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Abstract: In the present study, response surface methodology was performed to investigate the effects
of extraction parameters on pepsin-solubilised collagen (PSC) from the skin of the giant croaker
Nibea japonica. The optimum extraction conditions of PSC were as follows: concentration of pepsin
was 1389 U/g, solid-liquid ratio was 1:57 and hydrolysis time was 8.67 h. Under these conditions,
the extraction yield of PSC was up to 84.85%, which is well agreement with the predict value of
85.03%. The PSC from Nibea japonica skin was then characterized as type I collagen by using sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The fourier transforms infrared
spetroscopy (FTIR) analysis revealed that PSC maintains its triple-helical structure by the hydrogen
bond. All PSCs were soluble in the pH range of 1.0–4.0 and decreases in solubility were observed
at neutral or alkaline conditions. All PSCs had a decrease in solubility in the presence of sodium
chloride, especially with a concentration above 2%. So, the Nibea japonica skin could serve as another
potential source of collagen.
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1. Introduction

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

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

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

2. Results and Discussion

2.1. Single Factor Results

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

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

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

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

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

2.2. Optimization of Extraction Parameters of PSC Using RSM

2.2.1. Response Surface Analysis

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

2 − 2.03X2
2 − 1.89X3

2

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

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

Runs Enzyme Concentration
(X1)

Solid-Liquid Ratio
(X2)

Hydrolysis Time
(X3)

PSC Yield (%)
(Y)

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

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

Source Sum of Squares df Mean Square F Value p Value

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

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

2 50.13 1 50.13 144.23 <0.0001
X2

2 15.17 1 15.17 43.65 0.0012
X3

2 13.15 1 13.15 37.83 0.0017
Residual 1.74 5 0.35

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

R2 0.9526
Adj R2 0.9777

Furthermore, three-dimensional response surfaces and contour plots were generated from the
model equation to visualize the relationship between the extraction yield of PSC and extraction
factors (Figure 2). It also show the optimal levels of each component required for the extraction
of PSC (Figure 3). These three-dimensional response surfaces and contour plots provided a visual
interpretation of the mutual interactions between two factors. The maximum predicted yield of PSC
was 85.03% under the following conditions: concentration of enzyme was 1389 U/g, solid-liquid ratio
was 1:57 and hydrolysis time was 8.67 h.
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Figure 2. Three-dimensional response surface plots (left) and two-dimensional contour plots
(right) showing the effects of (a) enzyme concentration (X1) vs. liquid-solid ratio (X2), (b) enzyme
concentration (X1) vs. hydrolysis time (X3) and (c) liquid-solid ratio (X2) vs. hydrolysis time (X3) on
extraction yield of collagen from Nibea japonica skin.
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2.2.2. Validation of the Models

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

2.3. SDS-PAGE Analysis

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

2.4. Amino Acid Composition of PSC

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

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

Amino Acid Nibea japonica
Skin PSC

Calf Skin
Collagen [23]

Type I Collagen of
Porcine Skin [24]

Type I Collagen of
Human [25]

Aspartic acid 43 45 44 43
Threonine 20 18 16 17

Serine 29 33 33 33
Glutamic acid 73 75 72 71

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

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

Phenylalanine 6 3 12 12
Histidine 8 5 5 6

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

Hydroxyproline 75 94 97 103
Imino acid 191 215 220 223

2.5. UV-Visible Spectroscopy

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

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

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

3.1. Materials and Chemical Reagent

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

3.2. Extraction of PSC from Nibea japonica Skin

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

PSC extraction yield (%) =
Hydroxyproline content in PSC

Hydroxyproline content in fish skin
× 100% (1)

3.3. Experimental Design and Statistical Analysis

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

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

Independent Factors Symbol Level of Factor

−1 0 1

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

Hydrolysis time (h) X3 6 8 10

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

χi =
Xi − Xo

∆X
(2)

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

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

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

3.4. SDS-PAGE Analysis

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

3.5. Amino Acid Composition of PSC

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

3.6. UV-Visible Spectroscopy of PSC

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

3.7. FTIR Spectra of PSC

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

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

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

4. Conclusions

In the present study, RSM was used to optimize the extraction process of PSC from Nibea japonica
skin. The pepsin concentration of 1389 U/g, solid-liquid ratio of 1:57 and hydrolysis time of 8.67 h
was found to be optimal for PSC extraction; giving a yield of 84.85%. The extracted PSC was then
characterized as type I collagen using SDS-PAGE electrophoresis, and the FTIR analysis also revealed
that PSC maintains its triple-helical structure. All PSCs were soluble in the pH range of 1.0–4.0 and
decreases in solubility were observed at neutral or alkaline conditions. All PSCs had a decrease in
solubility in the presence of sodium chloride, especially with a concentration above 2%. Further study
will be performed to investigate whether this collagen can be used in biomedical applications and
other fields.

Acknowledgments: This work was financially supported by the Natural Science Foundation of Zhejiang Province
(grant No. LQ16H300001 and No. LQ15C200009), the National Natural Science Foundation of China (grant No.
81773629 and No. 21502170), the National Spark Program of China (grant No. 2015GA700044), the National
Undergraduate Training Program for Innovation and Entrepreneurship (grant No. 201710340011), the Foundation
of Zhejiang Educational Committee (grant No. Y201534400), the Public Welfare Program of Zhoushan (grant No.
2015C31012 and No.2016C41003) and the Zhejiang Xinmiao Talents Program (grant No. 2017R411009).

Author Contributions: Yunping Tang conceived and designed the experiments. Fangmiao Yu, Chuhong Zong,
Shujie Jin, Jiawen Zheng performed the experiments. Nan Chen, Ju Huang, Yan Chen, Fangfang Huang and
Zuisu Yang and Guofang Ding carried out statistical analysis of the date. All authors contributed to the writing of
the manuscript.

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

References

1. Tang, Y.P.; Yang, X.L.; Hang, B.J.; Li, J.T.; Huang, L.; Huang, F.; Xu, Z.N. Efficient production of
hydroxylated human-like collagen via the co-expression of three key genes in Escherichia coli Origami
(DE3). Appl. Biochem. Biotechnol. 2016, 178, 1458–1470. [CrossRef] [PubMed]

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

3. Jeon, E.Y.; Choi, B.-H.; Jung, D.; Hwang, B.H.; Cha, H.J. Natural healing-inspired collagen-targeting surgical
protein glue for accelerated scarless skin regeneration. Biomaterials 2017, 134, 154–165. [CrossRef] [PubMed]

4. Hu, Z.; Yang, P.; Zhou, C.X.; Li, S.D.; Hong, P.Z. Marine collagen peptides from the skin of Nile Tilapia
(Oreochromis niloticus): Characterization and wound healing evaluation. Mar. Drugs 2017, 15, 102–112.
[CrossRef] [PubMed]

5. Sachdev, G.S.; Sachdev, M. Recent advances in corneal collagen cross-linking. Indian J. Ophthalmol. 2017, 65,
787–796. [CrossRef] [PubMed]

6. Vazquez-Portalatin, N.; Kilmer, C.E.; Panitch, A.; Liu, J.C. Characterization of collagen type I and II blended
hydrogels for articular cartilage tissue engineering. Biomacromolecules 2016, 17, 3145–3152. [CrossRef]
[PubMed]

http://dx.doi.org/10.1007/s12010-015-1959-6
http://www.ncbi.nlm.nih.gov/pubmed/26712247
http://dx.doi.org/10.1016/j.foodchem.2009.11.019
http://dx.doi.org/10.1016/j.biomaterials.2017.04.041
http://www.ncbi.nlm.nih.gov/pubmed/28463693
http://dx.doi.org/10.3390/md15040102
http://www.ncbi.nlm.nih.gov/pubmed/28358307
http://dx.doi.org/10.4103/ijo.IJO_648_17
http://www.ncbi.nlm.nih.gov/pubmed/28905820
http://dx.doi.org/10.1021/acs.biomac.6b00684
http://www.ncbi.nlm.nih.gov/pubmed/27585034


Mar. Drugs 2018, 16, 29 11 of 12

7. Lee, J.C.; Volpicelli, E.J. Bioinspired collagen scaffolds in cranial bone regeneration: From bedside to bench.
Adv. Healthc. Mater. 2017, 6, 1700232–1700252. [CrossRef] [PubMed]

8. Peng, Y.Y.; Stoichevska, V.; Vashi, A.; Howell, L.; Fehr, F.; Dumsday, G.J.; Werkmeister, J.A.; Ramshaw, J.A.M.
Non-animal collagens as new options for cosmetic formulation. Int. J. Cosmet. Sci. 2015, 37, 636–641.
[CrossRef] [PubMed]

9. Wang, B.; Wang, Y.-M.; Chi, C.-F.; Luo, H.-Y.; Deng, S.-G.; Ma, J.-Y. Isolation and characterization of collagen
and antioxidant collagen peptides from scales of croceine croaker (Pseudosciaena crocea). Mar. Drugs 2013, 11,
4641–4661. [CrossRef] [PubMed]

10. Li, X.-R.; Chi, C.-F.; Li, L.; Wang, B. Purification and identification of antioxidant peptides from protein
hydrolysate of scalloped hammerhead (Sphyrna lewini) Cartilage. Mar. Drugs 2017, 15, 61–76. [CrossRef]
[PubMed]

11. Reza, M.; Amin Mohammadifar, M.; Mohammad Mortazavian, A.; Milad, R.; Jahan, B.G.; Zohre, D. Extraction
optimization of pepsin-soluble collagen from eggshell membrane by response surface methodology (RSM).
Food Chem. 2016, 190, 186–193.

12. Pakkanen, O.; Hamalainen, E.R.; Kivirikko, K.I.; Myllyharju, J. Assembly of stable human type I and
III collagen molecules from hydroxylated recombinant chains in the yeast Pichia pastoris—Effect of
an engineered C-terminal oligomerization domain foldon. J. Biol. Chem. 2003, 278, 32478–32483. [CrossRef]
[PubMed]

13. Baez, J.; Olsen, D.; Polarek, J.W. Recombinant microbial systems for the production of human collagen and
gelatin. Appl. Microbiol. Biotechnol. 2005, 69, 245–252. [CrossRef] [PubMed]

14. Abdollahi, M.; Rezaei, M.; Jafarpour, A.; Undeland, I. Sequential extraction of gel-forming proteins, collagen
and collagen hydrolysate from gutted silver carp (Hypophthalmichthys molitrix), a biorefinery approach.
Food Chem. 2018, 242, 568–578. [CrossRef] [PubMed]

15. Li, Z.R.; Wang, B.; Chi, C.F.; Zhang, Q.H.; Gong, Y.D.; Tang, J.J.; Luo, H.Y.; Ding, G.F. Isolation and
characterization of acid soluble collagens and pepsin soluble collagens from the skin and bone of Spanish
mackerel (Scomberomorous niphonius). Food Hydrocoll. 2013, 31, 103–113. [CrossRef]

16. Sittichoke, S.; Soottawat, B.; Kishimura, H. Comparative study on molecular characteristics of acid soluble
collagens from skin and swim bladder of seabass (Lates calcarifer). Food Chem. 2013, 138, 2435–2441.

17. Zhao, Y.-Q.; Zeng, L.; Yang, Z.-S.; Huang, F.-F.; Ding, G.-F.; Wang, B. Anti-fatigue effect by peptide fraction
from protein hydrolysate of croceine croaker (Pseudosciaena crocea) swim bladder through inhibiting the
oxidative reactions including DNA damage. Mar. Drugs 2016, 14, 221. [CrossRef] [PubMed]

18. Zhuang, Y.; Sun, L.; Zhang, Y.; Liu, G. Antihypertensive Effect of long-term oral administration of jellyfish
(Rhopilema esculentum) collagen peptides on renovascular hypertension. Mar. Drugs 2012, 10, 417–426.
[CrossRef] [PubMed]

19. Han, T.; Li, X.Y.; Wang, J.T.; Hu, S.X.; Jiang, Y.D.; Zhong, X.D. Effect of dietary lipid level on growth, feed
utilization and body composition of juvenile giant croaker Nibea japonica. Aquaculture 2014, 434, 145–150.
[CrossRef]

20. Li, X.Y.; Wang, J.T.; Han, T.; Hu, S.X.; Jiang, Y.D. Effects of dietary carbohydrate level on growth and body
composition of juvenile giant croaker Nibea japonica. Aquac. Res. 2015, 46, 2851–2858. [CrossRef]

21. Bakar, J.; Mohamad, R.U.H.; Mat, H.D.; Qurni, S.A.; Harvinder, K. Collagen Extraction from Aquatic Animals.
WIPO Patent WO2010074552 A1, 23 December 2008.

22. Somasundaram, T.; Anguchamy, V.; Muthuvel, A. Isolation and characterization of acid and
pepsin-solubilized collagen from the skin of sailfish (Istiophorus platypterus). Food Res. Int. 2013, 54, 1499–1505.

23. El-Rashidy, A.A.; Gad, A.; Abu-Hussein, A.G.; Habib, S.I.; Badr, N.A.; Hashem, A.A. Chemical and biological
evaluation of Egyptian Nile Tilapia (Oreochromis niloticas) fish scale collagen. Int. J. Biol. Macromol. 2015, 79,
618–626. [CrossRef] [PubMed]

24. Zhang, J.J.; Rui Duan, R. Characterisation of acid-soluble and pepsin-solubilised collagen from frog
(Rana nigromaculata) skin. Int. J. Biol. Macromol. 2017, 101, 638–642. [CrossRef] [PubMed]

25. Nokelainen, M.; Tu, H.; Vuorela, A.; Notbohm, H.; Kivirikko, K.I.; Myllyharju, J. High-level production of
human type I collagen in the yeast Pichia pastoris. Yeast 2001, 18, 797–806. [CrossRef] [PubMed]

26. Ramshaw, J.A.M.; Shah, N.K.; Brodsky, B. Gly-X-Y tripeptide frequencies in collagen: A context for host-guest
triple-helical peptides. J. Struct. Biol. 1998, 122, 86–91. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/adhm.201700232
http://www.ncbi.nlm.nih.gov/pubmed/28585295
http://dx.doi.org/10.1111/ics.12243
http://www.ncbi.nlm.nih.gov/pubmed/26032853
http://dx.doi.org/10.3390/md11114641
http://www.ncbi.nlm.nih.gov/pubmed/24284428
http://dx.doi.org/10.3390/md15030061
http://www.ncbi.nlm.nih.gov/pubmed/28257057
http://dx.doi.org/10.1074/jbc.M304405200
http://www.ncbi.nlm.nih.gov/pubmed/12805365
http://dx.doi.org/10.1007/s00253-005-0180-x
http://www.ncbi.nlm.nih.gov/pubmed/16240115
http://dx.doi.org/10.1016/j.foodchem.2017.09.045
http://www.ncbi.nlm.nih.gov/pubmed/29037731
http://dx.doi.org/10.1016/j.foodhyd.2012.10.001
http://dx.doi.org/10.3390/md14120221
http://www.ncbi.nlm.nih.gov/pubmed/27983570
http://dx.doi.org/10.3390/md10020417
http://www.ncbi.nlm.nih.gov/pubmed/22412809
http://dx.doi.org/10.1016/j.aquaculture.2014.08.012
http://dx.doi.org/10.1111/are.12437
http://dx.doi.org/10.1016/j.ijbiomac.2015.05.019
http://www.ncbi.nlm.nih.gov/pubmed/26026980
http://dx.doi.org/10.1016/j.ijbiomac.2017.03.143
http://www.ncbi.nlm.nih.gov/pubmed/28363646
http://dx.doi.org/10.1002/yea.730
http://www.ncbi.nlm.nih.gov/pubmed/11427962
http://dx.doi.org/10.1006/jsbi.1998.3977
http://www.ncbi.nlm.nih.gov/pubmed/9724608


Mar. Drugs 2018, 16, 29 12 of 12

27. Kumar, P.G.; Nidheesh, T.; Suresh, P.V. Comparative study on characteristics and in vitro fibril formation
ability of acid and pepsin soluble collagen from the skin of catla (Catla catla) and rohu (Labeo rohita).
Food Res. Int. 2015, 76, 804–812.

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

29. Muyonga, J.H.; Cole, C.G.B.; Duodu, K.G. Fourier transform infrared (FTIR) spectroscopic study of acid
soluble collagen and gelatin from skins and bones of young and adult Nile perch (Lates niloticus). Food Chem.
2004, 86, 325–332. [CrossRef]

30. Liu, H.Y.; Han, J.; Guo, S.D. Characteristics of the gelatin extracted from Channel Catfish (Ictalurus Punctatus)
head bones. LWT-Food Sci. Technol. 2009, 42, 540–544. [CrossRef]

31. Yuqing, T.; Chang, S.K.C. Isolation and characterization of collagen extracted from channel catfish (Ictalurus
punctatus) skin. Food Chem. 2018, 242, 147–155.

32. Dasong, L.; Li, L.; Regenstein, J.M.; Peng, Z. Extraction and characterisation of pepsin-solubilised collagen
from fins, scales, skins, bones and swim bladders of bighead carp (Hypophthalmichthys nobilis). Food Chem.
2012, 133, 1441–1448.

33. Jamall, I.S.; Finelli, V.N.; Hee, S.S.Q. A simple method to determine nanogram levels of 4-hydroxyproline in
biological tissues. Anal. Biochem. 1981, 112, 70–75. [CrossRef]

34. Tang, Y.P.; Zhang, G.M.; Wang, Z.; Liu, D.; Zhang, L.L.; Zhou, Y.F.; Huang, J.; Yu, F.M.; Yang, Z.S.;
Ding, G.F. Efficient synthesis of a (S)-fluoxetine intermediate using carbonyl reductase coupled with glucose
dehydrogenase. Bioresour. Technol. 2017, 250, 457–463. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/bip.1975.360140505
http://www.ncbi.nlm.nih.gov/pubmed/1156652
http://dx.doi.org/10.1016/j.foodchem.2003.09.038
http://dx.doi.org/10.1016/j.lwt.2008.07.013
http://dx.doi.org/10.1016/0003-2697(81)90261-X
http://dx.doi.org/10.1016/j.biortech.2017.10.097
http://www.ncbi.nlm.nih.gov/pubmed/29197272
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Single Factor Results 
	Effect of Enzyme Concentration on the Extraction Yield of PSC 
	Effect of Solid-Liquid Ratio on the Extraction Yield of PSC 
	Effect of Hydrolysis Time on the Extraction Yield of PSC 

	Optimization of Extraction Parameters of PSC Using RSM 
	Response Surface Analysis 
	Validation of the Models 

	SDS-PAGE Analysis 
	Amino Acid Composition of PSC 
	UV-Visible Spectroscopy 
	Fourier Transforms Infrared Spetroscopy (FTIR) Analysis 
	Effects of pH and Sodium Chloride on PSC Solubility 

	Materials and Methods 
	Materials and Chemical Reagent 
	Extraction of PSC from Nibea japonica Skin 
	Experimental Design and Statistical Analysis 
	SDS-PAGE Analysis 
	Amino Acid Composition of PSC 
	UV-Visible Spectroscopy of PSC 
	FTIR Spectra of PSC 
	Effects of pH and Sodium Chloride on PSC Solubility 

	Conclusions 
	References

