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a b s t r a c t

A multilayer feed-forward neural network trained with an error back-propagation algorithm was used to
evaluate the effects of pepsin amount, reaction time and pH on the yield of pepsin-soluble collagen. A
positive correlation was observed between the yield and the amount of pepsin and also the reaction time.
The yield increased with an increase of pH to nearly 3, thereafter yield decreased. The trained network
gave a regression coefficient (r2) of 0.97 and a mean squared error (MSE) of 0.21, which implied a good
generalisation of the network. Based on the genetic algorithm, the optimal extraction conditions to obtain
the highest yield were determined to be pH 3.4, 53.3 unit/mg of pepsin and 35.2 h. The predicted yield
value was 30.3%. As the estimated optimal extraction conditions were used in the actual preparation
of the pepsin-soluble collagen, the yield was measured experimentally to be 29.3 ± 0.8%, which was
not significantly different (p > 0.05) from the predicted value. The response surface plots showed the
yield of pepsin-soluble collagen as a function of two factors under various extraction conditions.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Grass carp is a stomachless freshwater fish species widely dis-
persed in lakes and rivers of Asia. It is one of the ‘‘four major cul-
tured fish species” with black carp (Mylopharyngodon piceus),
silver carp (Hypophthalmichthys molitrix) and bighead carp (Aris-
tichthys nobilis) in China (Li, Lu, & Zhou, 1995). Due to its special
taste and abundant nutrients (e.g., unsaturated fatty acids and pro-
teins), it is well accepted by consumers around the world. Grass
carp skin has significant amounts of high-quality proteins, which
can be used by the food, medicine and cosmetic industries (Was-
swa, Tang, Gu, & Yuan, 2007).

Collagen has been employed in medical applications for decades
with good biocompatibility and safety. It can form strong and stable
fibres by self-aggregation and cross-linking, which makes it useful
in drug delivery systems (Lee, Singla, & Lee, 2001). The structural
characteristics of collagen have been established by earlier
researchers, through amino acid analysis and physicochemical eval-
uation (Ramachandran & Sasisekharan, 1965). The collagen mole-
cule consists of three polypeptide chains twisted around one
another into a triple helix. The strands are bound together primarily
by hydrogen bonds between carbonyl and amino groups. Covalent
bonds are also involved in some cases (Harkness, 1966). The (Gly-
X–Y)n repeating structure is found in the ‘‘collagenous” domains
ll rights reserved.

.

of all collagens. The glycine residue is the structural prerequisite
for triple helix formation. The X and Y positions are often occupied
by proline and hydroxyproline (Gelse, Pöschl, & Aigner, 2003).

Since pepsin was crystallised by Northrop in 1929, its activity
has been extensively investigated (Campos & Sancho, 2003). It be-
longs to the family of aspartic proteases. Pepsin is a monomeric,
two-domain, b-sheet-rich protein, with abundant acidic residues
(43 out of 327). The catalytic site is formed by two aspartate resi-
dues (Antonov et al., 1978).

In this work pepsin was used to prepare collagen from grass
carp skin. Pepsin amount, reaction time and pH are important vari-
ables affecting the extractability of collagen from grass carp skin.
So far, the available literature on this topic is limited. A multilayer
feed-forward neural network trained with an error back-propaga-
tion algorithm was employed to further evaluate the effects of
these variables. Genetic algorithms were also used to optimise
the conditions needed to obtain the highest yield of pepsin-soluble
collagen.
2. Materials and methods

2.1. Materials

Several grass carp (Ctenopharyngodon idella) with average
weight of 3.0–3.2 kg were purchased alive from a local market in
Lianyungang, China. After being killed, the skins were removed,
descaled and washed with distilled water. The cleaned skins were
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Fig. 1. Response surface plot showing the effects of pepsin amount and pH value, as
well as their interactions, on the yield of pepsin-soluble collagen. The time was set
at 24 h.
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minced into very small pieces (less than 4 mm) by a cutting mill
with a size of 780 � 600 � 850 mm (ZB20L, Ruiheng Food Machine
Co., Zhucheng, China). Three knives in the mill were rotated at
2000 rpm. Then the skin pieces were frozen at –18 �C for less than
two days, prior to collagen extraction.

2.2. Chemicals

Lyophilised pepsin powder from porcine gastric mucosa with an
activity of 3520 units/mg protein was purchased from Sigma–Al-
drich (Guangzhou, China). Sodium chloride, acetic acid, sodium
hydroxide were purchased from Guangzhou Chemical Company
(Guangzhou, China). All other chemicals were of analytical grade.

2.3. Extraction of pepsin-soluble collagen

The pepsin-soluble collagen was extracted from grass carp skin
according to the method of Kittiphattanabawon, Benjakul, Vises-
sanguan, Nagai, and Tanaka (2005), with slight modification. Five
grams of skin were precisely weighed. The following experiments
were done in a room at 4 �C. To remove non-collagenous proteins,
the skin was mixed with 100 ml of 0.1 M NaOH. The mixture was
stirred using a magnetic stirrer (78-2, Kexing Instrument Co, Jintan,
China) for 6 h, while the NaOH solution was changed every 2 h by
filtration. After removal of the supernatant, the sample was
washed with distilled water until the pH was neutral. The depro-
teinised skins were defatted with 100 ml of diethyl ether for
24 h. The diethyl ether was changed every 8 h. Defatted skins were
washed with distilled water three times.

Collagen was extracted with pepsin in 0.5 M acetic acid. Pepsin
amount (20–60 unit/mg defatted skin), reaction time (12–36 h),
and pH (2.0–4.0) were chosen as the variables. The pepsin amount
was calculated on the basis of its activity. Sodium acetate–acetic
acid buffer was used to regulate the pH of the bulk solution. The
extract was filtered with Whatman No. 1 paper (Whatman, Maid-
stone, UK). The collagen in the filtrate was precipitated by adding
NaCl to a final concentration of 2.6 M in the presence of 0.05 M
tris(hydroxymethyl)aminomethane (pH 7.0). The resulting sedi-
ment was collected by centrifugation at 20,000g for 40 min. Two
centrifuge tubes of 250 ml and a GL-21M centrifuge (SAITE Xiangyi
Centrifuge Instrment Co., Changsha, China) were used. Fifty millili-
tres of 0.5 M acetic acid were used to dissolve the sediment, then
the solution was dialysed against 0.1 M acetic acid and then dis-
tilled water. The collagen was obtained by freeze-drying. The yield
of pepsin-soluble collagen was calculated on the basis of skin
weight after cleaning and expressed as a weight percentage.

2.4. Modelling of neural network

The multilayer feed-forward neural network has proven to be
an excellent universal approximator of non-linear functions (Drey-
fus & Dreyfus, 2003). In this work, a feed-forward neural network
trained with an error back-propagation algorithm was employed
using MATLAB (Version 6.5, Mathworks, Natick, MA) Neural Net-
work Toolbox was used to model the yield of pepsin-soluble colla-
gen, as a function of the independent variables used during the
extraction. The input parameters chosen in this study were pepsin
amount, reaction time and pH. Supervised learning was used to
train this network. The predicted output and desired output were
compared with one another while the errors were calculated be-
tween the predicted output and actual output. An error back-prop-
agation algorithm was used for adjusting the network weights. It
used a gradient descent approach, in which weights were changed
in proportion to the negative value of the error gradient. The train-
ing iterations were stopped when the validation error reached a set
minimum (Desai, Vaidya, Singhal, & Bhagwat, 2005).
2.5. Optimisation of extraction conditions

Genetic algorithms can solve well linear and non-linear prob-
lems, by exploring all regions of the state spaces and exploiting
promising areas through selection, crossover and mutation opera-
tions, applied to individuals in the population (Shen, Wang, & Li,
2007). Once the feed-forward neural network model was com-
pletely trained, genetic algorithms could be used to determine
the optimisation of extraction conditions for the highest yield.

3. Results and discussion

3.1. Effects of pepsin amount, reaction time and pH

The effects of pepsin amount, reaction time and pH on the yield
of pepsin-soluble collagen as well as their interactions are shown
in Figs. 1–3. Pepsin amount showed a similar effect to reaction
time (Fig. 2). A positive correlation was found between the yield
and the pepsin amount, and the yield and the reaction time. The
yield of pepsin-soluble collagen increased very obviously with
the increase of pepsin amount in the range of 20–40 unit/mg; a
slight increase was observed when the pepsin amount increased
in the range of 40–60 unit/mg. The pH value exhibited a different
effect. A saddle-shaped profile is seen in Fig. 1 for pH and pepsin
amount. The yield of pepsin-soluble collagen increased with pH in-
crease to 3.0 and then decreased thereafter. The turning point of
pH value was close to 3.0.

Collagen can be isolated by direct extraction with organic acids,
like acetic, citric and lactic acids (Sadowska, Kołodziejska, & Niec-
ikowska, 2003). Amongst these, acetic acid is the most popular, due
to the high extractability. The solubility of collagen in the bulk
solution plays a key role in the extractability from the grass carp
skin. The covalent cross-linking through condensation of aldehyde
groups at the telopeptide regions of collagen chains and the inter-
molecular cross-linked collagen was not readily solubilised by ace-
tic acid (Jongjareonrak, Benjakul, Visessanguan, & Tanaka, 2005).
The cross-linked telopeptide regions could be cleaved by pepsin
without damaging the integrity of the triple helix of collagen (Nal-
inanon, Benjakul, Visessanguan, & Kishimura, 2007).

pH is an important parameter that affects the conformation and
activity of pepsin. When the pH is above 7, pepsin is in an ex-
panded conformation, devoid of well-defined tertiary interactions,
with a reduced content of secondary structure. But it is still com-
pact enough to have a significant buried tryptophan (Campos &



Fig. 2. Response surface plot showing the effects of pepsin amount and reaction
time, as well as their interactions, on the yield of pepsin-soluble collagen. The pH
was set at 3.0.

Fig. 3. Response surface plot showing the effects of pH and reaction time, as well as
their interactions, on the yield of pepsin-soluble collagen. The pepsin amount was
set at 40 kUnit/g.

Table 1
Predicted values of the neural network and the actual values for the yield of pepsin-
soluble collagen

Experiments Pepsin amount
(unit/mg)

Reaction
time (h)

pH Pepsin-soluble collagen
yield (%)

Predicted
values

Actual
values

Training set
1 20 12 2 18.4 18.5
2 60 12 2 21.3 21.6
3 20 12 3 21.4 21.0
4 40 12 3 23.1 24.1
5 60 12 3 24.9 24.6
6 40 12 4 20.4 20.4
7 60 12 4 21.6 21.1
8 40 24 2 22.9 23.5
9 60 24 2 24.2 23.8
10 20 24 3 23.5 23.4
11 60 24 3 26.7 26.9
12 20 24 4 20.8 20.1
13 60 24 4 23.1 23.7
14 20 36 2 20.8 20.9
15 40 36 2 24.6 24.1
16 60 36 2 24.9 24.7
17 20 36 3 23.5 23.8
18 40 36 3 27.4 27.0
19 60 36 3 27.6 27.8
20 20 36 4 20.1 20.3
21 60 36 4 24.6 24.2

Validation set
22 40 12 2 21.6 21.2
23 20 12 4 18.2 17.7
24 40 24 4 22.5 23.0

Testing set
25 40 36 4 22.9 23.4
26 40 24 3 27.1 26.3
27 20 24 2 19.6 20.2
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Sancho, 2003). This conformation is enzymatically inactive. At the
lower pH range of 2–4, pepsin exhibits an active conformation.
However, from the results obtained, a significant difference in
the yield of pepsin-soluble collagen was shown in this range. It
indicated that there was an optimum pH for pepsin preparation
of collagen. Higher or lower than this value would lead to a lower
efficiency of extraction.

A positive correlation was found between reaction time and
yield of collagen. Sadowska et al. (2003) have reported a similar re-
sult for isolation of collagen from Baltic cod skin. Mass transfer
rates of analyte from the matrix plays a key role in the efficiency
of extraction (Bartle, Boddington, Clifford, Cotton, & Dowle,
1991). In classical extraction, the mass transfer rate is controlled
by the diffusion process, which is time-associated. In the diffu-
sion-controlled process, the recovery of analyte will keep increas-
ing with the extension of reaction time. This may explain the
effect of reaction time in this work.

Collagen is a thermally instable protein that can be denatured at
room temperature. This sensitivity to temperature is associated
with its chemical structure. Collagens with lower levels of
hydroxyproline show lower thermal stability than those with high-
er levels of hydroxyproline (Muyonga, Cole, & Duodu, 2004). This is
due to the role of hydroxyproline in forming inter-chain linkages
by hydrogen bond, that stabilise the triple-helix structure of colla-
gen. Therefore, a low extraction temperature (e.g., 4 �C) was chosen
to prepare collagen in this work, to avoid protein denaturation.

3.2. Evaluation of model predictability

The ratio of the explained variation to the total variation, r2, re-
flects the degree of fit for the mathematical model (Nath & Chatto-
padhyay, 2007). The closer the r2 value is to 1, the better the model
fits to the actual data (Sin, Yusof, Hamid, & Rahman, 2006)

r2 ¼ 1�
Pn

i¼1ðyi � ydiÞ
2

Pn
i¼1ðydi � ymÞ

2 ð1Þ

where n is the number of points, yi is the predicted value obtained
from the neural network model, ydi is the actual value, and ym is the
average of the actual values.

MSE is another important index to show the degree of fit of the
model. It is calculated by Eq. (2). The network having minimum
MSE and maximum r2 is considered as the best neural network
model (Izadifar & Jahromi, 2007)

MSE ¼ 1
n

Xn

i¼1

ðyi � ydiÞ
2 ð2Þ

In this work the range of three independent variables for build-
ing the neural network was set. The input matrix and the yield of
pepsin-soluble collagen are listed in Table 1. To understand the
generalisation capacity of the network, 27 input values were di-
vided into three sets, 21 values for the training set and three values
each for the validation set and the testing set. Fig. 4 shows the plot



y = 0.9751x + 0.5558

r 2 = 0.9674

15

17

19

21

23

25

27

29

15 17 19 21 23 25 27 29

Predicted value

A
ct

ua
l v

al
ue

a MSE = 0.21

Fig. 4. Correlation between the predicted values of the neural network and the
actual values for the yield of pepsin-soluble collagen. , training set; h, validation
set and D, testing set.
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of the predicted values and actual values of the yield of pepsin-sol-
uble collagen as well as r2 and MSE. The trained network gave an r2

of 0.97 and an MSE of 0.21. The r2 values of the training set, the val-
idation set and the testing set were 0.97, 0.95 and 0.93, while the
MSE values of the three sets were 0.18, 0.22 and 0.42, respectively.
The network could predict the yield of pepsin-soluble collagen
within a range of ±4.1% of the actual value. The r2, MSE and predic-
tion range indicated a good agreement between the predicted va-
lue of the neural network model and the actual value, which also
confirmed a good generalisation of the network.

By application of the artificial neural network-genetic algo-
rithm, the optimum extraction conditions for the highest yield of
pepsin-soluble collagen were determined to be pH 3.4, 53.3 unit/
mg and 35.2 h. The predicted value of the yield was 30.3%. As the
estimated optimal extraction conditions were used in the actual
preparation of the pepsin-soluble collagen, the yield was measured
experimentally to be 29.3 ± 0.8%, which was not significantly dif-
ferent (p > 0.05) to the predicted value.

4. Conclusions

Based on the results obtained, abundant collagen was present in
grass carp skin, and pepsin was shown to be an efficient tool for its
extraction. Significant effects on the yield of pepsin-soluble colla-
gen were determined for pepsin amount, reaction time and pH.
The artificial neural network provided a model to search for the
non-linear nature between extraction conditions and yield in an
efficient manner. The trained network gave an r2 value of 0.97
and an MSE value of 0.21, which implied a good agreement be-
tween the predicted values and the actual values for the yield of
pepsin-soluble collagen, and confirmed a good generalisation of
the network. Based on the artificial neural network-genetic algo-
rithm, the optimal extraction conditions to obtain the highest yield
were determined to be pH 3.4, 53.3 unit/mg of pepsin and 35.2 h.
The predicted value was 30.3%, not significantly different from
the actual value (29.3 ± 0.8%). Furthermore, more specific chemical
effects of pepsin on the structure of collagen need to be investi-
gated in future work.
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