) propyl]-3-ethylcarbodiimide hy-
drochloride (EDC) (Mw: 191,70 g.mol−1, Sigma-Aldrich, St. Louis, MO, USA) at 60 mM of
final concentration. To remove the residual crosslinker, cryogels were rinsed with distilled
water before freeze drying.

4.3. Isolation and Cryopreservation of Human Adipose-Derived SVF Cells

Human subcutaneous adipose tissues were obtained from surgical procedures per-
formed at Hospital de S. João (Porto), after obtaining the patient’s written informed consent,
and within the scope of a collaboration protocol approved by the ethical committees of
both institutions for this work (Comissão de Ética do Hospital de S. João/University of
Minho: 217/19; CEICVS 008/2019). SVF was obtained as previously described [13]. Briefly,
adipose tissue was digested with a collagenase type II (Sigma Aldrich, St. Louis, MO, USA)
solution of 0.05% (w/v), for 45 min at 37 ◦C under agitation. After centrifugation, the
obtained SVF was incubated with red blood lysis buffer and centrifuged, and the super-
natant was resuspended in Minimum Essential Medium alpha-modification (α-MEM) (Life
Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) and
1% antibiotic/antimycotic. Cell nuclei were stained using a solution of 3% (v/v) acetic
acid (VWR, Lutterworth, UK) and 0.05 wt % methylene blue (Sigma Aldrich, St. Louis,
MO, USA) in water to count nucleated cells. Finally, cells were cryopreserved in 10% (v/v)
dimethyl sulfoxide (DMSO) in FBS with a controlled freeze rate of 1 ◦C/min for at least
7 days.

4.4. Cell Seeding

After thawing, a pool of five different donors was made. SVF was seeded on collagen
sponges by dispensing 25 μL on top of the dried sponges and another 25 μL at the bottom
of a 50 μL cell suspension comprising 1.5 × 106 cells. Constructs were incubated for 1 h at
37 ◦C, 5% CO2, to allow maximum cell entrapment within the structures, and then fresh
medium was added to a total volume of 1 mL. Constructs were cultured for 7 days in
α-MEM to allow the formation of capillary-like structures.

4.5. Immunocytochemistry

After in vitro culture, constructs were fixed in a 10% (v/v) buffered formalin so-
lution. A 3% (w/v) BSA was used to block non-specific binding, and cells were incu-
bated overnight at 4 ◦C with primary antibody mouse anti-human CD31 (M0823) (1:30)
(Dako, Cambridge, UK) and rabbit anti-human CD146 (ABCAAB75769) (1:50) (VWR,
Lutterworth, UK). After repeated washes in PBS, secondary antibody Alexa Fluor 594 donkey
anti-mouse (1:500) and AlexaFluor 488 donkey anti-rabbit (Molecular probes, Eugene, OR, USA)
were incubated with cells for 4 h at room temperature. After washing with PBS, cell
nuclei were counterstained with DAPI. The presence of capillary-like structures was
verified in a confocal laser scanning microscope (SP8 Leica Microsystems CMS GmbH,
Wetzlar, Germany).

4.6. Secretome Analysis

In order to analyze the expression profile of angiogenesis-related proteins during the
prevascularization process, conditioned media were collected and centrifuged to remove
cell debris after 5 and 7 days of culture. A control with basal media was also set up. Secreted
proteins were analyzed using a Proteome Profiler human angiogenesis array (R&D Systems;
Minneapolis, MN, USA) in accordance with manufacturer guidelines. Briefly, conditioned
media were incubated with an assay-specific detection antibody cocktail for 1 h at room
temperature. After a membrane blocking step, samples containing antibody cocktail
were added to the respective membrane and incubated overnight at 4 ◦C under shaking.
Membranes were then washed with 1× wash buffer, incubated with streptavidin-HRP
for 30 min, and washed again. Membranes were incubated with Chemi Reagent Mix for
1 min, and spots detected by using chemiluminescence in an Odyssey Fc Imaging System
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(LI-COR, Lincoln, NE, USA) and densitometry were quantified using Image studio 5.2
software (LI-COR, Lincoln, NE, USA)

4.7. In ovo Implantation

A CAM assay was performed as previously described [57,63]. White fertilized chicken
eggs were incubated at 37 ◦C in a temperature incubator (Termaks KB8000, Bergen, Norway)
for 3 days. After this, a window was opened into the shell to evaluate embryo viability.
Prevascularized sponges (n = 12) were implanted on the CAM at day 10 of embryonic
development, and the eggs returned to the incubator at 37 ◦C. Control groups with empty
materials (n = 12) and without the material (n = 12) were also set up. After 4 days of
implantation, embryos were sacrificed with 4 % (v/v) paraformaldehyde and subsequent
incubation at −80 ◦C for 10 min. Then, the implanted materials with adjacent portions of
CAM were cut and fixed with 4% (v/v) paraformaldehyde. Ex ovo images were captured
using a Stemi 2000-C stereo microscope (Zeiss, Oberkochen, Germany).

4.8. New Vessel Quantification

The obtained ex ovo images were processed using ImageJ 1.52a (National Institutes of
Health, Bethesda, MD, USA). Images were cropped to a defined area of 500 × 500 pixels,
considering the implanted construct in the center of the image. The number of new/recruited
vessels growing radially towards the constructed area was quantified by manual counting,
in a blind fashion, by three independent operators.

4.9. Histological Analysis

After formalin fixation, CAM explants were processed in a MICRON STP120-2 spin
tissue processor (MICRON, Walldorf, Germany), embedded in paraffin (Thermo Scientific,
Waltham, MA, USA), and serially sectioned into 4 μm-thick sections.

4.10. Hematoxylin and Eosin Staining

Hematoxylin and eosin (H&E) staining was performed in CAM sections. Briefly, sections
were deparaffinized with xylene, rehydrated in graded ethanol series and stained with hema-
toxylin and eosin in an MICROM HMS740 automatic stainer (MICROM, Walldorf, Germany).
Afterwards, sections were dehydrated and mounted with resinous mounting medium
Entellan® (Merck, Darmstadt, Germany). Histological sections were analyzed under a
Leica DM750 microscope (Leica, Wetzlar, Germany).

4.11. Immunohistochemistry

CAM sections were deparaffinized and rehydrated in an MICROM HMS740 auto-
matic stainer (MICROM, Walldorf, Germany). Immunohistochemical analysis was per-
formed using a streptavidin–biotin peroxidase complex system. Briefly, after rehydra-
tion, slides were subjected to heat-induced antigen-retrieval with 10 mM citrate buffer
at pH = 6 for 2 min at 98 ◦C. The slides were washed with PBS and then incubated with
3% hydrogen peroxide for 10 min to inactivate endogenous peroxidases. Another wash-
ing step was performed, and nonspecific binding was blocked with a 2.5% (v/v) horse
serum (Vector Labs, Newark, CA, USA) for 30 min, before overnight incubation at 4 ◦C
with mouse anti-human CD31 (1:30) (Dako, Cambridge, UK). Sections were washed with
0.1% tween in PBS and incubated with a secondary biotinylated antibody (Vector Labs,
Newark, CA, USA) for 20 min. After thoroughly washed with 0.1% tween in PBS, samples
were incubated with streptavidin-HRP (Vector Labs, Newark, CA, USA) for 20 min, fol-
lowed by 3,3′diaminobenzidine (DAB) incubation (Vector Labs, Newark, CA, USA). Finally,
all sections were counterstained with Mayer’s hematoxylin, dehydrated and mounted with
resinous mounting medium Entellan®(Merck, Darmstadt, Germany).
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4.12. In Situ Hybridization

The presence of human cells within the implantation area was assessed using a
human-specific DNA probe, according to the respective detection system BIO-AP REM-
BRANDT®Universal DISH & Detection kit (PanPath, Budel, The Netherlands). Briefly, after
deparaffinization, proteolytic digestion was performed using a pepsin-HCL solution for
30 min at 37 ◦C, followed by dehydration in graded ethanol series. Sections were air-dried,
and 1 drop of the probe was applied and covered with a coverslip. Samples were incubated
at 95 ◦C for 5 min for DNA denaturation and then for 16 h at 37 ◦C in a moisturized
environment for hybridization to occur. Samples were then washed in Tris-buffered saline
(TBS) and incubated for 10 min with the stringency wash buffer. After rinsing with TBS,
the detection was performed, and color was permitted to develop for 5 min at 37 ◦C in the
dark. Samples were washed with water, counterstained with nuclear fast red, and observed
under a Leica DM750 microscope (Leica, Wetzlar, Germany).

5. Conclusions

This study demonstrates that cryopreservation did not affect the capacity of SVF to
spontaneously create an in vitro prevascular network in the absence of angiogenic growth
factor supplementation in 3D conditions. Moreover, the angiogenic potential of SVF was
further demonstrated after the in ovo implantation of prevascularized sponges resulting in
improved vessel recruitment and improved construct integration within the CAM tissue.
All together, these results demonstrate that the use of cryopreserved SVF, combined with
marine-derived collagen, allows a simplified and cost-efficient method for assistance in the
vascularization of TE constructs.
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Abstract: The growing applications of tissue engineering technologies warrant the search and
development of biocompatible materials with an appropriate strength and elastic moduli. Here,
we have extensively studied a collagenous membrane (GSCM) separated from the mantle of the
Giant squid Dosidicus Gigas in order to test its potential applicability in regenerative medicine. To
establish the composition and structure of the studied material, we analyzed the GSCM by a variety
of techniques, including amino acid analysis, SDS-PAGE, and FTIR. It has been shown that collagen
is a main component of the GSCM. The morphology study by different microscopic techniques
from nano- to microscale revealed a peculiar packing of collagen fibers forming laminae oriented at
60–90 degrees in respect to each other, which, in turn, formed layers with the thickness of several
microns (a basketweave motif). The macro- and micromechanical studies showed high values of
the Young’s modulus and tensile strength. No significant cytotoxicity of the studied material was
found by the cytotoxicity assay. Thus, the GSCM consists of a reinforced collagen network, has high
mechanical characteristics, and is non-toxic, which makes it a good candidate for the creation of a
scaffold material for tissue engineering.

Keywords: biomechanical properties; collagen membrane; AFM; SEM; tensile test; giant squid;
Dosidicus Gigas; jumbo squid; outer tunic; tissue engineering

1. Introduction

The basic objective of tissue engineering consists of obtaining such a scaffold material
that would promote complete or at least partial regeneration of internal organs, skin,
vascular, bone, cartilage, and other tissues. For a construct to successfully engraft in the
body, its parameters ought to be similar to those of the region in which the construct
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will function. The construct’s biocompatibility, biodegradability, as well as mechanical
properties determine its potential to substitute the corresponding live tissue in the body.

The interest to collagen-based materials is stipulated by the fact that collagen is
biocompatible with the recipients’ tissues, can biodegrade, is non-toxic, non-carcinogenic
and non-immunogenic, and combines many characteristics of synthetic polymers (strength,
stiffness, ability to form various supramolecular structures, etc.).

Currently, a plethora of pharmaceutical preparations and medical devices have been
created using collagen as a base [1].

Collagen is one of basic natural materials which have application in tissue engineer-
ing [2–6]. In many types of connective tissue, it is a fibrillar protein and the main component
responsible for the tissue integrity, shape, elasticity, and strength.

Connective tissue is present in all the organs and tissues in the body and comprises
~60–90% of their weight. Such collagenous structures as tendons [7,8] and ligaments [9]
have a certain structural hierarchy of collagen to withstand intensive mechanical loads
(extension and compression). The common idea about them has been that tendons and liga-
ments are structurally similar, if not identical [10]. Ligaments [10–12] and tendons [7,10,13]
consist of tightly packed parallel collagen fibers. Ligaments differ from tendons by the
predominance of elastic fibers; therefore, they are characterized by a lower strength but
higher flexibility as compared to tendons. The distinctions between them stem from the
connections they create; ligaments connect a bone with another bone, and tendons connect
a muscle with a bone. A number of studies are dedicated to the restoration of tendon
ruptures using different materials [14,15].

The skin is also an interesting and sophisticated collagen-based organ [16]. The skin
structure resembles a net consisting of differently oriented collagen fibers [17–19]. One of
the basic functions of the skin is to protect internal organs and tissues from mechanical
injuries. Skin as a material exhibits a viscoelastic behavior, and its mechanical response
to a stress involves both a viscous component related to energy dissipation and an elastic
component related to energy storage [20,21]. Collagen fibers comprise 75% of the skin
tissue dry weight [22], and it is those fibers that are responsible for the skin strength. The
skin’s mechanical properties are important for a number of applications, including surgery,
dermatology, forensic medicine, etc. [23]. The problem of skin replacement and search of
the appropriate materials has long been discussed (see, for example, a review [24]).

The anulus fibrosus, an outer fibrous ring of the intervertebral disc, is yet another
example of a collagen-based tissue that undergoes mechanical stresses of various directions
and has a corresponding collagen packing [25,26].

The knowledge of the mechanical characteristics of tissues and organs, and the con-
ditions in which they must function, help to create or select a material that would be
appropriate for their complete or partial replacement [27,28]. The basic mechanical proper-
ties include the strength, stiffness, viscosity, elasticity, plasticity, brittleness, etc.

Table 1 presents examples of tissues with a certain collagen packing related to their
mechanical properties and materials for tissue engineered constructs meant to replace such
tissues.
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Table 1. Mechanical properties of some collagen-based tissues and materials for tissue engineered constructs.

Tissue/Material Treatment Tensile Test Data References

Ultimate Tensile
Strength, UTS (MPa)

Young’s
Modulus

(MPa)

Human Skin 27.2 ± 9.3 MPa 98.9 ± 97 MPa [23,29]

Reconstructed anterior cruciate
ligament (ACL) rabbit model

Glutaraldehyde
cross-linked prostheses 26 MPa [30]

Reconstructed anterior cruciate
ligament (ACL) rabbit model

Carbodiimide
cross-linked prostheses 12 MPa [30]

Reconstructed anterior cruciate
ligament (ACL) rabbit model Sham-operated controls 49 ± 20 MPa [30]

Human patellar tendon 60–100 MPa 300–400 MPa [31]

Human native rotator cuff
tendon 11.5 ± 5 MPa 50–170 MPa [32]

TSPC seeded knitted
silk–collagen sponge scaffold

for
functional shoulder repair

rabbit model

TSPC seeded

Control group
5.9 ± 1 MPa;
TCPC group

8.3 ± 1.5 MPa

Control group
44.3 ± 12.1 MPa;

TCPC group
67.8 ± 14.6 MPa

[33]

Human Achilles tendon 40 ± 8 MPa 1600 ± 200 MPa [34]

Rabbit Achilles tendon 4.5 MPa 45 MPa [14]

Human fibrocartilage 10 MPa [26]

Human compact bone 0.03 MPa
15,000 MPa

(Depending on type
and size of the bones)

[35]

Human vaginal tissue 0.82–2.62 MPa [36]

Human cornea 3.81 ± 0.4 MPa [37]

DBP, decellularized bovine
pericardium

Along 23 MPa
Across 20 MPa

Along 120 MPa
Across 50 MPa [38]

Normal human skin (NHS) 2.8 MPa [39]

ASC from bovine hide
scaffolds by electrospinning 0.4 MPa [39]

Un-crosslinked collagen film
from bovine tendon 10 ± 0.5 MPa [40]

Un-crosslinked collagen film
from (Coll type I) 37.7 ± 4.5 MPa 1100 ± 100 MPa [41]

Collagen films from rat tail
(Coll type I) 100 MPa 27 MPa [42]

Chitosan-AS collagen biofilms
from mantle D. gigas 33.5 ± 4 MPa [43]

Collagen fiber films from cattle
skin

Dry 17.25 ± 0.07 MPa
Wet 2.61 ± 0.05 MPa [44]

Fresh (non-treated) pulmonary
heart valves pigs 0.5 ± 0.2 MPa [45]

In the view of creating tissue engineered constructs with predefined mechanical
properties, the mantle of squids attracts special attention, since these animals, living in
the deep under great pressure, must have a robust musculature and outer coating to
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protect their internal organs. The morphological features of the squids’ mantle affect the
mechanisms of their locomotion [46].

Among many species of cephalopods, the Giant squid (Humboldt squid) represents
the most important object of fishing, which covers 30% of the world fishing volume and
about 4% of the entire world market of squids [47]. It is the biggest of the known mollusks.
This species of large predatory squids lives in the eastern Pacific region, along the Peru
coast at depths of 200 to 700 m. Its mantle can reach almost two meters in length, while its
lifespan is only about 2 years, since the squid dies upon spawning [48].

A number of publications have appeared recently on the use of marine collagen,
obtained, for example, from fish scales [49], mantle, fins, and tentacles of squids [50], and
even sea cucumbers [51]. Uriarte-Montoya et al. (2010) described a film for application in
the food and medical industries, prepared from collagen extracted from the mantle of the
Giant squid of the Dosidicus gigas species [43]. Adamowicz et al. (2021) conducted a study
on the use of the decellularized mantle of Loligo vulgaris squid in tissue engineering as a
material for the urethra reconstruction [52]. Collagen-based materials prepared from the
mantle of the Giant squid might also become a prospective carrier in tissue engineering,
however, no studies on this idea have been reported so far.

Oliveira et al. (2021) discuss the application directions and advantages of marine
collagen, as well as the need for the research in this area, aiming at strengthening this
biopolymer’s position on the world’s collagen market [53]. Physically, biochemically, and
spectroscopically, marine collagen is identical to mammalian collagen [54,55].

Application of mollusks for collagen production has other advantages, including
safety from Creutzfeldt–Jakob disease, which is associated with collagen obtained from
cattle, and no ethical or religious barriers.

In this study, our objective was to assess the possibility of using a material obtained
from the mantle of the Giant squid, Dosidicus gigas, for the tasks of regenerative medicine,
based on the data on its chemical composition, structural analysis, biomechanical properties,
and cytotoxicity. The studied material represented a collagenous membrane prepared from
the squid’s outer tunic (hereafter, Giant Squid Collagenous Membrane, GSCM).

2. Results

2.1. Collagen Is a Basic Component of the GSCM
2.1.1. Amino Acid Analysis

According to the amino acid analysis, the content of hydroxyproline (Hyp) in the
GSCM was 86.3 residues, proline (Pro)—91.3 residues per 1000 residues (Table 2). The Hyp
percentage in the studied specimen was 10.13 weight %.

The specimen also contained a large amount (330 per 1000 residues) of glycine (Gly).
The weight percentage of Gly was 22.18%. This finding is related to the fact that a molecule
of collagen consists of a triple helix formed by three polypeptide helical strands, and each
helical chain is formed by three-residue-long repeats, with glycine as one of the three
residues. Thus, the primary structure of collagen is characterized by a large content of
glycine. The high content of glutamic acid (Glu) in the specimen is explained by the
presence of proline (Pro) since Pro is synthesized from glutamic acid.
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Table 2. Amino acid composition of the D. gigas CM.

Name of Amino Acids Abbreviation Letter Code
Molecular Mass,

g/mol
Residues per 1000 Residues w% *

Alanine Ala A 89.094 86.2 6.87

Arginine Arg R 174.203 56.4 8.79

Aspartic acid Asp D 133.104 62.9 7.49

Cysteine Cys C 121.154 3.5 0.74

Glutamic acid Glu E 147.131 86.4 11.38

Glycine Gly G 75.067 330.0 22.18

Histidine His H 155.156 7.7 1.07

Hydroxyproline Hyp O 131.131 86.3 10.13

Hydroxylysine Hyl 162.187 10.3 1.5

Isoleucine Ile I 131.175 13.9 1.64

Leucine Leu L 131.175 29.5 3.47

Lysine Lys K 146.189 14.0 1.83

Methionine Met M 149.208 10.4 1.39

Phenylalanine Phe F 165.192 11.1 1.64

Proline Pro P 115.132 91.3 9.4

Serine Ser S 105.093 41.1 3.86

Threonine Thr T 119.119 27.9 2.97

Tyrosine Tyr Y 181.191 6.4 1.04

Valine Val V 117.148 24.9 2.61

Total 1000

Hyp/Hyl 8.4

* Percentage of amino acids to the mass of the test sample.

2.1.2. SDS-PAGE

The SDS-PAGE analysis showed four main bands in the studied GSCM (Figure 1).
Two bands had the molecular weights of 133.3 and 151.6 kDa, and they were assigned
to two α-chains of collagen, α1 and α2. The two high-molecular components, with the
weights of 295.7 kDa and 300 kDa, were identified as a β-chain consisting of two α-chains
and a γ-chain consisting of three α-chains, respectively.

2.2. Hydration and Thermal Properties of the GSCM
2.2.1. FTIR Spectroscopy

The IR spectrum of the GSCM (blue curve in Figure 2) shows bands at 876, 918, 939,
972, 1030, 1060, 1080, and 1119 cm−1, which are characteristic of carbohydrate moieties
(CO stretching and COC stretching); an Amide III band at 1236 cm−1 (associated with CN
stretching and NH deformation); bands positioned at 1336 and 1451 cm−1, attributable
to methylene vibrations (CH2 deformation and CH3 deformation); N–H in-plane bend
and the C–N stretching vibrations at 1540 cm−1 (Amid II). The polypeptide backbone CO
stretching vibration is found in the range of 1600–1700 cm−1: bands at 1740 cm−1 due to
carbonyl vibrations, and the one 1630 cm−1 due to Amide I. The spectrum shows bands at
2878 and 2927 cm−1 assigned to aliphatic chains (CH stretching and CH3 stretching) an
Amide B band at 3073 cm−1 (NH stretching), and a broad band at 3500–3300 cm−1 related
to Amide A (NH stretching) and OH vibrations [56–60].
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Figure 1. Evaluation of the GSCM collagen chains’ electrophoretic mobility in 8% PAAG under the
denaturing and reducing conditions. Collagen Type I (Coll 1) and Type II (Coll 2) were used as
collagen standards. SqM—collagen extracted from the GSCM. The high range protein ladder bands
are shown in kDa.

For comparison, the FTIR spectra of collagens Type I and Type II were examined [61].
The spectra of both samples are presented in Figure 2, and the band positions are presented
in Table S1. FTIR confirmed a similar triple helical structure with the secondary α-chain
structure for all three samples [56]. The IR spectra of the GSCM and collagen type II
differed slightly in regard to the bands at 1740, 2800–2930, and 3620–3690 cm−1 (associated
with OH stretching and H-bonding). From the general view of the spectra, one can assume
that the GSCM belongs to collagen Type II, but the increased intensity of bands at 2930
and 1740 cm−1 indicates that it rather belongs to a mixture of collagens Type I and Type II.
These results confirm the results of SDS-PAGE (see Section 2.1, Figure 1).

The position of the Amide I band in the GSCM spectrum is in agreement with the
literature data on the Amide I band in the spectra of oligopeptides containing Gly, Pro, and
Ala in various combinations, as well as the spectra of polyproline [60]. This is consistent
with the results of the study of the amino acid composition, demonstrating that the main
amino acids of the GSCM are Gly, Pro, Hyp, and Glu (see Section 2.1, Table 2).
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Figure 2. FT-IR spectra of the GSCM is the blue curve; collagen Type I is the gray curve; collagen Type II is the red curve.

2.2.2. TGA/DSC Studies

A typical weight loss vs. temperature curve (a thermogravimetric, TG curve), as
well as a DSC curve, for the GSCM are displayed in Figure 3. In TG curves, there were
two temperatures at which the onset of the thermal degradation occurred. The DSC
curves showed two endothermic peaks. The broad endothermic peak in DSC curves in
the temperature range of 50–170 ◦C is associated with thermal dehydration [62–64]. This
process was accompanied by a ~10% weight loss (the TG curve). The broad and multimodal
endothermic peak in the temperature range of 220–330 ◦C is assigned to the collagen matrix
thermal denaturation and destruction. The latter process was accompanied by a ~65%
weight loss (TG curves). According to [64], for dehydrated collagen type I, the endothermic
peak of denaturation was observed at Tdn = 225 ◦C. It can be assumed that, below the
temperature of Tdn ~225–235 ◦C, the interchain hydrogen bonds rupture, dehydrated
collagens unfold, and amorphous polymers form. The second stage of destruction was
observed at Tdst > 235 ◦C. In general, the GSCM TG and DSC curves were similar to those
for collagenous materials [62,64].

Figure 3. TG (blue) and DSC (red) curves for the GSCM.

2.2.3. Shrinkage Temperature

The shrinkage temperature of the GSCM was experimentally found at 58 ◦C. The
swelling degree was measured as 102% in distilled water and as 176% in PBS. The much
higher degree of swelling in the PBS medium is due to the fact that ions present in the
saline facilitate hydration of collagen fibers.
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2.3. Morphological Properties of the GSCM
2.3.1. Histological Studies

The histological studies of the GSCM cross-sections showed that the material had a
layered structure that consisted of 8–12 tightly packed “laminae” with the total thickness
of ~50–70 μm (Figure 4(A1,B1,C1,D1)). The thickness of each lamina was ~5–7 μm. When
stained with hematoxylin and eosin, the material of laminae had uniform eosinophilic
staining (Figure 4(A1)). However, the picrosirius red stain (Figure 4(B1)), especially, when
using phase contrast (Figure 4(C1)) and polarized light microscopy (Figure 4(D1)) showed
that in some regions the material had a fibrillar structure due to poorly visible small
collagen fibers oriented along the laminae. In the polarized light microscopy images, these
fibers produced a bright glow in the material, testifying the birefringence (anisotropy)
specific for oriented fibers in collagen.

Figure 4. Morphological and optical characteristics of the GSCM before and after the collagenase
treatment. (A1) As seen at a cross-section, the GSCM consists of parallel uniform pink (eosinophilic)
layers—“laminae”; (A2) lysis of the material with homogenization, loss of crisp contours, and
appearing purple (basophilic) regions; (B1) predominantly red staining of laminae with regions of
poorly visible fine-fibred structure; (B2) loss of the red and appearance of yellow (picrinophilic)
staining in most parts of the material with single loose and multidirectional red collagen fibers; (C1)
a somewhat more visible fibrillar structure of the material than that in (B1); (C2) scattered collagen
fibers among the picrinophilic material are more visible than they are in (B2); (D1) laminae produce
a bright yellow-green, yellow-orange, and orange-red glow due to the collagen fibers within their
structure; (D2) no material glow was noted; ×1000 (Scale bar = 50 μm).
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2.3.2. Scanning Electronic Microscopy Studies (SEM)

The SEM studies revealed that the GSCM surface had a multilayered basketweave
structure, with laminae laid at different angles, which resembled a reinforcing mesh. The
angle between the laminae was ~60–90◦ (Figure 5a,b).

Figure 5. SEM-BSE images of the GSCM surface. (a) Native surface, and (b) a region inside a fracture
zone of the material (Scale bar = 100 μm).

The reinforcing layers consisting of laminae have a definite mutual layer-by-layer
orientation. Each layer represents a set of parallel laminae with the width of 38–50 μm and
thickness of 4.0–4.5 μm. In turn, each lamina consists of tightly packed parallel collagen
fibers longitudinally packed along the whole lamina length (Figure 6a,b). Besides, there is
a thin layer that covers the upper reinforcing layer with laminae (Figure 6c). This surface is
extremely stable chemically (it was not damaged by the sample preparation procedure)
and is formed by a randomly crossed motif of collagen fibers and fibrils.

Figure 6. Microtopography of the dried GSCM (SEM-SE). (a) the surface of a lamina comprising the reinforcing layer
(Scale bar = 10 μm), (b) the enlarged fragment of the lamina surface (Scale bar = 1 μm), and (c) the layer covering the GSCM
reinforcing layers (Scale bar = 20 μm).

We also studied the GSCM cross-section using SEM, which showed the layered struc-
ture, in agreement with the histological data. The SEM images (Figure 7a,b) demonstrate
that laminae change their angle in each layer, thus making a basketweave multilayered
collagen structure.
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Figure 7. A SEM-BSE image of the GSCM cross-section. (a,b) Two different regions (Scale bar = 10 μm).

2.3.3. Laser Scanning Microscopy (LSM) (Second Harmonics Generation Signal—SHG)

The LSM studies revealed the SHG signal from collagen Type I and Type II in the
sample. In consistency with SEM, it was found that collagen in the GSCM was bundled into
laminae with the width of about 60 μm. Laminae located at different depths have different,
up to perpendicular, mutual orientation (the angle of packing is ~60–90◦). Laminae consist
of longitudinally positioned parallel collagen fibers (Figure 8a). At the surface of some
regions, bundles of collagen in the form of cords are found (Figure 8b). Similar structures
were observed by SEM, as well (Figure 7a,c).

 
(a) 

 
(b) 

Figure 8. SHG images of the GSCM. (a) Collagen bundles in the form of laminae at different depths; (b) collagen in the
form of cords at the sample’s surface (Scale bar = 100 μm). The SHG signal from collagen is marked by green.

2.3.4. Atomic-Force Microscopy (AFM)

The microrelief of the GSCM surface was visualized using AFM. As seen from Figure 9,
the GSCM surface has a fibrillar structure, with collagen fibers consisting of tightly packed
longitudinally oriented fibrils.
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Figure 9. AFM topography of the GSCM with the sequential decrease of the scan size from the left to right image (increase
of resolution): (a) 100 × 100 μm; (b) 30 × 30 μm; (c) 10 × 10 μm; (d) 3 × 3 μm. The samples’ topography is presented using
the Peak Force Error for the better detail resolution.

For comparison, we obtained the topography of the outer tunic of another squid
species, B. magister, which has an essentially smaller size. As seen from Figure 10, the
collagen structure of the outer membrane of this squid species is similar to that of the GSCM,
with the corresponding scaling. The basketweave structure of both squids’ reinforcing
layers in the outer tunic is clearly visible in AFM images, which testifies the universal
character of this structure. Since laminae comprising the reinforcing layer in the GSCM
are rather wide (40–50 μm) and located at a certain angle relative to each other, AFM
cannot visualize the whole laminar motif of the GSCM, even at the largest available scan
size, 100 × 100 μm, so only one cell of the basketweave is seen (Figure 9a). However,
for the small squid, B. magister, this laminar motif is clearly visible at a 50 × 50 μm scan
(Figure 10a), since the B. magister has the proportionally smaller mantle and outer tunic
thickness (Table 3).

Figure 10. AFM topography of the collagenous membrane of a B. magister squid. From the left to right image (increase of
resolution): (a) 50 × 50 μm; (b) 10 × 10 μm; (c) 3 × 3 μm. The samples’ topography is presented using the Peak Force Error
for the better detail resolution.

With a higher resolution (a 3 × 3 μm scan, see more on the Figure 11), one can see
the characteristic striation of collagen fibrils (D-period). The D-period is equal to 67 nm,
although the experimentally obtained values depend on the sample hydration [65].
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Figure 11. Molecular packing of collagen in the GSCM (a) AFM topography (Peak Force Error channel), scan size is 3 × 3
μm; (b,c) D period of an individual fibril longitudinal section (red line on the topography image). The section shows the
characteristic D-period of collagen ([66,67]).

2.4. Mechanical Properties of the GSCM
2.4.1. Uniaxial Stretching Tests

The uniaxial stretching tests with the final sample rupture showed that the GSCM
of D. gigas contained at least two basic directions of collagen fibers (Figure 12). The
selected directions of collagen bundles may lead to the complex dependency of the GSCM
mechanical properties on the deformation direction.

Figure 12. A uniaxial stretching test: (a)—start, (b)—end of test.

As seen from the results presented in Table 3, the studied samples of the GSCM of the
D. gigas species had a rather high tensile strength for a biological material. The Young’s
modulus of a dry sample was 1.5 ± 0.5 GPa, while, after 20-min-long hydration of the
material, its Young’s modulus drastically dropped to 20 ± 6 MPa. The ultimate tensile
strength of the hydrated sample also essentially decreased, however, the strain at rupture
grew (to almost 50%).

98



Mar. Drugs 2021, 19, 679

For comparison, we tested the collagenous membrane of the B. magister squid, since it
has a similar structure, as shown by AFM. The B. magister membrane demonstrated similar
mechanical properties as well. Its Young’s modulus was somewhat higher than that of
the GSCM, while the ultimate tensile strength and maximum elongation at rupture were
slightly lower (in the hydrated state). However, in general, the membrane from the B.
magister squid is more deformable due to its lower thickness (20 μm).

2.4.2. Micromechanical Properties Studied by AFM

As a result of the AFM-based nanoindentation studies at the micro- and nanoscale, the
Young’s modulus of the GSCM surface was measured as 4.1 ± 0.5 MPa. The corresponding
value for the B. magister squid was slightly higher, 6.1 ± 0.5 MPa. The observed difference
between the values at the macro- and microscale is related to the different packing and
thickness of collagen structures at different levels. However, the values belong to the same
order of magnitude.

Table 3. Mechanical properties of the GCSM and collagenous membranes from other squid species.

Type of Squid
DML,

cm
T,μ
m

W,μ
m

E(w),
MPa

UTS(w),
MPa

Max ε(w),
%

E(d),
GPa

UTS(d),
MPa

Max ε(d),
%

E(w),
MPa

Macromechanical Properties Micromechanical Properties

Dosidigus gigas 1500–
2000 50–70 40–50 20 ± 6 20 ± 8 47 ± 9 1.5 ± 0.5 80 ± 20 20 ± 15 4.1 ± 0.5

Loligo peale [68] 30–50 20–35 2–7 No data No data No data No data No data No data No data

Berryteuthis
magister 25 20 4–7 54 ± 17 10 ± 3 27 ± 7 0.4 ± 0.2 28 ± 9 16 ± 5 6.5 ± 0.5

DML—dorsal mantle length of squid; T—thickness of GSCM; W—width of lamina GSCM; E(w)—Young’s modulus of wet GSCM;
UTS(w)—ultimate tensile strength of wet GSCM; Max ε(w)—maximum elongation of wet GSCM; E(d)—Young’s modulus of dry GSCM;
UTS(d)—ultimate tensile strength of dry GSCM; Max ε(d)—maximum elongation of dry GSCM.

2.5. Cytotoxicity and Biodegradability of the GSCM
2.5.1. Viability Test

To assess the potential GSCM cytotoxicity, cell viability and proliferation assays were
performed. The MSC primary culture was chosen because MSCs are commonly applied
in tissue engineering [69–71] and were shown to be more sensitive to toxic agents than
3T3 or L929 cell lines [72–74]. MSCs seeded at a concentration of 5000 cells per well and
exposed to the GSCM extracts at any dilution showed neither reduction in the cell viability
nor a decrease in the proliferation rate (Figure 13A). In contrast, both of the assays showed
a significant drop (to 20% of the cell viability compared to the control cells) in the cell
viability in the presence of SDS at a concentration of 0.05 mg/mL and higher (Figure 13B).
Hence, the GSCM does not contain any cytotoxic compounds that could be released during
cultivation. The adhesive properties of the GSCM were also shown to be appropriate—
MSCs successfully adhered to GSCM films, remained viable during 3 days of cultivation,
and proliferated on them. The metabolic activity of cells cultured on the surface of the
GSCM was slightly higher than that of the monolayer control (Figure 13C). However,
proliferation of collagen-cultivated cells was inhibited in comparison to the monolayer
cell culture grown on culture plastic, probably due to the different mechanical properties
of the surface. The Live/Dead assay of the GSCM revealed normal MSC spindle-shaped
morphology and outnumbering living cells relative to the dead ones (Figure 13D–G).
Overall, despite the decreased proliferation rates of cells, the GSCM was shown to maintain
the normal cell metabolic activity, proliferation capacity, and morphology both by the
extraction and contact cytotoxicity test.
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Figure 13. (A)—Elution test: AlamarBlue cytotoxicity assay and PicoGreen DNA assay of the GSCM extracts, 3 days of
MSCs’ cultivation, 5000 cells per well. (B)—AlamarBlue cytotoxicity assay and PicoGreen DNA assay of SDS (positive
control), 3 days of MSCs cultivation, 5000 cells per well. (C)—AlamarBlue contact cytotoxicity assay and PicoGreen DNA
assay of cells adhered to culture plastic (2D control) or GSCM, 3 days of cell cultivation, 20,000 cells per well. * p < 0.05
relative to other groups. (D–G)—Live/Dead cell viability assay with nuclei staining (Hoechst, blue); live cells are stained
with Calcein AM (green), and dead are stained with propidium iodide (red). At 7 days of cultivation, laser scanning confocal
microscopy, scale bar is 100 μm.

2.5.2. Resistance to Collagenase

The sensitivity to collagenase was studied in order to estimate the biodegradability of
the GSCM. The collagenase cleavage study showed that in 6 h the GSCM was digested by
85 ± 5% from the initial weight.

The histological study of the GSCM samples treated with collagenase showed signs of
their destruction in the form of the loss of the typical structure, as well as changes in the tinc-
torial and optical properties of the laminar material (see Section 2.3, Figure 4(A2,B2,C2,D2)).
These signs included homogenization with lysis and appearing basophilic (Figure 4(A2))
and picrinophilic regions (Figure 4(B2)), as well as loosening and loss of orientation of colla-
gen fibers (Figure 4(C2)) with the disappeared anisotropy (Figure 4(D2)). At the same time,
in the picrosirius red-stained samples, the remaining material represented a homogenic
picrinophilic mass, in which few chaotically located destroyed collagen fibers were seen.

2.5.3. LAL Test

To further assess the GSCM biosafety, we tested its pyrogenicity. The most common
pyrogens are endotoxins derived from the cell walls of gram-negative bacteria. The LAL
test is commonly applied to assess their concentration and is one of the two assays rec-
ognized by the U.S. Pharmacopeia (USP) for medical devices. For the GSCM extract, we
revealed that the endotoxin level was 0.28 EU/mL, which does not exceed the concentration
permitted (0.5 EU/mL) [75,76]. Therefore, the GSCM did not contain endotoxins able to
induce a notable pyrogenic reaction. We also performed preliminary in vivo testing of
GSCM samples implanted in rats (see Supplementary Information). It showed that the
intact GSCM was still poorly compatible with the host tissues and caused notable inflam-
matory reaction. However, the GSCM treatment with supercritical carbon dioxide before
implantation solved this problem, reducing the inflammatory reaction to only insignificant.
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3. Discussion

The results of the biochemical and structural studies confirm that collagen is a basic
component of the GSCM material. The amino acid analysis showed a high content of Hyp,
which is known as a detector for the presence of collagen [77]. Its weight percentage in
the samples was 10.13%, while the content of Pro and Hyp in the extracted collagen from
the GSCM was 10.9% and 2.8%, respectively [43]. The presence of Cys might indicate that
the GSCM possibly contains traces of elastin [78]. Gauza-Włodarczyk et al. (2017) found a
similar amino acid composition for bone collagen in [79].

The comparative SDS-PAGE analysis of the GSCM with collagen Type I and Type II
revealed the similarity of the GSCM collagen to collagen Type I, based on the characteristic
bands. Nam et al. (2008), in the study [80], described collagen extracted from a squid’s skin
and compared its physicochemical properties with those of collagen prepared from bovine
tendons. The similarity between the two was found, and the squid collagen was classified
as Type I.

FTIR demonstrated the presence of collagen Type II, also, in the GSCM. The DSC
study showed that the GSCM collagen behaved similarly to both collagen types. The
characteristic shrinkage temperature also confirmed the collagenous nature of the GSCM.

The extensive morphology study, including histology, SEM, LSM, and AFM, showed
the presence of ordered collagen structures at various levels of organization. From the
ultrastructure of fibrils to fibers and fiber bundles, they are characterized by tight packing,
orientation, and formation of a basketweave from larger collagen units, laminae. Such a
sophisticated arrangement of collagen structures is apparently related to the mechanical
properties of the GSCM, such as high strength and Young’s modulus.

Based on the SEM study, we have deduced a possible concept of the collagen arrange-
ment in the studied material, displayed in Figure 14. The arrows in Figure 14 indicate
which SEM-revealed feature corresponds to each component of the schematic structure.
The structure and packing of laminae revealed by SEM are confirmed by the other structural
techniques.

We have not found any published studies on the structure of the collagenous mem-
brane from the Giant squid of the D. gigas species, based either on SEM or on any other
visualization technique. However, the squid mantle is known to consist of three layers:
muscle fibers and two collagenous membranes surrounding them (outer and inner tunic).
There is one literature source in which Otwell et al. (1980) presented a sketch of the Loligo
peale squid mantle with the specifics of all the three layers, as well as the corresponding
SEM images [68].

The structural information, especially the unique architecture of collagen fibers in the
GSCM, is of special importance in regard to its mechanical properties. The SEM, AFM,
and LSM data show that the collagen laminae are arranged in a basketweave manner. We
also have studied the structure of the same part from another squid species, B. magister.
This small squid is easily available as a food product. Its mantle was separated from the
muscle layer and studied with AFM. The AFM studies demonstrated a similar structure of
the outer tunic for both squid species, despite a significant difference in their sizes. The
characteristic features of the GSCM are repeated in the outer tunic of B. magister at a smaller
scale. It is the structure that was observed in [68] for the Loligo peale species. In spite of
essential differences in sizes, these squid species have similar morphological and structural
features, as well as comparable mechanical characteristics (Table 3).
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Figure 14. A possible concept of the arrangement of collagen fibers in the GSCM based on the SEM
findings.

As the basic component of the squid mantle, collagen is related to the mechanism
of the animal’s locomotion. The collagenous membrane of the cephalopod has a bas-
ketweave structure that must work as a reinforcing frame in the squid’s body, providing
the appropriate strength and stiffness and allowing it to function at high depths.

Indeed, the data of the mechanical tests show rather high values of the tensile strength
and Young’s modulus for a biological collagen-based material [41,42,81]. A high value of
strain at rupture is also notable. The GSCM mechanical characteristics at the microlevel
measured by AFM are also high, which is associated with the tight collagen packing in the
material in the form of a basketweave revealed by the microscopical visualization (SEM,
LSM, ASM, histological staining). These findings are very important from the viewpoint of
the potential GSCM applications in regenerative medicine.

A surgical material must have a good compatibility with the host organism tissues.
Our cell experiments with gingival MSC and AlamarBlue, Live/Dead, and PicoGreen
assays, as well as the LAL test and preliminary in vivo studies, have demonstrated that the
GSCM does not exhibit any cytotoxic properties that testify its good biocompatibility.

The collagenase digestion experiment has additionally confirmed the collagenous
nature of the material and proven that it can undergo almost complete destruction in vitro
in as soon as 6 h. After the treatment, a non-collagenous amorphous component is left,
which binds to picric acid and hematoxylin, but it does not bind to picrosirius red and does
not show birefringence. Most likely, this component consists of glycoproteins that bind
collagen fibers together, thus providing their corresponding orientation and packing in
each layer-lamina and also binding together laminae themselves. However, the presence of
this non-collagenous component does not prevent the enzymatic action on collagen fibers
in the material that may lead to its biodegradation in vivo.

Thus, the collagen nature, basketweave layered structure, good mechanical properties,
absence of cytotoxicity, and ability to biodegrade make the GSCM a prospective candidate
for tissue engineering applications.

4. Materials and Methods

4.1. Material

In this study, we used a commercial material—Aksolagen membrane—provided by
the Akses Swiss company (Zug, Switzerland). Aksolagen membrane is a specially treated
GSCM of Dosidicus gigas. The squid mantle consists of several layers (Figure 15), with the
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central muscle layer surrounded by two collagenous membranes (outer and inner tunics);
the GSCM represents the outer tunic of the mantle.

Figure 15. The D. gigas mantle and its inner structure.

We also studied the structure of the collagenous membrane of another squid species,
a small squid B. magister. A frozen squid B. magister was purchased in a supermarket,
thawed, and the collagenous membrane (outer tunic) was mechanically separated from the
muscle layer of the mantle.

The thickness of the GSCM of D. gigas measured with a micrometer (a 5–10 N load)
was 50 ± 5 μm, and the thickness of the B. magister membrane was 25 ± 5 μm.

4.2. Amino Acid Analysis

To study the GSCM composition, we conducted the amino acid analysis. The analysis
was performed by ion-exchange chromatography, with the post column derivatization,
using an L-8800 amino acid analyzer (Hitachi, Ltd., Tokyo, Japan) with a steel Hitachi
Ion-Exchange Column 2622SC(PH) (Hitachi, Ltd., Tokyo, Japan) 4.6 × 80 mm. The column
temperature was 57 ◦C, the flow rate was 0.4 mL/min, the charge volume was 50 μL,
and the elution regime involved a stepwise gradient of eluents A (AAA PH-1 Buffer—
AN0-8706 Merck Hitachi, Tokyo, Japan), B (AAA PH-2 Buffer—AN0-8707 Merck Hitachi,
Tokyo, Japan), C (AAA PH-3 Buffer—AN0-8708 Merck Hitachi, Tokyo, Japan), D (AAA
PH-4 Buffer—AN0-8709 Merck Hitachi, Tokyo, Japan), and E (0.2 M NaOH solution). As a
calibration mixture, standard concentrated amino acid mixtures in ampoules were used
(Amino Acid Standard Sigma Aldrich, St. Louis, MI, USA).

To prepare the studied solution, a dry sample was placed in a molybdenum glass
ampoule, and 0.3 mL of a freshly prepared hydrolyzing mixture (concentrated hydrochloric
and trifluoroacetic acids in a 2:1 ratio with the addition of 0.1% β-mercaptoethanol Sigma
Aldrich, St. Louis, MI, USA) was added. The sample was frozen, and the ampoule was
evacuated and sealed. The hydrolysis was conducted at 155 ◦C for 1 h. After the hydrolysis,
the ampoule was cooled, opened, and the content was quantitatively transferred (0.1 mL
of water twice) in a plastic 1.5 mL tube, then the hydrolyzing mixture was completely
removed with a CentriVap vacuum concentrator (Labconco corporation, Kansas, MO, USA)
at 50 ◦C. The residual acids were removed by repeating twice the procedure of evaporation
of small water portions (0.1 mL) added to the dry residue at 50 ◦C. Then, 0.1 N HCl was
added to the dry residue, the mixture was centrifugated, and 0.1 N HCl was added to the
supernatant in a 10:1 ratio.

4.3. Collagen Molecular Weight Estimation (SDS-PAGE)

Following the collagen extraction, the protein concentration was evaluated by the
gravimetric analysis. The sample was ≈100-fold concentrated by ultrafiltration on a
Microcon Centrifugal filter unit with a 10 kDa molecular cut-off (MRCPRT010, Millipore,
Burlington, MA, USA) to obtain the final collagen at 10 mg/mL. Collagen from GSCM
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and Type I collagen from the cattle dermis were isolated using a protocol described in [82],
while Type II collagen was isolated from the tracheal cartilage by a protocol described
in [83] omitting the use of pepsin. An amount of 10 μg of the proteins were diluted
with an SDS-loading buffer supplemented with 100 mM DTT (20710, SERVA, Heidelberg,
Germany) and heated at 95 ◦C for 5 min. The samples were resolved by denaturing
polyacrylamide gel electrophoresis in 5% stacking and 8% separating gel using a Mini-
PROTEAN Electrophoresis System (Bio-Rad, Hercules, CA, USA). The electrophoresis
running conditions were as follows: at 15 mA, until samples reached the separating gel,
then at 30 mA until the front reached 0.5 cm from the gel edge. The gel was stained
with Coomassie Blue R-250 (35051, SERVA, Heidelberg, Germany) and scanned with a
ChemiDoc Imaging System (Bio-Rad, Hercules, CA, USA). The molecular weights of the
visual bands were calculated in the ImageLab software against the molecular weight
standards (Spectra Multicolor High Range Protein Ladder, SM1851, Fermentas, Waltham,
MA, USA).

4.4. IR-Spectroscopy

The FTIR analysis of the initial components was carried out using a Spectrum Two
FT-IR Spectrometer (PerkinElmer, Waltham, MA, USA) in the Attenuated Total Reflectance
(ATR) mode. The spectrometer features were as follows: a high-performance, room-
temperature LiTaO3 MIR detector, a standard optical system with KBr windows for the
data collection over a spectral range of 8300–350 cm−1 at a resolution of 0.5 cm−1. All the
spectra were initially collected in the ATR mode and converted into the IR transmittance
mode. The spectra of collagens were normalized using the intensity of the Amid I band as
the internal standard.

4.5. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were performed using an STA
6000 simultaneous thermal analyzer (PerkinElmer, Waltham, MA, USA). Samples for DSC
experiments (about 10 mg) were encapsulated in standard PerkinElmer pans and heated in
a nitrogen medium at a gas flow rate of 20 mL/min and a linear heating rate of 10 ◦C/min.

4.6. Shrinkage Temperature

A sample with the sizes of 3 × 15 mm was placed in a special calibrated glass tube
and immersed in a vessel filled with distilled water. The vessel was placed in a water bath.
The water bath was heated from room temperature to the moment of the sample shrinkage
(~60 ◦C). The shrinkage temperature was determined as the temperature at which the
beginning of the sample shrinkage was detected. The experiment was repeated thrice.

4.7. Histological Study

Intact and collagenase-treated fragments of the GSCM of D. gigas were fixed in a 10%
solution of neutral formalin, and 4 μm-thick histological sections were prepared using a
standard technique.

The prepared sections were stained with hematoxylin and eosin and picrosirius red to
reveal the collagen composition. The prepared slides were studied by optical (bright-field,
phase contrast and polarized light) microscopy, and the images were captured with a
LEICA DM4000 B LED microscope equipped with a LEICA DFC7000 T digital camera,
using the LAS V4.8 software (Leica Microsystems, Heerbrugg, Switserland).

4.8. Scanning Electron Microscopy (SEM)

The GSCM structure was visualized using an EVO LS10 scanning electron microscope
(Carl Zeiss Microscopy GmbH Jena, Germany). Two techniques for sample preparation
and visualization were used.

The first protocol allowed general images of the samples in the most native state.
Naturally dried samples were attached to the microscope stage with a special carbon
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adhesive tape. The observations were conducted in the low vacuum regime (EP, 70 Pa)
at the accelerating voltage of 20 kV and the current of 94 pA per sample. A detector for
back-scattered electrons (BSE) was used. The images were obtained with the resolutions of
473.1 nm/px and 508.8 nm/px. To achieve a satisfactory resolution during back-scattered
electrons observations, a working distance of 4.5 mm was used.

For detailed evaluation of the structure, samples were fixed in neutral glutaric alde-
hyde, dehydrated (battery of alcohols from 20% to 97% and acetone), dried bypassing
the critical point of CO2,, and coated with an Au-Pd alloy. The so-prepared samples were
attached to the microscope stage providing the charge outflow from the coated surface.
The observations were conducted in the high vacuum regime at the accelerating voltage of
21 kV and the sample current of 19 pA. The microtopography images were obtained using
the detector for secondary electrons (SE). The 3072 × 2304 px images were captured with
the resolutions of 89.89 nm/px and 2697 nm/px.

4.9. Laser Scanning Microscopy (Second Harmonics Generation, SHG Signal)

The study was performed using a LSM 880 NLO laser scanning microscope (Carl Zeiss
Microscopy GmbH Jena, Germany) equipped with a tunable Ti:Sa MaiTai HP laser (Spectra-
Physics, Milpitas, CA, USA) with a pulse duration of less than 100 fs. The wavelength of
800 nm was used for the study, and the registration of the SHG signal was performed in
the range of 370–420 nm. The power of the probing radiation was about 9 mW. The images
were obtained using an oil immersion objective with the 40× magnification and numerical
aperture of 1.3. The field of view was 212 × 212 μm, and the resolution of images was
1024 × 1024 pixels. A series of images (z-stack) was acquired from the sample surface
into the depth with the step of 9 μm, the orientation being parallel to the surface. For the
convenience of perception, the acquired images were presented in the green palette.

4.10. Atomic Force Microscopy (AFM)

The morphological AFM studies of the surface were performed using an atomic
force microscope (BioScope Resolve, Bruker, Billerica, MA, USA) combined with an Axio
Observer inverted optical microscope (Carl Zeiss Microscopy GmbH Jena, Germany). A
ScanAsyst Air cantilever (Bruker, Billerica, MA, USA) was used with a nominal spring
constant k = 0.4 N/m and a nominal tip radius r = 2 nm, and scanning was performed on
air in the PeakForce QNM regime. The collagen structures’ periodicity was estimated with
the Section function of the NanoScope Analysis v1.9 software (Bruker, Billerica, MA, USA).

4.11. Uniaxial Stretching Test

The uniaxial stretching tests for dry and hydrated samples were conducted using a
Mach-1 v500c mechanical tester (Biomomentum, Laval, QC, Canada). For the hydration,
samples were immersed in distilled water for 20 min. The measurements were also
performed in distilled water. Dumbbell-shaped fragments of the dry and hydrated GSCM
were cut both in the tangential and radial directions in respect to the whole material area
(with the circle diameter of 30 cm). The working area of the fragments had the length of
15 mm and width of 5 mm. The dry material thickness was 45 μm, while the thickness of
the hydrated material was 60 μm. Before the test, the mechanical tester was calibrated using
a standard sample provided by the manufacturer. Both ends of the experimental sample
were tightly gripped in the clamps followed by gradual elongation at room temperature
(25 ◦C) at a constant rate of 0.1 mm/s until rupture. The mechanical parameters were
calculated from the stress-strain curves according to the manufacturer’s protocol. The data
were averaged over 3 or more tests.

4.12. Micromechanics by AFM

The mechanical properties of the samples’ surface were studied in fluid (distilled
water) at room temperature (25 ◦C), after 20 min of hydration, using an atomic force
microscope (BioScope Resolve, Bruker, Billerica, MA, USA). The sample micromechanics
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was obtained in the regime of nanoindentation over a preset map of 50 × 50 μm with
the 32 × 32 pixels resolution, as described in [84]. A ScanAsyst Fluid cantilever (Bruker,
Billerica, MA, USA) with a nominal spring constant of 0.95 N/m and a nominal tip radius
of 50 nm was precalibrated using a standard titanium sample. The deflection sensitivity
was calibrated in the same conditions using a sapphire standard sample. The data were
processed using the NanoScope Analysis v1.9 software(Bruker, Billerica, MA, USA) and
averaged over 12 measurements.

4.13. In Vitro Cytotoxicity Assays

The biocompatibility and cytotoxicity tests were performed using the primary culture
of mesenchymal stromal cells (MSCs) isolated from human gingival mucosa as described
in [85]. The cells were cultivated in the medium that contained Dulbecco’s Modified
Eagle’s Medium (DMEM)/F12 (1:1, Biolot, St. Petersburg, Russia), 10% fetal calf serum
(HyClone, Logan, UT, USA), L-glutamine (5 mg/mL, Gibco, Gaithersburg, MD, USA),
insulin–transferrin–sodium selenite (1:100, Biolot, St. Petersburg, Russia), bFGF (20 ng/mL,
ProSpec, Rehovot, Israel), and gentamycin (50 μg/mL, Paneco, Moscow, Russia). Isolated
cells were routinely checked with a SH800S microfluidic flow cytometer (Sony Biotechnol-
ogy, San Jose, CA, USA) for the presence of mesenchymal surface markers (CD90, CD73,
CD105) and absence of hematopoietic and endothelial markers (CD45, CD34, CD11b, CD19
and HLA-DR), according to [86]. The cells were cultivated in the standard conditions of
37 ◦C and 5% CO2.

The cytotoxicity was analyzed via the elution and contact tests. In the first case,
the extracts of the GSCM were prepared according to recommendations of ISO 10993-12.
Briefly, 5000 cells per well of a 96-well plate were seeded 24 h before adding the extracts. To
prepare extracts, GSCM films were incubated in the culture medium for 24 h at 37 ◦C. The
thickness of a film was less than 0.5 mm, and, therefore, in accordance with ISO 10993-12,
the required sample’s area was to be treated in a volume of 1 mL is 6 cm2. Cells were
exposed to the maximum concentration of the extract (6 cm2/mL) and its serial twofold
dilutions. We used serial two-fold dilutions of 1.5 mg/mL sodium dodecyl sulphate (SDS)
in a standard culture medium as a positive control. Cells cultivated in the standard culture
medium were applied as a negative control. After 24 h of cultivation with the extract, SDS,
or culture medium, the cell viability was assessed either with the AlamarBlue cell viability
reagent (Invitrogen, Waltham, MA, USA) or with the Quant-iT PicoGreen kit (Invitrogen,
Waltham, MA, USA). For the AlamarBlue metabolic activity assay, the cell culture medium
was replaced with a 10% reagent solution and incubated for 2 h. Then, the fluorescence of
samples was measured using a Victor Nivo spectrofluorometer (PerkinElmer, Waltham,
MA, USA) at a 530 nm excitation wavelength and a 590 nm emission wavelength. The
DNA amount was evaluated with the PicoGreen assay after 3 freeze-thaw cycles aimed at
releasing DNA, following the manufacturer’s instructions. The samples’ fluorescence was
estimated with the spectrofluorometer at a 480-nm excitation wavelength and a 520-nm
emission wavelength.

For the contact cytotoxicity, 20,000 cells were seeded on a surface of the 1 cm2 GSCM
films and cultivated for 3 days. Cells seeded on the culture plastic (monolayer culture)
served as a control. Afterwards, the metabolic activity and DNA amount were measured
as described above.

The morphology and viability of the cells seeded on the GSCM was visualized with the
Live/Dead assay. Briefly, live cells were stained with calcein-AM (Sigma-Aldrich, St. Lois,
MO, USA), dead cells were stained with propidium iodide (Thermofisher, Waltham,
MA, USA), and nuclei were stained with Hoechst 33,258 (Thermofisher, Waltham, MA,
USA). The images were obtained by laser confocal scanning microscopy using a LSM
880 instrument with Airyscan (Carl Zeiss Microscopy GmbH Jena, Germany).

All the samples were triplicated (plate wells for extract cytotoxicity and film samples
for the contact cytotoxicity and Live/Dead assay).
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4.14. Resistance to Collagenase

The susceptibility to proteolytic degradation was studied in a Collagenase A (from
C histolyticum) solution. Approximately 4 mg (dry weight in triplicates) of the sample
were weighed. To the weighed samples, 0.5 mL aliquots of a 2.5 mg/mL Collagenase A
solution in the Tris buffer (50 mmol/L, pH 7.5) containing 10 mmol/L calcium chloride
and 0.02 mg/mL sodium azide (Paneco, Moscow, Russia) were added. The samples were
incubated at 37 ◦C for 6 h. Then, the samples were centrifuged at 605 g (3000 RPM) for
90 s (a MiniSpin microcentrifuge by Eppendorf Corporation, Hamburg, Germany). We
used a low rotation speed and a short time of centrifugation in order to better preserve
the structure integrity for the following histological analysis. Then, the material was
washed from the residual collagenase with distilled water. The precipitate was carefully
transferred using a micropipette to a coverslip for the following drying in an oven at 50 ◦C
for 20 h. Then, the dry residue was weighed using a WXTE ultramicrobalance (Mettler
Toledo GmbH Urdorf, Switzerland). Finally, the weight loss was calculated by a paired
comparison before and after the treatment.

4.15. LAL Test

The GSCM film was cut into 5*5-mm pieces under aseptic conditions. The extracts
were prepared in 1 mL of endotoxin-free water by continuous shaking for 24 h at 50 ◦C. The
endotoxin concentrations were measured using the Chromogenic Endotoxin Quantitation
Kit (Thermo Fisher Scientific, Waltham, MA, USA) in accordance with the manufacturer’s
instruction. Briefly, we mixed 50 μL of the extract or the endotoxin standard dilution (0.1,
0.25, 0.5, 0.1 U/mL) and 50 μL of endotoxin-specific Limulus Amebocyte Lysate (LAL)
reagent in a well of a 96-well plate. The mixture was incubated for 10 min at 37 ◦C and
then 100 μL of the chromogenic substrate was added and incubated for 6 min at 37 ◦C. The
reaction was inhibited by adding 100 μL of 25% acetic acid. The absorbance was measured
at a wavelength of 405 nm using a microplate Victor Nivo spectrofluorometer (PerkinElmer,
Waltham, MA, USA). The minimal detection level of the kit used was 0.1 EU/mL (EU—unit
of measurement for endotoxin activity).

5. Conclusions

The literature analysis shows that the GSCM material has been very poorly studied,
and no application in tissue engineering has been discussed so far. The results of our
studies on the GSCM composition, structure, mechanical characteristics, cytotoxicity, and
biodegradability testify that the GSCM of D. gigas is characterized by a high tensile strength
and elasticity, along with a peculiar basketweave collagen structure and biocompatibility
that allows the assumption that this material may be applicable in a number of tissue engi-
neering fields (e.g., wound care materials, scaffolds for restoration of the musculoskeletal
system, repair of hernias and the prolapse of pelvic organs, dental membranes, and other
applications requiring good mechanical properties and slow degradation of the implanted
material).

Upon the comparison with other squid species (in particular, B.magister), one may
conclude that the GSCM structure is represented by a typical reinforcing mesh consisting
of collagen structures and providing the high strength and Young’s modulus. However,
since the Giant squid D. gigas has a large size of the mantle and, respectively, a large lateral
size of the GSCM, this material is more advantageous from the processing viewpoint.

Supplementary Materials: The following are available online at https://www.mdpi.com/1660
-3397/19/12/679/s1, Table S1: Band positions for the GSCM, collagen Type I and II; Figure S1:
Morphological and optical characteristics of the implanted intact GSCM; Figure S2: Morphological
and optical characteristics of the implanted GSCM after the scCO2-treatment.
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Abstract: In bone tissue regeneration, extracellular matrix (ECM) and bioceramics are important
factors, because of their osteogenic potential and cell–matrix interactions. Surface modifications with
hydrophilic material including proteins show significant potential in tissue engineering applications,
because scaffolds are generally fabricated using synthetic polymers and bioceramics. In the present
study, carbonated hydroxyapatite (CHA) and marine atelocollagen (MC) were extracted from the
bones and skins, respectively, of Paralichthys olivaceus. The extracted CHA was characterized using
Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD) analysis, while MC was
characterized using FTIR spectroscopy and sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE). The scaffolds consisting of polycaprolactone (PCL), and different compositions
of CHA (2.5%, 5%, and 10%) were fabricated using a three-axis plotting system and coated with
2% MC. Then, the MC3T3-E1 cells were seeded on the scaffolds to evaluate the osteogenic differ-
entiation in vitro, and in vivo calvarial implantation of the scaffolds was performed to study bone
tissue regeneration. The results of mineralization confirmed that the MC/PCL, 2.5% CHA/MC/PCL,
5% CHA/MC/PCL, and 10% CHA/MC/PCL scaffolds increased osteogenic differentiation by 302%,
858%, 970%, and 1044%, respectively, compared with pure PCL scaffolds. Consequently, these results
suggest that CHA and MC obtained from byproducts of P. olivaceus are superior alternatives for land
animal-derived substances.

Keywords: marine collagen; carbonated hydroxyapatite; fishery by-product; 3D scaffold; bone
regeneration

1. Introduction

Bone is a dense, complex, hierarchically structured connective tissue composed of
calcified matrix, which includes 65% inorganic materials, 25% organic materials, and 10%
water, cells (osteoblasts, osteoclasts, and osteocytes), and various proteins, such as osteocal-
cin, osteopontin, and osteoprotegerin [1,2]. Bone is one of the most important tissues in
the human body and provides mechanical strength, protects vital body organs, and stores
and releases minerals; also, bone is continuously subjected to various defects, injuries,
and diseases [3]. Some bone-related issues cannot be self-repaired and require special
treatments, such as bone grafts including autografts, allografts, and tissue-engineered bone
substitutes that promote bone tissue regeneration [4]. Bioceramics including bioactive glass,
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hydroxyapatite (HA), and calcium phosphate are promising bioactive materials that were
successfully used for bone tissue regeneration applications [5].

HA (Ca10(PO4)6(OH)2) is the main component of bone and accounts for approximately
60–70% of total bone mass [6,7]. Hence, HA was reported to be a potential therapeutic ma-
terial and was applied in spinal fusion surgery, bone defect treatment, bone-related surgery,
and bone mass augmentation [8,9]. Although HA is a bioactive material that induces bone
regeneration, this material has a lack of mechanical stability, high brittleness, and low
interaction with cells. Thus, many studies are currently being conducted to composite
HA with various synthetic and natural materials to improve its mechanical properties and
cellular functions such as cell adhesion, migration, and differentiation [10,11].

Collagen is the main protein in the extracellular matrix (ECM), accounting for approx-
imately one-quarter of total body protein [12,13]. Collagen is a structural protein with a
triple-helical structure that is composed of repeated G-X-Y peptide units. There are 29 types
of collagen, and the majority are type I, II, and III. Collagen is a particularly promising
biomaterial that promotes cell adhesion, proliferation, and differentiation by providing an
ECM-mimicking environment [14,15]. However, collagen isolated from land animals, such
as pigs and cows, has various barriers to application in medical products, due to religious
reasons and zooanthroponoses. Marine-derived collagen is a highly potent alternative
to land animal-derived collagen, since there are no religious barriers or reported zooan-
throponoses [16–18]. In addition, marine-derived collagen has shown a lower immune
response, higher water solubility, and lower production costs than land animal-derived
collagen [19,20]. Among marine organisms, Paralichthys olivaceus may be a good substitute
for land animal-derived collagen, because of its good accessibility and availability as a
byproduct in the seafood industry in the Republic of Korea [21]. However, investigations
of bone regenerative scaffolds fabricated with P. olivaceus-derived biomaterials were rarely
reported. In addition, unlike jellyfish containing a large amount of collagen type 2 and
a marine sponge containing a large amount of collagen type 4, fish skins contain a large
amount of collagen type 1, so it can be used as a raw material for biomaterials for tissue
regeneration [22].

Polycaprolactone (PCL) is a biocompatible, biodegradable synthetic polymer that was
approved by the United States Food and Drug Administration (FDA) and is widely used in
the fabrication of tissue-engineered substitutes for bone regeneration applications [23,24].
Moreover, PCL has good mechanical properties such as high stiffness and strength, and
slow biodegradation time (2–4 years); these properties play key roles in maintaining the
appropriate mechanical strength in tissue-engineered bone substitutes fabricated with
natural polymers and bioceramics [25–27].

A three-axis plotted scaffold provides a three-dimensional (3D) structural environment
to facilitate osteocyte adhesion, migration, and differentiation; these scaffolds are subjects
of bone regeneration research [28,29]. In particular, 3D printing is an immerging technology
that can be applied to fabricate complex and personalized structures; this technique is highly
reproducible, compared with other techniques such as gas foaming, hydrogel usage, and
electrospinning [30]. Moreover, organic substances, such as alginate, chitosan, gelatin, and
collagen, and inorganic substances, such as HA, tricalcium phosphate, and whitlockite are
widely used to fabricate bone regenerative scaffolds using 3D printing technology [5,31,32].
Therefore, 3D-printed scaffolds offer benefits for patient treatment through personalization.

In this study, we fabricated a composite 3D-printed scaffold using PCL and carbonated
HA (CHA), and enhanced the biological properties using a coating of marine atelocollagen
(MC). MC and CHA were extracted from the skin and bones, respectively, which are
byproducts of P. olivaceus. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), Fourier transform infrared (FTIR) spectroscopy, and amino acid composition
analyses were used to evaluate the characteristics of MC, and FTIR spectroscopy, X-ray
diffraction (XRD) analysis, and energy dispersive spectroscopy (EDS) were performed to
evaluate the characteristics of CHA. The fabricated CHA/MC/PCL scaffolds were then
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analyzed to determine their potential for facilitating osteogenic differentiation and bone
tissue regeneration through in vitro and in vivo investigations.

2. Results

2.1. Extraction and Characterization of MC

One simple method to identify collagen is to scan collagen samples on a UV spectrum
(200–400 nm), because the triple helical structure of collagen has absorption at 230 nm.
As shown in Figure 1A, commercial atelocollagen and MC have a maximum absorption
peak at 230 nm, which is associated with COO−, CONH2, and C=O groups in the polypep-
tides of collagen. Collagen has a few tryptophan, histidine, tyrosine, and phenylalanine
components that absorb UV at 250 nm and 280 nm.

Figure 1. Characterization of collagen extracted from skins of P. olivaceus and of porcine commer-
cial atelocollagen. (A) UV-Vis spectra of the two types of collagen; (B) Sodium dodecyl sulfate-
polyacrylamide electrophoresis evidences the molecular structure and organization of two collagen;
(C) Fourier transform infrared spectra of collagens exhibits the main vibrations of collagen molecu-
lar organization.

Figure 1B represents the SDS-PAGE components of commercial atelocollagen and
MC. Commercial atelocollagen and MC both consist of α1 and α2 chains and high molec-
ular weight β and γ components. Thus, the extracted commercial atelocollagen and MC
correspond to type I collagen.

The FTIR spectra of commercial atelocollagen and MC from the skins of P. olivaceus,
which can be used to identify information on the secondary structure of collagen, are shown
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in Figure 1C. The changes in the spectral peaks were shown to include changes in the amide
A and B bands as well as the amide I–III regions. The amide A band at 3300 cm−1 and
the amide B band peaks at 2972 cm−1 are associated with N–H stretching vibrations and
the asymmetrical stretching of CH2. In addition, the amide I peak at 1635 cm−1 is mainly
associated with the stretching vibrations of C=O, along with the polypeptide backbone or
COO−. The amide II region of collagen type I appears at approximately 1549 cm−1 from
N–H bending vibration coupled with C=N stretching vibrations. The amide III region at
1239 cm−1 represents the peaks between C=N stretching vibrations and N–H deformation
from amide linkages of CH2 groups of the glycine backbone and proline side-chain. As
shown in Figure 1C, the intensity and positions of the amide A, B, and I–III bands are
similar for the commercial atelocollagen and MC, as well as type I collagen.

2.2. Amino Acid Components

Table 1 shows the amino acid components of commercial atelocollagen and MC
from P. olivaceus. Commercial atelocollagen and MC were found to have glycine (238.3
and 247.3 per 1000, respectively) and to be low in tyrosine, histidine, methionine, and
cysteine. The imino acid content of the extracted collagen was 264.3 and 208.6 per 1000 for
porcine atelocollagen and marine atelocollagen, respectively. Based on these differences,
the mechanical properties of MC are weaker than commercial collagen. Collagen with
a greater imino acid content is more stable in the helix structure, due to the contents of
proline and hydroxyproline.

Table 1. Amino acid composition of atelocollagen obtained from the skins of P. olivaceus and of
porcine commercial atelocollagen (per 1000 residues).

Amino Acid Porcine Atelocollagen Marine Atelocollagen

Asp 53.6 56.2
Thr 17.9 27.4
Ser 33.1 44.8
Glu 96.0 95.6
Gly 238.3 247.3
Ala 91.0 108.2
Cys 1.6 2.0
Val 18.3 16.6
Met 5.7 11.0
Iie 9.4 6.9

Leu 28.8 23.7
Tyr 1.2 2.1
Phe 18.4 20.5
Lys 35.9 36.9
His 6.4 7.3
Arg 80.0 84.8

Hypro 126.0 96.9
Pro 138.3 111.7

Total 1000.0 1000.0

2.3. Extraction and Characterization of CHA

The FTIR spectra of raw fishbones and HA and CHA from the bones of P. olivaceus
are shown in Figure 2A. The FTIR bands of raw fishbones were observed at 1047 cm−1,
1644–1740 cm−1, 2911 cm−1, and 2977 cm−1; these bands are both minerals and organic
compound of fishbones. HA has bands at 878 cm−1, 1000–1100 cm−1, 1400–1500 cm−1,
3447 cm−1, and 3571 cm−1. The strongest band from 1000–1100 cm−1 is the stretching of
PO4

3− vibrations. The band at approximately 1400–1500 cm−1 corresponds to the carbonate
group of HA and CHA. The band of OH stretching of HA appears from 1000–1100 cm−1.
CHA also shows all of the bands of PO4

3−, CO3
2−, and OH, and because CHA was
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extracted by alkaline lysis, the band of CO3
2− for CHA is more prominent than that for HA

(Figure 2A).

Figure 2. Characterization of hydroxyapatite isolated from frame of Paralichthys olivaceus and sigma.
(A) Fourier transform infrared spectra of HA and CHA; (B) X-ray diffraction spectra of HA and CHA.
The energy dispersive spectrometer of (C) HA and (D) CHA.

XRD analysis is a reliable method for investigating the phase purity and crystallinity of
a compound and determining the quantitative and qualitative aspects of a solid compound.
Results of XRD are mainly evaluated through comparison with the International Center
for Diffraction Data (ICDD) standards. The crystallinity and purity of HA and CHA were
defined by XRD analysis. The XRD peaks of the standard and the HA and CHA from the
bones of P. olivaceus are shown in Figure 2B. The obtained peaks of HA and CHA at 2-theta
were identical to 01-086-0740 from the ICDD. The peaks of HA and CHA matched with
those of the standard ICDD 01-086-0740 (Hydroxyapatite; Ca5(PO4)3OH) (Figure 2B).

2.4. Energy Dispersive Spectrometer (EDS)

Figure 2C,D displays the EDS data that confirm the content of C, O, Na, Mg, Cl, P,
and Ca in the powder. The ratio of Ca/P for the HA powder was 1.578, and that for the
CHA powder was 1.96. These results show that CHA has carbonate groups, because it was
extracted by alkaline hydrolysis.

2.5. Characterization of the CHA-Reinforced Scaffolds

The mean strut diameter of the CHA-reinforced scaffolds was controlled by adjusting
the extruding temperature, nozzle diameter, and speed of the extruder. Based on SEM
observations, the strut diameters of PCL, 2.5% CHA/PCL, 5% CHA/PCL, 10% CHA/PCL,
10% HA/PCL, MC/PCL, 2.5% CHA/MC/PCL, 5% CHA/MC/PCL, 10% CHA/MC/PCL,
and 10% HA/MC/PCL scaffolds were 518.54 ± 5.72 μm, 607.27 ± 3.34 μm, 571.37 ± 16.43 μm,
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561.03 ± 16.5 μm, 484.57 ± 19.68 μm, 508.17 ± 11.62 μm, 599.42 ± 2.94 μm, 526.28 ± 15.34 μm,
539.12 ± 15.34 μm, and 466.67 ± 16.04 μm, respectively. For these results, the strut diameter
and pore size of the CHA-reinforced scaffolds were fabricated under the same conditions, but
slight differences were observed between the scaffolds (Figure 3A, Table 2).

Figure 3. Morphology and characterization of the CHA-reinforced scaffolds. (A) SEM image of
non-coated group and MC coated group; (B) FTIR analysis of non-coated group and MC coated
group; (C) load-extension curve of non-coated group and MC coated group.

Table 2. Strut diameter and elastic modulus of CHA-reinforced scaffolds.

Scaffolds Strut Diameter (μm) Elastic Modulus (MPa)

PCL 518.54 ± 5.72 6.29 ± 0.28
2.5% CHA/PCL 607.27 ± 3.34 10.19 ± 0.01
5% CHA/PCL 571.37 ± 16.43 9.26 ± 0.33

10% CHA/PCL 561.03 ± 16.5 6.85 ± 0.55
10% HA/PCL 484.57 ± 19.68 7.76 ± 0.37

MC/PCL 508.17 ± 11.62 6.37 ± 0.16
2.5% CHA/MC/PCL 599.42 ± 2.94 9.38 ± 0.45
5% CHA/MC/PCL 526.28 ± 15.34 9.1 ± 0.12

10% CHA/MC/PCL 539.12 ± 15.34 7.08 ± 0.52
10% HA/MC/PCL 466.67 ± 16.04 7.77 ± 0.42

The FTIR spectra of the CHA-reinforced scaffolds were in the spectral range of
4000–650 cm−1. The FTIR spectrum of the PCL scaffold was observed at 2860 cm−1 (C-H)
and 1720 cm−1 (C=O) stretching peaks, and the FTIR spectrum of the 10% CHA/PCL
scaffold was observed at the same peaks. For the 10% CHA/MC/PCL scaffold, in addition
to the peaks of the PCL scaffold, the amide peaks (amide A, B, I–III) of MC were also
identified (Figure 3B).

The mechanical properties of the CHA-reinforced scaffolds were evaluated using
tensile mechanical testing in a universal testing machine. As shown in Figure 3C, the
elastic modulus values of PCL, 2.5% CHA/PCL, 5% CHA/PCL, 10% CHA/PCL, 10%
HA/PCL, MC/PCL, 2.5% CHA/MC/PCL, 5% CHA/MC/PCL, 10% CHA/MC/PCL, and
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10% HA/MC/PCL scaffolds were 6.29 ± 0.28 MPa, 10.19 ± 0.01 MPa, 9.26 ± 0.33 MPa,
6.85 ± 0.55 MPa, 7.76 ± 0.37 MPa, 6.37 ± 0.16 MPa, 9.38 ± 0.45 MPa, 9.1 ± 0.12 MPa,
7.08 ± 0.52 MPa, and 7.77 ± 0.42 MPa, respectively. The elastic modulus value tended to
increase in the scaffolds containing CHA and HA, compared with that of PCL; furthermore,
the elastic modulus value decreased as the content of CHA and HA increased. These results
may be due to the diameter of the strut and the size of CHA and HA (Figure 3C, Table 2).

2.6. Cell Viability on the CHA-Reinforced Scaffolds

Cytotoxicity to the CHA-reinforced scaffolds was evaluated using a cell live/dead
assay 7 days after cell seeding on the scaffolds. At 7 days after cell seeding, the contents
of the CHA and HA did not affect cytotoxicity and cell distribution. In addition, on the
7th day, the presence of an MC coating on the CHA-reinforced scaffold did not affect the
cell distribution. However, the detection amount of PI in the MC-coated scaffolds was
lower than that of the MC-uncoated scaffolds (Figure 4A). As a result of the cell viability for
3, 5, and 7 days, it was possible to confirm a larger number of living cells in the MC-coated
scaffold group.

Figure 4. Cell viability of non-coated and MC-coated scaffolds on MC3T3-E1. (A) cell fluorescence
image stained FDA/PI; and (B) cell viability for 3, 5, and 7 days.

2.7. Alkaline Phosphatase Activity of the CHA-Reinforced Scaffolds

The ALP activities of PCL, 2.5% CHA/PCL, 5% CHA/PCL, 10% CHA/PCL, 10%
HA/PCL, MC/PCL, 2.5% CHA/MC/PCL, 5% CHA/MC/PCL, 10% CHA/MC/PCL, and
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10% HA/MC/PCL scaffolds were 100 ± 5.08, 104.63 ± 4.91, 110.78 ± 3.28, 100.59 ± 1.27,
111.31 ± 1.81, 152.20 ± 5.09, 154.74 ± 2.59, 153.75 ± 3.26, 152.50 ± 2.62, and 153.05 ± 2.38,
respectively. These results confirm that the ALP activity was increased in the MC-coated
group on the scaffold (Figure 5A).

Figure 5. In vitro effect of scaffolds on (A) ALP activity and (B) mineralization activity during
osteogenic differentiation of MC3T3-E1 cells. * p < 0.05 was considered to indicate a statistically
significant difference compared with non-coated scaffolds.

2.8. Mineralization of the CHA-Reinforced Scaffolds

The PCL, MC/PCL, 2.5% CHA/MC/PCL, 5% CHA/MC/PCL, and 10% CHA/MC/
PCL scaffolds were stained with Alizarin Red S stain, and calcium deposition on the
scaffolds was observed. Along with the increasing concentration of CHA, the scaffolds
created calcium in a dose-dependent manner. At 21 days, the 10% CHA/MC/PCL scaffold
showed eight times more mineralization than the PCL scaffold (Figure 5B).

2.9. In Vivo Experiments

To confirm the bone regeneration ability of the scaffolds, the PCL, 10% CHA/MC/PCL,
and 10% HA/MC/PCL scaffolds were implanted into a defect in the mouse calvarial
defect model.

In the defect site, a difference in bone regeneration was confirmed by micro-CT be-
tween the non-treatment, PCL, CHA, and HA reinforced scaffolds. Twenty weeks after
surgery, the area of the bone defect was determined by micro-CT. The 10% CHA/MC/PCL
and 10% HA/MC/PCL scaffolds showed better regeneration, due to the synergistic ef-
fects of their 3D structure with CHA and MC for promoting bone regeneration, than the
non-treatment group. Further investigation of the 3D reconstruction was conducted by
analyzing the bone defect areas. This analysis showed that the bone volume of the 10%
CHA/MC/PCL and 10% HA/MC/PCL scaffold groups have a greater quantity of bone
volume regenerated than those of the non-treatment group (Figure 6A).

Histological analysis was performed with hematoxylin and eosin (HE), picrosirius red,
and Masson’s trichrome (MT) staining of the bone defect area. At low magnification, the
new bone and host bone were separated to define a 3-mm bone defect. Although the bone
defect did not completely regenerate, the CHA- and HA-reinforced scaffold groups showed
better regeneration than the non-treatment and PCL scaffold groups. As shown in the HE
and MT staining images (Figure 6B), both CHA- and HA-reinforced scaffold groups formed
regenerative tissue around the scaffolds. In addition, picrosirius red staining confirmed
that the collagen formation around the scaffold was improved.
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Figure 6. In vivo performance evaluation. (A) 3D reconstruction images of bone defect areas and
(B) histological analysis of the effect of scaffolds on bone regeneration in vivo. Note: “S” represents
scaffold; “black arrow” indicates new bone; “white arrow” indicates new type I collage. * p < 0.05
was considered to indicate a statistically significant difference compared with PCL group.

3. Discussion

The increasing global demand for fish has caused an increase in fish byproducts, such
as fish scales, bones, and skins. Studying these byproducts as biomaterials can reduce the
number of fish byproducts and increase their value [33]. Although not conducted in this
study, it is necessary to study the selection of materials suitable for tissue engineering by
comparing the characteristics of the collagen derived from terrestrial organisms and the
collagen derived from marine organisms. In the present study, we isolated and charac-
terized MC and CHA from P. olivaceus using pepsin hydrolysis and alkaline hydrolysis,
respectively [34]. Numerous studies have reported about HA and collagen extracted and
isolated from different fish species, such as Oncorhynchus keta, Thunnus obesus, and Ore-
ochromis [35–37]. Unlike thermally extracted HA, HA extracted through alkaline hydrolysis
retains its carbonate groups, because carbonate cannot be separated without heat treat-
ment [36]. Furthermore, CHA was reported to have a similar chemical composition to that
of HA present in natural bone tissue [38]. According to previous studies, the HA derived
from fish bones shows improved biocompatibility and osteogenic differentiation activity,
and enhanced potential for bone formation on scaffolds fabricated with HA. Thus, CHA is
a potential biomaterial that can be employed with various synthetic or natural polymers to
fabricate tissue-engineered bone substitutes for bone tissue regeneration applications [39].
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XRD, FTIR spectroscopy, and EDS analyses of isolated CHA and commercially avail-
able HA were performed to compare and determine the crystallinity, chemical composition,
and atomic percentage, respectively. The XRD analysis of CHA showed the same peak
international standard as HA (ICDD 01-086-0740) at 002, 211, 112, 202, 310, 222, 213, 321,
and 004 of Bragg’s reflection in the standard [35]. In addition, the results of both FTIR
spectroscopy and EDS clearly indicated that the isolated CHA has a carbonate group at-
tached to the HA unit, as shown in Figures 2A and 3. In Figure 2A, a larger band value of
CHA was confirmed at 1400–1500 cm−1, which appears to be because the carbonate group
increased [40]. The relatively large value of these two bands (1400–1500 cm−1) is because
CHA has a relatively higher carbonate group than HA. EDS analysis was performed to
evaluate the presence of trace elements, such as Ca and P, belonging to the isolated CHA
and commercial HA, and the results showed a Ca/P weight ratio of 1.96 and1.578 for CHA
and HA, respectively (Figure 3), indicating that the extraction process (alkaline hydrolysis)
of CHA has affected the Ca/P ratio. However, according to previous studies, the Ca/P ra-
tios of both CHA and HA are not significantly different, and they were within the accepted
range for hydroxyapatite [39].

Collagen was extensively used to fabricate various tissue regenerative substitutes,
because it is one of the main components of the ECM and is an excellent biomaterial that
provides exceptional biological and functional properties, without an associated inflam-
matory response or cytotoxicity [21]. In particular, MC is an alternative and attractive
type of collagen over land animal-derived collagen for tissue engineering applications,
since it does not have religious restrictions and is not associated with a risk of disease
transmission to humans. Hence, we extracted MC from P. olivaceus and characterized it
using UV/Vis spectra, SDS-PAGE, FTIR spectroscopy, and amino acid composition analysis.
The UV/Vis spectra recorded a relatively low absorption value at approximately 280 nm
compared with general proteins, because collagen contains a relatively lesser amount of
tyrosine and phenylalanine than general proteins (Figure 1A). Moreover, the SDS-PAGE
results showed two distinguishable bands at approximately 130 kDa, corresponding to
the α1 and α2 chains, and two bands at 250 kDa and 310 kDa, corresponding to the larger
β and γ chains, respectively, suggesting that extracted P. olivaceus skin collagen is type I
collagen, which is in agreement with the findings of previous studies [21]. The FTIR spectra
of the extracted MC showed five characteristic peaks at 3300 cm−1, 2972 cm−1, 1635 cm−1,
1549 cm−1, and 1239 cm−1, which correspond to amide A, amide B, amide I, amide II, and
amide III, respectively, similar to that of commercial collagen and the findings of previous
publications [41]. Type I collagen forms a triple-helix structure with 20 different amino acids
and is stabilized by its high content of glycine repeated every three residues, proline, and
hydroxyproline. Moreover, proline and hydroxyproline showed lower values in MC, which
is in agreement with the findings of previous reports [42]. Overall, the results suggested
that MC and CHA were successfully extracted and characterized from P. olivaceus.

According to previous reports, various synthetic and natural biocompatible materials
were employed to fabricate 3D-printed scaffolds and demonstrated good bone tissue re-
generation effects. Among them, many researchers have focused on improving biological
activities including cell adhesion, proliferation, migration, and differentiation through
surface modifications including surface coating with natural or chemically modified bio-
compatible materials [43]. In the present study, we fabricated a 3D-printed porous PCL
scaffold reinforced with CHA and surface-coated with MC to enhance osteogenic differenti-
ation. To evaluate the osteogenic activity of the fabricated scaffolds, MC3T3-E1 cell-seeded
scaffolds were analyzed, using ALP assay and Alizarin Red S staining. According to the
results, the CHA/MC/PCL scaffolds significantly enhanced the mineral deposition through
differentiation of MC3T3-E1 pre-osteoblasts to osteoblasts compared with the pure PCL
scaffold, indicating that MC and CHA have excellent osteogenic activities and excellent
synergetic effects on bone tissue regeneration. Moreover, the bone tissue regeneration
effects of the fabricated scaffolds were evaluated using an in vivo calvarial defect mouse
model. Micro-CT and histological analysis indicated that the 10% CHA/MC/PCL- and 10%
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HA/MC/PCL-treated groups had prominent bone tissue reconstruction effects, compared
with the non-treatment and PCL-treated groups (Figure 6). Overall, these results suggest
that materials obtained from marine byproducts have considerable potential for bone tissue
regeneration and are attractive alternatives for terrestrial or synthetic materials. Based
on this study, the possibility was evaluated of MC- and CHA-derived byproducts from P.
olivaceus used as a substitute material for bone tissue. Furthermore, we will proceed with
research on bone mimic scaffold containing MC and CHA. 4.

4. Materials and Methods

4.1. Materials

The by-product from P. olivaceus was provided by EUNHA Marine Co., Ltd. (Busan,
Korea). The α-minimum Eagle’s medium (α-MEM), fetal bovine serum (FBS), trypsin
(250 U/mg), penicillin/streptomycin, and other materials used in cell culture experiments
were purchased from GIBCO™ (Gaithersburg, MD, USA). Polycaprolactone (PCL), 1-Step
p-nitrophenyl phosphate (pNPP), and Alizarin Red S were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The other chemical reagents and materials that were used were
commercially available and analytical grade.

4.2. Extraction and Characterization of Pepsin Soluble MC
4.2.1. Extraction of Pepsin Soluble MC

P. olivaceus skin was descaled and desalted by washing with cold water at 4 ◦C for one
day and cut into small pieces. Pepsin-soluble MC was extracted from the prepared skin,
following the method described by [44] with slight modifications. All steps of the procedure
were carried out at 4 ◦C with gentle stirring. Non-collagenous proteins were removed with
0.1 M NaOH at small pieces to a solution ratio of 1:10 (w/v) for 2 days. The skins were
then washed with ultrapure water until they became a neutral pH. The skins were defatted
with acetone with a pieces to solution ratio of 1:10 (w/v) for 2 days with a changing to new
acetone solution every 12 h, and then thoroughly washed with ultrapure water. Then the
skins were suspended in 0.5 M acetic acid with a pieces to solution ratio of 1:20 (w/v) for
1 day. After pretreatment, the fish skin was hydrolyzed by pepsin to extract collagen. The
skin was dissolved in 0.5 M acetic acid with pepsin (pepsin 1:3000, Sigma, St. Louis, MO,
USA) for 24 h at 4 ◦C, then centrifuged at 15,000 rpm for 30 min. The supernatant was
salted out by adding NaCl until a final concentration of 0.9 M. The resultant precipitate
was collected by centrifugation at 15,000 rpm for 1 h and then dissolved in 0.5 M acetic acid.
The solution was then dialyzed against 0.1 M acetic acid for 1 day and ultrapure water for
3 days. The resultant dialysate was lyophilized and was referred to as MC (Figure 7).

Figure 7. MC extraction methods from P. olivaceus (pepsin hydrolysis).
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4.2.2. Sodium Dodecyl Sulfate Polyacrylamide-Gel Electrophoresis (SDS-PAGE)

SDS-PAGE was performed, following the method of [45] with slight modifications,
using 7.5% separating and 5% stacking gel. The collagen samples were dissolved in the
sample buffer and the obtained mixture (1 mg/mL) was heated at 100 ◦C for 5 min. The
mixture was centrifuged at 4000 rpm for 5 min using a microcentrifuge at room temperature
to remove debris. A total of 20 μg of the sample was loaded onto a polyacrylamide gel
and subjected to electrophoresis at a constant voltage (100 V) for 1 h using MiniProtein
II unit (Bio-Rad Laboratories, Inc. Richmond, CA, USA). The resultant gel was stained
with 0.1% (w/v) Coomassie blue R-250 in 50% (v/v) methanol and 10% (v/v) acetic acid
for 2 h and destained with 40% (v/v) methanol and 10% (v/v) acetic acid. High molecular
weight markers were loaded alongside the collagen to estimate the molecular weight of
MC, and commercial atelocollagen (Atelocollagen, Dalim Tissen, Korea) was loaded next to
the protein marker as standard collagen.

4.2.3. UV Absorbance Analysis

The UV absorption spectra of MC from the skin of P. olivaceus were studied, following
the method reported elsewhere with slight modifications [46]. The MC and commercial
atelocollagen samples (1 mg) were dissolved in 1 mL of 0.5 M acetic acid and the collagen
solutions were centrifuged at 15,000 rpm for 10 min at 4 ◦C. The collagen solution was
placed in a quartz cell with a path length of 1 mm. The collagen solutions were subjected to
absorbance at wavelengths between 200 and 500 nm at a scan speed of 2 nm per second
with an interval of 1 nm. All spectra were obtained using a UV–visible spectrometer (Epoch
2 Microplate reader, Biotek, Winooski, VT, USA).

4.2.4. Amino Acid Contents

Amino acid compositions were analyzed using an automatic analyzer (Hitachi Model
835-50, Tokyo, Japan) with a C18 column (5 μm, 4.6 × 250 nm, Watchers, MA, USA). The
reaction was carried out at 38 ◦C, with the detection wavelength at 254 nm and flow rate of
1.0 mL/min. All chemical analyses (from each tank) were carried out in triplicate.

4.3. Isolation and Characterization of Carbonated Hydroxyapatite
4.3.1. Isolation of Carbonated Hydroxyapatite from P. Olivaceus

P. olivaceus bones were cut into small pieces using a bladed cutter. The bone pieces
were boiled in 100 ◦C purified water for 1 h to remove unnecessary parts. Then, the bone
pieces were boiled in 10 mL of acetone and 2% NaOH for 1 h, and the water was completely
removed at 100 ◦C. The dried bone pieces were crushed using a homogenizer. CHA was
extracted by boiling the crushed bone pieces for 1 h in 200 ◦C 2 M NaOH to completely
remove the organic materials. Collected CHA was washed with purified water to adjust
the pH to neutrality and to remove all of the moisture from the dry oven (Figure 8).

Figure 8. CHA extraction methods from P. olivaceus (Alkaline hydrolysis).
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4.3.2. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy (Perkin Elmer, Waltham, MA, USA) data were collected from raw
fishbones, CHA, HA, MC, and commercial atelocollagen to determine the functional groups
of hydroxyapatite and collagen. The IR spectra represent the average of 30 scans between
500 cm−1 and 4000 cm−1, at a resolution of 4 cm−1.

4.3.3. X-ray Diffraction (XRD) Analysis

XRD analysis was conducted on the fishbones, HA and CHA using an Ultima IV
system (Rigaku Co., Tokyo, Japan) with Cu-Kα radiation. The X-ray diffraction intensities
were recorded within the range of 5 to 80◦, at a scanning rate of 2◦ min−1.

4.4. Fabrication and Characterization of 3D Scaffolds

In this study, we used a computer-controlled three-axis robot system (EZ-ROBO-5GX
ST2520, Iwashita Engineering Inc., Fukuoka, Japan), supplemented with a dispenser to
fabricate the PCL, HA/PCL, and CHA/PCL structure. The PCL struts were melted at 100
◦C in a heating barrel and were extruded through a heated 21G nozzle at a constant pressure
(500 ± 25 kPa). Following this condition, the PCL struts were built in a layer-by-layer
manner to make a 3D structure with uniform height and porosity. After fabricating the
multilayered structure, the fabricated scaffold was sterilized in 70% EtOH. After fabricating
the PCL, the HA/PCL and CHA/PCL scaffolds were coated with MC on the surface
through 1-ethyl-(3-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) coupling
reaction (Figure 9).

Figure 9. Schematic diagram of CHA-reinforced PCL scaffold and coated collagen.

4.4.1. Scanning Electron Microscope (SEM) Analysis

The structural morphologies of PCL, 2.5% CHA/PCL, 5% CHA/PCL, 10% CHA/PCL,
10% HA/PCL, MC/PCL, 2.5% CHA/MC/PCL, 5% CHA/MC/PCL, 10% CHA/MC/PCL,
and 10% HA/MC/PCL scaffolds were examined using a field emission scanning electron
microscope (SEM, Tescan, Czech, VEGA II LSU) at 15 kV. The diameter of the 3D scaffolds
was measured from the SEM image using image analysis software (Image J, National
Institutes of Health, Bethesda, MD, USA).

4.4.2. Tensile Properties

The tensile properties of PCL, 2.5% CHA/PCL, 5% CHA/PCL, 10% CHA/PCL, 10%
HA/PCL, MC/PCL, 2.5% CHA/MC/PCL, 5% CHA/MC/PCL, 10% CHA/MC/PCL, and
10% HA/MC/PCL scaffold (2.5 × 2.5 mm2) were measured using a universal tensile
machine (Top-tech 2000, Chemilab, Kimpo, Korea). The PCL scaffolds were mounted and
subjected to a crosshead speed of 0.2 mm/s at room temperature until failure. The elastic
modulus was investigated by the average of three runs for each scaffold.
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4.5. In Vitro Study on Fabricated Scaffolds
4.5.1. Cell Culture and Cell Viability

The MC3T3-E1 subclone 4 cells were purchased from the American Type of Culture
Collection (Rockville, MD, USA). The MC3T3-E1 cells were cultured in α-MEM without
ascorbic acid, supplemented with 10% fetal bovine serum (FBS), 100 μg/mL streptomycin,
and 100 U/mL penicillin. The MC3T3-E1 cells were incubated in 5% CO2 humidified
atmosphere and at 37 ◦C and sub-cultured every 2–3 days.

The MC3T3-E1 cells were seeded onto the scaffolds by dropping them onto scaffolds at
a density of 1 × 105 per scaffold. Before the cells were seeded, the scaffolds were sterilized
with 70% ethyl alcohol (EtOH) and UV light.

The cell viability and distribution of the MC3T3-E1 pre-osteoblasts cultured on the
CHA-reinforced scaffolds were determined by Cell Counting Kit-8 (CCK-8) assay (Dojindo,
Kumamoto, Japan) and live/dead fluorescence staining. Cell viability at 3, 5, and 7 days
via CCK-8 assay was evaluated, according to the manufacturer’s protocol. A total of 10 μL
of CCK-8 solution along with 100 μL of α-MEM were added to each well; the mixture
was incubated at 37 ◦C. for 2 h. The cell viability was evaluated at 450 nm by using a
microplate reader (Biotek, Winooski, VT, USA). The cell viability was evaluated using a
fluorescence microscope through the Live/Dead assay. After 7 days, the MC3T3-E1 seeded
on the CHA-reinforced scaffolds were stained with fluorescein diacetate (8 μg/mL) and
propidium iodide (20 μg/mL) for 15 min at room temperature after washing three times
with PBS. The stained MC3T3-E1 on the scaffolds were qualitatively examined under a
fluorescence microscope (Axio Observer A1, Zeiss, Jena, Germany).

4.5.2. ALP Activity and Mineralization Analysis on 3D Scaffolds

MC3T3-E1 cells were cultured in α-MEM containing 50 μg/mL ascorbic acid and
10 mM β-glycerophosphate for the osteogenic differentiation. For the incubation, the
osteogenic differentiation media was changed every 2 days.

After 7 days, the 1-StepTM PNPP reagent (100 μL) was added to wells and incubated
for 30 min. The 2N NaOH solution was added to stop reactions. The absorbance was
measured at 405 nm with a microplate reader. Mineralization in the scaffolds was calculated
by subtracting the Alizarin Red values, which were stained by the HA and CHA contained
in the cell-free scaffolds.

After 14 and 21 days, the MC3T3-E1 cells were fixed with 10% formalin and stained
with Alizarin Red S (40 mM). After staining with Alizarin Red S, the Alizarin Red S
was removed and washed three times with D.W. The staining was dissolved through
cetylpyridinium chloride and the absorbance of the dissolved stain was measured at
550 nm using a microplate reader.

4.6. In Vivo Study in Mouse Calvarial Defect Model

The experimental protocol was approved by the Animal Care and Experiment Com-
mittee of Pukyong National University and performed following relevant guidelines and
regulations for the care and use of laboratory animals. To determine the bone regeneration
ability of the containing MHA and MC, Male CrljOri:CD1 (ICR) mice (approximate weight
of 35 g) were used as an in vivo bone defect model. The experiment was conducted accord-
ing to the protocols approved by the Institutional Animal Care and Use Committee. The
ICR mice were maintained on a 12 h light/dark cycle in a controlled environment (relative
humidity: 40–70%; temperature: 20–24 ◦C).

4.6.1. Mouse Calvarial Defect Model and Implantation of 3D Scaffolds

Anesthesia of ICR mice was performed by intraperitoneal injection of Zoletil 50. After
brightening and disinfecting the upper part of the head, the surgical site was vertically
incised and the soft tissue was removed to expose the calvarium. Two 3 mm diameter
defects created on both side in the exposed calvarium and PCL, 10% HA/MC/PCL, and
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10% CHA/MC/PCL scaffolds were implanted into the bone defect site. The non-treated
group was used as a control group.

4.6.2. Micro-Computed Tomography Analysis

After the calvarial defect was created, it was implanted with PCL, 10% HA/MC/PCL,
and 10% CHA/MC/PCL scaffolds. After 20 weeks of operation, ICR mice were euthana-
tized and the calvarial specimens were harvested and fixed in 10% formalin for further
characterization and analysis. Micro-CT (NFR Polaris-G90, NanoFocusRay Co., Ltd., Korea)
was firstly used to detect the defect area with the settings (80 kV, 0.06 mA). The 3D structures
of calvarium were reconstructed through Mimic software (Radiant, Poznan, Poland).

4.6.3. Histological Analysis

Calvarial specimens were fixed in 10% formalin for 5 days at room temperature and
decalcified in 8% formic acid and 8% hydrochloric acid, frozen in mounting media. The
frozen blocks were cut into 5 μm-thick sections across the center of the defect area and
stained with HE, picrosirius red, and MT staining to evaluate the bone regeneration.

4.7. Statistical Analysis

All quantitative data are presented as means ± standard deviation (SD) with at
least three individual experiments that were conducted using fresh reagents. Significant
differences among the groups were determined using the unpaired Student’s t-test. The
differences were considered statistically significant at p < 0.05.

5. Conclusions

In this study, MC and CHA were extracted from P. olivaceus byproducts (skin and
bone), and a 3D scaffold reinforced with CHA and coated with MC was fabricated to
evaluate bone regeneration. First, CHA and MC extracted from the P. olivaceus byproducts
were analyzed to determine that they had the characteristics of HA and collagen. By
fabricating a 3D scaffold, osteogenic differentiation was confirmed using MC3T3-E1 cells,
and bone regeneration was confirmed in a mouse calvarial defect model. Micro-CT and
histological analysis revealed that the tissue regeneration of the defect site in the 10%
HA/MC/PCL and 10% CHA/MC/PCL groups was superior to that in the non-treatment
and PCL scaffold groups. These results suggest that marine byproduct-derived materials
can be valuable alternatives for land animal-derived materials. Based on the results, further
study is needed to develop bone mimic scaffold with blood vessels, in order to understand
bone regenerative mechanism.
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Abstract: Collagen filaments derived from the two marine demosponges Ircinia oros and Sarcotragus
foetidus were for the first time isolated, biochemically characterised and tested for their potential
use in regenerative medicine. SDS-PAGE of isolated filaments revealed a main collagen subunit
band of 130 kDa in both of the samples under study. DSC analysis on 2D membranes produced
with collagenous sponge filaments showed higher thermal stability than commercial mammalian-
derived collagen membranes. Dynamic mechanical and thermal analysis attested that the membranes
obtained from filaments of S. foetidus were more resistant and stable at the rising temperature,
compared to the ones derived from filaments of I. oros. Moreover, the former has higher stability in
saline and in collagenase solutions and evident antioxidant activity. Conversely, their water binding
capacity results were lower than that of membranes obtained from I. oros. Adhesion and proliferation
tests using L929 fibroblasts and HaCaT keratinocytes resulted in a remarkable biocompatibility of
both developed membrane models, and gene expression analysis showed an evident up-regulation
of ECM-related genes. Finally, membranes from I. oros significantly increased type I collagen gene
expression and its release in the culture medium. The findings here reported strongly suggest
the biotechnological potential of these collagenous structures of poriferan origin as scaffolds for
wound healing.

Keywords: porifera; demosponges; biomaterial; collagen; spongin; wound healing

1. Introduction

Regenerative medicine currently needs innovative biomaterials characterised by low
immunogenicity and toxicity and by good mechanical properties. Many biopolymers are
available for their production, among them collagen—alone or combined with other ECM
components, such as GAGs or elastin—is one of the most used and effective for these pur-
poses [1]. Although skin and bones from bovine or porcine waste remain the primary source
of this protein for regenerative medicine, the scientific community has recently shown a
strong interest in marine collagen [2], consequently fish and various marine invertebrate
collagens have been isolated and tested for tissue engineering applications [3–5]. Marine
sponges in particular are one of the most promising sources among marine invertebrates
for the production of collagen-derived biomaterials [6]. Marine sponge-derived collagen
was tested for in vitro and in vivo studies, mainly for bone graft applications [7–11], and
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intact decellularized sponge 3D structures were used as bioinspired scaffolds for bone re-
generation experiments [12]. Despite these several examples of the potential use of sponge
collagen in regenerative medicine, there is only partial information on molecular charac-
terisations of sponge-derived collagens [13,14], as well as on the molecular mechanisms
involved in its biosynthesis [15,16].

Porifera is an extremely rich and biodiverse phylum, with more than 6,500 different
species described to date [17]. These simple sessile animals are characterised by vari-
ous shapes and textures supported by different structural solutions. Many species are
characterised by a mineral skeleton made of silica or calcium carbonate, while others,
commonly designated as keratose or horny sponges, have bodies formed exclusively by
a flexible fibrous proteinaceous material commonly referred to as spongin [18,19]. The
chemical-physical analyses of the abovementioned “spongin” lead back to a collagenic
nature [18,20], but the co-presence of intercellular collagen fibres of smaller diameter in the
same animals requires a better definition and characterisation of the various structures of
collagen origin present in these sponges. Conventionally, the insoluble fibrous material
isolated from the horny sponges after cell elimination by enzymatic treatment and cen-
trifugation at low speed is designated as spongin B, while the collagenous suspension that
can only be recovered through long and high-speed centrifugations is considered spongin
A, or more generally, the sponges’ intercellular collagen fibres [18]. A third sponge colla-
genic material was furthermore found only in members of the Irciniidae family: peculiar
collagen filaments intimately connected to the fibrous spongin matrix, forming a single
extremely robust and flexible support unit, specifically described in the two genera, Ircinia
and Sarcotragus [21,22]. Their function remains controversial. Previously, some studies
have also advanced the hypothesis of structures acquired by parasites [23]. However, their
detailed morphological and chemical-physical characterisation confirmed the collagenic
nature of these structures [21], attesting to their function as a skeleton specialisation typical
of these genera. Depending on the species, the size of these filaments varies from a few
millimetres in length to a few microns, and, in most cases, they end with an ovoid knob.
Their ultrastructural analyses show that they are composed of tightly connected sets of col-
lagen fibrils, often containing iron hydroxide granules of Lepidocrocite (γ-FeO(OH)) [24],
whose function remains unknown. Unlike spongin, these filaments are surrounded by
a thin amorphous cuticle whose positivity to Alcian blue strongly suggest the presence
of carbohydrate components. This overall organisation shapes the tight packaging of the
collagen fibrils composing the filaments, and it confers them as a relevant resistance to
enzymatic digestion [21]. Ultimately, these peculiar structural features of horny sponge
filaments represent something unique of their kind, and in our opinion they could have in
principle relevant characteristics as a raw material for the production of 3D composites [25],
as well as new devices for regenerative medicine.

The aim of this work is to develop a preliminary study to verify this hypothesis. For
this purpose, two typologies of sponge-derived filaments are used: the large size ones from
Ircinia oros (Schmidt 1864) and the small size ones from Sarcotragus foetidus (Schmidt 1862).
2D membranes were obtained by combining purified collagen filaments and intercellular
collagen fibres from both sponge materials. Their ultrastructural, thermal and mechanical
properties were analysed. Finally, their biocompatibility and ability to induce collagen and
fibronectin production in fibroblast cell lines were tested to evaluate their potential as new
biomaterials for skin regeneration in wound-dressing applications.

2. Results and Discussion

2.1. Sponge Collagen Filaments (SCFs) Characterisation
2.1.1. SCFs Microscopy Analysis

Microscopy analysis of fresh slices of I. oros and S. foetidus tissues showed their
organic skeleton anatomy, articulated in a combination of main branched brown structures,
commonly known as spongin, on which thin and clear filaments are tightly enveloped.
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With slight pressure on a free edge of the tissue, these filaments can be observed to emerge
from the spongin’s main branch (Figure 1A,Aa,B,Ba).

Figure 1. Morphology of collagen filaments derived from I. oros and S. foetidus. (A,Aa,C,E,Ea,G)
Micrographs of collagen filaments isolated from I. oros tissues. (B,Ba,D,F,H) Collagen filaments
isolated from S. foetidus tissues. (A,Aa,B,Ba) Stereo-microscopy analysis of fresh tissue. (C,D)
Residual collagen filaments associated with spongin matrix at the end of the purification process.
(E,Ea,F) Scanning electron microscopy analysis of isolated collagen filaments. (G,H) Micrograph of
picro-sirius red staining of collagen filaments.

133



Mar. Drugs 2021, 19, 563

Using a tissue dissociation enzymatic procedure combined with repeated extraction
cycles in distilled water starting from 20 g (wet weight) of I. oros tissue, up to 400 mL of
an aqueous suspension of collagen filaments isolated from the brown spongin matrix at
a final concentration of 2 mg/mL could be obtained. The filaments extracted during the
first two extraction rounds contained sediment residues and various sponge tissue debris
and were thus discarded, while those obtained in subsequent cycles were progressively
cleaner. After several extraction cycles, almost all the filaments have been removed from
the brown matrix and collected in water suspension, and only a residual quantity still
remained tightly knotted to the spongin structure (Figure 1C). Electron microscopy analysis
of isolated filaments from I. oros confirmed the expected forms and dimensions, according
to the descriptions previously published [21,26]. They showed a diameter of 13 μm, a
length of several millimetres (up to 8 mm) and they ended with an oval knob (15–22 μm).
The I. oros filaments were also strongly positive for picro-sirius red stain (Figure 1G),
confirming their collagenous origin (Figure 1G).

A similar approach was followed to extract filaments from S. foetidus, with some
specific adaptations. The filament dimensions, lower than the I. oros ones, and the high
presence of inorganic sediments intimately distributed in the whole inner body of S. foetidus
were the main cause of a greater difficulty in the isolation and cleaning procedure. Dif-
ferently from the I. oros case, the reduced dimensions of S. foetidus filaments prevented
the exploitation of a different speed of sedimentation to remove sediment residues and
cell debris. Although the animal’s tissues are very rich in collagenic filaments, numerous
repetitions of extraction cycles were necessary to obtain enough purified material; there-
fore, the first four cycles of extraction were discarded and only after the fifth cycle it was
possible to obtain a filament suspension that is clean and pure enough. On the other hand,
in these animals, the brown spongin structure intimately associated with filaments seemed
to flake off more easily than in the previous case of I. oros (Figure 1D). Definitively, in
S. foetidus, starting from 20 g of fresh tissue in our experimental conditions, it was possible
to recover 200 mL of purified filament suspension with a final concentration of 2 mg/mL.
Ultrastructural analyses showed filament diameters of 1–3 μm without any knobs at their
ends. At a higher magnification, intercellular collagen fibres are clearly visible between the
filaments, which are co-extracted during the purification steps (Figure 1F). Furthermore,
S. foetidus filaments appeared intriguingly coated with an irregular sheath of inorganic
material, formed by iron-containing compounds as shown by EDS analyses (Figure S1).
This suggests that S. foetidus collagen filaments could contain iron-based mineral phases, as
previously described in filaments of other sponges of the Ircinia genera [21]. The irregular
distribution of these mineral sleeves found in our samples is partly a consequence of the
extraction procedure, based on repeated cycles, as the ultrastructural analysis conducted
on intact S. foetidus tissues shows that this coverage is considerably more homogeneous in
origin (Figure S2). The remarkable discontinuous biomineral coatings prevent the homoge-
neous staining of this sample with picro-sirius red dye conversely to that obtained in I. oros
filaments (Figure 1H). Notably, the presence of biogenic iron hydroxide intimately asso-
ciated with collagenic material makes the biomaterials derived from this sponge species
extremely interesting regarding biotechnological application, given the innumerable uses
of composite collagen matrices with iron-based minerals [27–29].

2.1.2. SCFs Biochemical Analysis
Amino Acid Composition

Table 1 shows the amino acid composition of hydrolysed SCFs derived from I. oros and
S. foetidus, expressed as residues ‰. The amino acid profile of the collagen filaments of both
sponges is similar. Therefore, this suggests that despite very different sizes, these filaments
are formed by similar collagen molecules. Like rat and codfish collagen, sponge collagenous
filaments have glycine as their major amino acid, as shown in 359/1000 and 385.46/1000
residues, in I. oros and S. foetidus filaments, respectively. Proline contents in collagen
filaments from I. oros and S. foetidus resulted in 57.06 and 67.29 residues ‰, respectively.
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Together with glycine and proline, hydroxyproline and hydroxylisine are amino acid
characterising collagens. In particular, the total amount of hydroxyproline residues in
collagen can affect the thermal stability of collagen [30]; furthermore, its content is higher
in rat collagen than sponge collagenous filaments, as it suits the higher mammalian body
temperatures. Conversely, its content level is lower in codfish than in sponge collagenous
filaments, due to the lower temperature in which this animal lives, compared to I. oros and
S. foetidus, which typically grow in low depths of the Mediterranean Sea. As observed for
proline residues, the lysine content in the collagenous filaments of sponges is also lower
than in vertebrate collagens; however, its percentage of hydroxylation is higher. Highly
hydroxylated collagen has been reported previously within skeletal structures of glass
sponges [31]. Here, the total hydroxylysine content is remarkably higher in the sponges’
filaments than in vertebrate collagen, resulting in almost double compared to codfish
collagen. Hydroxylysine residues are known to be involved in crosslink reactions during
fibre assembling [32], and their peculiar abundance could explain the strong insolubility
of filaments themselves. Another very interesting fact that emerged in this study is the
high level of aspartic acid content in sponge filaments compared to vertebrate collagen.
This last feature, already described in several other poriferan collagens [21,33–35], is again
something peculiar in the context of sponge collagens, and it could explain their difficulty
in being solubilised in acidic conditions, contrary to the collagens of higher organisms.

Table 1. Amino acid composition of I. oros and S. foetidus collagen filaments compared with collagen
from skin of codfish and commercial rat collagen (per 1000 residues).

Amino Acid I.oros S. foetidus Rat * Codfish *

Ala+Arg 152 157 153.4 121.93
Aspartic acid 100.03 78.83 45.32 38.82
Glutamic acid 111.90 114.27 73.33 56.08

Glycine 359.00 385.46 333.18 266.12
Histidine 0.96 1.34 3.61 5.01

Hydroxylysine 13.91 14.26 9.33 6.65
Hydroxyproline 69.29 61.53 96.09 39.6

Isoleucine 8.57 5.62 7.48 5.61
Leucine 23.19 18.96 23.29 6.51
Lysine 13.80 12.00 27.07 19.62

Methionine 1.64 1.80 8.03 15.04
Phenylalanine 13.31 10.42 14.62 12.7

Proline 57.06 43.56 109.21 62.69
Serine 41.65 61.28 42.74 53.87

Threonine 18.53 18.66 18.79 16.89
Tyrosine 4.99 5.17 3.76 2.25

Valine 10.59 10.18 17.08 12.02
* Value obtained from [36].

Amino Acids, Glycosaminoglycans (GAGs) and Iron Content

The results obtained by the quantitative analysis of total amino acids (GAGs) and
iron is showed in Table 2. These data indicated that the proteinaceous component in I. oros
filaments are double compared to S. foetidus filaments. Conversely, the GAGs amount
obtained by Alcian blue quantitative assay were higher in S. foetidus filaments compared to
I. oros counterpart, resulting in 28.49 ± 8.3 μg/mg and 12.28 ± 5.4 μg/mg, respectively.

Table 2. Comparison between I.oros collagen filaments and S.foetidus collagen filaments in amino
acids, GAGs and iron content (μg/mg dry collagen filaments).

-
Amino Acids

(μg/mg)
GAGs

(μg/mg)
Iron

(μg/mg)

I. oros 490.3 ± 3.4 12.28 ± 5.4 2.7 ± 0.32
S. foetidus 250.9 ± 2.9 28.49 ± 8.3 45.32 ± 2.8
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Finally, the quantitative evaluation of the iron component in SCFs obtained by induc-
tively coupled plasma atomic emission (ICP–AES) confirmed the previously obtained data
in I. oros samples [22], and provides us with a quantitative indication on the biomineral com-
ponent identified in S.foetidus collagen filaments through EDS (Figure S1) in ultrastructural
analyses.

Sodium Dodecyl Sulfate Poly Acrylamide Gel Electrophoresis (SDS-PAGE)

The electrophoretic profile of purified SCFs from I. oros and S. foetidus could be obtained
only after their destruction by glass beads in 1× denaturing gel loading buffer (Figure 2).
No differences in electrophoretic patterns between the sponge species were observed. In
both samples, a weak band corresponding to 120 kDa, consistent with the typical size of
the fibrillar collagens α-chains of higher animals [36] and other marine sponge species, was
detected. In particular, a similar molecular size was observed in the SDS-PAGE analysis of
fibrillar collagen extract purified from the marine sponge Chondrosia reniformis [37]. The
presence of a single band suggests that the fibrillar collagens of these sponge filaments
should be homotrimers forming homotypic fibres.

Figure 2. SDS-PAGE analysis of purified SCFs. A total of 40 μL of 2 mg/mL sponge filament
suspensions crushed in acid-washed glass beads in 1× gel loading buffer and heated at 90 ◦C for
5 min were loaded in a 7% polyacrylamide gel. After electrophoresis, gel was stained with colloidal
Coomassie blue staining as described in Section 4.3. Lane 1: standard molecular weight markers
(kDa); Lane 2: I. oros collagen filaments; Lane 3: S. foetidus collagen filaments; Lane 4: rat tail type I
collagen.

2.2. Sponge Collagen Filament Membranes (SCFMs) Characterisation
2.2.1. SCFM Surface Morphologies

When SCFs derived from I. oros and S. foetidus were cast and dried in silicon mods, it
was possible to recover thin, light membranes that were extremely smooth to the touch
(Figures 3A and 4A). The texture of I. oros-derived membranes was clearly visible under
an optical microscope at low magnification, thanks to the larger size of its filaments
(Figure 3B–D). The membrane structure appeared to be a disorganised web of filaments
bound by a bright, transparent matrix. The pores delimited by the mesh of the membrane
texture spanned an average value of 624.09 ± 291.49 μm2. Ultrastructural analysis showed
that the I. oros collagenic filaments in the membranes were intimately associated with
intercellular collagen fibres that were co-extracted with the filaments and that, once dried,
formed a whole with the filaments themselves (Figure 3E,F). At light microscopy, the
network of the membranes obtained from the collagen filaments of S. foetidus was more
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compact than that derived from I. oros filaments (Figure 4A), and their mesh was only
visible in the edge through high magnification (Figure 4B). In electronic microscopy with
high magnification, these membranes were formed by a dense weave of filaments bound by
intercellular collagen fibres with a smaller diameter (Figure 4C–F). Here, the pores delimited
by the mesh of the membrane texture spanned an average value of 8.90 ± 5.61 μm2. The
remarkable differences in the filament networking and the pore texture can be justified
by the different diameters of the filaments (13 μm for I. oros and 1–3 μm for S. foetidus),
and by their distinct surface characteristics. S foetidus filaments, in particular, have a very
peculiar coating of iron oxide, and this feature could play a role in the intercellular matrix
protein-filament interactions in the membrane structure.

Figure 3. I. oros-derived membranes morphology. (A) Photograph of whole I. oros-derived membrane.
(B,C) Micrographs showing the texture I. oros-derived membranes. (D) Micrograph showing the
jagged edge of the I. oros-derived membrane. (E,Ea) Scanning electron microscopy analysis showing
the texture of the I. oros-derived membrane. (F) Scanning electron microscopy analysis showing the
filament knob embedded in intercellular collagen fibre matrix. InCol: intercellular collagen fibres.
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Figure 4. S. foetidus-derived membranes morphology. (A) Photograph of whole S. foetidus-derived
membrane. (B) Micrographs showing the jagged edge of the S. foetidus-derived membrane. (C–F)
Scanning electron microscopy analysis showing the texture of the S. foetidus-derived membranes.
InCol: intercellular collagen fibres.

2.2.2. Thermal Properties

Differential scanning calorimetry (DSC) thermograms of dried SCFMs and of one
commercial collagen membrane (BioGide®, chosen as comparison biomaterial) are shown
in Figure 5. An endothermic peak, with a maximum temperature point (Tmax) of 71.19
and 55.79 ◦C, was observed for I. oros-derived and S. foetidus-derived membranes, re-
spectively, while BioGide® commercial collagen membranes showed a Tmax at 54.17 ◦C.
Therefore, compared to BioGide®, both SCFMs showed higher thermal stability. However,
while S. foetidus-derived membranes differed by a few degrees, those derived from I. oros
filaments showed a higher difference compared to commercial collagen membranes. A
high thermal stability of solubilised collagen molecules is related to the high level of pro-
line/hydroxyproline [30]. However, a small difference in the amount of these amino acids
was observed in the collagen filaments isolated from both species (Table 1). Furthermore,
their content is considerably lower than in mammalian collagen, where commercial mem-
branes are formed. It is therefore evident that other chemical characteristics must come into
play to ensure the high thermal stability found in the I. oros-derived membranes. Typically,
commercial collagen membranes were obtained from controlled in vitro fibrillogenesis
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of solubilised tropo-collagen. Conversely, SCFMs are obtained by casting and drying
the collagen filaments formed by tightly assembled intact collagen fibres that, for I. oros
filaments, are further enveloped in Alcian blue positive sugar sheath [21]. The thermal
stability of a collagen-derived biomaterial is increased by its crosslink level [38]; hence,
the high thermal stability observed in I. oros-derived membranes could be related to the
interchain cross-links involved in the association of collagen fibres. S. foetidus filaments
are partially covered by iron biomineral; however, the presence of mineral nanoparticles
does not seem to affect the thermal stability of collagen-derived scaffolds [38,39]. This
could explain the low Tmax difference between commercial collagen and S. foetidus-derived
membranes.

Figure 5. DSC analysis of SCFMs. Thermograms of 3 mg of dry I. oros-derived membrane (blue line), S. foetidus-derived
membrane (black line) and commercial porcine collagen membrane Bio-Gide®(red line).

2.2.3. Mechanical Properties

DMA and DMTA were carried out on the prepared SCFMs in order to compare
their overall mechanical performances. As summarised in Table 3, S. foetidus-derived
membranes present much higher elastic (E’) and loss modulus (E”), with respect to those
derived from I. oros in the same experimental conditions. This greater mechanical stiffness
may be ascribed to different reasons. First, the smaller size of the filaments’ diameter
from which S. foetidus-derived membranes are formed generates a more compact texture
with smaller diameter pores, which can in turn enhance the sample rigidity [40]. Second,
despite that in both types of membranes the filaments are bound by intercellular collagen
fibres co-extracted with the filaments, the smaller size of the S. foetidus filaments could
allow these filaments to interact better with the intercellular collagen fibres to form a
continuous structure, while this is harder in the I. oros-derived membranes due to the larger
size difference between the filament diameter and dispersed intercellular collagen fibres.
Finally, the iron biomineral coating present in S. foetidus filaments is likewise responsible for
a further enhancement of the sample mechanical performances with respect to the I. oros-
derived membranes [41]. Additionally, as shown in Figure 6, it is noteworthy that both
the prepared SCFMs are characterised by a high thermal stability within the investigated
temperature range. However, S. foetidus-derived membranes appear to once again perform
better compared to the I. oros-derived ones, presenting a lower decrease in the elastic
modulus as the temperature is increased.
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Table 3. Mechanical test of SCFMs. DMA.

Sample
E’ @ 1 Hz, 25 ◦C

(MPa)
St. Dev

E" @ 1 Hz, 25 ◦C
(MPa)

St. Dev

I. oros 447.15 9.49 18.52 0.86
S. foetidus 819.27 37.88 44.25 4.50

Figure 6. Mechanical test of SCFMs. DMTA spectra of I. oros-derived (blue curve) and S. foetidus-
derived (orange curve) membranes measured in extensional configuration with a frequency of 1 Hz
and an extensional stress of 0.1 MPa.

Generally speaking, both SCFMs are characterised by suitable mechanical properties
for a broad range of biomedical applications, ranging from scaffolds for tissue regeneration
to wound-healing patches.

2.2.4. In Vitro Degradation Evaluation

The degradation rate of SCFMs in PBS or collagenase solution was first investigated
by evaluating the percentage of weight loss as a function of the degradation time. The
percentage weight loss of SCFMs within 21 days in PBS (pH 7.4) is shown in Figure 7A.
For each membrane type, the main weight loss was detected within seven days, while
insignificant weight loss was observed after 14 and 21 days. After seven days, I. oros-
derived membranes exhibited a weight loss rate of 36.27 ± 8.54%, while in S. foetidus types,
the weight loss was 13.9 ± 3.25%, which was more stable than I. oros-derived membranes.

The weight loss of the SCFMs due to the collagenase enzymatic activity within 21 days
is shown in Figure 7B. In both membrane types, the weight loss after seven days was not
significantly different from the corresponding samples in PBS, resulting in 26.29 ± 5.25%
and 18.03 ± 6.0%, respectively, while after 14 days in the enzyme treated cases the weight
loss almost doubled. Specifically, in I. oros-derived membranes, a 58.93 ± 23.34% weight
loss was detected, while in S. foetidus-derived membranes, it was 28.98 ± 0.06%. No further
increase in weight loss was observed after 21 days in both samples.

The evaluation of the organic compound release in saline or in collagenase solution
from SCFMs during the in vitro degradation evaluation, obtained by the 280 nm absorbance
in the membrane incubation media, has shown a similar trend in SCFM degradation rate
(Figure 7C,D). Compared to the previous methods, here in the presence of collagenase,
significant differences with respect to the PBS were detected already after 7 days.
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Figure 7. In vitro degradation test. Percentage degradation in PBS (A) and in 0.1 mg/mL collagenase solution (B) obtained
as dry wight difference. Organic compound release from SCFMs in PBS (C) and in 0.1 mg/mL collagenase solution (D)

obtained by 280 nm absorbance measurement of the incubation media. (n = 3, mean ± standard deviation).

To evaluate the percentage of collagen released or hydrolysed from the SCFMs within
21 days in PBS or in collagenase solution, the incubation media of the in vitro degradation
test was hydrolysed and the hydroxyproline content was measured. When the membranes
were incubated in PBS, no detectable hydroxyproline (<0.6 mg/mL) was found in each
type of membrane. In the presence of collagenase in I. oros-derived membranes, the level of
hydroxyproline recorded in the incubation media appeared to increase over time, resulting
in 6.03 ± 0.89 μg/mL after 21 days, while in S. foetidus-derived membranes, the level of hy-
droxyproline was appreciable only after 21 days, resulting in 2.30 ± 0.37 μg/mL. (Table 4).
These data indicate that the membrane weight loss observed in PBS incubation was not due
to collagen release, but to different organic compounds, while when the membranes were
incubated in collagenase solution, considering a presence of hydroxyproline on average of
6.5% (Table 1) in the collagen, only a 26.2% and a 18.5% of the weight loss was collagen in
I. oros-derived membranes and S. foetidus-derived membranes, respectively.

Table 4. Hydroxyproline content the incubation media of the in the vitro degradation test.

Time (days)
I. oros S. foetidus

μg/mL μg/mL

7 3.64 ± 0.56 <0.6
14 5.78 ± 0.28 <0.6
21 6.03 ± 0.89 2.30 ± 0.37

The greater stability of the S. foetidus-derived membranes compared to those derived
from I. oros, evaluated in PBS and collagenase, obtained through the dry weight difference
and through the analysis of the absorption at 280 nm of the incubation media could be
due to the different textures of these membranes. These results are congruent with what
was previously highlighted in relation to mechanical properties. The larger pore sizes
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in I. oros-derived membranes and the discontinuity of the intercellular collagen matrix
that binds the filaments make this structure more susceptible to the dispersion of some
of its components in water, and more accessible to collagenase digestion. Although it
has previously been shown that sponge collagen is extremely resistant to collagenase
treatment [33], the membranes in this study were subjected to greater weight loss after
14 days and a higher organic compound release after 7 days, compared to the saline solution,
attesting a possible enzymatic activity. However, the analysis of the hydroxyproline level
in the hydrolised membrane incubation media revealed that only a low percentage of
weight loss was collagen material, suggesting an intimate association between collagen
fibres and other organic materials that are solubilised together to the hydrolysed collagen.
Moreover, the increased resistance to collagenase digestion exhibited by S. foetidus-derived
membranes compared to I. oros-derived membranes could be probably linked to the partial
coating of the filaments with the biomineral material, which could limit access to the
enzymes.

2.2.5. Swelling Test and Antioxidant Activity

The degree of swelling of SCFMs after immersion in water over a 24 h period is shown
in Table 5. I. oros-derived membranes showed a percentage of swelling that was about
double as compared to S. foetidus membranes (1511.44 ± 149.23% and 827.94 ± 64.40%,
respectively). An extended immersion time of the membranes by an additional 24 h did
not increase their weight (data not shown), showing that they had already reached their
maximum swelling level after 24 h. The great difference in hydrophilicity between the
two membrane types could be related to the abundant presence of iron biominerals in
the surface of S. foetidus filaments. The addition of iron nanoparticles to collagen-derived
biomaterial can in fact reduce its water affinity [42]. This inorganic component almost
certainly increases the stability of the membranes in aqueous solutions, but at the same
time, it reduces the surface interaction between water and the collagen fibres, and this
definitively could decrease the membrane’s ability to bind water. The swelling behaviour
of a material is driven not only by its chemical nature but also by its structure. Compared
to membranes with the same surface area obtained by collagen fibres isolated from the
marine sponge C. reniformis [11], the membranes described in this study showed higher
hydration levels. Here, the greater dimensions of the collagen’s diameters increase the
membrane thickness, thus improving the surface contact with water.

Table 5. Swelling index and antioxidant activity evaluation of SCFMs derived from I. oros and
S. foetidus. (n = 3, mean ± standard deviation).

Sample Swelling Index (%) Antioxidant Activity (%)

I. oros 1511.44 ± 149.23 4.64 ± 1.78
S. foetidus 827.94 ± 64.40 57.24 ± 8.58

The above described membrane features strongly suggest some uses in regenerative
medicine, in particular in tissue repair approaches. In the animal kingdom, including in
mammalians and human beings, wound-healing processes are mostly accompanied by a lo-
cal inflammatory response, generating reactive oxygen species and cell oxidative stress [43].
Thus, biomaterials designed for these applications are often conjugated with antioxidant
compounds [44]. Marine sponges are known to be rich in secondary metabolites [45],
many of which have antioxidant properties [46]; furthermore, sponge collagenic peptides
seem to have, in certain instances, antioxidant properties [37]. Here, we have evaluated
the radical scavenging activity of SCFMs using the DPPH assay. The results reported
in Table 5 indicate that no significant antioxidant activity was detected in I. oros-derived
membranes, while each 25 × 28 mm S. foetidus-derived membrane exhibited 57.24 ± 8.58%
of antioxidant activity. Since both membranes are composed of collagen, in this specific case
we cannot attribute a direct role of sponge collagen, but we suggest that the remarkable
difference in antioxidant properties can be due to the presence of iron-based biominerals.
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This assumption can also be supported by the literature evidence, where the antioxidant
properties of iron oxide nanoparticles of biogenic origin are extensively documented with
proposed uses in biomedicine and bioremediation [47].

2.3. SCFM Biocompatibility Evaluation
2.3.1. Cell Adhesion and Cell Proliferation

To evaluate the biocompatibility of SCFMs, L929 fibroblasts and HaCaT keratinocytes
were grown on SCF-coated plates. Subsequently, a cell adhesion rate of 16 h after plating,
and cell viability at three and six days were tested using MTT assay. Rat tail collagen
was used as a comparison. No significant differences in cell adhesion were observed for
both cell lines used on plates coated with I. oros collagenous filaments, compared to the
uncoated plate controls after 16 h (Figure 8). Some reduced attachment of L929 fibroblast
was observed on plates coated with S. foetidus collagen filaments, (77.14 ± 6.94%, see
Figure 8), while no significant differences compared to the control were detected for HaCaT
keratinocytes. An analogous slight reduction in L929 adhesion can be observed in the
case of rat tail collagen coating used as a comparison (83.28 ± 8.57% of L929 fibroblasts
were attached to the plates), while no significant differences compared to the control,
were detected for HaCaT keratinocytes. Overall, these data showed that except for L929
fibroblasts plated on S. foetidus collagen filaments, no significant differences in cell adhesion
rate were observed after 16 h in the other cases.

Figure 8. Cell adhesion evaluation. Cell adhesion quantitative evaluation, by MTT test, of L929 fibroblasts (blue bars) and
HaCaT keratinocytes (orange bars) on the rat tail type I collagen, I. oros collagen filaments and S. foetidus collagen filaments
pre-coated plates after 16 h of incubation. Results are expressed as cell percentages with respect to controls that were seeded
on uncoated wells and are the mean ± S.D. of three experiments that were performed using eight well for each experimental
condition. Statistical analysis results: one-way ANOVA, (blue bars) p < 0.05; (orange bars) p < 0.05. Asterisks indicate a
significant difference versus the respective control (paired Tukey test, * p < 0.05, ** p < 0.001).

Along with adhesion, in our experimental model, cell viability results are also reported
here. The L929 fibroblast viability assay of SCFMs and rat tail collagen coating three
and six days after plating is shown in Figure 9 (Panel I). Compared to the control, no
significant differences were observed on plates coated with I. oros filaments after three
days, while after six days, L929 fibroblasts growth resulted in 132.48 ± 6.83% compared
to the control, attesting an improved proliferation rate. Similar results were observed in
fibroblasts growing on plates coated with S. foetidus filaments. No difference in cell viability
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was observed with this biomaterial after three days, in comparison with the uncoated
control sample, while after six days, the L929 fibroblast viability on this biomaterial was
134.19 ± 12.82% compared to the control. Conversely, on rat tail collagen coating, the cell
viability after three days was 89.74 ± 9.40% compared to the control and no significant
differences were registered after six days. Therefore, in our experimental conditions, in
regards to the cell growth induction, SCF coating was more effective for fibroblast cell lines
than mammalian collagen coating. Micrographs of the phalloidin-stained L929 fibroblasts
growing on I. oros and S. foetidus collagen filaments, respectively, are shown in Figure 9A,B.
After 24 h, their shape and their interaction with the biomaterials were very similar to the
cell morphology observed in the controls and cells plated on rat tail collagen (Figure 9A,B,
respectively). Figure 9 also shows the HaCaT keratinocytes proliferation assay (Panel
L). Here, no significant differences in viability were detected on I. oros collagen filament
coatings three days after plating, while after six days a significative increase in viability
was observed (137.18 ± 8.97%), compared to the control. On S. foetidus collagen filament
coatings, cell growth of 141.25 ± 24.61% and 133.33 ± 5.10% was registered after three and
six days, respectively, compared to their controls. Similarly, in the rat tail collagen coating, a
cell viability of 129.23 ± 13.85% and 146.15 ± 10.26% was measured after three and six days,
respectively. Therefore, despite different temporal kinetics, SCF coatings are also able to
promote in vitro cell proliferation of keratinocytes similar to that observed in mammalian
collagen coatings. The phalloidin-stained HaCaT keratinocyte cells growing on I. oros
and S. foetidus collagen filaments are shown in Figure 9G,H, respectively. As previously
shown for fibroblasts, no significant morphology variations were observed compared to
the control and rat tail coating samples (Figure 9E,F, respectively). Similar to what has been
previously reported for spongin structures [48], the I. oros filaments emitted weak green
autofluorescence, and this peculiar histological property, combined with their large size,
allows a detailed observation of how both the fibroblasts and keratinocytes are intimately
associated with the biomaterial and their prolongations (Figure 9C,G). In Figure 10, the
way that the cell extensions faithfully follow the filaments’ shape can be observed in detail
at a higher magnification (Figure 10A,C). Different to I. oros, S. foetidus filaments do not
emit autofluorescence, but by superimposing the images obtained with fluorescence and
light microscopy, it is still possible to observe that even with this biomaterial, both the
fibroblasts and the keratinocytes are closely associated with the filaments, and their cell
body often follows the filaments’ direction (Figure 10B,D). Together these data show us
that regardless of their size or the presence of iron biomineral coverage, both sponge-
derived collagen filaments exhibited good biocompatibility, and can improve fibroblast
and keratinocytes proliferation. Furthermore, the direct cell surface interactions with these
marine biomaterials and their ability to drive the cell growth direction along their structure
are extremely suitable to guided tissue regeneration (GTR) applications [49].
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Figure 9. Cell proliferation evaluation. (A–D) Alexa Fluor 488-conjugated phalloindin stained L929 fibroblasts, epifluo-
rescence microscope. (A) In control cells, the fluorescent actin cytoskeleton allows the observation of the typical aspect of
fibroblast in culture, with fusiform, elongate shape, some focal adhesion (bright dots) and no preferential direction of cell
and processes elongation. (B) Cells with rat tail type I collagen show no shape alteration. (C) I. oros collagen filaments are
visible as weakly fluorescent stripes in the background. The fibroblasts clearly interact with the collagen and maintain their
overall shape. (D) The thin collagen filaments of S. foetidus are not easily visible through the fluorescent filters; fibroblast
have a morphology similar to the control. (E, F) Alexa Fluor 488-conjugated phalloindin stained HaCAT keratinocytes,
epifluorescence microscope. (E) In control cells, the fluorescent actin cytoskeleton allows the observation of the organisation
of keratinocytes that tend to interact, forming sheets. (F–H) The presence of collagen from rat tail, I. oros and S. foetidus does
not induce detectable alterations in the morphology of cultured keratinocytes. Although covered by cells, the presence of
collagen filaments of I. oros is detectable as two stripes from top left to the bottom right corner of the G photograph. Scale
bars 50 μm. (I–L) Cell viability quantitative evaluation, by MTT test, of L929 fibroblasts (panel I) and HaCaT keratinocytes
(panel L) on the rat tail type I collagen, I. oros collagen filament and S. foetidus collagen filament pre-coated plates after
3 days (blue bars) and 6 days (orange bars) of incubation. Results are expressed as cell percentages compared to controls
that were seeded on uncoated wells, and are the mean ± S.D. of three experiments that were performed using eight well
for each experimental condition. Statistical analysis results: one-way ANOVA, (I, blue bars) p < 0.0001, (I, orange bars)
p < 0.0001; (L, blue bars) p < 0.0001, (L, orange bars) p < 0.005. Asterisks indicate a significant difference versus the respective
control (paired Tukey test, * p < 0.05, ** p < 0.001).
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Figure 10. Alexa Fluor 488-conjugated phalloindin stained cell, epifluorescence microscope. (A) L929 fibroblasts and I. oros
collagen filaments. Both the short and the long cell processes interact with the large collagen fibres that are visible because of
a weak autofluorescence. The cell processes appear bended to adhere to the filaments. Scale bar 50 μm. (B) L929 fibroblasts
and S. foetidus collagen filaments. As the thin filaments are not visible in the fluorescence photographs, the transmitted
light image is overlapped to the fluorescence. Fibroblasts interact with collagen filaments. Scale bar 20 μm. (C) HaCAT
keratinocytes and I. oros collagen filaments. The cells tend to form the usual sheets while interacting with the collagen
filaments that are visible because of a weak autofluorescence. Scale bar 50 μm. (D) HaCAT keratinocytes and S. foetidus
collagen filaments. As the thin filaments are not visible in the fluorescence photographs, the transmitted light image is
overlapped to the fluorescence. The sheets of cells are in contact with the collagen filaments. Scale bar 100 μm.

2.3.2. Fibroblast Gene Expression Analysis and Collagen Expression Level

In the early phases after injury, various extracellular matrix proteins have been released
during dermal reconstitution in the wound-healing process [50,51]. To assess whether
SCFMs can induce ECM production-related gene up-regulation, α1 chain of collagen type
I (COL1A1) and the fibronectin gene expression profile were evaluated by qPCR in L929
fibroblasts growing on plates coated with I. oros and S. foetidus collagen filaments. Rat tail
collagen coating was used as a comparison. As shown in Figure 11 (Panel A), a COL1A1
and fibronectin gene expression increase of 1.91 ± 0.23 and 1.87 ± 0.45 folds, respectively,
was observed in cells plated on I. oros filaments after 24 h compared with the control. In
cells plated on S. foetidus filaments, no significant COL1A1 mRNA level fold increase was
detected compared to the control, while a fibronectin mRNA fold increase of 1.7 ± 1.25
was registered, as has been observed when fibroblasts were grown on rat tail collagen
coating, where no significant COL1A1 gene up-regulation was detected, while fibronectin
mRNA was 2.2 ± 0.6 fold higher than the control sample. The positive effect on collagen
production generated by the interaction of L929 fibroblasts with I. oros collagen filaments
was further confirmed by the biochemical evaluation of the tropo-collagen expression level
in the culture medium within 48 h after plating. In our experimental conditions, collagen
production was significantly increased by 40% in fibroblasts growing on this biomaterial
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compared to the control sample, as shown in Figure 11 (Panel B). This increment of collagen
secretion appears not significantly different from what was observed in fibroblasts growth
on rat tail collagen coating. However, in the L929 plated on I. oros filaments, the increase in
collagen production is clearly dependent on an up-regulation of COL1A1 gene expression
level, while a different mechanism seems to be activated in the case of L929 plated on
rat tail collagen, among which a possible contribution from the degradation action of
the coating on which the fibroblasts are plated cannot be excluded, where no significant
COL1A1 mRNA increase was observed. (Figure 11, panel A, blue bar). To date, the
induction of collagen biosynthesis by sponge-derived collagen has only been reported
when it is enzymatically hydrolysed into short bioactive peptides [37]. This study for
the first time demonstrates a direct effect of intact collagen filaments used as growth
scaffolds on the collagen expression level in in vitro fibroblasts. Microscopic analysis did
not reveal evident differences with respect to controls, suggesting a possible differentiation
to myofibroblasts of L929 cells plated on SCFMs, however further molecular studies may
better elucidate the pathway involved in the up-regulation of collagen and fibronectin.
However, it is known that fibroblasts can respond to mechanical forces by altering their
expression of a specific gene or proteins involved in differentiation and growth [52]. The
different response to the collagen gene expression of L929 cell line in the two types of
SCFMs could be related to the different porosity of these biomaterials, inducing differences
to mechanical loading.

Figure 11. Gene expression profile of ECM production-related genes and fibrillar collagen expression level analysis in L929
fibroblast growing on SCMs. (A) qPCR evaluation of type I collagen (COL1A1) and fibronectin gene expression (blue and
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orange bars, respectively) in L929 mouse fibroblasts growing 24 h on wells precoated with rat tail type I collagen, I. oros
collagen filaments and S. foetidus collagen filaments. Data are expressed as fold increase relative to the control (uncoated
wells) and normalised to GAPDH gene. Each bar represents the mean ± S.D. of two independent experiments performed
in triplicate. (B) Fibrillar collagen synthesis quantification measured using the Sircol colorimetric method as described in
Section 4.8.4 of L929 fibroblast growing 48 h on uncoated wells (control) or precoated with rat tail type I collagen, I. oros
collagen filaments and S. foetidus collagen filaments. Statistical analysis results: one-way ANOVA, (A) p < 0.005; (B) p < 0.001.
Asterisks indicate a significant difference versus the respective control (paired Tukey test, * p < 0.05, ** p < 0.001).

3. Conclusions

In this study, the biomedicine applicative potential of unique collagen structures
extracted from keratose sponges belonging to the genera Ircinia and Sarcotragus has been
evaluated for the first time. Their peculiarity derives from an interesting organisation
of sponge collagen characterised by high species specificity, where shape and size of the
filaments strongly vary in the animal species. Here, we have verified the potential use of
two very different types of filaments, derived from I. oros and S. foetidus, to produce 2D
membranes for cell and tissue culture. The data obtained showed that these marine bioma-
terials, once purified, could be particularly suitable to produce 2D films for wound-dressing
applications, as they combine mechanical strength, stability in saline solutions, antioxidant
properties and biocompatibility. Particularly, I. oros-derived membranes, compared with
those derived from S. foetidus, showed higher thermal stability and swelling properties.
Conversely, S. foetidus-derived membranes exhibited higher mechanical resistance, good
stability in saline and collagenase solutions and antioxidant properties. Both membrane
types can promote cell growth and fibronectin gene up-regulation in fibroblast cells line.
I. oros-derived membranes could also stimulate a strong collagen production. The peculiari-
ties of these two different marine biomaterials highlighted in this study further confirm the
extraordinary applicative potential of these marine sponges in the innovative biomaterials
field. The development and optimisation of effective marine aquaculture systems combined
with that of the filament extraction processes would allow the large-scale creation of new
materials, inspired by nature, for extremely high-performing biomedical use.

4. Materials and Methods

4.1. Chemicals

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

4.2. Sponge Sampling

Specimens of Ircinia oros (Schmidt, 1864) and Sarcotragus foetidus (Schmidt, 1862) were
harvested from scuba diving in the area of the Portofino Promontory (Liguria, Italy) at
depths of 10–20 m, and were transferred to a laboratory in a thermic bag maintained at
14–15 ◦C. The sponge specimens were frozen at −20 ◦C until further processing.

4.3. Sponge Collagenous Filaments and Intercellular Collagen Isolation

Frozen sponges were extensively washed in running tap water to remove sand
residues, and finally washed with distilled water. The sponge tissues were minced in
small pieces with scissors and enzymatically digested, as previously described [18]. The
flowsheet of the extraction procedure is shown in Scheme 1. A total of 20 g of cut sponge tis-
sues were treated with 0.1% trypsin in 100 mL of ammonium bicarbonate, pH 8.5, overnight
at 37 ◦C on a horizontal shaker. Subsequently, the dark fluid was removed by filtration
with a metallic strainer, and the solid material was suspended in three volumes of cool
deionised water and incubated at 5 ◦C for three days in a rotary disc shaker aliquoted in
50 mL tubes.
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Scheme 1. Schematic representation of the extraction procedure used to isolate the collagen filaments
from I. oros and S. foetidus tissue.

This treatment efficiently disperses the intercellular collagen fibrils in water, leaving
only the brown spongin scaffold combined with the collagenous filaments in the final
residue. These last structures, combined with residual intercellular collagen, were finally
separated from the fibrous spongin matrix through different rounds of sedimentation
steps under gravity, by mild stirring in large volumes of distilled water and repeated
decantations. To obtain a homogenous suspension for S. foetidus collagenous filaments,
the sample was subjected to a short round of homogenisation steps in ice for 15 s at the
end of the extraction using Ultra Turrax T25 basic (IKA-WERKE, Staufen im Breisgau,
Germany). During all the extraction phases, the filaments’ suspension was never subjected
to centrifugation steps to avoid knotting the filaments. The filaments were extensively
washed with distilled water to allow them to settle by gravity. The extracted sponge
collagenous filament suspensions were conserved at 4 ◦C. To establish the concentration
of the sponge collagen filaments, 1 mL of each suspension was lyophilised, and the dry
material was weighed.
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4.4. Light Microscopy and Environmental Scanning Electron Microscope (ESEM) Observation

I. oros and S. foetidus tissue fragments, isolated sponge collagenous filaments and
sponge collagenous filament membranes (SCFMs) were observed in light microscopy
through a stereomicroscope (Nikon SMZ1000, Nikon, Tokyo, Japan) equipped with a
digital camera (digital Sight DS-SM, Nikon). Isolated sponge collagenous filaments were
coloured with picro-sirius red, as described in [53], in order to prove their collagen com-
position. For ESEM observation, isolated sponge collagenous filaments and SCFMs were
firstly completely dehydrated by soaking them in a series of alcoholic solutions with an
increasing concentration of ethanol up to 100%, then graphite was covered and examined.
Images of the samples were observed and acquired with an ESEM Vega3–Tescan, type
LMU (Tescan Brno s.r.o., Brno, Czech Republic) provided with a microanalyser system
EDS-Apollo_x and EDS texture and elemental analytical microscopy software (TEAMTM

Analysis System, version 1.0, Coherent Scientific, Thebarton SA). Observation and acquisi-
tion of the four SCFMs images were performed with a FESEM Zeiss SUPRA 40 VP (Carl
Zeiss AG, Oberkochen, Germany) and its associated software. The fibrillar diameter and
the pore areas observed in the collagen membranes were analysed by performing physical
measurements on the images of the various membranes acquired with the FESEM, using
the ImageJ free software (version 1.53 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 40 random measurements of fibril diameter or pore areas performed
on each membrane.

4.5. SCFs Biochemical Characterisation
4.5.1. Amino Acid Composition

Amino acid analysis was performed using a Jasco X- LC system equipped with an
autosampler, Xtreme high pressure pumps, degasser, column oven compartment, fluores-
cence detector connected to a HP ProDesk processor, as described in [54]. In total, 0.5 mL
of each sponge collagenous filament suspensions at 2 mg/mL were hydrolysed in NaOH
2 N for 20 min a 121 ◦C at 1 Atm and neutralised with equal volume of HCl 2N.

Hydrolysed amino acids were then derivatised by ortho-phthalaldehyde (OPA) and
fluorenylmethylchloroformate (FMOC), leading to the formation of derivatives from pri-
mary amino acids and secondary amino acids, respectively. Derivatisation was performed
accordingly wiyh Jasco autosampler program. The derivatives were detected with a flu-
orometric detector (emission λ = 446 nm – excitation λ = 340 nm for OPA derivatives
and emission λ = 268 nm – excitation λ = 308 nm for FMOC derivatives). Amino acid
identification was performed via elution times of the obtained derivatives and compared
to a mixture of standard amino acids submitted to derivation in identical test conditions.
Data processing software (ChromNav, version 2.0, JASCO, Inc., Easton, MD, USA) allowed
integration of peak areas for the assessment of the amount of amino acids occurring in the
sample.

4.5.2. Glycosaminoglycans (GAGs) Quantification

The quantitative evaluation of the GAGs content in sponge collagen filaments was
obtained using the Alcian blue assay as described in [11] and expressed as μg of dry weight
of collagen filaments.

4.5.3. Quantitative Analysis of Iron Content

The μg of iron present in sponge collagen filaments was obtained by inductively
coupled plasma atomic emission (ICP–AES), as described in [55].

4.5.4. Sodium Dodecyl Sulfate Poly Acrylamide Gel Electrophoresis (SDS-PAGE)

Protein patterns of sponge collagenous filament samples were analysed by SDS–PAGE
using Mini-Protean 3 (Bio-Rad Laboratories, Hercules, CA, USA), according to the method
previously described [56]. A total of 0.5 mL of each sponge collagen filament suspension
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normalised at 4 mg/mL were added to an equal to volume of acid-washed glass beads
(0.5 mm diameter) and vortexed 3 times for 30 s. Samples were mixed at 1:1 (v/v) ratio
with 2× gel loading buffer (1 M Tris–HCl buffer (pH 6.8), 10% 2-mercaptoethanol, 40%
glycerol, 0.2% bromophenol blue and 20% Sodium Dodecyl Sulfate solution) and was
heated at 90 ◦C for 5 min, and 40 μL were loaded in a 7% of polyacrylamide gel and run
at 60 mA with constant amperage. After electrophoresis, the gel was fixed for 1 h a room
temperature in a solution containing 10% (v/v) acetic acid and 40% (v/v) ethanol), washed
twice for 10 min at room temperature with distilled water and stained over night at room
temperature with a staining solution obtained combing 80 mL of colloidal Coomassie
solution (0.1% (w/v) Coomassie Brilant blue G250, 2% (w/v) ortho-phosphoric acid, 10 (w/v)
ammonium sulphate) with 20 mL of methanol. Finally, the gel was destained with 5%
acetic acid solution and acquired with ChemiDoc Imaging System (Bio-Rad, Milan, Italy).
Rat tail type I collagen (0.5 mg/mL) was run alongside as control.

4.6. SCFMs Production

SCFMs were obtained by casting 2 mg/mL of sponge collagenous filament suspension
in silicone moulds as rectangular (25 × 28 mm) sheets that were filled with 3.3 mL of
2 mg/mL of each suspension, and as rectangular (10 × 45 mm) sheets for mechanical
tests, filled with 2.25 mL of 2 mg/mL of each SCF suspension and let completely dry
at 37 ◦C overnight. For DSC analysis, 3 mg of sponge collagenous filaments were left
to dry directly on metallic melting pot. For biocompatibility tests, 2 mg/mL of sponge
collagenous filament suspension derived from each sponge species and a standard rat tail
collagen were used to directly coat 24-well and 96-well plates. In total, 300 μL (for 24-well
plates) or 50 μL (for 96-well plates) were placed on the plates and were left to dry at 37 ◦C
overnight. The coated plates were then washed thrice with 100% ethanol, UV sterilised for
20 min and conserved at 4 ◦C until use.

4.7. SCFMs Characterisation
4.7.1. Differential Scanning Calorimetry

DSC was performed using a DSC1 STARe System (Mettler-Toledo, Switzerland).
About 3 mg dry SCFs were placed in aluminium crucibles and analysed with increasing
heat from 0 to 200 ◦C at a heating rate of 5 ◦C/min. During the DSC runs, a nitrogen flow
at a rate of 20 mL/min was constantly applied.

As a control, 3 mg of a commercial porcine collagen membrane Bio-Gide®(Geistlich
Pharma AG, Wolhusen, Switzerland) was dried on a metallic melting pot and analysed on
the DSC following the same procedure outlined above.

4.7.2. DMA|DMTA

Dynamic mechanical (DMA) and dynamic mechanical-thermal analysis (DMTA) were
carried out on the SCFMs via an MCR 301 rheometer (Anton Paar, GmbH, Graz, Austria)
equipped with a universal extensional fixture (UXF) geometry and a CDT-450 chamber.
Rectangular specimens (40 mm × 10 mm) were prepared from the samples by using a
punch cutter, and each sample thickness was measured via a digital micrometre. A static
extensional stress (σs) of 2 MPa was applied for all experiments to ensure the correct sample
loading and result reliability.

The linear viscoelastic region (LVER) of the samples was first explored via amplitude
sweep tests (AS) at T = 25 ± 1 ◦C using a frequency (ν) and oscillatory extensional stress
(σ) of 1 Hz and in the range 0.01–10%, respectively. Then, frequency sweep tests (FS) were
carried out at T = 25 ± 1 ◦C with a fixed σ = 0.1 MPa, varying the frequency between 0.01
and 10 Hz. Finally, temperature sweep tests (TS) were carried out in the temperature range
25–100 ◦C with a heating rate of 2 ◦C/min.
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4.7.3. In Vitro Degradation Study

To measure the in vitro degradation, each membrane type was weighed (designated
as “Wi”) and transferred in a test tube containing 10 mL of PBS (pH = 7.4) alone or added
with 0.1 mg/mL collagenase from Clostridium histolyticum and kept at 37 ◦C. After 7, 14
and 21 days, the samples were recovered, washed twice with deionised water, dried and
weighed again (designated as “Wf”). The percent degradation of the membranes was
computed by the following equation:

percent degradation (%) = (Wi − Wf) / Wi × 100%

The procedure was carried in triplicate.
To evaluate the release of organic compounds from the SCFMs in saline or collagenase

solution withing 21 days, the absorbance at 280 nm was read in the membrane incuba-
tion media after 7, 14 and 21 days using PBS or collagenase solution as a blank sample,
respectively.

To detect the percentage of collagen material released in saline solution or hydrolysed
by collagenase activity from SCFMs during the stability test, 0.4 mL of the incubation
media was recovered at 7, 14 and 21 days, hydrolysed in NaOH 2 M at 120 ◦C at 1 Atm,
and finally hydroxyproline content was evaluated as previously described [11].

4.7.4. Swelling Test

To evaluate the water binding property of SCFMs, the initial weight of dried membrane
(Wi) was measured and then they were soaked in deionised water at 37 ◦C for 20 h. Finally,
the wet weight of the scaffolds (designated as “Ww”) was again recorded. A second
weighing of the samples after 48 h of incubation without registering a further weight gain
ensured that the samples had reached their maximum degree of hydration. Finally, the
water content was calculated based on the equation:

water content (%) = (Ww − Wi) / Ww × 100%

Experiments were performed in triplicate.

4.7.5. DPPH Radical Scavenging Activity

The radical scavenging activity was evaluated on each type of SCFMs as described
in [11]. Briefly, 25 × 28 mm membranes were soaked into 500 μL of deionised water,
and then embedded into 250 mL of 0.1 mM DPPH in methanol solution (2,2-diphenyl-1-
picrylhydrazyl, Calbiochem®, Millipore SpA, Milan, Italy). In the same manner, a negative
control sample with deionised water was prepared. The samples were left in incubation for
30 min at room temperature in the dark. Then, the membranes were removed with tweezers,
and finally the sample solutions were read at 517 nm using a Beckman spectrophotometer
(DU 640). The blank sample was prepared by replacing the DPPH solution 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%

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

4.8. SCM Biocompatibility Evaluation
4.8.1. Cell Cultures

The L929 mouse fibroblast cell line was obtained by the National Collection of Type
Cultures (NCTC), while the human keratinocyte HaCaT cell line (CLS Cell Lines Service,
300493) was obtained by the Cell Lines Service (GmbH, Eppelheim, Germany).
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Cells were maintained at 37 ◦C in a humidified, 5% CO2 atmosphere, in high glu-
cose Dulbecco’s modified Eagle’s medium (D-MEM) with glutamax (Euroclone, Milan,
Italy), which was supplemented with 10% FBS (Euroclone) and with the addition of peni-
cillin/streptomycin as antibiotics.

4.8.2. Cell Growth and Cell Adhesion

L929 and HaCaT cell lines were seeded at a density of 50,000 cells/well on 96-well
plates that were, or not, pre-coated with each type of SCFs, or rat tail standard collagen
as described in Section 4.4 for evaluating cell adhesion. Cells were allowed to adhere for
16 h at 37 ◦C in complete medium; the medium was subsequently removed, the adhered
cells were washed once with PBS to remove the floating unattached ones, and finally MTT
(0.5 mg/mL final concentration) test was performed as well to estimate the amount of
attached cells when compared to control cells on uncoated wells. Data are means ± S.D. of
four independent experiments.

To evaluate cell growth on SCF-coated plates, experiments were performed on 96-well
plates. L929 and HaCaT cell lines were both plated at a density of 5000 cells/well on, or not,
pre-coated wells. Cells were cultured for 3 days and 6 days at 37 ◦C in complete medium.
At the end of the experiments, the MTT test was once again performed to evaluate cell
viability.

For image acquisition, light microscopy cells were seeded at a density of 200,000
cells/well on 12-well plates pre-coated or not, with SCF or rat tail collagen and incubated
for 24 h at 37 ◦C. At the end of the experiment, cells were washed once with PBS, fixed for
30 min at room temperature with 4% paraformaldehyde and then dehydrated in a 70%
ethanolic solution. After fixation in buffered 4% paraformaldehyde, cells were rinsed for
5 min three times in PBS (0.1 M, pH 7.4), permeabilised for 10 min in 0.2% Triton-X 100
in PBS and thus rinsed again. Then, they were incubated in a blocking solution with 1%
bovine serum albumin and 0.1% Tween 20 in PBS. After rinsing, cells were incubated in a
moist dark chamber with Alexa Fluor 488-conjugated Phalloidin (1:40 in PBS, Invitrogen)
for 30 min at room temperature. For image acquisition, an inverted optical microscope
(IX53 Olympus, Tokyo, Japan) equipped with a CCD camera (U-LH100HG Olympus,
Tokyo, Japan) was utilised, and the relative software was used.

4.8.3. L929 Fibroblast Gene Expression Analysis

L929 mouse fibroblast cells were seeded at a density of 200,000 cell/well on 12-well
plates that were, or not, pre-coated with SCFs, or rat tail standard collagen, and were
incubated for 24 h at 37 ◦C. At the end of the experiment, total RNA was extracted using
the RNeasy Mini Kit, (Qiagen, Milan, Italy) according to the manufacturer’s instructions.

The cDNA was synthesised by Revert Aid Reverse Transcriptase (Thermo Fisher Sci-
entific, Milan, Italy) using 1 μg of purified total RNA from each sample. Each PCR reaction
was performed in 15 μL containing: 1× master mix iQ SYBR®Green (Bio-Rad), 0.2 μM of
each primer and 3 μL of a 1:5 diluted reverse transcription reaction buffer. Each sample was
analysed in triplicate. The following thermal conditions were used: initial denaturation at
95 ◦C for 3 min, followed by 45 cycles with denaturation at 95 ◦C for 15 s and annealing
and elongation at 60 ◦C for 60 s. At the end of each elongation step, fluorescence was
measured. Values were normalised to GAPDH (reference gene) mRNA expression. All
the PCR primers (Table S1) were designed by means of the Beacon Designer 7.0 software
(Premier Biosoft International, Palo Alto, CA, USA) and obtained from TibMolBiol (Genova,
Italy). Data analyses were acquired by the DNA Engine Opticon®3 Real-Time Detection
System Software program (3.03 version) and, in order to calculate the relative gene expres-
sion compared to an untreated (control) calibrator sample, the comparative threshold Ct
method was used within the gene expression analysis for iCycler iQ Real Time Detection
System Software®(2004 Bio-Rad, Milan, Italy). Data are means ± S.D. of two independent
experiments performed in triplicate.
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4.8.4. L929 Fibroblast Collagen Synthesis Evaluation

Collagen synthesis by L929 fibroblasts was quantified in the cell medium by applying
the SIRCOLTM Soluble Collagen Assay (Biocolor Ltd., Carrickfergus, Northern Ireland, UK).
Fibroblasts were seeded in tissue culture 12-well plates at a density of 200,000 cells/well
that were, or not, pre-coated with each type of SCF and incubated for 48 h at 37 ◦C.

At the end of the incubation, cell culture media were collected, and the SIRCOL assay
was performed according to the manufacturer’s instructions. Data are the means ± S.D.
of two independent experiments performed in triplicate. Cell culture media alone or pre-
incubated for 48 h a 37 ◦C with the respective coating tested was used as a blank sample
for control or for each sample, respectively.

4.9. Statistical Analyses

Statistical analyses were 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.

Supplementary Materials: The following are available online at https://www.mdpi.com/1660-3
397/19/10/563/s1, Figure S1: EDS spectra of S. foetidus filaments. Figure S2: S. foetidus collagen
filament in native tissue. Table S1: S1 primer sequences used in the qPCR analyses.
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Abstract: Thymic epithelial cells (TECs) account for the most abundant and dominant stromal
component of the thymus, where T cells mature. Oxidative- or cytotoxic-stress associated injury
in TECs, a significant and common problem in many clinical settings, may cause a compromised
thymopoietic capacity of TECs, resulting in clinically significant immune deficiency disorders or
impairment in the adaptive immune response in the body. The present study demonstrated that
fish collagen peptides (FCP) increase cell viability, reduce intracellular levels of reactive oxygen
species (ROS), and impede apoptosis by repressing the expression of Bax and Bad and the release
of cytochrome c, and by upregulating the expression of Bcl-2 and Bcl-xL in cisplatin-treated TECs.
These inhibitory effects of FCP on TEC damage occur via the suppression of ROS generation and
MAPK (p38 MAPK, JNK, and ERK) activity. Taken together, our data suggest that FCP can be used as
a promising protective agent against cytotoxic insults- or ROS-mediated TEC injury. Furthermore,
our findings provide new insights into a therapeutic approach for the future application of FCP in
the prevention and treatment of various types of oxidative- or cytotoxic stress-related cell injury in
TECs as well as age-related or acute thymus involution.

Keywords: cisplatin; fish collagen peptides; thymic epithelial cells; reactive oxygen species; apoptosis;
MAPK (p38 MAPK, JNK, and ERK) pathway

1. Introduction

The thymus is the primary lymphoid organ composed of multiple cell types creating a
unique microenvironment for producing immunocompetent T cells from bone marrow-
derived T cell progenitors/precursors, thereby playing a crucial role in the development
of the host adaptive immune system. T cells are not only trained to recognize and elimi-
nate foreign antigens during development in the thymus, but also to tolerate self-antigens
through positive and negative selection. This thymic education of T cells is mainly orches-
trated by thymic epithelial cells (TECs) that play a pivotal role in the multistep processes,
including the homing and clonal expansion, survival, and maturation of the immature T
cells [1].
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The thymus is a peculiar organ in our body that undergoes progressive involution or
atrophy with age. It is called age-related or physiological thymic involution (or atrophy),
resulting in a deterioration of its T cell generation ability. In addition, many stimuli includ-
ing infection, radiation, stress, toxic substances, pregnancy, steroid hormones, malnutrition,
immunosuppressive drugs, such as cyclosporine and dexamethasone, chemotherapeu-
tic agents, such as cyclophosphamide, cisplatin, methotrexate, and taxanes, dangerous
substances, and harmful biological processes can cause a condition known as acute or
accidental thymic involution (or atrophy) [2,3]. Regardless of the type and causative agents
of thymic involution, it is usually connected with primary TEC injury [4–6], ultimately
leading to a decreased thymus production and outward migration of mature T cells, and
increased severity and susceptibility to infections, cancer, and autoimmune diseases [7–9].

Oxidative stress is a disturbance in the balance between reactive oxygen species (ROS)
activities and antioxidant defense mechanisms associated with detoxification of the harmful
effects of ROS, which affects the induction of thymic involution [10]. Many endogenous and
exogenous stimuli trigger ROS production, damaging DNA, cellular proteins/lipids, and
cell membrane, and inducing an inflammatory response, leading to apoptotic or necrotic
cell death [11].

Chemotherapies with platinum-based anticancer drugs are standard treatments for
various cancers, including ovarian cancer, cervical cancer, lung cancer, head and neck cancer,
bladder cancer, and lymphoma [12,13]. Cisplatin was the first widely used platinum-based
chemotherapy drug and has been the basis agent for treating a broad spectrum of can-
cers [14]. However, despite its huge potential as a chemotherapy regimen, cisplatin has been
linked to several toxic side effects, including nephrotoxicity, lymphosuppression, myelo-
suppression, ototoxicity, cardiotoxicity, hepatotoxicity, and neurotoxicity, through various
mechanisms, such as oxidative stress, apoptosis, inflammation, and autophagy [15,16].
Cisplatin mainly displays its cytotoxic activity by tipping the redox scale favoring oxidative
stress, leading to mitochondrial membrane permeabilization and DNA damage [17,18].

Currently, fish collagen peptides (FCP) are gaining increasing attention due to their pur-
ported safety [19–21] and diverse biological activities, such as antioxidant activity [22,23],
neuroprotective effects [24], anti-aging effects [25], and wound healing effects [26]. Fur-
thermore, oral administration of FCP was reported to diminish the production of pro-
inflammatory cytokines, such as tumor necrosis factor-α (TNF-α) and nitric oxide (NO) in
rat synoviocytes, and NO and C-reactive protein in diabetic patients with chronic inflam-
mation [27,28]. However, there are still many questions left unanswered about the efficacy
of FCP in protecting TEC injury.

Here, the present study shows that FCP protects TECs against cisplatin-induced
cytotoxic and oxidative injury by inhibiting MAPK signal transduction pathways.

2. Results

2.1. FCP Promote Cell Proliferation and Inhibit Cisplatin-Induced Cytotoxicity

A WST-1-based colorimetric cell proliferation assay was used evaluate the ability
of FCP to facilitate cell proliferation. Treatment of TECs with FCP for 24 h significantly
enhanced cell proliferation at concentrations of 0.01, 0.05, 0.08, 0.1 and 0.15%, by 19.6%
(p < 0.01), 23.7% (p < 0.001), 27.1% (p < 0.001), 19.3% (p < 0.01), and 11.2% (p < 0.05),
respectively, compared with the control (Figure 1). At 48 h, the rates of cell proliferation
in the FCP-treated group versus the control at concentrations of 0.01%, 0.05%, 0.08%,
0.1%, 0.15%, and 0.2% were greatly increased by 30.9% (p < 0.001), 44.8% (p < 0.001), 56%
(p < 0.001), 38.6% (p < 0.001), 21.7% (p < 0.01), and 12.8% (p < 0.01), respectively, compared
with the control (Figure 1).

Cellular cytotoxicity and morphology were assessed to examine the level of cisplatin-
induced cell injury. Here, the WST-1-based colorimetric cell viability assay after treatment
with cisplatin for 24 h at concentrations of 5, 10, and 20 μM revealed a significant decrease
in cell number by 26.7% (p < 0.01), 36.9% (p < 0.01), and 57.9% (p < 0.001), respectively,
relative to the control (Figure 2). Cisplatin treatment for 48 h at concentrations of 5, 10,
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and 20 μM strongly reduced cell viability by 61.3% (p < 0.001), 87.9% (p < 0.001), and
100% (p < 0.001), respectively, compared with the control (Figure 2). These cytotoxicity
results were also concurrent with the morphological changes observed by phase contrast
microscopy (Figure 2), revealing dose- and time-dependent cytotoxic effects of cisplatin
in TECs.

Figure 1. Stimulatory effects of FCP on cell proliferation. Proliferation of TECs was measured by
phase contrast microscopy (A) and cell viability assay (B) as described in Materials and Methods.
The treatment of TECs with FCP for 24 and 48 h significantly enhanced cell proliferation. Results are
presented as the means ± SD of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 vs.
the control at 24 h; ## p < 0.01, ### p < 0.001 vs. the control at 48 h. Scale bar = 50 μm.

Subsequently, the protective effect of FCP was investigated on cisplatin-induced
cytotoxicity in TECs by WST-1 using the phase contrast microscopic assays. As shown in
Figure 3, exposure of TECs to cisplatin at concentrations of 5, 7.5, 10 and 15 μM for 24 h led
to a reduced cell viability, by 22.5% (p < 0.01), 30.3% (p < 0.001), 43.1% (p < 0.001), and 58.7%
(p < 0.001), respectively, compared with the control. However, 0.08% FCP pretreatment prior
to cisplatin treatment (5, 7.5, 10, and 15 μM for 24 h) resulted in the enhancement of cellular
viability, by 41.1% (p < 0.001), 42.5% (p < 0.01), 36.7% (p < 0.01), and 24.04% (p < 0.001),
respectively, compared with the cisplatin alone treatment group. This result, therefore,
indicates the protective role of FCP against cisplatin-induced TEC damage (Figure 3).

Furthermore, molecular mechanisms underlying the protective effect of FCP on TECs
injured by cisplatin were explored by analyzing the expression of apoptosis- and cell cycle-
related proteins. Cisplatin treatment significantly reduced the expression of anti-apoptotic
molecules, Bcl-2 and Bcl-xL, by 24.4% (p < 0.001) and 21.2% (p < 0.001), respectively, and
enhanced the expression of pro-apoptotic molecules, Bax, Bad and cytochrome-c, by 40.1%
(p < 0.001), 20.8% (p < 0.001), and 40.5% (p < 0.01), respectively (Figure 4A), whereas it
significantly suppressed the expression of the key cell cycle regulatory molecules, cyclin D1
and CDK1 proteins by 52.1% (p < 0.001) and 35.5% (p < 0.001), respectively, compared with
the untreated control (Figure 4B). Notably, all these cisplatin-induced alterations in the ex-
pression of apoptosis- and cell cycle-related proteins almost returned to their normal levels
after 0.08% FCP pretreatment for 24 h. The cisplatin-induced downregulated expression
of Bcl-2, Bcl-xL, cyclin D1, and CDK1 proteins increased due to FCP by 26% (p < 0.001),
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22.6% (p < 0.01), 29.9% (p < 0.05), and 42.8% (p < 0.001), respectively, (Figure 4A,B), whereas
the cisplatin-induced upregulated expression of Bax, Bad and cytochrome-c was reversed
following exposure to FCP by 58% (p < 0.001), 39.3% (p < 0.001), and 29% (p < 0.001),
respectively, compared with the cisplatin alone treatment group (Figure 4A).

Figure 2. Cytotoxic effects of cisplatin on TECs were measured by phase contrast microscopy (A) and
cell cytotoxicity assay (B) as described in Materials and Methods. The treatment of TECs with 5, 10,
and 20 μM cisplatin for 24 and 48 h significantly attenuated cell viability. Results are presented as
the means ± SD of three independent experiments. ** p < 0.01, *** p < 0.001 vs. the control at 24 h;
### p < 0.001 vs. the control at 48 h. Scale bar = 50 μm.

Figure 3. Protective effect of FCP on cisplatin-induced cytotoxicity in TECs. Cell viability was
measured by phase contrast microscopy (A) and WST-1 assay (B) in TECs as described in Materials
and Methods. The decreased cell number induced by cisplatin treatment (5, 7.5, 10, and 15 μM) was
significantly restored by treatment with 0.08% FCP for 24 h. Results are presented as the means ± SD
of three independent experiments. ** p < 0.01, *** p < 0.001 vs. the control. ## p < 0.01, ### p < 0.001 vs.
the cisplatin alone-treated group. Scale bar = 50 μm.
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Figure 4. Western blot analysis on the inhibitory effects of FCP on cisplatin-induced altered expression
of apoptosis- and proliferation-related proteins in TECs. FCP pretreatment in cisplatin alone-treated
TECs significantly enhanced the levels of Bcl-2 and Bcl-xL, reduced the levels of Bad, Bax, and
cytochrome-c (A), and elevated the levels of cyclin D1 and CDK1 compar with the cisplatin alone-
treated group (B). Results are presented as the means ± SD of three independent experiments.
** p < 0.01, *** p < 0.001 vs. the control. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. the cisplatin alone-
treated group.

2.2. FCP Attenuate Cisplatin-Induced ROS Generation

To measure changes in the cellular levels of ROS in response to cisplatin with or
without FCP pretreatment, TECs were pretreated with 0.08% FCP for 24 h followed by
cisplatin exposure at 10 μM for 24 h (Figure 5A,B). Treatment with cisplatin significantly
increased the ROS level as detected by fluorescence microscopy using the oxidant-sensing
fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) by 34.4% (p < 0.05)
compared with the control (Figure 5A,B).

Pretreatment with FCP showed a significant decrease in the cisplatin-induced ROS
release by 72.1% (p < 0.01) compared with the cisplatin alone-treated group, indicating its
restorative effect on the endogenous antioxidant defense mechanism impaired by cisplatin
(Figure 5A,B). Furthermore, treatment with N-acetyl cysteine (NAC), a common ROS
scavenger, at a concentration of 5 mM for 2 h, significantly reduced the cisplatin-enhanced
ROS level in TECs, by 69.2% (p < 0.001) compared with the cisplatin alone-treated group
(Figure 5A,B). These findings also indicate that the inhibitory action of FCP on cisplatin-
induced cytotoxicity in TECs is attributed to its antioxidant effect.
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Figure 5. Inhibitory effects of FCP and NAC on cisplatin-induced ROS generation in TECs. Intra-
cellular ROS levels were determined via fluorescence microscopy (A) and spectroscopy (B) using
DCFH-DA in TECs. The increased ROS level induced by 10 μM cisplatin treatment was significantly
attenuated by pretreatment with 0.08% FCP for 24 h and NAC for 2 h. Quantification of staining
intensity was measured by ImageJ software. Results are presented as the means ± SD of three
independent experiments. * p < 0.05, *** p < 0.001 vs. the control. ## p < 0.01, ### p < 0.001 vs. the
cisplatin alone-treated group. Scale bar = 50 μm.

2.3. FCP Alleviate Cisplatin-Induced TEC Cytotoxicity through Suppression of MAPK Pathway

MAPK cascades are key signaling pathways that regulate various cellular processes,
including stress and inflammatory responses, as well as cell proliferation, differentiation,
apoptosis, and motility under both normal and pathological conditions [29,30]. Since
cisplatin-induced cell death has been shown to be dependent on the MAPK pathways
in several cell types [31], we first tested if cisplatin could activate this pathway in TECs.
The results of this study revealed an increase in the expression of p-p38 MAPK, p-JNK,
and p-ERK by 57.9% (p < 0.001), 16.8% (p < 0.001), and 21.8% (p < 0.001), in the cisplatin
alone-treated group, respectively, than in the control, whereas the expression of total p38
MAPK, JNK, and ERK levels remained unaltered, indicating the activation of p38 MAPK,
JNK, and ERK pathways after cisplatin treatment in TECs (Figure 6). However, these
elevated levels of p-p38 MAPK, p-JNK and p-ERK were attenuated by the pretreatment
with 0.08% FCP for 24 h, by 37.3% (p < 0.01), 15.3% (p < 0.001), and 58.5% (p < 0.001),
respectively, compared with the cisplatin alone-treated group (Figure 6).

To further explore the role of MAPK pathways in cisplatin-induced cell cytotoxicity, the
cells were treated with a selective p38 MAPK inhibitor (SB203580), JNK inhibitor (SP600125),
or ERK inhibitor (U0126). Analysis of the cell viability by WST-1 assay after TECs were
treated with 0.08% FCP, 10 μM SB203580, SP600125, and U0126 for 24 h, followed by
treatment with or without 10 μM cisplatin for 24 h, showed that FCP pretreatment caused
a significant reduction of cisplatin-induced cytotoxicity, similar to all MAPK inhibitor
pretreatments, whereas SB203580, SP600125 or U0126 alone did not affect cell viability
(Figure 7).

Confirmation of the effect of FCP treatment on the cisplatin-induced expression of
MAPK was performed using western blot analysis after TECs were treated with 0.08% FCP
and 10 μM SB203580, SP600125, and U0126 for 24 h, followed by treatment with or without
10 μM cisplatin for 24 h. Notably, we observed that FCP pretreatment potently repressed
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the cisplatin-induced upregulated expression of p-p38 MAPK, p-JNK, and p-ERK, as was
the case with MAPK inhibitor pretreatment (Figure 8A–C).

Figure 6. Inhibitory effects of FCP on cisplatin-induced activation of p38 MAPK, JNK, and ERK
signaling pathway. The expression of p38 MAPK, JNK, and ERK was increased in the cisplatin
alone-treated TECs, as assessed by Western blot analysis (A). The pretreatment of TECs with FCP
blocked the cisplatin-induced phosphorylation of p38 MAPK, JNK, and ERK. Bar graphs depict
relative densitometry quantitation of each protein normalized to β-actin (B). Results are presented as
the means ± SD of three independent experiments. ** p < 0.01, *** p < 0.001 vs. the control. ## p < 0.01,
### p < 0.001 vs. the cisplatin alone-treated group.

Figure 7. FCP promotes TECs proliferation via activation of p38 MAPK (A), JNK (B), and ERK (C)
signaling pathways. The treatment of TECs with FCP for 24 h significantly enhanced cell proliferation.
The cisplatin-induced cell cytotoxicity was recovered by treatment with FCP, SB203580, SP600125,
and U0126 in TECs. Results are presented as the means ± SD of three independent experiments.
** p < 0.01, *** p < 0.001 vs. the control at 24 h; # p < 0.05, ## p < 0.01, vs. the control at 48 h.

Together, these results indicate that FCP acts as a potent inhibitor of MAPK pathways,
which exerts a protective effect against cisplatin-induced cytotoxicity via suppression of
p38 MAPK, JNK, and ERK pathway in TECs.

2.4. FCP Prevent Cisplatin-Induced ROS Generation by Inhibition of MAPK Signaling

To investigate whether p38 MAPK, JNK and ERK activation is associated with cisplatin-
induced oxidative cell injury in TECs, we examined the effect of p38 MAPK, JNK and ERK
inhibition on the cisplatin-induced ROS production. We also assessed the protective effect
of FCP on cisplatin-induced ROS release in TECs using the DCFH-DA assay. As shown
in Figure 9A–C, the exposure of TECs to 10 μM cisplatin for 24 h caused an increase in
ROS level, by 29.5% (p < 0.01), 34% (p < 0.001) and 33.8% (p < 0.001) versus the control.
However, the enhanced level of ROS induced by cisplatin treatment was significantly
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declined by the treatment with 10 μM SB203580, 10 μM SP600125 or 10 μM U0126 for 24 h
by 25.2% (p < 0.01), 46.3% (p < 0.01), and 29.6% (p < 0.05), respectively, and with 0.08% FCP
for 24 h by 37.8% (p < 0.01), 79% (p < 0.001) and 50.3% (p < 0.05), respectively (Figure 9A–C).

Figure 8. Inhibitory effects of FCP, SB203580 (A), SP600125 (B), and U0126 (C) on cisplatin-induced
activation of p38 MAPK, JNK, and ERK signaling pathway in TECs. The expression of p-p38 MAPK,
p-JNK, and p-ERK was increased in cisplatin-treated TECs. The pretreatment of TECs with FCP,
SB203580 (A), SP600125 (B), and U0126 (C) blocked the cisplatin-induced phosphorylation of p38
MAPK, JNK, and ERK. Results are presented as the means ± SD of three independent experiments.
** p < 0.01, *** p < 0.001 vs. the control. ### p < 0.001 vs. the cisplatin alone-treated group.

As shown in Figure 10, the treatment of TECs with 10 μM cisplatin for 24 h resulted in
the marked upregulation of p-p38 MAPK, p-JNK, and p-ERK expression compared with
the control group by 72.1% (p < 0.001), 28.8% (p < 0.05), and 56.6% (p < 0.001), respectively,
while the amount of total p38 MAPK, p-JNK, and p-ERK levels were unaltered. To decipher
the role of p38 MAPK, JNK, and ERK in cisplatin-induced oxidative cellular injury in TECs,
we investigated the effect of NAC on the cisplatin-induced expression of p-p38 MAPK,
p-JNK, and p-ERK in TECs. Pretreatment of cells with FCP for 24 h or NAC for 2 h prior
to cisplatin treatment completely abolished the cisplatin-induced phosphorylation of p38
MAPK, JNK, and ERK (Figure 10). These findings indicate that p38 MAPK, JNK and ERK
activation is important in cisplatin-induced cellular oxidative stress, and FCP exhibits a
strong protective effect against cisplatin-induced oxidative cell injury via the suppression
of p38 MAPK, JNK, and ERK pathways in TECs.

164



Mar. Drugs 2022, 20, 232

Figure 9. Inhibitory effects of FCP on cisplatin-induced ROS generation in TECs via activation of p38
MAPK, JNK and ERK signaling pathway. Intracellular ROS levels were determined via fluorescence
microscopy (a) and spectroscopy (b). The increased ROS production induced by cisplatin returned to
the control level by treatment with FCP, SB203580 (A), SP600125 (B) and U0126 (C) in TECs. Results
are presented as the means ± SD of three independent experiments. ** p < 0.01, *** p < 0.001 vs. the
control. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. the cisplatin alone-treated group. Scale bar = 50 μm.
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Figure 10. Inhibitory effects of FCP and NAC on cisplatin-induced activation of p38 MAPK, JNK,
and ERK signaling pathways in TECs. The expression of p38 MAPK, JNK, and ERK was increased
in cisplatin-treated TECs, as assessed by Western blot analysis (A). The pretreatment of TECs with
FCP or NAC blocked the cisplatin-induced phosphorylation of p38 MAPK, JNK, and ERK. Bar
graphs depict relative densitometry quantitation of each protein normalized to β-actin (B). Results
are presented as the means ± SD of three independent experiments. * p < 0.01, ** p < 0.01, *** p < 0.001
vs. the control. # p < 0.05, ### p < 0.001 vs. the cisplatin alone-treated group.

3. Discussion

The results of the present study indicated that FCP derived from tilapia scales exhibited
antioxidant and cytoprotective effects on mouse TECs against oxidative stress provoked
by cisplatin exposure. In addition, our findings showed increased cellular viability accom-
panied by FCP-mediated antioxidant activity based on a diminished level of ROS in the
cytosol. Furthermore, this study also provides the first molecular evidence for elucidating
the function of FCP serving as a cytoprotective agent against TEC damage by cisplatin.
Thus, it is proposed that FCP may offer protective effects on TECs against cytotoxic and
oxidative stress-induced cellular injury caused by various types of noxious stimuli.

Cisplatin is a highly reactive molecule that exerts its cytotoxic effects mainly through
the formation of covalent DNA adducts [32]. In addition, it stimulates the production of
intracellular ROS in several types of cells, including hepatocytes [33], pulmonary alveolar
cells [34], renal proximal tubule epithelial cells [35], and intestinal epithelial cells [36]. Our
findings are consistent with previous studies showing that treatment with antioxidants
alleviates the toxic effects of cisplatin, indicating an essential role of oxidative stress in the
pathogenesis of cisplatin-induced cell injury in several different types of organs [33,34].

Marine organisms are important sources of bioactive compounds with potential thera-
peutic applications. In particular, fish collagen-derived peptides are of considerable interest
and have drawn great attention recently due to their bioactive functions [37]. Fish collagen
has been shown to exhibit microbicidal, anti-inflammatory and anti-skin-aging activities, as
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well as wound healing and tissue regeneration [37–41]. Despite much having been learnt
about the diverse bioactivities of FCP on multiple cell types [42,43]; there is a paucity of
information on the biological effects of FCP on TECs. Antioxidant properties of peptides
from the diverse sources of fish collagen, such as skin from cod, hoki, and pollock have
been demonstrated in many different cell types, such as liver cells [44,45], fibroblasts [46],
macrophages [47,48], and keratinocytes [49]. In addition, it was also revealed that FCP
enhances the viability of human lung fibroblasts damaged by oxygen radicals [46]. In
accordance with these results, the present study showed that FCP from tilapia scales has
potent antioxidative and cytoprotective effects on TECs.

Antioxidants, widely used as ingredients in dietary supplements to improve health
in sectors of the food and beverage manufacturing industry, have been studied for their
potential in the prevention or treatment of several human diseases, such as cardiovascular
diseases, diabetes, metabolic syndrome, neurodegenerative disorders, cancer and age-
related diseases [50,51]. In addition, they are also used as food preservatives for preventing
lipid oxidation. Although synthetic antioxidants, such as butylated hydroxytoluene (BHT)
and butylated hydroxyanisole (BHA) have been extensively used due to their high sta-
bility, low costs, and wide availability, health risks including carcinogenicity, are of great
concern [52]. Thus, there is a growing trend toward replacing synthetic antioxidants with
natural antioxidants in the food processing industry [53,54].

It is well documented that ROS generated endogenously or in response to environmen-
tal stress have long been implicated in cellular injury, which causes cell death, especially
triggered by the dysregulation of the pro- or anti-apoptotic pathways, and tissue damage
leading to the development of many diseases [55]. The present study demonstrated that
FCP acts as a potent suppressor of TEC apoptosis induced by cisplatin treatment by promot-
ing Bcl-2 and Bcl-xL expression and inhibiting Bad and Bax expression and cytochrome-c
release. Taken together, these findings indicate that the amelioration of cisplatin-induced
cytotoxicity by FCP in TECs is mediated by their antioxidant and anti-apoptotic properties.
The discovery of the protective mechanisms of FCP for repairing cellular injuries induced
by oxidative stress and activation of apoptotic cell death pathway in human TECs would
advocate the use of FCP for the prevention and treatment of many clinical conditions linked
to excessive ROS generation and perturbation in the apoptotic balance in TECs. This is
particularly important because oxidative- or cytotoxic stress-mediated injury in TECs can
be a significant problem in many clinical settings, and linked to the induction of acute
thymic involution, that may cause compromised thymopoietic capacity in TECs, leading
to a severe and clinically significant immune deficiency disorder or dysfunction of the
adaptive immunity, and causing the body to be unable to generate appropriate immune
responses against invading pathogens.

The present study also demonstrated that FCP can promote the proliferation of TECs.
In agreement with our study, Liu and Sun [56], also observed the growth-promoting effect
of tilapia FCP on rat bone marrow mesenchymal stem cells. In addition, our previous study
suggested that nanofibrous scaffolds containing tilapia FCP contribute to the enhance-
ment of mouse TEC proliferation [57]. Furthermore, Liu et al. [58] showed that bovine
collagen peptide compounds promote the proliferation and differentiation of MC3T3-E1
preosteoblasts. These investigations, therefore, corroborate that tilapia FCP exhibit signifi-
cant growth promotion properties in several types of cells.

MAPK signal transduction pathways are involved in the regulation of a wide variety
of fundamental cellular processes, such as cell growth, differentiation, survival, apoptosis,
migration, inflammation, and environmental stress responses [59]. To determine the role
of the p38 MAPK, JNK, and ERK in cisplatin-induced ROS production and the signaling
pathway in TECs, the expression levels of p38 MAPK, JNK, and ERK were analyzed by
DCFH-DA, cell proliferation, and western blot assays after treatment with NAC, SB203580,
SP600125, U0126, and FCP. Consequently, the cisplatin-elicited p38 MAPK, JNK, and ERK
activation was abolished by SB203580, SP600125, and U0126 as well as FCP and NAC,
suggesting that cisplatin-induced oxidative stress injury in TECs is mediated by p38 MAPK,
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JNK and ERK and that FCP, similarly to NAC, notably ameliorates cisplatin-induced
oxidative stress in TECs by blocking p38 MAPK, JNK, and ERK activation. In addition,
the cisplatin-induced cytotoxic responses were also significantly blocked by SB203580,
SP600125, and U0126 as well as FCP. Taken together, these data indicate that FCP plays a
critical role in protecting various cytotoxic and oxidative stresses in TECs by repressing the
activation of MAPK signal transduction pathways.

4. Materials and Methods

4.1. Cell Culture and Reagents

Mouse thymic cortical epithelial reticular cells (1308.1) were provided by Dr. Barbara
B. Knowles (The Jackson Laboratory, Bar Harbor, ME, USA). The cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Hyclone, GE Healthcare Life Sciences, Logan,
UT, USA) supplemented with 10% fetal bovine serum (FBS), 100 IU mL−1 penicillin, and
100 mg mL−1 streptomycin (all from Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
in a humidified atmosphere of 5% CO2 at 37 ◦C. Subconfluent cells were harvested with
trypsin-EDTA and used for further experiments. Media were replaced every second day.

Cisplatin, 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA), N-acetyl-L-cysteine
(NAC), 4′,6-diamidino-2-phenylindole (DAPI), and bicinchoninic acid (BCA) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against ERK, phospho-ERK (p-ERK),
JNK, phospho-JNK (p-JNK), p38 MAPK, phospho-p38 MAPK (p-p38 MAPK), cytochrome-c,
and cyclin D1 were supplied by Cell Signaling Technology (Cambridge, MA, USA). The an-
tibodies against Bcl-2, Bcl-xL, Bax, Bad, and CDK1 were obtained from Abcam (Cambridge,
UK). Additionally, an antibody against β-actin was bought from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The p-p38 MAPK inhibitor (SB203580), p-JNK/MAPK inhibitor
(SP600125), and p-ERK/MAPK inhibitor (U0126) were purchased by Tocris Bioscience
(Ellisville, MO, USA). FCP extracted from tilapia were provided by Geltech (Busan, Korea),
and their physicochemical properties were described in our previous study [49]. All other
reagents and compounds used were supplied from Sigma-Aldrich.

4.2. Cell Viability Assay

After TECs (8 × 103 cells/well) in 96-well flat-bottom culture plates (SPL Life Sciences,
Pocheon, Korea) were treated with the indicated doses of FCP for 24 h with or without
cisplatin. The cell viability was determined using the colorimetric WST-1 conversion assay
(EZ-Cytox assay kit, Daeil Lab Service, Seoul, Korea). A WST-1 reagent (total 10 μL) was
added to each well, and cells were incubated for 2 h in a humidified incubator at 37 ◦C under
5% CO2. The absorbance of the formazan dye, generated by the reaction of dehydrogenase
with WST-1 in the metabolically active cells, was measured using a microplate reader
(Tecan, Männedorf, Switzerland) at 450 nm according to the manufacturer’s instructions,
and the percent cell viability was calculated. The experiments were performed in triplicate.

4.3. Measurement of ROS

The effect of FCP on the cisplatin-induced generation of ROS in TECs was detected
by DCFH-DA, a ROS-sensitive fluorescent probe, under a fluorescent microscope. Cell-
permeable DCFH-DA is non-fluorescent, but in the presence of ROS, when this dye is
oxidized, it is converted to a highly fluorescent 2′,7′-dichlorofluorescein (DCF) [60]. TECs
(1 × 105 cells/well) in 6-well culture plates were treated with 0.08% FCP for 24 h before
treatment with cisplatin (10 μM) for 24 h. After removing the medium from wells, the cells
were washed with phosphate buffered saline and then incubated with 10 μM DCFH-DA
in fresh serum-free medium for 30 to 40 min in a humidified incubator at 37 ◦C with 5%
CO2 under dark conditions. The labeled cells were observed with an epi-fluorescence
microscope (BX50, Olympus, Tokyo, Japan). Photomicrographs were acquired digitally
at 1360 × 1024 pixel resolution with an Olympus DP70 digital camera. Furthermore, the
DCF fluorescence was measured using a fluorescent microplate reader (SpectraMax M2e,
BioTek, Winooski, VT, USA) at 495–529 nm. To minimize the possible photo-oxidation of
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the probe and or photo-reduction of DCF, the plates were covered with aluminum foil to
shield the probe from light.

4.4. Western Blot Analysis

To determine protein expression levels, TECs (8 × 105 cells/dish), after reaching
70–80% confluency in 60 mm culture dishes (SPL Life sciences), were treated with 0.08%
FCP for 24 h before treatment with cisplatin (10 μM) for 24 h. Cells from each set of
experiments were harvested and washed twice in cold Tris-buffered saline (TBS, 20 mM Tris-
HCl, 150 mM NaCl, pH 7.4). For the western blot analysis, cells were lysed in 100 μL RIPA
cell lysis buffer with EDTA (GenDEPOT, Barker, TX, USA) containing a protease inhibitor
mixture (Roche, Basel, Switzerland). Samples were kept on ice for 30 min, vortexing briefly
(15 s) every 2–3 min. Then, the lysates were centrifuged at 14,000 RPM for 30 min at 4 ◦C,
and the protein concentration was measured using a BCA protein assay (Sigma-Aldrich).
Equal amounts of protein samples were heated for 10 min at 70 ◦C in Bolt LDS sample
buffer (Invitrogen, Waltham, MA, USA) and separated by 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE, Invitrogen) at 200 V for 25 min, using
a Mini-Protean III system (Bio-Rad, Hercules, CA, USA). Proteins were transferred to
a polyvinylidene difluoride (PVDF) membrane (GE Healthcare Life science) at 20 V for
1 h. The nonspecific binding was blocked with 3% bovine serum albumin (BSA) in TBS
buffer containing 0.1% Tween 20 (TBST buffer), incubated with the indicated primary
antibodies at a dilution of 1:500–1:2000 with 5% BSA in TBST overnight at 4 ◦C with
anti-p38 MAPK, anti-p-p38 MAPK, anti-JNK, anti-p-JNK, anti-ERK, anti-p-ERK, anti-Bax,
anti-cytochrome-c, anti-Bcl-2, anti-Bcl-xL, anti-Bad, anti-cyclin D1, anti-CDK1, and anti-β-
actin (Supplementary Table S1).

On the following day, the membrane was washed with TBST buffer thrice and incu-
bated with secondary antibodies, namely, anti-rabbit IgG HRP conjugate (Cell Signaling
Technology) and anti-mouse IgG HRP conjugate (Cell Signaling Technology), at a dilu-
tion of 1:10,000 with 3% BSA in TBST for 1 h at room temperature. Subsequently, the
membrane was washed thrice with TBST. Immunoreactivity was detected with enhanced
chemiluminescence (ECL, Super Signal West Pico Chemiluminescent Substrate kit, Pierce,
Rockford, IL, USA) according to the manufacturer’s instructions. Images were captured
and quantified using a LAS-3000 imaging system (Fujifilm, Tokyo, Japan).

4.5. Statistical Analysis

The results of the present study were expressed as the mean ± SD under all conditions.
Statistical analysis was performed using a two-tailed Student’s t-test. Statistically significant
differences were considered at p < 0.05.

5. Conclusions

The findings of the present study demonstrate for the first time that FCP stimulates
proliferation, and ameliorates cisplatin-induced cytotoxicity and oxidative stress in TECs. In
addition, it was shown that the inhibitory effects of FCP on cytotoxicity are likely associated
with suppression of the ROS and MAPK (p38 MAPK, JNK, and ERK) signaling pathways.
Therefore, these results suggest that FCP may be a promising protective agent in TEC injury
induced by cytotoxicity and oxidative stress elaborated by chemotherapeutic drugs, such
as cisplatin and other cytotoxic agents. Furthermore, the data of the current study may
provide new insights into the therapeutic approach for the future application of FCP in
the prevention and treatment of a variety of the cytotoxic and oxidative stress-mediated
injuries in TECs as well as acute or age-related thymic involution.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md20040232/s1, Table S1: The primary antibodies used for
western blotting in the current study.
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