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Washed, collagen-free shark muscle protein dispersions in water formed gels 
associated with an increase in viscosity when the pH was lowered to 4.5 by 
either acetic acid or lactic acid, while citric, tartaric and hydrochloric acids were 
ineffective in causing the gelation and viscosity rises. The increase in viscosity, 
as measured by the Brabender viscograph, was dependent upon the protein con- 
centration and was a slow process at ambient temperature. Heating of the 
acidified proteins up to 50°C enhanced the viscosity, while at higher tempera- 
tures the gel broke as indicated by a rapid fall in viscosity as well as separation 
of water. The presence of NaC1, KC1 and CaCI2 inhibited the low-pH-induced 
gelation of the proteins. 

INTRODUCTION 

Gelation is the cross-linking of randomly dispersed 
polymer chains in solution to form a three-dimensional 
network which immobilises liquid in the matrix (Asghar 
et al., 1985; Smith, 1991; Ziegler & Foegeding, 1991). 
The sequence of events in gel formation includes initial 
denaturation to cause protein unfolding, protein- 
protein interactions and aggregations giving rise to 
matrices capable of holding water, fat or other com- 
ponents through physico-chemical forces. The forces 
responsible for the phenomenon include hydrophobic 
interactions, hydrogen bonding, electrostatic inter- 
actions and disulphide cross-bondings (Mulvihill & 
Kinsella, 1987). Factors which influence gel formation 
of proteins include concentration (Camou et al., 1989; 
Foegeding et al., 1991), extractability (Grabowska & 
Sikorski, 1976), the myosin-actin ratio in the case of 
muscle proteins (Yasui et al., 1980), heating conditions 
(Camou et al., 1989; Smith, 1991), pH (Fretheim et al., 
1985) and ionic strength (Beas et al., 1988). In muscle 
systems, myosin is the major gelling protein, while 
actin can enhance its gelation (Yasui et al., 1980; 
Foegeding et al., 1991). Gelation has significance in 
food processing due to opportunities to develop items 
having varying textural properties (Lanier, 1991). 

The ability of fish protein to undergo gelation was 
recognised mainly with the understanding of the 
properties of 'surimi', a concentrate of washed fish 
myofibrillar proteins, which is used for gel products 
such as shellfish analogues (Lee, 1986; Venugopal, 
1992). Sharks, rays and skates are major low-cost fish 
items belonging to the Elasmobranch family, which 
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forms about 5% of the annual marine landings in India 
(Govindan, 1972). These items offer large quantities of 
proteins for the development of value-added products. 
Shark muscle has been used to prepare kamaboko 
products based on its gel-forming ability (Suzuki, 1981; 
Nakamura et al., 1985). For this, the muscle was 
repeatedly washed to enhance its gelation ability. This 
paper reports on the gelation of shark myofibrillar 
proteins using acetic or lactic acid and the effect of 
temperature on it. The gelation of the protein samples 
was monitored by measuring viscosity changes using a 
Brabender viscograph. 
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MATERIALS AND METHODS 

Fish 

Fresh Indian dog shark (Scoliodon laticaudus) was 
purchased from Bombay market. The fish were be- 
headed, eviscerated, deskinned and were brought to the 
laboratory in ice. 

Preparation of washed meat dispersion 

After washing in potable water, the dressed fish was 
cut into steaks of 4-5 cm in thickness. Using kitchen 
scissors, the central bone was removed and the meat 
was further cut into small pieces, weighing about 4-5 g. 
The meat pieces (600 g) were held in three times their 
weight of cold water with gentle stirring for 18 h 0-2°C. 
The wash water was then decanted and the meat pieces 
were washed three times in an excess of cold water. 
The washing step removed significant amounts of 
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soluble and odour-bearing compounds as well as 
pigments. The washed meats (200g batches) were 
blended in 400 ml of cold water (10°C) in a 'Sumeet' 
kitchen mixer for 1 min. 

Removal of collagen 

The meat homogenate was poured into a nylon net 
(mesh size, 100) and was gently stirred. The collagen 
was retained on the mesh and the filtrate containing 
myofibrillar proteins was collected. 

Gel formation experiments 

The myofibrillar protein fraction (500 ml) was poured 
into the stainless-steel cup (capacity, 500ml) of a 
Brabender viscoamylograph, which is essentially a 
torsion viscometer (Kent Jones & Amos, 1967). The 
slurry was stirred by a stainless-steel spindle consisting 
of seven blades, suspended in the cup. Glacial acetic 
acid was added dropwise in order to reduce the pH 
from an initial value of 6-4. The pH was measured 
using a Cole-Palmer pH wand. Viscosity changes as a 
result of gel formation were recorded by a pen attached 
to the spindle of the viscograph. The gel formation 
experiments were conducted either at ambient tempera- 
ture or under conditions when the temperature of the 
slurry was raised constantly at a rate of approximately 
1.5°C/min by the heating system of the equipment. The 
viscosity was expressed arbitrarily on the Brabender 
scale. 

Gels were also prepared by incubation of the acetic 
acid-added dispersions (pH 4-5) in a water bath at 
temperatures ranging from 30 to 70°C for 15 min. 
Gels prepared by heating either in the water bath or 
viscograph were subjected to centrifugation at ambient 
temperatures in a Sorvall centrifuge at 12 000 x g in 
order to determine their stability, which was calculated 
as 

Weight of water separated 
x 100 

Weight of initial gel 

The influence of salts on gelation was examined by 
incorporation of NaCI, KC1, CaCI: and sodium acetate 
at concentrations ranging from 4 to 20 mM into the 
dispersion (500 ml) taken in the viscograph. Acetic acid 
was then added to lower the pH to 4.5 followed by 
heating up to 50°C. 

Protease assay 

The protease activity of the gel was determined using 
haemoglobin as the substrate, as described by Sherekar 
et al. (1986). 

Chemical analyses 

Protein was determined by the method of Lowry et al. 
(1951) using bovine serum albumin as standard. Urea 
was determined colorimetrically according to the 
AOAC (1990) procedure. 

RESULTS 

Preliminary studies showed that washing the pieces of 
shark meat overnight in cold water removed significant 
amounts of soluble components including pigments 
and urea. The washed meat had a urea content of only 
42 mg% as compared with 622 mg% in unwashed meat 
(wet wt basis). Even though the soluble components 
were not completely removed by the washing pro- 
cedure, their presence did not interfere with gel 
formation. It was observed that, if the whole shark 
meat was initially blended in water, the myofibrillar 
proteins formed a dispersion, and hence washing of the 
proteins was difficult, although centrifugation was not 
attempted. Homogenisation of the washed meat with 
cold water in the ratio of 1:2 was found ideal for 
extraction of the myofibrillar proteins which formed a 
dispersion in water. Collagen of the washed, deboned 
meat, could be easily removed by passing the homo- 
genate through a nylon net. At higher meat to water 
ratios, separation of collagen from the homogenate was 
also difficult. 

The effect of the addition of glacial acetic acid (HAc) 
on pH and viscosity of the homogenate taken in the 
Brabender viscograph at ambient temperature is shown 
in Fig. 1. The homogenate (protein content, 23 mg/ml) 
had an initial pH of 6.4. Dropwise addition of HAc 
lowered the pH. At a pH of about 5.8, the viscosity of 
the homogenate tended to increase. With increasing 
amounts of HAc, the viscosity recorded a further rise. 
It was observed that a pH of 4.5 gave a marked change 
in viscosity of the homogenate. A maximum viscosity 
of 65 units on the Brabender scale was observed after 
the addition of 0-8 ml of HAc. 

In the above experiment, the viscosity and pH values 
were measured 1 min after the addition of HAc. It was, 
however, found that when the pH of the homogenate 
was brought to 4.5, the viscosity continued to increase 
at ambient temperature (Fig. 2). The rate of increase 
was dependent on protein concentration (see below). 
It is interesting to note that no increase in viscosity 
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Fig. 1. Effect of acetic acid on viscosity of washed, collagen- 
free shark myofibrillar proteins. The acid was added dropwise 
to 500 ml of the collagen-free shark myofibrillar protein 
dispersion (protein content, 23 mg/ml) taken in a Brabender 

viscograph. (O) pH; (O) viscosity. 
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Fig. 2. Brabender viscosity of washed, collagen-free shark 
myofibrillar proteins (protein, 23 mg/ml) after lowering the 

pH to 4.5 by acetic acid. ( ) HAc; (- - -) no HAc. 

was observed at the protein concentration when the 
homogenate was subjected to heating alone up to 65°C 
without initial pH reduction. 

The influence of heat on HAc-induced viscosity 
increase of shark myofibrillar proteins was then 
examined. The pH of the homogenate was brought 
to 4-5 by HAc and then the temperature of the homo- 
genate was raised at a rate of about 1.5°C/min. It can 
be seen that the heating caused further increase in vis- 
cosity. The viscosity increase continued up to 50°C and 
then dropped rapidly at higher temperatures. However, 
when the heating was discontinued and the temperature 
was maintained at 47°C, no fall in viscosity was 
observed, as shown in Fig. 3. 

The effect of protein concentrations of 8, 16 and 
23 mg/ml, on gelation by HAc and heat is given in Fig. 
4. The pH of the homogenates taken separately in the 
viscograph was lowered to 4.5. The acidified homo- 
genates were then subjected to heating at a rate of 
1.5°C/min. At 8 mg/ml protein concentration, addition 

A 
6OO 

I-- 

Z 
:3  

n." 
UJ 
r~ 4 0 0  
z 
w 
m 

n,, 
m 
v 

>. 2 0 0  
I -  

0 

> 
o 

/I 

4 7 " C  

HAc ,. ~k~.~ 

~ - - - - - T - - '  I 
IO 1/ 40 50 60 

TEMP (*C) 
Fig. 3. Brabender viscosity changes of washed collagen-free 
shark myofibrillar protein (protein, 16 mg/ml) after lowering 
pH by HAc followed by heating. The broken line at the top 
represents viscosity of the gel when heating was stopped at 
47°C. The broken line at the base shows viscosity of heated 
sample in the absence of HAc. 
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Fig. 4. Effect of protein concentrations on Brabender viscos- 
ity after (A) lowering the pH to 4.5 by HAc only, and (B) 
HAc addition (pH 4.5) followed by heating up to 47°C. The 
continuous arrow indicates HAc (1.5 ml) addition, while the 
broken arrow indicates switching on of heating. (I) 8 mg/ml; 
(II) 16 mg/ml; (III) 23 mg/ml. 

of HAc did not cause any change in viscosity, while at 
higher protein levels, addition of HAc enhanced the 
viscosities. When the temperature of the dispersion was 
raised, further increase in viscosity was noted at protein 
concentrations of 16 and 23 mg/ml. At 8 mg/ml 
protein, precipitation was observed with no increase in 
viscosity. The increases in viscosity of dispersions of 
higher protein concentrations continued up to 50°C. 

The viscosity curve of the protein was characterised 
by a steep fall after reaching a maximum at 50°C, 
suggesting breaking of the gel at higher temperatures. 
In order to examine whether this is due to the mixing 
action of the viscograph, a parallel experiment was 
conducted where acetic acid-treated (pH 4.5) disper- 
sions (16 mg protein/ml) were incubated for 15 min in 
water baths at temperatures ranging from 30 to 70°C. 
The gels were then cooled and were centrifuged. It was 
observed that water was separated from gels heated at 
50°C and above in the water bath as well as the 
Brabender viscograph. The water separated from the 
water bath-incubated gels were 15, 22.5 and 30% for 
gels treated at 50, 60 and 70°C, respectively, while 20% 
water was separated from Brabender samples heated to 
50°C. No water was separated from gels from either 
the water bath or the viscograph when subjected to 
heat treatments at lower temperatures. 

The influences of different acids on the proteins in 
combination with heat are given in Fig. 5. Gelation of 
the proteins was observed when lactic acid (1.5 ml) was 
used instead of acetic acid to lower the pH. Heating 
further increased the viscosity of the lactic acid-treated 
homogenate. At temperatures above 50°C, the gel 
broke as in the case of the HAc-treated sample as 
indicated by a rapid fall in viscosity. No gel was 
formed when citric acid (2M) or tartaric acid (2M) was 
used to lower the pH of homogenate to 4.5. Although 
when 6 M hydrochloric acid was used, a slight increase 
in viscosity was observed at ambient temperature, no 
further increase in viscosity was observed as a result 
of heating. On the other hand, heating of the 
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Fig. 5. Effect of different acids on gelation of collagen-free 
shark myofibrillar proteins (protein, 16 mg/ml) as measured 
by viscosity changes in a Brabender viscograph. ~ Citric 
acid; (O) tartaric acid; (A) HC1; (0) lactic acid; (- -O-  -) 

acetic acid. 

homogenates in the presence of these acids caused pre- 
cipitation of the proteins. 

Salts are known to enhance the gel-forming capacity 
of fish protein (Roussel & Cheftel, 1990). Therefore, it 
was of interest to examine the influence of some 
salts on HAc-induced gel formation. For this purpose, 
the salts were incorporated at the concentrations 
mentioned in the 500 ml slurry (protein, 23 mg/ml) 
taken in the Brabender cup. HAc (1-5 ml) was added 
followed by heating up to 50°C. The results are 
presented in Table 1. It was found that, in the presence 
of NaC1 or KC1, HAc addition resulted in only a 
marginal increase in the viscosity at ambient tempera- 
ture. Heating of the homogenate containing the salts 
and HAc also gave significantly less increase in vis- 
cosity. The reduction in viscosity was proportional to 
the concentration of the salts used. At 8 mM NaC1, the 
viscosity was reduced to 77% of that of control (heated 
sample). A similar effect was observed when KC1 (20 
mM) was used. CaC12 at 10 mM caused 33% reduction 
in viscosity as compared with the control (treated with 
HAc + heat). 

The acid protease activity of the dispersion at pH 
values of 3.8 and 6-0 were 13.6 and 15.3 units, respec- 

Table 1. Influence of  salts on HAc and HAc ___ heat-induced 
viscosity changes of  shark myofibriilar proteins a 

Salt Viscosity reduction (%) 

Concentration HAc alone HAc + heat 
(mM) (50°C) 

NaCI 4 2 13 
8 100 77 

KC1 20 100 94 
CaC12 10 0 23 

20 60 41 
Na acetate 10 0 20 

" The values are expressed as a percentage of control (no salt 
addition). 

tively, which decreased to 8.5 units when the pH was 
lowered to 4.5 by the addition of HAc. 

DISCUSSION 

The salient observations of this study include the 
following: (i) washed, collagen-free shark myofibrillar 
protein dispersions can undergo gelation at a concen- 
tration as low as 16 mg/ml in the presence of weak 
acids such as acetic or lactic acid; (ii) the HAc-induced 
gelation was a slow process at ambient temperature, 
the rate of which can be enhanced by mild heat treat- 
ment of the acidified protein while, at the protein con- 
centrations used, heat alone did not induce gelation; 
(iii) the low-pH gelation could be negatively influenced 
by the presence of salts; and (iv) gelation can be 
monitored continuously in terms of viscosity using a 
Brabender viscometer. 

The gel formation of fish proteins has been the 
subject of several studies because of the possibilities in 
the development various texturised products (Niwa, 
1992; Stone & Stanley, 1992). Gelation of muscle 
proteins has been suggested to take place in two steps: 
an initial unfolding (denaturation) followed by aggrega- 
tion of the proteins into a three-dimensional network. 
In the case of myosin, tail portions of the molecules 
are involved in the aggregation, essentially through 
hydrophobic interactions (Niwa, 1992). In the present 
study, the weak organic acids could favour unfolding 
of the proteins facilitating the gelation process. 
Fretheim et al. (1985) reported that gel formation of 
myosin was enhanced by slow lowering of pH and that 
heating was not essential for the process. The authors 
observed a maximum gel strength at pH 4.5 and 
suggested the involvement of conformational changes 
of the protein during gelation. In the case of shark 
myofibrillar proteins, a certain minimum concentration 
of protein was required for low-pH gel formation. At 
lower concentration (e.g. 8 mg/ml), small aggregates 
were formed giving a turbid solution, as observed by 
Fretheim et al. (1985). Fish myofibrillar proteins have 
been reported to form gel at a minimum protein 
concentration of 0-7% when extracted at a pH of 5.6 
(Grabowska & Sikorski, 1976). Similarly, natural acto- 
myosin gels, made from hake, had a maximum rigidity 
at a pH of 6.0 (Beas et al., 1988). The inability of 
strong acids to cause gelation of proteins could be 
due to their drastic lowering of pH which resulted in 
random denaturation and precipitation of the proteins. 

The acetic or lactic acid-induced gelation, which was 
a slow process at ambient temperatures, was enhanced 
by heating the dispersion to 50°C. Yano (1990), who 
explained the relationship between heating condition 
and gel strength, assumed four different states in the 
gelation of fish proteins. Thus, the native state of the 
protein could be changed into a gelation-possible state 
which further changed into a gelation-impossible or 
gelled state depending upon the environment. It is 
likely that the presence of acetic or lactic acid favoured 
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a gelation-possible state which is converted into a gel 
by mild heat. Low-pH-induced conformational change 
in myosin has been suggested (Fretheim et al., 1985). 
Xiong and Brekke (1991) studied the temperature 
requirements for protein unfolding, protein-protein 
interactions and subsequent gel formation. They 
observed that these processes occurred between 32 and 
48°C with the rigidity development associated with 
gelation of myosin generally beginning between 40 and 
50°C and being maintained up to 70°C. The exact tran- 
sition within the temperature range depended upon the 
compositional variations in myofibrillar proteins. Our 
studies also indicate comparable temperature ranges for 
low pH gel formation of shark myofibrillar proteins. 
Kaminishi et al. (1990) showed that gel formation 
reactions of smooth muscle paste of dog fish can be 
divided into two temperature ranges. While aggrega- 
tion reactions proceeded below 50°C, gelation took 
place above 50°C. The turbidity associated with gela- 
tion increased over the range of 40-50°C, but decreased 
with further temperature rise. 

The viscosity of the gel decreased rapidly above 
50°C and was associated with the separation of water. 
This was true both in the case of gels heated in the 
Brabender viscograph as well as in the water bath, 
suggesting that the phase separation was not due to the 
mixing effect of the viscometer. This is comparable to 
surimi pastes which undergo thermal shrinkage at 
higher temperatures associated with liberation of water 
together with development of heterogeneity in the 
dispersion (Niwa, 1992). Hermansson (1986) observed 
a moisture loss of 5% in blood plasma and 12% whey 
protein gels when heated above 75°C, giving about 50% 
water separation at 95°C. The phenomenon was at- 
tributed to random aggregation of proteins at elevated 
temperatures. 

The presence of NaCI has been reported to enhance 
the gel strength of several fish proteins. Adequate 
gel strength required about 1.7-3-5% of the salt 
(Grabowska & Sikorski, 1976; Roussel & Chef tel, 
1990). In contrast, salts did not favour low-pH gelation 
of the shark proteins. Similarly, increasing moisture 
losses of blood plasma, whey protein and soya protein 
gels were observed with increasing salt concentration 
(Hermansson, 1986). Hennigar et al. (1988) showed 
that gels from a number of fish species could be made 
in the absence of salt if the muscle was washed prior 
to gelation. In the case of shark, the washing step also 
removed soluble components which included urea, 
responsible for the characteristic odour of the fish and 
also significant quantities of acid proteases usually 
present in the intact muscle (Sherekar et al., 1986), 
which would have affected the textural quality of the 
gel. 

Gelation is usually studied in terms of rigidity, elas- 
ticity, storage and loss moduli (Ziegler & Foegeding, 
1991). The present results suggest scope for continuous 
monitoring of gelation through viscosity changes in 
the Brabender viscograph. It would be of interest to 
examine the influence of food additives such as 

polysaccharides as well as other proteins on the 
gelation profiles of shark myofibrillar proteins, with a 
view to developing texturised products. We have made 
use of the present observations to develop a spray dried 
functional protein powder from shark. This will be 
described elsewhere. 
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