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Abstract: The source and type of collagen are crucial to its application, and both play a decisive role.
Collagen was prepared from both tilapia skin and bone and skate skin and cartilage, named as CI-TI-s,
CI-TI-b, CI-SK-s, and CII-SK-c, respectively. Types, distributions, structures, and self-assembly of
collagen were studied. It showed that yellow collagen fibers from skin arranged longitudinally, while
collagen fibers from skate cartilages displayed varying colors. CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c
showed the typical amide A (3316–3336 cm−1) and amide B (2929–2948 cm−1) in FTIR spectra. CI-
TI-b and CII-SK-c showed 218–229 nm of UV absorption, 11.56–12.20 Å of d values in XRD, and
0.12–0.14 of Rpn values in CD. The thermal denaturation temperatures of CI-TI-s and CI-SK-s were
30.7 and 20.6 ◦C, respectively. The self-assembly of CI-TI-s and CII-SK-c were maximum at pH 7.2 and
7.4–7.6, respectively. The unique collagen peptides of tilapia and skate were GPSGPQGAVGATGPK,
PAMPVPGPMGPMGPR, SPAMPVPGPMGPMGPR, GESGPSGPAGPAGPAGVR, SSGPPVPGPIGP-
MGPR, GLTGPIGVPGPPGAQGEK, GLAGPQGPR, and GLSGDPGVQGIK, respectively. The unique
peptides of type I and type II collagen were GPTGEIGATGLAGAR, GVLGLTGMR, LGLTGMR,
GEPGAAGPAGPSGPMGPR, SSGPPVPGPIGPMGPR, and GLSGDPGVQGIK, respectively.

Keywords: collagen; self-assembly; unique peptide; structure

1. Introduction

Collagen is mainly present in various skins, cartilages, tendons, and bones, and
accounts for 30% of the protein content in mammals [1,2]. Type I collagen is the most
abundant protein type in bones, skins, scales, and tendons, and it is the principal structural
ingredient of connective tissues; this represents about 90% of total human collagen [3]. Type
II collagen is usually present in cartilage, which is formed by combining collagen fibers
with some proteoglycans [4]. It was reported that in Nile tilapia (Oreochromis niloticus), one
of the most popularly cultured fish in China, the yields of collagen from skin were above
40% (dry weight) [5]. Skate (Raja porosa), a typical marine cartilaginous fish, was widely
used in order to extract collagen from its cartilage.

There are many diversities in the function and application for different types of colla-
gen. Type I collagen is often made into sponges and for wound dressing membranes [6,7].
Modified type I collagen is extensively used in bioprinting as a bio-ink due to its high
compatibility with human cells [8]. In the pharmaceutical field, collagen I is used for drug
delivery as nanospheres and nanoparticles [9]. In the food industry, type I collagen has
been widely used as a food additive, as edible film, in drinks, and as a carrier [10]. Type II
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collagen can promote the differentiation of cartilage cells and improve bone health, and it
is especially useful in the treatment of rheumatoid arthritis [11].

The structure and properties of collagen derived from fish have been extensively
studied. These studies are important for determining the eventual application of collagen.
The collagen α chain shows a repeated Gly-X-Y sequence, in which X and Y are generally
Pro and Hyp, respectively [12]. Structural differences of collagen from different sources
could not be found by FTIR, XRD, and UV spectroscopy [1]. Zhu et al. [4] found the
Rpn of collagen from skate and sturgeon cartilage was 0.19–0.25 in CD, and the collagen
exhibited obvious self-assembly with a concentration above 0.3 mg/mL, an adjustment
of pH 7.4–7.6, and an NaCl concentration of 120 mmol/L. Zhang et al. [13] found that
the denaturation temperatures of collagen from sturgeon scale, skin, and cartilage were
29.6, 26.8, and 36.3 ◦C, respectively. Romijn et al. [14] estimated the χ33/χ31-ratio for
type I collagen in tendon and type II collagen in cartilage was 1.33 and 1.36, respectively.
This was determined by polarization-resolved second harmonic, which cannot be easily
used to differentiate collagen types. Therefore, collagen of different types and sources
should be determined using other methods. Different collagen peptides could be identified
using LC-MS/MS [15]. Zhang et al. [16] found diverse mixtures of collagen type II and
I contained 12 specific peptides using LC-MS, which indicated that MS was a possible
strategy for collagen type identification. Hu et al. [17] quantified 81 proteins of skipjack,
bigeye, and yellowfin tuna by the sequential window acquisition of all theoretical fragment
ion mass spectra (SWATH-MS) analysis and screened 14 protein biomarkers with the ability
to distinguish the three tuna species.

In this work, collagens from skate and tilapia were extracted by acetic acid and pepsin,
and then their structures and properties were assessed by UV, FTIR, CD, XRD, fractional
viscosity, and self-assembly. The discovery of unique peptides of sources (tilapia and skate)
and collagen types (type I and type II) were conducted by SWATH-MS and orthogonal
partial least squares discriminant analysis (OPLS-DA). It could provide a theoretical basis
for the application of collagen from different types and sources.

2. Results
2.1. Distribution of Collagen Fibers in TI-s, TI-b, SK-s, and SK-c

VG staining is usually used to analyze the arrangement and distribution of collagen
fibers. VG staining of TI-s (a), TI-b (c), SK-s (e), and SK-c (g) is shown in Figure 1. It can be
seen that the red collagen fibers are aligned tightly and longitudinally in TI-s, SK-s, and
TI-b. The collagen fibers in the SK-c tissue showed a tight reticular structure.

With Sirius red staining under cross-polarized light, collagen I shows strong red
or yellow, collagen II displays multiple colors, and collagen III shows weak green [18].
The arrangement and distribution of collagen in TI-s (b), TI-b (d), SK-s (f), and SK-c (h)
under polarized light are shown in Figure 1. The collagen of TI-s, TI-b, and SK-s showed
bright yellow and red, and might therefore be type I collagen. In addition, there were also
some green collagens interlaced with the bright yellow and red, which may be type III
collagen. The collagen of SK-c showed weak birefringence and a variety of colors, and was
presumed to be type II collagen. Acid-soluble and pepsin-soluble tilapia skin collagen were
characterized as type I collagen [19]. Hwang et al. [20] identified that the major collagen in
SK-s was type I using SDS–PAGE pattern and peptide maps analysis.
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Figure 1. The VG staining and Sirius red staining of collagen in TI−s (a,b), TI−b (c,d), SK−s (e,f), 
SK−c(g,h); CD spectra of collagen isolated from tilapia and skate (i); FTIR spectra of collagen isolated 
from tilapia and skate (j); UV spectra of collagen isolated from tilapia and skate (k); XRD of collagen 
isolated from tilapia and skate (l). 
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b, CI-SK-s, and CII-SK-c were 222, 218, 221, and 229 nm, respectively. Reátegui-Pinedo et 
al. [1] found that the UV absorption peak of tilapia skin collagen was at 232 nm. The max-
imum absorption peak of skate cartilage collagen was at 230 nm in UV [4]. Results showed 
that the collagen of tilapia and skate had a similar UV absorption characteristic. The pres-
ence of tryptophan and tyrosine ensured that the maximum UV absorption wavelength 
of proteins occurred at 275–280 nm [4]. CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c did not 
display clear absorption peaks at 280 nm, showing that the collagen samples contained a 
small amount of tryptophan and tyrosine. The UV absorption peak of collagen at about 
230 nm was related to the n → Π* transition of C=O, COOH, and CO-NH2 groups [4]. The 
small differences might be related to the amino acid composition. It was found that the 
tyrosine concentration of skate cartilage collagen was lower than that of tilapia skin colla-
gen [20,21]. 

2.2.2. FTIR Analysis of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c 
The FTIR spectra characteristics of collagen extracted from tilapia and skate are 

shown in Figure 1j. The amide A band was mainly generated by the N-H stretching vibra-
tion [4]; CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c were observed at 3336, 3316, 3326, and 3326 
cm−1, respectively. The amide B band was associated with the asymmetric stretching vi-
bration of CH2 [22] and appeared at wavenumbers 2938, 2929, 2935, and 2948 cm−1 for CI-
TI-s, CI-TI-b, CI-SK-s, and CII-SK-c, respectively. The amide I bands of CI-TI-s (1662 cm−1), 
CI-TI-b (1660 cm−1), CI-TI-s (1658 cm−1), and CII-TI-c (1652 cm−1) was in accordance with 

Figure 1. The VG staining and Sirius red staining of collagen in TI−s (a,b), TI−b (c,d), SK−s (e,f),
SK−c (g,h); CD spectra of collagen isolated from tilapia and skate (i); FTIR spectra of collagen isolated
from tilapia and skate (j); UV spectra of collagen isolated from tilapia and skate (k); XRD of collagen
isolated from tilapia and skate (l).

2.2. Structural Characteristics of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c
2.2.1. Analysis of the UV Spectra of CI-TI-s, CI-TI-b, CI-SK-s, and CI-SK-c

The UV absorption spectra of collagen isolated from tilapia skins and bones and skate
skins and cartilages are shown in Figure 1k. The maximum absorptions of CI-TI-s, CI-TI-b,
CI-SK-s, and CII-SK-c were 222, 218, 221, and 229 nm, respectively. Reátegui-Pinedo et al. [1]
found that the UV absorption peak of tilapia skin collagen was at 232 nm. The maximum
absorption peak of skate cartilage collagen was at 230 nm in UV [4]. Results showed that
the collagen of tilapia and skate had a similar UV absorption characteristic. The presence of
tryptophan and tyrosine ensured that the maximum UV absorption wavelength of proteins
occurred at 275–280 nm [4]. CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c did not display clear
absorption peaks at 280 nm, showing that the collagen samples contained a small amount
of tryptophan and tyrosine. The UV absorption peak of collagen at about 230 nm was
related to the n → Π* transition of C=O, COOH, and CO-NH2 groups [4]. The small
differences might be related to the amino acid composition. It was found that the tyrosine
concentration of skate cartilage collagen was lower than that of tilapia skin collagen [20,21].

2.2.2. FTIR Analysis of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c

The FTIR spectra characteristics of collagen extracted from tilapia and skate are
shown in Figure 1j. The amide A band was mainly generated by the N-H stretching
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vibration [4]; CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c were observed at 3336, 3316, 3326, and
3326 cm−1, respectively. The amide B band was associated with the asymmetric stretching
vibration of CH2 [22] and appeared at wavenumbers 2938, 2929, 2935, and 2948 cm−1

for CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c, respectively. The amide I bands of CI-TI-s
(1662 cm−1), CI-TI-b (1660 cm−1), CI-TI-s (1658 cm−1), and CII-TI-c (1652 cm−1) was in
accordance with the vibration of C=O groups. The amide II of CI-TI-s (1546 cm−1), CI-TI-b
(1551 cm−1), CI-SK-s (1535 cm−1), and CII-SK-c (1550 cm−1) were similar to the results
of Zhu et al. [4]. The amide III bands were associated with the N-H and C-N stretching
vibration [4], which of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c were observed at 1236, 1238,
1234, and 1238 cm−1, respectively.

2.2.3. CD Spectra Analysis of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c

The CD spectra of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c are shown in Figure 1i.
Natural collagen showed a positive peak at 221 nm, a negative absorption at 198 nm, and
the intensity ratio of positive and negative absorption peaks (Rpn) of 0.15 [23]. The CD
spectra of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c exhibited positive absorption peaks at
221.5, 221.5, 221, and 222 nm, respectively, and negative absorption peaks at 197 nm. The
Rpn values were 0.12, 0.12, 0.12, and 0.14, respectively; these values are consistent with the
results of Zhu et al. [4]. The CD spectra of collagen from tilapia skins showed a significantly
weak positive peak (220 nm) and a strong negative peak (196 nm); the Rpn value of collagen
was 0.131 [5].

2.2.4. X-ray Diffraction of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c

The X-ray diffraction (XRD) patterns of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c are
shown in Figure 1l. They reveal the two characteristic peaks in the spectra. the first peak,
in the range of 5–10◦, was associated with the crystal structure inside the collagen [24].
The second peak was about 20◦ at the diffraction angle (2θ), which was associated with
diffuse emission from the internal amorphous region of the collagen [25]. The d values,
corresponding to the first peak of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c, were 11.84, 12.20,
12.03, and 11.56 Å, respectively, representing spacing between molecular chains. Sun
et al. [23] found d values for the first relatively sharp peak of acid; the pepsin-soluble
collagen of tilapia skins were 11.66 Å and 11.90 Å, respectively. The d value, corresponding
to the first peak of double-spotted pufferfish skin collagen, was 11.45 Å [26].

2.3. The O-Glycopeptide Bond of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c

O-glycosylation, related to the stability of collagen, is formed by the attachment
of galactose in its β-configuration to the hydroxyl group of hydroxylysine, which was
converted from hydroxylated lysine [4]. The β-elimination reaction (alkali-treatment) can
break the O-glycopeptide bond of collagen, which produces more unsaturated amino
acids to enhance the UV absorption at 240 nm [27]. The UV spectra before and after β-
elimination reaction of CI-TI-s (Figure 2a), CI-TI-b (Figure 2b), CI-SK-s (Figure 2c), and
CII-SK-c (Figure 2d) were illustrated in Figure 2. The enhancement of UV absorption after
β-elimination reaction of collagen at 240 nm indicated that the O-linked glycopeptide bonds
were present, which is consistent with the results of Zhu et al. [4]. O-linked glycopeptide
bonds were present in a higher level on CII-SK-c when compared with CI-TI-s, CI-TI-b, and
CI-SK-s.
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Figure 2. Ultraviolet spectra before and after β elimination reaction, thermal denaturation curves
fitting and Zeta potential of CI−TI−s (a,e,i), CI−TI−b (b,f,j), CI−SK−s (c,g,k), and CII−SK−c (d,h,l);
The red line were the fractional viscosity fitting curve of collagen.

2.4. Td and Zeta Potential of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c

The fractional viscosity fitting curve of CI-TI-s (Figure 2e), CI-TI-b (Figure 2f), CI-SK-s
(Figure 2g), and CII-SK-c (Figure 2h) are shown in Figure 2. The thermal denaturation
temperatures (Td) of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c were 30.7, 26.5, 20.6, and
21.4 ◦C, respectively. The Td of tilapia skins and bone collagen was higher than that of
skate skins and cartilage collagen, and CII-SK-c showed a higher Td when compared with
that of CI-SK-s. The thermal denaturation temperatures of different collagen can be affected
by the temperature in which the species live. Wang et al. [28] found that the Td in the deep
sea was lower than that in the shallow sea. It was reported that the Td temperature of
collagen was raised as the content of Hyp increased [29]. More proline and hydroxyproline
increased the thermal stability of collagen because of a higher density of crosslinks [30],
which can also be improved by chitin nanofibers for the usage as scaffolds and wound-
dressing materials [31]. Klabukov et al. [32] found that the copolymer had a higher stability
and the ability to resist hydrolysis.

Zeta potential can be used to describe the surface charge of colloidal systems, and
the isoelectric point (pI) refers to the pH at which the net charge of molecule is zero [33].
The rate of collagen fibril production is largely controlled by electrostatic interactions, and
collagen is more conducive to the aggregation of collagen molecules and fibrils formation
when the collagen pI is reached [34]. The zeta values of four collagen proteins are shown in
Figure 2. The pI of CI-TI-s (Figure 2i), CI-TI-b (Figure 2j), CI-SK-s (Figure 2k), and CII-SK-c
(Figure 2l) were 5.26, 4.78, 4.52, and 4.68, respectively, which may be due to the high content
of acidic amino acids (glutamate and aspartic acid) in collagen. Ahmed et al. [33] found the
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pI of collagen might be associated with amino acid composition and amino acid residue
sequences, especially on surface domains.

2.5. The Self-Assembly Properties of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c

The effects of concentration, pH, ionic strength, and hyaluronic acid (HA) on the
kinetics of collagen self-assembly of CI-TI-s and CII-SK-c are shown in Figure 3. The degree
of collagen self-assembly was positively correlated with the concentration of collagen
(Figure 3a,b). The higher self-assembly of the CI-TI-s (Figure 3c) was at pH 6.8, and the
self-assembly of CII-SK-c (Figure 3d) in the range of pH 7.4–7.6 was higher than that at
other pH values, which was similar to the results of Yan et al. [35]. Figure 3e showed that
the aggregation rate of CI-TI-s was increased when the sodium chloride concentration
reached 80 mmol/L. The aggregation rate of CII-SK-c showed similar characteristics at
different ionic strengths (Figure 3f). The self-assembly of CI-TI-s could be found when the
HA concentration was in the range of 10% to 20%. However, the self-assembly behavior
of CII-SK-c could not be affected by HA (Figure 3g,h). At pH 7.4–7.6 and NaCl concen-
tration of 120 mmol/L, collagen in skate and sturgeon cartilage at concentrations above
0.3 mg/mL exhibited significant self-assembly behavior [4]. In summary, the self-assembly
characteristics of CI-TI-s and CII-SK-c were different.
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2.6. Discovery of Unique Peptides for C-TI and C-SK

The mass spectrum information of C-TI and C-SK was obtained using DDA collection
mode. The DDA data from two samples were searched, and 698 peptides and 17 proteins
(C-TI) and 331 peptides and 31 proteins (C-SK) were found at the 95% confidence level. The
score plot of OPLS-DA in Figure 4b demonstrated that collagen samples from tilapia were
thoroughly separated with those from skate, indicating potential of SWATH-MS based
proteomic analysis in discrimination of collagen sources. The OPLS-DA evaluation model
parameters consist of R2X, R2Y, and Q2, where R2X, and R2Y stand for the explanation rate
of the model for the X and Y matrices, respectively, while Q2 indicates the predictive power
of the model. For a perfect categorization, the value of specificity should be near to 1 [36].
R2X, R2Y, and Q2 of the model were 0.712, 0.998, and 0.985, respectively.
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Figure 4. SWATH−MS data analysis of collagen peptides. Representative total ion chromatograms
(TICs) with SWATH data of C−TI (blue) and C−SK (orange) (a). The OPLS−DA (b) (the blue
were C−SK and the brown were C−TI; “*” was weights of regression coefficient), VIP (c) (the red
rectangles were peptides with a VIP value > 1), S−plot (d) (the green were VIP value < 1; the blue
were VIP value > 1 but |p(corr)| < 0.7; the red were VIP value > 1 and |p(corr)| > 0.7), and Knife cut
confidence interval analysis (e) for discovering peptide markers of C−TI versus C−SK.

The peptides with a variable importance in the projection (VIP) value higher than 1
were screened. Figure 4c showed that there were 17 peptides with a VIP value > 1 (marked
in red) that could be used as potential identification peptides for subsequent analysis. Then
the peptides with |p(corr)| > 0.7 in S-plot were selected to the next screen (Figure 4d).
The farther from the origin in the S-plot score chart, the greater the contribution of this
point to sample classification. Finally, eight specific peptides (marked with purple in
Figure 4e) with the jack-knifed confidence intervals in the coefficients plot not passing
through zero were identified as potential marker peptides of C-TI and C-SK. Statistical
analysis showed that there were significant differences between two samples. To perform
the biospecificity check, the bioinformatics tool, Blast, was used to perform a peptide amino
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acid sequence search of the entire NCBI protein sequence database [37]. A total of eight
candidate tagged peptides were submitted to Blast search for biospecificity checks against
the entire NCBI non-redundant protein database. The unique peptides of C-TI and C-SK
were revealed through the proteomic and chemometrics analysis, including GPSGPQGAV-
GATGPK, PAMPVPGPMGPMGPR, SPAMPVPGPMGPMGPR, GESGPSGPAGPAGPAGVR,
SSGPPVPGPIGPMGPR, GLTGPIGVPGPPGAQGEK, GLAGPQGPR, and GLSGDPGVQGIK
(Table 1). The detectability assessment of the potential marker peptides can be performed
using the MRM approach. The 81 proteins of skipjack tuna, bigeye tuna, and yellowfin tuna
were quantified by SWATH-MS proteomic analysis, and 14 potential protein biomarkers
were screened by chemometrics [17]. Results showed that it was feasible to screen unique
peptides for C-TI and C-SK using the SWATH-MS proteomic approach.

Table 1. All unique peptides screened by chemometrics.

Peptide Sequence m/z Protein Source

C-TI/C-SK data data

1 GPSGPQGAVGATGPK 640.8333 Type I procollagen alpha 1 chain OS = Okamejei
kenojei GN = SkCOL1A1 PE = 2 SV = 1

2 PAMPVPGPMGPMGPR 746.3671 Uncharacterized protein (Fragment) OS =
Oreochromis niloticus GN = col1a1 PE = 4 SV = 1

3 SPAMPVPGPMGPMGPR 789.8831 Uncharacterized protein (Fragment) OS =
Oreochromis niloticus GN = col1a1 PE = 4 SV = 1

4 GESGPSGPAGPAGPAGVR 760.8762 Uncharacterized protein OS = Oreochromis
niloticus GN = LOC100694532 PE = 4 SV = 1

5 SSGPPVPGPIGPMGPR 751.8928 Uncharacterized protein OS = Oreochromis
niloticus GN = LOC100694532 PE = 4 SV = 1

6 GLTGPIGVPGPPGAQGEK 816.4412 Uncharacterized protein OS = Oreochromis
niloticus GN = LOC100694532 PE = 4 SV = 1

7 GLAGPQGPR 426.7379 Uncharacterized protein (Fragment) OS = Anolis
carolinensis GN = COL1A2 PE = 4 SV = 1

8 GLSGDPGVQGIK 564.3064 Uncharacterized protein OS = Gasterosteus
aculeatus PE = 4 SV = 1

CI/CII

1 GPTGEIGATGLAGAR 664.3519 Collagen type I alpha 2 OS = Oreochromis
niloticus GN = COL1A2 PE = 2 SV = 1

2 GVLGLTGMR 452.2577 Type I procollagen alpha 1 chain OS = Okamejei
kenojei GN = SkCOL1A1 PE = 2 SV = 1

3 LGLTGMR 374.2127 Type I procollagen alpha 1 chain OS = Okamejei
kenojei GN = SkCOL1A1 PE = 2 SV = 1

4 GEPGAAGPAGPSGPMGPR 781.8726 Type I procollagen alpha 1 chain OS = Okamejei
kenojei GN = SkCOL1A1 PE = 2 SV = 1

5 SSGPPVPGPIGPMGPR 751.8928 Uncharacterized protein OS = Oreochromis
niloticus GN = LOC100694532 PE = 4 SV = 1

6 GLSGDPGVQGIK 564.3064 Uncharacterized protein OS = Gasterosteus
aculeatus PE = 4 SV = 1

2.7. Discovery of Unique Peptides for Type I and Type II Collagen

The analysis of unique peptides for type I and type II collagen are shown in Figure 5.
The mass spectrum information of CI and CII was obtained using the DDA collection
mode, and the DDA data from two samples were searched, resulting in 275 peptides
and 24 proteins (CI) and 144 peptides and 16 proteins (CII) at the 95% confidence level;
these were taken as the quantitative database of SWATH-MS for subsequent analysis. The
OPLS-DA analysis was performed to seek marker peptides as differentiators indicating
types from collagen I and collagen II. R2X, R2Y, and Q2 of the OPLS-DA evaluation model
were 0.895, 0.983, and 0.985, respectively. Figure 5c showed that there were nine peptides
with a VIP value > 1 (marked in red). There were seven specific peptides (marked with
purple in Figure 5e) with the jack-knifed confidence intervals in the coefficients plot not
passing through zero. In addition, unique peptides for CI and CII were identified, in-
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cluding GPTGEIGATGLAGAR, GVLGLTGMR, LGLTGMR, GEPGAAGPAGPSGPMGPR,
SSGPPVPGPIGPMGPR, and GLSGDPGVQGIK (Table 1). The results showed the abil-
ity to search for unique peptides for type I and type II collagen using the SWATH-MS
proteomic approach.
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3. Materials and Methods
3.1. Materials

Skins and bones of tilapia (Oreochromis mossambicus) and skins and cartilages of skate
(Raja porosa) were obtained from Nanshan Aquatic Products (Qingdao, China). All raw
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materials were preserved at −20 ◦C. Acetonitrile was obtained from Merck (Darmstadt,
Germany). Trypsin was obtained from Promega Co., Ltd. (Beijing, China). The pepsin was
obtained from Maclean Biochemical Technology Co., Ltd. (Shanghai, China). The other
reagents were of analytical grade and bought from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

3.2. Van Gieson and Picric Acid-Sirius Red Staining

Tilapia skin (TI-s), tilapia bone (TI-b), skate skin (SK-s), and skate cartilage (SK-c) were
treated in 4% formaldehyde for two days and then washed with water. Samples were
dehydrated, embedded in paraffin, and then stained with Van Gieson (VG) and Picric
acid-Sirius red. Tissues stained with Picric acid-Sirius red were observed using a cross-
polarized light microscope and tissues stained with VG were observed using an ordinary
light microscope (Ni-E, Nikon Imaging Instrument Sales Co., Ltd., Shanghai, China). For
tilapia bones, their pretreatment should be decalcified in a 10% EDTA-Na2 solution for two
weeks before dehydration.

3.3. Preparation of Collagen

Samples were washed with deionized water (4 ◦C) after being removed the residual
meat with a knife and divided into small pieces (1 cm × 1 cm). They were then soaked
for 48 h (1:20, w/v) with the 0.1 mol/L concentration of NaOH. After discarding the non-
collagen components, fish skins were retreated with the pre-cold deionized water for a
neutral pH. Then the pretreated materials were poured into acetic acid solution (0.5 mol/L)
that contained pepsin with the concentration of 0.1% (w/v). After being stirred for 48 h
at 4 ◦C, it was centrifuged (9000× g) for 20 min at 4 ◦C (2–16KL, Sigma, An Der Unteren
Söse 50, Osterode Am Harz, Germany). The collagen was sedimented by adding NaCl
to the supernatants until its concentration reached 0.9 mol/L. The collagen was gathered
by centrifugation at 6000× g for 30 min and redissolved in 0.5 mol/L acetic acid solution.
Then the mixture was dialyzed and lyophilized (VSP62, Marin Christ Co., An Der Unteren
Söse 50, Osterode Am Harz, Germany) to obtain tilapia skin collagen (CI-TI-s), skate skin
collagen (CI-SK-s), and skate cartilage collagen (CII-SK-c). For tilapia bone collagen (CI-
TI-b), the extraction method was similar. Before using acetic acid and pepsin to extract
collagen from tilapia bones, the bones needed to be pretreated with EDTA-Na2 (0.5 mol/L)
for 48 h to remove the calcium.

3.4. Fourier Transform Infrared (FTIR) Spectroscopy Analysis

FTIR was detected according to the method of Zhu et al. [4]. Freeze-dried collagen was
thoroughly mixed, ground with dehydrated potassium bromide, and pressed into sheets.
FTIR was measured at 4000–400 cm−1 (Nicolet iS 10, Thermo Fisher Scientific, Waltham,
MA, USA). It was scanned at the resolution of 2 cm−1 64 times and OMNIC 9.0 software
was used for the analysis.

3.5. Determination of Ultraviolet-Visible Absorption Spectra

The 0.5 mg/mL samples of collagen were prepared with 0.1 mol/L acetic acid and
centrifuged at 9000× g for 5 min at 4 ◦C. They were scanned by an ultraviolet spectropho-
tometer (UV-2102 PC, Unico Co., Ltd., Shanghai, China) in the range of 190–400 nm [4].

3.6. Circular Dichroism (CD) Spectra Analysis

The 0.5 mg/mL samples of collagen were prepared with 0.05 mol/L acetic acid. After
filtering through a 0.22 µm membrane, the solution was measured in the scanning range of
190–260 nm [23].
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3.7. Determination of X-ray Diffraction (XRD)

The XRD patterns were determined with Cu Kα radiation applied at 40 kV of voltage.
The samples were recorded with a scanning angle (2θ) from 5 ◦ to 40 ◦ at a scanning rate of
4 ◦min−1. The d value can be calculated by using the Bragg’s equation as follows [23]:

d (Å) =
λ

2sin θ

where θ and λ were the Bragg diffraction angle and X-ray wavelength, respectively.

3.8. Thermal Denaturation Temperature (Td) Analysis

The 4‰ collagen was prepared using a 0.1 mol/L acetic acid solution. The viscosity
of the solution was analyzed from 4 ◦C to 40 ◦C using a rheometer (MCR301, Anton Paar
GmbH Co., Ltd., Graz, Austria) at the heating rate of 0.4 ◦C/min. The Td was computed, at
which the fractional viscosity was 0.5 [38]. The specific calculation formula was as follows:

F(T) =
ηsp(T)− ηsp(40 ◦C)

ηsp(4◦C)− ηsp(40 ◦C)

where F was fractional viscosity, ηsp was computed by η−η0
η0

, η was the viscosity of the
solution, and η0 was the viscosity of acetic acid (mPa·s).

3.9. Zeta Potential Measurement

Zeta potential was measured according to the method of Yan et al. [35]. The pH
of 0.5 mg/mL collagen was adjusted to 2–11 and it was measured using a nano size
potentiometer (ZS90, Malvern Instruments, Malvern, UK).

3.10. LC/MS Analysis of Collagen of Different Types and Sources

For the discovery of unique collagen peptides of different sources, collagen from tilapia
skins (CI-TI-s), tilapia bones (CI-TI-b), skate skins (CI-SK-s), and skate cartilages (CII-SK-c)
were digested with sequencing grade trypsin at 37 ◦C for 18 h at a protein/trypsin ratio of
25:1 (w/w). After centrifugation, the digested samples of CI-TI-s and CI-TI-b were mixed in
equal volumes, named as C-TI. The digested samples of CI-SK-s and CII-SK-c were mixed
in equal volumes, named as C-SK.

For the discovery of unique collagen peptides of different types, the treatment of
collagen from cod skins (CI-GA-s), cod bones (CI-GA-b), sturgeon skins (CI-ST-s), and
sturgeon cartilages (CII-ST-c) was the same as above. The digested samples of CI-GA-s,
CI-TI-s, CI-ST-s, CI-SK-s, CI-GA-b, and CI-TI-b were mixed in equal volumes, named as CI.
The digested samples of CII-ST-c and CII-SK-c were mixed in equal volumes, named as CII.

Sample separation was performed by mass spectrometry using an UHPLC-Q/TOF in-
strument in DDA mode equipped with AdvanceBio Peptide Map column (150 mm × 2.1 mm,
130 Å, 2.7 µm), and it was operated in electrospray positive ion (ESI+) mode with a spray
voltage of 5500 V in range of 350–1500 m/z. The data were identified by Protein Pilot
software (version 5.0.2, SCIEX) to generate the library for the SWATH analysis. Data from
SWATH acquisitions were imported by PeakView software (version 2.1, SCIEX), and then
normalized based on the total peak areas sum by MarkerView software (version 1.2.1,
SCIEX). Orthogonal partial least squares discriminant analysis (OPLS-DA) was used to
screen peptides between CI and CII or C-SK and C-TI in SMICA software (version 14.0,
Umetrics). The specificity verification of potential peptide markers was achieved by the
Blast searching of the whole NCBI protein database [39].

Concretely, the mass spectrum information was obtained using DDA collection mode,
and the Protein Pilot software was used to search the database. In the process of mass
spectrometry analysis, the DDA data were searched at the 95% confidence level, which
were taken as the quantitative database of SWATH-MS for subsequent analysis. The data
obtained by SWATH-MS are quite complex. A further decoding process is necessary for
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generating meaningful information. The different peptides with a false positive error rate
of less than 1% were selected for subsequent OPLS-DA analysis using SIMCA software [40].
To seek marker peptides as differentiators indicating collagen sources, the separated groups
were classified as one group and OPLS-DA analysis was then performed.

3.11. Statistical Analysis

Each experiment was repeated at least three times. Statistical analyses were performed
using one-way analysis of variance (ANOVA). The probability value of p < 0.05 was used
as the criterion for significant differences.

4. Conclusions

In this study, the distribution of collagen fibers in tissues of tilapia skin and bone and
skate skin fish and cartilage was different. All collagen had a complete triple helix structure
and similar UV and X-ray characteristics. Type II collagen had obvious glycopeptide
linkage. The Td temperature, Zeta potential, and the optimal self-assembly conditions of
collagen from different sources were different. Further studies have shown that unique
peptides of different sources and types of collagens could be obtained by SWATH-MS.

Author Contributions: Writing—original draft preparation, writing—review and editing, data cu-
ration, investigation, X.Z.; data curation, writing—original draft preparation, investigation, J.W.;
writing—review and editing, Y.F.; writing—review and editing, Q.Z.; writing—review and editing,
H.Z.; writing—review and editing, K.A.; writing—review and editing, supervision, H.H. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Major Scientific and Technological Innovation Project in
Shandong Province, grant number No. 2022CXGC020414; Major Scientific and Technological Innova-
tion Project of Qingdao West Coast New Area, grant number No. ZDKC-2022-01; Taishan Scholar
Foundation of Shandong Province, grant number No. tsqn202103033; Marine S&T Fund of Shandong
Province for Qingdao Marine Science and Technology Center, grant number No. 2022QNLM030002-4.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

Sample Availability: Available.

References
1. Reátegui-Pinedo, N.; Salirrosas, D.; Sánchez-Tuesta, L.; Quiñones, C.; Jáuregui-Rosas, S.R.; Barraza, G.; Cabrera, A.; Ayala-Jara,

C.; Martinez, R.M.; Baby, A.R.; et al. Characterization of Collagen from Three Genetic Lines (Gray, Red and F1) of Oreochromis
niloticus (Tilapia) Skin in Young and Old Adults. Molecules 2022, 27, 1123. [CrossRef] [PubMed]

2. Menezes, M.d.L.L.R.; Ribeiro, H.L.; Abreu, F.d.O.M.d.S.; Feitosa, J.P.d.A.; Filho, M.d.S.M.d.S. Optimization of the Collagen
Extraction from Nile Tilapia Skin (Oreochromis niloticus) and its Hydrogel with Hyaluronic Acid. Colloids Surf. B Biointerfaces 2020,
189, 110852. [CrossRef] [PubMed]

3. Fan, X.; Liang, Y.; Cui, Y.; Li, F.; Sun, Y.; Yang, J.; Song, H.; Bao, Z.; Nian, R. Development of Tilapia Collagen and Chitosan
Composite Hydrogels for Nanobody Delivery. Colloids Surf. B Biointerfaces 2020, 195, 111261. [CrossRef] [PubMed]

4. Zhu, L.; Li, J.; Wang, Y.; Sun, X.; Li, B.; Poungchawanwong, S.; Hou, H. Structural Feature and Self-assembly Properties of Type II
Collagens from the Cartilages of Skate and Sturgeon. Food Chem. 2020, 331, 127340. [CrossRef] [PubMed]

5. Ge, B.; Wang, H.; Li, J.; Liu, H.; Yin, Y.; Zhang, N.; Qin, S. Comprehensive Assessment of Nile Tilapia Skin (Oreochromis niloticus)
Collagen Hydrogels for Wound Dressings. Marine Drugs 2020, 18, 178. [CrossRef] [PubMed]

6. Naomi, R.; Ridzuan, P.M.; Bahari, H. Current Insights into Collagen Type I. Polymers 2021, 13, 2642. [CrossRef]
7. Tamer, T.M.; Kenawy, E.R.; Agwa, M.M.; Sabra, S.A.; El-meligy, M.A.; Mohy-Eldin, M.S. Wound Dressing Membranes based on

Immobilized Anisaldehyde onto (Chitosan-GA-Gelatin) Copolymer: In-vitro and in-vivo evaluations. Int. J. Biol. Macromol. 2022,
211, 94–106. [CrossRef]

8. Guo, K.; Wang, H.; Li, S.; Zhang, H.; Li, S.; Zhu, H.; Yang, Z.; Zhang, L.; Chang, P.; Zheng, X. Collagen-Based Thiol-Norbornene
Photoclick Bio-Ink with Excellent Bioactivity and Printability. ACS Appl. Mater. Interfaces 2021, 13, 7037–7050. [CrossRef]

9. Furtado, M.; Chen, L.; Chen, Z.; Chen, A.; Cui, W. Development of Fish Collagen in Tissue Regeneration and Drug Delivery. Eng.
Regen. 2022, 3, 217–231. [CrossRef]

https://doi.org/10.3390/molecules27031123
https://www.ncbi.nlm.nih.gov/pubmed/35164387
https://doi.org/10.1016/j.colsurfb.2020.110852
https://www.ncbi.nlm.nih.gov/pubmed/32062110
https://doi.org/10.1016/j.colsurfb.2020.111261
https://www.ncbi.nlm.nih.gov/pubmed/32683236
https://doi.org/10.1016/j.foodchem.2020.127340
https://www.ncbi.nlm.nih.gov/pubmed/32569971
https://doi.org/10.3390/md18040178
https://www.ncbi.nlm.nih.gov/pubmed/32218368
https://doi.org/10.3390/polym13162642
https://doi.org/10.1016/j.ijbiomac.2022.05.061
https://doi.org/10.1021/acsami.0c16714
https://doi.org/10.1016/j.engreg.2022.05.002


Molecules 2023, 28, 6529 13 of 14

10. Wu, X.; Liu, Y.; Liu, A.; Wang, W. Improved Thermal-stability and Mechanical Properties of Type I Collagen by Crosslinking with
Casein, Keratin and Soy Protein Isolate Using Transglutaminase. Int. J. Biol. Macromol. 2017, 98, 292–301. [CrossRef]

11. Bakilan, F.; Armagan, O.; Ozgen, M.; Tascioglu, F.; Bolluk, O.; Alatas, O. Effects of Native Type II Collagen Treatment on Knee
Osteoarthritis: A Randomized Controlled Trial. Eurasian J. Med. 2016, 48, 95–101. [CrossRef]

12. Al-Shaer, A.; Lyons, A.; Ishikawa, Y.; Hudson, B.G.; Boudko, S.P.; Forde, N.R. Sequence-dependent Mechanics of Collagen Reflect
its Structural and Functional Organization. Biophys. J. 2021, 120, 4013–4028. [CrossRef]

13. Zhang, X.; Ookawa, M.; Tan, Y.; Ura, K.; Adachi, S.; Takagi, Y. Biochemical Characterisation and Assessment of Fibril-forming
Ability of Collagens Extracted from Bester Sturgeon Huso huso × Acipenser ruthenus. Food Chem. 2014, 160, 305–312. [CrossRef]

14. Romijn, E.I.; Finnøy, A.; Lilledahl, M.B. Analyzing the Feasibility of Discriminating between Collagen Types I and II using
Polarization-resolved Second Harmonic Generation. J. Biophotonics 2019, 12, e201800090. [CrossRef]

15. Padhi, S.; Chourasia, R.; Kumari, M.; Singh, S.P.; Rai, A.K. Production and Characterization of Bioactive Peptides from Rice Beans
using Bacillus Subtilis. Bioresour. Technol. 2022, 351, 126932. [CrossRef] [PubMed]

16. Zhang, G.; Sun, A.; Li, W.; Liu, T.; Su, Z. Mass Spectrometric Analysis of Enzymatic Digestion of Denatured Collagen for
Identification of Collagen Type. J. Chromatogr. A 2006, 1114, 274–277. [CrossRef] [PubMed]

17. Hu, L.; Zhang, H.; Hu, Z.; Chin, Y.; Zhang, X.; Chen, J.; Liu, D.; Hu, Y. Comparative Proteomics Analysis of Three Commercial
Tuna Species through SWATH-MS based Mass Spectrometry and Chemometrics. Food Control 2022, 141, 109162. [CrossRef]

18. Stephenson, B. A Modified Picro-Sirius Red (PSR) Staining Procedure with Polarization Microscopy for Identifying Collagen in
Archaeological Residues. J. Archaeol. Sci. 2015, 61, 235–243. [CrossRef]

19. Zhang, J.; Jeevithan, E.; Bao, B.; Wang, S.; Gao, K.; Zhang, C.; Wu, W. Structural Characterization, in-vivo Acute Systemic Toxicity
Assessment and in-vitro Intestinal Absorption Properties of Tilapia (Oreochromis niloticus) Skin Acid and Pepsin Solublilized Type
I Collagen. Process Biochem. 2016, 51, 2017–2025. [CrossRef]

20. Hwang, J.-H.; Mizuta, S.; Yokoyama, Y.; Yoshinaka, R. Purification and Characterization of Molecular Species of Collagen in the
Skin of Skate (Raja kenojei). Food Chem. 2007, 100, 921–925. [CrossRef]

21. Hernández-Ruiz, K.L.; López-Cervantes, J.; Sánchez-Machado, D.I.; Campas-Baypoli, O.N.; Quintero-Guerrero, A.A.; de Lourdes
Grijalva-Delgado, M.; Chávez-Almanza, A.F. Collagen Peptide Fractions from Tilapia (Oreochromis aureus Steindachner, 1864)
Scales: Chemical Characterization and Biological Activity. Food Biosci. 2023, 53, 102658. [CrossRef]

22. Abe, Y.; Krimm, S. Normal Vibrations of Crystalline Polyglycine I. Biopolymers 1972, 11, 1817–1839. [CrossRef] [PubMed]
23. Sun, L.; Hou, H.; Li, B.; Zhang, Y. Characterization of Acid- and Pepsin-soluble Collagen Extracted from the Skin of Nile Tilapia

(Oreochromis niloticus). Int. J. Biol. Macromol. 2017, 99, 8–14. [CrossRef] [PubMed]
24. An, X.; Duan, S.; Jiang, Z.; Chen, S.; Sun, W.; Liu, X.; Sun, Z.; Li, Y.; Yan, M. Role of Chlorogenic Acid and Procyanidin in the

Modification of Self-assembled Fibrillar Gel Prepared from Tilapia Collagen. Polym. Degrad. Stab. 2022, 206, 110177. [CrossRef]
25. Zhu, S.; Gu, Z.; Xiong, S.; An, Y.; Liu, Y.; Yin, T.; You, J.; Hu, Y. Fabrication of a Novel Bio-inspired Collagen–polydopamine

Hydrogel and Insights into the Formation Mechanism for Biomedical Applications. RSC Adv. 2016, 6, 66180–66190. [CrossRef]
26. Gao, X.; He, J.; Chen, J.; Zheng, Y.; Li, Y.; Ye, T. Double-spotted Pufferfish (Takifugu bimaculatus) Skin Collagen: Preparation,

Structure, Cytocompatibility, Rheological, and Functional Properties. Arab. J. Chem. 2023, 16, 104402. [CrossRef]
27. Li, T.; Wu, C.-e.; Meng, X.; Fan, G.; Cao, Y.; Ying, R.; Tang, Y. Structural Characterization and Antioxidant Activity of a

Glycoprotein Isolated from Camellia Oleifera Abel Seeds against D-galactose-induced Oxidative Stress in Mice. J. Funct. Foods
2020, 64, 103594. [CrossRef]

28. Wang, L.; An, X.; Yang, F.; Xin, Z.; Zhao, L.; Hu, Q. Isolation and Characterisation of Collagens from the Skin, Scale and Bone of
Deep-sea Redfish (Sebastes mentella). Food Chem. 2008, 108, 616–623. [CrossRef]

29. Ikoma, T.; Kobayashi, H.; Tanaka, J.; Walsh, D.; Mann, S. Physical Properties of Type I Collagen Extracted from Fish Scales of
Pagrus Major and Oreochromis Niloticas. Int. J. Biol. Macromol. 2003, 32, 199–204. [CrossRef]

30. Pati, F.; Adhikari, B.; Dhara, S. Isolation and Characterization of Fish Scale Collagen of Higher Thermal Stability. Bioresour. Technol.
2010, 101, 3737–3742. [CrossRef]

31. Yano, S.; Yamaguchi, K.; Shibata, M.; Ifuku, S.; Teramoto, N. Photocrosslinked Fish Collagen Peptide/Chitin Nanofiber Composite
Hydrogels from Marine Resources: Preparation, Mechanical Properties, and an In Vitro Study. Polymers 2023, 15, 682. [CrossRef]

32. Klabukov, I.; Tenchurin, T.; Shepelev, A.; Baranovskii, D.; Mamagulashvili, V.; Dyuzheva, T.; Krasilnikova, O.; Balyasin, M.;
Lyundup, A.; Krasheninnikov, M.; et al. Biomechanical Behaviors and Degradation Properties of Multilayered Polymer Scaffolds:
The Phase Space Method for Bile Duct Design and Bioengineering. Biomedicines 2023, 11, 745. [CrossRef] [PubMed]

33. Ahmed, R.; Haq, M.; Chun, B.-S. Characterization of Marine Derived Collagen Extracted from the By-products of Bigeye Tuna
(Thunnus obesus). Int. J. Biol. Macromol. 2019, 135, 668–676. [CrossRef] [PubMed]

34. Li, Y.; Asadi, A.; Monroe, M.R.; Douglas, E.P. pH Effects on Collagen Fibrillogenesis in Vitro: Electrostatic Interactions and
Phosphate Binding. Mater. Sci. Eng. C 2009, 29, 1643–1649. [CrossRef]

35. Yan, M.; Li, B.; Zhao, X.; Qin, S. Effect of Concentration, pH and Ionic Strength on the Kinetic Self-assembly of Acid-soluble
Collagen from Walleye Pollock (Theragra chalcogramma) skin. Food Hydrocoll. 2012, 29, 199–204. [CrossRef]

36. Yi, L.; Dong, N.; Yun, Y.; Deng, B.; Ren, D.; Liu, S.; Liang, Y. Chemometric Methods in Data Processing of Mass Spectrometry-based
Metabolomics: A Review. Anal. Chim. Acta 2016, 914, 17–34. [CrossRef]

37. Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+: Architecture and
Applications. BMC Bioinform. 2009, 10, 421. [CrossRef]

https://doi.org/10.1016/j.ijbiomac.2017.01.127
https://doi.org/10.5152/eurasianjmed.2015.15030
https://doi.org/10.1016/j.bpj.2021.08.013
https://doi.org/10.1016/j.foodchem.2014.03.075
https://doi.org/10.1002/jbio.201800090
https://doi.org/10.1016/j.biortech.2022.126932
https://www.ncbi.nlm.nih.gov/pubmed/35248709
https://doi.org/10.1016/j.chroma.2006.03.039
https://www.ncbi.nlm.nih.gov/pubmed/16600269
https://doi.org/10.1016/j.foodcont.2022.109162
https://doi.org/10.1016/j.jas.2015.06.007
https://doi.org/10.1016/j.procbio.2016.08.009
https://doi.org/10.1016/j.foodchem.2005.10.046
https://doi.org/10.1016/j.fbio.2023.102658
https://doi.org/10.1002/bip.1972.360110905
https://www.ncbi.nlm.nih.gov/pubmed/5072731
https://doi.org/10.1016/j.ijbiomac.2017.02.057
https://www.ncbi.nlm.nih.gov/pubmed/28215567
https://doi.org/10.1016/j.polymdegradstab.2022.110177
https://doi.org/10.1039/C6RA12306F
https://doi.org/10.1016/j.arabjc.2022.104402
https://doi.org/10.1016/j.jff.2019.103594
https://doi.org/10.1016/j.foodchem.2007.11.017
https://doi.org/10.1016/S0141-8130(03)00054-0
https://doi.org/10.1016/j.biortech.2009.12.133
https://doi.org/10.3390/polym15030682
https://doi.org/10.3390/biomedicines11030745
https://www.ncbi.nlm.nih.gov/pubmed/36979723
https://doi.org/10.1016/j.ijbiomac.2019.05.213
https://www.ncbi.nlm.nih.gov/pubmed/31154039
https://doi.org/10.1016/j.msec.2009.01.001
https://doi.org/10.1016/j.foodhyd.2012.02.014
https://doi.org/10.1016/j.aca.2016.02.001
https://doi.org/10.1186/1471-2105-10-421


Molecules 2023, 28, 6529 14 of 14

38. Muyonga, J.H.; Cole, C.G.B.; Duodu, K.G. Characterisation of Acid Soluble Collagen from Skins of Young and Adult Nile Perch
(Lates niloticus). Food Chem. 2004, 85, 81–89. [CrossRef]

39. Buckley, M.; Fraser, S.; Herman, J.; Melton, N.D.; Mulville, J.; Pálsdóttir, A.H. Species Identification of Archaeological Marine
Mammals Using Collagen Fingerprinting. J. Archaeol. Sci. 2014, 41, 631–641. [CrossRef]

40. Gillet, L.C.; Navarro, P.; Tate, S.; Röst, H.; Selevsek, N.; Reiter, L.; Bonner, R.; Aebersold, R. Targeted Data Extraction of the
MS/MS Spectra Generated by Data-independent Acquisition: A New Concept for Consistent and Accurate Proteome Analysis.
Mol. Cell. Proteom. 2012, 11, O111.016717. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.foodchem.2003.06.006
https://doi.org/10.1016/j.jas.2013.08.021
https://doi.org/10.1074/mcp.O111.016717

	Introduction 
	Results 
	Distribution of Collagen Fibers in TI-s, TI-b, SK-s, and SK-c 
	Structural Characteristics of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c 
	Analysis of the UV Spectra of CI-TI-s, CI-TI-b, CI-SK-s, and CI-SK-c 
	FTIR Analysis of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c 
	CD Spectra Analysis of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c 
	X-ray Diffraction of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c 

	The O-Glycopeptide Bond of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c 
	Td and Zeta Potential of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c 
	The Self-Assembly Properties of CI-TI-s, CI-TI-b, CI-SK-s, and CII-SK-c 
	Discovery of Unique Peptides for C-TI and C-SK 
	Discovery of Unique Peptides for Type I and Type II Collagen 

	Materials and Methods 
	Materials 
	Van Gieson and Picric Acid-Sirius Red Staining 
	Preparation of Collagen 
	Fourier Transform Infrared (FTIR) Spectroscopy Analysis 
	Determination of Ultraviolet-Visible Absorption Spectra 
	Circular Dichroism (CD) Spectra Analysis 
	Determination of X-ray Diffraction (XRD) 
	Thermal Denaturation Temperature (Td) Analysis 
	Zeta Potential Measurement 
	LC/MS Analysis of Collagen of Different Types and Sources 
	Statistical Analysis 

	Conclusions 
	References

