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1 Introduction
Collagens are the most abundant proteins in mammals 

containing triple-helical domains which can range from most 
of their structure (96% for collagen I) to less than 10% (collagen 
XII). Fibrillar rearrangement of collagens is the foundation 
behind the mechanical properties of almost all load-bearing 
tissues (Exposito et al., 2010). Due to the high fibril-forming 
ability, biocompatibility and low immunogenicity, collagens 
have been considered as excellent natural biopolymers which 
are developed as sausage casings or packaging films of meat 
products in food industry, and tissue scaffolds or wound dressings 
in pharmaceutical fields (Cozza et al., 2016; Tang et al., 2015). 
Traditionally, industrial production of collagens is mainly from 
terrestrial animals such as bovine, porcine skins and tendons. 
However, food safety crisis and religious restrictions resulted 
in a demand for collagens from alternative sources, particularly 
from aquatic organisms (Pal  et  al., 2015). With the rapid 
development of seafood processing industries, huge quantities 
of fish byproducts accounting for approximately 50-80% of the 
total catch weight are produced, which have collagen as the most 
abundant protein (Li et al., 2013; Suárez-Jiménez et al., 2015).

Farmed paddlefish (Polyodon spathula) is originated in 
Mississippi River of North America. Huge economic benefits 
have been created by paddlefish aquaculture in China since 1988 
(Shi et al., 2013). Meanwhile, farmed globefish (Fugu flavidus) 
has also become increasingly popular in Asian countries for its 

non-toxicity, unique flavor and high nutritional quality (Tao et al., 
2012). However, the lack of high-valued products limits the further 
development of paddlefish and globefish industry. We believe both 
paddlefish and globefish skin byproducts can be the potential 
sources for collagen production, the market value of fish offal 
would be increased and the environmental pollution could be 
reduced. Currently, collagen from skin byproducts have been 
extracted from Spanish mackerel, unicorn leatherjacket, giant 
grouper and Nile perch (Muyonga et al., 2004; Ahmad et al., 
2010; Li et al., 2013; Hsieh et al., 2016). Nevertheless, there is 
scarce information that systematically investigates collagen from 
paddlefish and globefish. Therefore, the objective of this study 
was to isolate and comparatively evaluate the physicochemical 
and fibril-forming properties of acid-soluble and pepsin-soluble 
collagen derived from these two skin byproducts.

2 Materials and methods
2.1 Materials

Paddlefish (Polyodon spathula) skin byproducts were 
obtained from Kunshun Aquaculture Development Company 
(Foshan, Guangdong, China). Globefish (Fugu flavidus) skin 
byproducts were collected from Liuxing Aquatic Product 
Company (Taizhou, Jiangsu, China). Raw materials were washed 
with cold water (0-4 °C) and cut into small pieces (approximately 
1×1 cm2). Prepared skin was stored at -20 °C until use. Pepsin 
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(EC 3.4.23.1) was purchased from Sigma-Aldrich Chemical 
Company (St. Louis, MO, USA). High molecular weight marker 
was purchased from Solarbio Biotechnology Company (Beijing, 
China). Other reagents used were of analytical grade and 
purchased from commercial vendors.

2.2 Extraction of collagen

Extraction of collagen was conducted at 4 °C following 
methods of Singh et al. (2011) with continuous stirring. To remove 
non‑collagenous proteins, thawed skin was soaked in 0.1 M NaOH 
(1:20 w/v) for 24 h and then washed until neutral pH. The skin 
was defatted with 10% butyl alcohol solution (1:20 w/v) for 24 h, 
and washed thoroughly. Subsequently, the pretreated material 
was homogenized in a homogenizer (JYL-C010, Joyoung Ltd., 
Zhejinag, China) and soaked with 0.5 M acetic acid (1:50 w/v) 
for 48 h. The mixture was centrifuged at 8000 ×g for 20 min 
with a centrifuge (ST16R, Thermo Scientific Ltd., IL, USA). 
The residues were re-extracted for 24 h and the supernatants 
were combined. The precipitate was obtained by adding NaCl 
to a final concentration of 0.9 M, and collected by centrifuging 
at 8000 ×g for 20 min. The precipitate was redissolved in 0.5 M 
acetic acid, dialyzed against 0.1 M acetic acid for 24 h and distilled 
water for 48 h. The resulting precipitates were lyophilized using 
a freeze dryer (CoolSafe 55, ScanLaf A/S, Lynge, Denmark) and 
referred to as “Acid-soluble collagen from paddlefish (ASC-P)” 
and “Acid-soluble collagen from globefish (ASC-G)”.

Raw material was pretreated as described above to remove 
non-collagenous proteins and fat. After homogenization, the skin 
was soaked with 0.5 M acetic acid (1:50 w/v) and porcine pepsin 
(20 U/g residue) was added. The mixture was continuously stirred 
for 48 h, followed by centrifugation, precipitation and dialysis 
as described above. The resulting precipitates were freeze-dried 
and referred to as “Pepsin-soluble collagen from paddlefish 
(PSC-P)” and “Pepsin-soluble collagen from globefish (PSC-G)”.

2.3 Proximate analysis

Moisture, ash, crude protein and fat of raw materials and 
extracted collagens were measured according to the procedures 
of AOAC method No. 950.46B, 920.153, 981.10, 960.39 (a) 
(Association of Official Analytical Chemists, 2003).

2.4 Yield of collagen

The hydroxyproline content was determined according 
to the method of Reddy & Enwemeka (1996). The yield was 
calculated as follows (Equation 1):

( )

Hydroxyproline content in collagen (mg/g)  
dry weight of collagen (g)

Hydroxyproline content in raw material (mg/g)  
dry weight of raw materia

Yield

l

 % 100

 (g)

= ×

×

×
	 (1)

2.5 Amino acid composition

Amino acid composition was determined according to the 
method of Zou et al. (2015) with a slight modification. Samples 
were hydrolyzed under reduced pressure with 6 M HCl at 110 °C 

in the absence of oxygen and then vaporized. The residue was 
dissolved in 25 mL citric acid buffer and applied to an amino 
acid analyzer (835-50, Hitachi Ltd., Tokyo, Japan).

2.6 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Electrophoresis was performed following the procedure of 
Laemmli (1970). Samples were dissolved in the loading buffer 
(60 mM Tris-HCl, pH 8.0, containing 25% glycerol, 2% SDS and 
0.1% bromophenol blue) in the presence of β-mercaptoethanol, 
and then loaded onto a polyacrylamide-gel made of 7.0% 
running gel and 4.0% stacking gel. The electrophoresis was 
performed with an electrophoresis system (DYCZ-25D, Liuyi 
Ltd., Beijing, China).

2.7 Fourier Transform Infrared (FTIR) Spectroscopy

The spectra were recorded using an infrared spectrophotometer 
(200SXV, Nicolet Ltd., WI, USA) at a data acquisition rate of 
2 cm-1 per point (Li et al., 2013).

2.8 Determination of denaturation temperature

The denaturation temperature (Td) was obtained by measuring 
the viscosity using a circumvolving viscometer (MCR101, Anton 
Parr Ltd., Shanghai, China) (Kozlowska et al., 2015). Fractional 
viscosity was calculated as (Equation 2):

( ) ( )sp measured sp minimum( ) ( ) ( )sp maximum sp minimum( )Fractional viscosity /= − −η η η η 	 (2)

where ηsp is the specific viscosity. Td was determined as the 
temperature at which the change in viscosity decreased 50%.

2.9 Determination of fibril-forming ability in vitro

Fibril-forming ability was measured following method of 
Zhang et al. (2014b) with slight modifications. Samples were 
redissolved in 0.5 M acetic acid to a concentration of 3 mg/mL. 
The solution was mixed with two volumes of 0.1 M phosphate 
buffer (pH 7.0) containing NaCl at 0 and 150 mM, respectively. 
The final pH was adjusted to neutral (7.0 ± 0.2) and the solution 
was kept at 25 ± 1 °C. The turbidity change of the solution was 
measured at 310 nm using a spectrophotometer (UV‑2550, 
Shimadzu Ltd., Kyoto, Japan). After the fibril formation 
experiment, the mixture was centrifuged at 5000 ×g for 15 min. 
Fibril formation degree was calculated as the percentage of the 
decrease of protein concentration in the supernatant.

2.10 Transmission electron microscopy (TEM)

Fibril samples were loaded on 200 mesh copper grids and 
stained with 1% phosphotungstic acid (Li & Douglas, 2013). TEM 
images were observed using a transmission electron microscopy 
(JSM-1200, JEOL Ltd., Tokyo, Japan).

2.11 Scanning electron microscopy (SEM)

Fibril samples were fixed with 2.5% glutaraldehyde for 
12 h (Zhang et al., 2014b). After dehydration in a graded series 
of ethanol, fibrils were dried in a critical point dryer (HCP-2, 
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Hitachi Ltd., Tokyo, Japan). The SEM images were observed 
using a scanning electron microscopy (JSM-840, JEOL Ltd., 
Tokyo, Japan).

2.12 Statistical analysis

An analysis of variance (ANOVA) followed by Duncan’s 
multiple comparison test was used for comparisons by SPSS 
17.0 software (SPSS Inc., Chicago, IL, USA). Mean values 
with standard deviations (SD) were reported. Difference was 
considered to be significant if p < 0.05.

3 Results and discussion
3.1 Proximate analysis

The proximate composition of paddlefish and globefish 
skins were moisture (60.13 ± 2.13% and 69.27 ± 1.57%), ash 
(1.32 ± 0.08% and 3.24 ± 0.38%), protein (32.74 ± 1.34% 
and 27.53 ± 0.63%) and fat (5.26 ± 0.56% and 1.47 ± 0.21%), 
respectively. The protein content in paddlefish (32.74%) and 
globefish (27.53%) skins was higher than those of Spanish 
mackerel (17.17%) and Nile perch (21.6%) (Muyonga  et  al., 
2004; Li et al., 2013). Presence of higher content of protein made 
the skins of paddlefish and globefish a better source for aquatic 
collagen extraction. The yield of different collagen samples were 
53.01 ± 3.27% (ASC-P), 65.87 ± 6.76% (PSC-P), 62.36 ± 5.99% 
(ASC-G), and 67.25±4.68% (PSC-G), respectively. Compared 
with ASC-P, the yield of PSC-P was markedly increased (p < 0.05). 
Isolated collagens had high protein contents (88.42-91.13%), 
low ash (1.04-1.26%) and fat (0.12-0.22%) contents, indicating 
the efficacy of removal of impurities.

3.2 Amino acid composition

As shown in Table 1, glycine contents of ASC-G and PSC-G 
(359.3-362.5 residues/1000 residues) was higher than that of 
ASC-P and PSC-P (342.8-349.8 residues/1000 residues), and 
those reported for giant grouper, unicorn leatherjacket and bester 
sturgeon (319-344 residues/1000 residues) (Ahmad et al., 2010; 
Zhang et al., 2014b; Hsieh et al., 2016). The imino acid contents 
of collagens derived from the skin byproducts of paddlefish and 
globefish were 194.1-197.9 and 186.4-189.7 residues/1000 residues, 
respectively, which were analogous to that of unicorn leatherjacket 
(187-190 residues/1000 residues) (Ahmad et al., 2010), whilst 
higher than those of cold water fish such as cod and deep-sea 
redfish (154 and 165 residues/1000 residues) (Wang et al., 2008; 
Zhang et al., 2009a). The less content of imino acid could lead to 
inferior thermal stability and lower melting point (Singh et al., 
2011).

The contents of hydrophobic amino acids of collagens derived 
from the skin byproducts of paddlefish and globefish were 
calculated as 643.8-649.0 and 664.9-667.3 residues/1000 residues, 
respectively. Glycine was the major amino acid which may 
contribute to the antioxidant activity since glycine could quench 
unpaired electrons or radicals by supporting protons (Zhang et al., 
2009b). It has been reported that collagen-derived hydrolysates 
with hydrophobic amino acids exhibited stronger antioxidant 
activity (Vercruysse et al., 2009). This result indicated collagens 

from paddlefish and globefish skin byproducts could be utilized 
to produce antioxidant peptides as food additives.

3.3 SDS-PAGE

All extracted collagens composed at least two α-chains 
(α1 and α2) as their major subunits, high molecular weight 
components including β- and γ-chains were also observed 
(Figure  1). Subunit compositions of ASC-P, PSC-P, ASC-G 
and PSC-G were similar to previous reports for skin collagens 
from other fish species (Ahmad et al., 2010; Zhang et al., 2014b; 
Hsieh et al., 2016), suggesting the pattern of extracted collagens 
might be type I. Slight differences were also observed from the 
SDS-PAGE data. The molecular weight of protein bands of 
ASC-G and PSC-G was slightly higher than those of ASC-P and 
PSC-P. In addition, constituents with approximate molecular 
weight in the range of 130-200 kDa were observed between 
β- and α-chains for ASC-P and PSC-P. Moreover, ASC-P and 
PSC-P contained two γ-chains, whilst only one major γ-chain 
was found in ASC-G and PSC-G. This result indicated that the 
intra- and/or inter-molecular crosslinks were richer in paddlefish 
skin collagens.

3.4 FTIR

The FTIR spectra are shown in Figure 2. Amide A is related 
to N-H stretching, the wavenumber occurs in the range of 
3400‑3440 cm-1 and moves to lower frequency when N-H groups 

Table 1. Amino acid compositions of collagens from the skin byproducts 
of paddlefish (ASC-P and PSC-P) and globefish (ASC-G and PSC-G) 
(residues/1000 residues).

Amino acids ASC-P PSC-P ASC-G PSC-G
Aspartic acid (Asp) 41.9 43.5 44.9 43.5
Threonine (Thr) 25.0 22.5 17.6 19
Serine (Ser) 44.8 47.0 36.4 34.9
Glutamine acid (Glu) 67.6 60.5 69.2 67.2
Glycine (Gly) 349.8 342.8 362.5 359.3
Alanine (Ala) 109.8 115.3 123.9 120.4
Cysteine (Cys) 3.1 2.0 0.7 1.5
Valine (Val) 20.8 22.9 22.3 23.7
Methionine (Met) 12.2 13.9 12.5 13.1
Isoleucine (Ile) 11.2 10.1 8.1 9.7
Leucine (Leu) 17.2 16.1 16.7 17.5
Tyrosine (Tyr) 8.4 9.6 2.1 4.5
Phenylalanine (Phe) 14.0 15.5 12.1 13.6
Hydroxylysine (Hyl) 7.6 8.2 6.1 6.7
Histidine (His) 4.2 5.0 6.8 7.4
Lysine (Lys) 24.2 24.9 24.5 23.6
Arginine (Arg) 44.1 42.3 47.2 44.7
Proline (Pro) 108.8 112.4 109.2 107.6
Hydroxyproline (Hyp) 85.3 85.5 77.2 82.1
Total 1000.0 1000.0 1000.0 1000.0
Imino acid 194.1 197.9 186.4 189.7
THAA 643.8 649.0 667.3 664.9
Imino acid: Proline + Hydroxyproline, THAA (Total hydrophobic amino acids): ∑ Proline 
+ Alanine + Valine + Methionine + Glycine + Isoleucine + Leucine + Phenylalanine.
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involved in formation of hydrogen bonds (Doyle et al., 1975). 
The Amide A bands of ASC-P, PSC-P, ASC-G and PSC-G were 
found at 3322.4, 3325.3, 3324.5 and 3326.8 cm-1 respectively, 
indicating more hydrogen bonds in PSC-P and PSC-G were 
degraded by pepsin treatment during extraction process. 
The Amide B bands of ASC-P, PSC-P, ASC-G and PSC-G were 
found at 2926.4, 2927.1, 2928.5 and 2929.3 cm-1, respectively. 
The Amide B band intensity of ASC-P and PSC-P were relatively 
stronger than those of ASC-G and PSC-G, suggesting the more 
CH2 asymmetrical stretches in paddlefish skin collagens.

The wavenumbers of Amide I, II and III bands were related to 
the collagen configurations. Amide I band is originated from C=O 
stretching vibrations or hydrogen bonds coupled with COO-, and 
was the sensitive marker of protein secondary structure (Payne 
& Veis, 1988). Amide II band is associated with the N-H bending 
coupled with C-N stretching. Amide III band represented the 
C-N stretching and N-H deformation from amide linkages as 
well as the absorption caused by the wagging vibration of CH2 

groups of the glycine backbone and the proline side-chains 
(Cozza et al., 2016). No differences in Amide I (1658.7-1661.1 cm-1), 
II (1545.2-1548.3 cm-1) and III bands (1237.4-1238.4 cm-1) were 
observed among ASC-P, PSC-P, ASC-G and PSC-G, indicating 
the similarity in intramolecular assignments of four extracted 
collagens. Additionally, absorption bands around 1450 cm-1 were 
also observed in ASC-P (1449.3 cm-1), PSC-P (1452.9 cm-1), 
ASC-G (1448.8 cm-1) and PSC-G (1451.4 cm-1), which intensively 
corresponded to the pyrrolidine ring vibration of proline and 
hydroxyproline (Pal et al., 2015).

3.5 Determination of denaturation temperature

Td values of ASC-P, PSC-P, ASC-G and PSC-G were 29.6, 
28.2, 27.4 and 26.9°C, respectively (Figure 3), which were higher 
than those of deep-sea redfish (16.1°C) and Spanish mackerel 
(14.7-15.1°C) (Wang et al., 2008; Li et al., 2013). The results 
were in agreement with previous reports that Td was correlated 
with the imino acid content which contributed to the structural 
integrity of collagen (Singh et al., 2011). Td of ASCs was higher 
than their corresponding PSCs, which might be caused by the 
molecular weight reduction in telopeptide regions due to the 
pepsin hydrolysis. Additionally, Td of ASC-P, PSC-P, ASC-G and 
PSC-G were higher than those of several invertebrates, including 
Cyanea nozakii jellyfish (23.8°C) and Loligo vulgaris squid 
(21–22°C) (Cozza et al., 2016; Zhang et al., 2014a). Therefore ASCs 
and PSCs from the skin byproducts of paddlefish and globefish 
might be used as a better source for collagen-based materials.

3.6 Fibril-forming ability in vitro

As shown in Figure 4a, irrespective of fish species, the 
time-turbidity curves of extracted samples with lag, growth 
and plateau phases were observed. The first step is a lag 
phase without detectable change in turbidity, representing 
the aggregation of collagen molecules to form dimers and 
trimers. The second step is a growth phase during which 
turbidity changes rapidly, it corresponds to the growing cores 
of fibrils. The third step is a plateau phase where turbidity stops Figure 1. SDS-PAGE patterns of collagens from the skin byproducts 

of paddlefish (ASC-P and PSC-P) and globefish (ASC-G and PSC-G). 
Lane 1: protein marker; lane 2: ASC-P; lane 3: PSC-P; lane 4: ASC-G; 
lane 5: PSC-G.

Figure 2. FTIR spectra of collagens from the skin byproducts of 
paddlefish (ASC-P and PSC-P) and globefish (ASC-G and PSC-G).

Figure 3. Thermal denaturation temperatures of collagens from the skin 
byproducts of paddlefish (ASC-P and PSC-P) and globefish (ASC-G 
and PSC-G), as shown by changes in fractional viscosity.
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increasing, suggesting the formation of the three-dimensional 
networks of fibrils (Sai & Babu, 2001; Zhang et al., 2014b). 
The fibril-forming rate of ASC-P and PSC-P was more rapid 
than that of ASC-G and PSC-G. Additionally, ASCs exhibited 
a slightly rapid rise in turbidity than their corresponding 
PSCs, since the telopeptide regions at the N- and C-termini 
are important in stabilizing initial aggregates, enzymatic 
digestion of the telopeptide regions might inhibit the fibril 
formation process (Li & Douglas, 2013).

An apparent acceleration in lag and growth phases was 
observed by the addition of NaCl (Figure 4b). The fibril-forming 
degree of four samples ranged from 82.26% to 89.40%, which 
were slightly up-regulated in the presence of NaCl (p > 0.05) 
(Figure 4c). This result was in accordance with previous reports 
for collagen from bester sturgeon skin (Zhang et al., 2014b), 
suggesting that ions might bind to the regions with excess charge 
density and accelerate protein monomers register longitudinally 
to form fibrils. However, the fibril-forming rate and degree of 
collagen from salmon skin and jellyfish were suppressed by 
the addition of NaCl (Yunoki et al., 2004; Hoyer et al., 2014), 
indicating fibrillogenesis is highly sensitive to collagen sources, 
the experimental conditions and the disparity in structural 

information which encoded in primary sequences (Tang et al., 
2015).

3.7 TEM observation of fibrils

During the fibril-forming process, the side-to-side aggregation 
of collagen molecules produces alternating regions of protein 
density in the fibril, gap and overlap zones exist within the fibril 
and produce an oscillating surface topography with a characteristic 
axial repeat pattern which is referred to as the D-periodicity 
(Kadler  et  al., 1996). All four samples could assemble into 
uniform parallel-sided fibrils with characteristic D-periodicity 
(Figure 5). The average D-periodicity of ASC-G (66.90 ± 2.35 nm) 
and PSC-G (66.88 ± 2.17 nm) was slightly smaller than that of 
ASC-P (67.95 ± 2.07 nm) and PSC-P (67.58 ± 1.89 nm) (p > 0.05). 
Studies have shown that D-periodicity served as an indication 
for the reconstruction of native-like fibrils which are important 
in maintaining mechanical stability and biological functions of 
load-bearing materials (Li & Douglas, 2013). Fibrils with native 
D-periodicity also play an important role in mineralization by 
providing structure templates where minerals are deposited in 
the gap zones of fibrils (Nudelman et al., 2010). Thus, collagens 
extracted from paddlefish and globefish skin byproducts could 

Figure 4. Effect of NaCl concentration on turbidity changes (a, b) and fibril-forming degree (c) of collagens from the skin byproducts of paddlefish 
(ASC-P and PSC-P) and globefish (ASC-G and PSC-G).
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be utilized as a novel source of biomaterials and food-packaging 
films.

3.8 SEM observation of fibrils

The morphologies of four fibrils after 1 h incubation are 
shown in Figure  6a-d. Fibrils derived from paddlefish and 
globefish skin byproducts exhibited a branched and interlaced 
microstructure. The diameter of the four samples was at around 
70-120 nm, which was similar to the native fibrils formed in vivo 
(De Wild et al., 2013).

SEM images of collagen fibrils after 24 h incubation are 
shown in Figure  6e-h. A longer incubation time lead to an 

increase in fibril diameter, slender fibrils laterally aggregated 
into bundles and fused into one large compactly interwoven 
structure. The  thickness distribution of fibril bundles after 
24 h incubation was more inhomogeneous than that after 1 h 
incubation. In addition, the width of fibril bundles of ASC-P and 
PSC-P (Figure 6e-f) was thicker than those of ASC-G and PSC-G 
(Figure 6g-h), indicating collagen derived from paddlefish skin 
byproducts may have a better fibril-forming ability. Moreover, 
the fibril morphologies of extracted collagens were different 
with that of collagens from catla skin, which had nodular-like 
structures (Pal et al., 2015). The differences in morphological 
characteristics might be illustrated by the differences in the 
species and conformations of collagens. In view of the increasing 

Figure 5. TEM observations of fibrils formed by collagens from the skin byproducts of paddlefish (ASC-P and PSC-P) (a, b) and globefish 
(ASC-G and PSC-G) (c, d).
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