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There is a large demand for fish and fish products in the world. Unfortunately, this 

high demand for fish has stressed several popular fish species. Therefore, it is important 

to explore the utilization of alternative, less desirable species or byproducts of desirable 

species. Isolating proteins from undesirable sources of fish is a conscientious effort in 

using the aquatic resources wisely and adds economic value to raw materials of little to 

no value. 

Enzymatic hydrolysis of fish byproducts is an excellent means to reduce the waste 

refining costs and to create profitable products from low value byproducts.  However, 

this method is difficult to use on many raw materials, partly because of microbiological

problems, and partly because of color and oxidation problems (since lipids and pro-oxidants

are not effectively removed).  A highly successful process was developed recently in which 

proteins can be extracted from fish byproducts using either high pH (alkali-aided 

isolation process) or low pH (acid-aided isolation process).  In the process, the proteins are 
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separated from undesirable components of byproducts (e.g., bones, scales, connective 

tissue, and lipids).  Applying enzymatic hydrolysis to the isolated pure proteins is one 

promising technology that can result in a wide variety of value-added products from 

byproducts. These hydrolyzed proteins are known as fish protein hydrolysates (FPH). 

The objective of this study was to investigate the production of functional protein 

ingredients and hydrolysates from acid and alkali processing of catfish muscle.  

For both processes, protein recovery was greater than 70%, and lipid reduction

was greater than 85%.  For the alkali process, lipid reduction was significantly higher

(p < 0.05).  Color analysis showed higher whiteness and lower yellowness in proteins 

from the alkali process as compared to the acid process.  The alkali-aided process also

led to significantly less development of thiobarbituric acid reactive substances as 

compared to the acid-aided process during refrigerated storage (4°C) over 12 days. 

Ability to form gels was also greater in proteins from the alkali process as compared

to the acid process. 

The properties and quality of the isolated proteins from the alkali-aided process led 

to the choice of this process to recover proteins for the production of FPH.  Protein and 

peptide SDS-PAGE analysis showed a significant breakdown of the proteins into smaller 

peptides. Protein hydrolysates and supernatants at different degrees of hydrolysis (5, 15, 

and 30%) showed antioxidant activity by measuring DPPH radical scavenging activity, 

metal ion chelating activity, peroxidation products, reducing power, and Trolox 

equivalents. Also, hydrolysates and supernatants effectively inactivated the Angiotensin I 

Converting Enzyme which plays an important role in hypertension 
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CHAPTER 1 
INTRODUCTION 

There is a large demand for fish and fish products in the world.  Unfortunately, 

this high demand for fish has stressed several popular fish species.  Therefore, it is 

important to explore the protein extraction of alternative, less desirable species or 

byproducts of desirable species.  Pioneering the use of unpopular fish species and 

byproducts may reduce governmental intervention into the fishing industry. Isolating 

proteins from undesirable sources of fish is a conscientious effort in using the aquatic 

resources wisely and adds economic value to previously useless species (Hultin & 

Kelleher, 2000a).  

It is estimated that about 15% of the global catch is marked useless and is 

discarded.  Furthermore, only a portion of the harvested aquatic animal is normally 

utilized.  It is common to see upwards of 70% of the weight of fish being discarded or 

used for animal feed after processing.  This leads to enormous waste that could be 

utilized for human consumption, provided proper economic methods exist.  In the past 

few years, pressure by environmental groups prompted governmental bodies to raise fish 

waste disposal costs, thus causing fishing industries to refine their waste (Kristinsson & 

Rasco, 2001).  Refining fish offal is costly and some fisheries have closed due to a lack 

of funds (Ferreira & Hultin, 1994).  Recently there has been a surge of interest to utilize 

underutilized and unutilized sources of fish.  Many processes have been proposed but 

most have been unsuccessful, partly due to economics and poor functionality of the final 

products.  A very successful process was developed recently where proteins can be 

1 



2 

extracted from fish and fish byproducts using either high pH (alkali-aided isolation 

process) or low pH (acid-aided isolation process) (Hultin et al., 2004). In the process the 

proteins are separated from the lipids increasing the stability of the product.  The final 

product has been found to have excellent functionality as a gelling agents and water-

binder.  There is interest in extending the applications of the isolated proteins.   

There are several worldwide industrial applications for protein isolates and surimi-

based products.  Currently, Japan consumes about 70 % of the surimi produced 

worldwide. In Japan, the popular surimi based products include: satsuma-age, chikuwa, 

kamaboko, flavored kamaboko, hanpen/naruto, and crab sticks. Imitation crab chunks, 

flakes, and sticks are the most popular form of surimi consumed in the United States. 

Korea favors a fried version of surimi, called ah-mook.  France (20,000 metric tons), Italy 

(6,000 metric tons), and Spain (17,000 metric tons) led the consumption of finished 

surimi products in 1996 in the European Union.  China, Russia, and South America have 

also recently discovered surimi-based crab sticks (Park, 2000). 

Proteolytic enzymes added to fish muscle break down the muscle proteins into 

peptides of varying molecular weight.  These products are generally called fish protein 

hydrolysates (FPH). The hydrolysates vary based on particular enzymes used and 

hydrolyzing conditions, such as pH, temperature, and time. The same protein breakdown 

can be accomplished by chemical means (e.g. very high/low pH and temperature) but the 

enzyme treatments are gentler and produce fewer toxic substances. Furthermore, enzymes 

have a range of activity and can be chosen based on which type of hydrolysate is desired. 

Research has shown that some FPH have excellent food functionality, such as 

emulsification, foaming, water-binding, and lipid-binding (Kristinsson & Rasco, 2001).  
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Recent data also suggest that FPH may have biological activity.  FPH may act as 

scavengers of iron, heme, and potent pro-oxidants, and may have reactive groups limiting 

lipid oxidation, which would give them antioxidative properties (both in foods and living 

systems).  Another recent finding is their potential for inhibiting angiotensin I converting 

enzyme, an enzyme related to hypertension (Kristinsson and Rasco, 2001). Intact fish 

proteins do not appear to have the same function that would make hydrolysate production 

an attractive process. 

 

 



CHAP TER 2 
LITERATURE REVIEW 

Catfish Industry Overview 

In the late 1950s, the catfish industry originated in the southeastern United States.  

Between 1960 and 1991, the industry’s size grew from 400 acres to 161,000 acres and 

410 million pounds processed (Swan, 1992).  By 1998, the channel catfish production 

was worth over $450 million dollars, contributing to over 46% of the national aquaculture 

profit in the United States. Mississippi, Louisiana, Alabama, and Arkansas dominate the 

industry by holding over 95% of all farm-raised catfish acreage with Mississippi 

generating 75% of total catfish production (Hargreaves, 2002; Swann, 1992 United States 

Department of Agriculture/National Agriculture Statistics Services, 2000;). 

There are several grounds to support the fact that channel catfish is an ideal finfish 

species for pond aquaculture.  Breeding many fish species in captivity is often a difficult 

feat due to the need for complex life cycle manipulations in order to induce ovulation and 

spawning.  The catfish species does not require such reproductive manipulations.  The 

specifications needed for catfish reproduction is simply stocking a nesting cavity 

simulator-laden pond with male and female catfish. The fertilized eggs are removed and 

agitated and the hatchlings are transferred to a hatchery for a short period before being 

introduced to a fingerling pond.  

Caring for catfish is quite simple as well.  Since catfish are omnivores, they easily 

accept prepared diets and adjust well to variations in formulation. The ponds are stocked 

with food only once a day.  Managing the water quality and temperature is also required, 
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but is not demanding because catfish have broad water quality tolerance levels. Native to 

the southeastern United States, catfish are not a threat to indigenous species of the 

ecosystem. 

Consumer acceptability is also high regarding catfish.  Although catfish is 

traditionally consumed in the southeastern United States, other areas of the country are 

embracing the fish’s mild flavor and firm texture (Hargreaves, 2002; Teichert-

Coddington et al., 1997). A significant demand for seafood and seafood products has 

increased in the United States and beyond.  Between 1980 and 1990, the per capita 

consumption of seafood increased by 19 percent.  The aquaculture industry is expected to 

grow rapidly due to an increase in consumer health awareness and the limited availability 

of wild seafood because of over-fishing, pollution, and habitat loss (Swan, 1992). 

 Considering all the above information, it is evident that the aquaculture fish 

industry, particularly farm-raised catfish, is a substantial and thriving component of the 

seafood trade.  Therefore, exploring new and ingenious methods to utilize as much of the 

fish as possible is a lucrative and environmentally responsible avenue. 

Raw Material – Inherent Complications 

Fresh fish from the sea has distinct quality characteristics. Shimmering skin reflects 

light, the belly is firm, and there are no bloodspots on the gills.  The eyes are clear and 

are normally shaped.  Red gills have a fresh, seaweed or metallic aroma unfortunately, 

maintaining these fresh quality characteristics for extended time periods is not possible 

for many reasons.  Chemical reactions such as lipid oxidation, protein degradation, and 

various enzyme reactions cause the familiar undesirable quality changes in fish. 

Initially, post-harvest fish muscle is soft but eventually stiffens through rigor- 

mortis then regains softness.  As time passes, post-harvest fish myofibrillar proteins 
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denature, decreasing their solubility and extractability.  Several factors affect the degree 

of post-harvest myofibrillar protein denaturation extent, such as: a drop in pH after death, 

high temperature exposure, and fish stress during the slaughter process.  Also, as 

myofibrillar proteins aggregate or dissociate, the viscosity decreases due to the decrease 

in particle axis ratio (Suzuki, 1981). 

Proteolysis is a major quality problem in post-mortem fish. Protein degrading 

enzymes convert firm fish to supple, limp fish. In most fish species, these enzymes are 

located in the kidney or stomach. Rapid gutting prevents these proteolytic enzymes from 

leaching into the muscle. Even though most of these damaging enzymes are water 

soluble, it is suggested that they attach to the myofibril matrix and are not completely 

removed (Lanier, 2000). 

Since fish oil is mainly composed of polyunsaturated fats, it has high iodine values 

and a low melting point as compared to lard. Also, fish oil is highly susceptible to 

oxidation, which causes rancid odors and undesirable brown color changes.  This 

tendency towards rapid oxidation results in major quality problems during processing and 

storage (Suzuki, 1981). The process of mincing fish muscle, which is a prerequisite in the 

surimi process, incorporates air, thus exposing the lipids to large quantities of oxygen 

making it more susceptible to lipid oxidation (Lanier, 2000). 
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Protein Extraction Techniques 

Surimi  

 The Japanese term “surimi” once referred to the ground fish paste formed during 

the manufacturing of the surimi-based product “kamaboko.” Surimi now describes 

mechanically de-boned then washed fish muscle.  It is important not to confuse fish 

mince with surimi.  Fish mince is the starting material of surimi, not surimi itself.  In 

surimi processing, the fish mince is first washed with water to remove fat and water-

soluble compounds.  The remaining myofibrillar protein concentrate demonstrate 

enhanced functional properties, such as gel-forming ability, water holding capacity, and 

fat-binding (Okada, 1992). 

Surimi is often modified for long-term storage or further processed into other 

seafood products, such as imitation crab meat, by incorporating additional components 

such as flavoring agents, sugars, and salts.  The primary fish species used to make surimi 

in Japan and in the United States is Alaskan pollock.  However, other species such as 

menhaden (Brevooritia tyrannus), red hake (Urophycis chuss), Pacific whiting 

(Merluccius productus), and spiny dogfish (Squalus acanthias) are being used in the 

surimi industry (Gwenn, 1992). 

Surimi manufacture is a multi-step process, as shown in Figure 2-1.  Fish heads are 

removed, guts are cleaned, and bones are removed with large amounts of water to 

separate the waste material from the muscle tissue. The muscle is then minced by passing 

the material through a perforated screen and collecting the mince. During the mincing 

process, tough cartilage, skin, and bones do not pass through the mesh screen, thus 

further removing undesirable material from the muscle. By removing blood, skin, 
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membranes, and other materials, the muscle is more stable and yields a higher quality 

product (Park & Morrissey, 2000).  

 
Remove head, 
guts, and bones  

 
Mince muscle 

 

 Wash with cold water 

 
Remove water to reach 

~85% moisture  

 
Add cryoprotectants 

 

 
Freeze at -25°C 

 

Figure 2-1. General surimi processing scheme. 

The next phase in surimi processing is the washing step. The number of washing 

cycles and water volume depends on many factors, such as fish species, facility type and 

capacity, initial fish quality, and desired final surimi quality. Generally, the fish to water 

ratio is between 1:5 and 1:10.  The product after washing primarily consists of 

myofibrillar protein, with a significant decrease in amount of blood, proteins, fat (which 

are mostly removed during washing) as compared with the starting material. By 

removing or at least decreasing the amount of undesirable compounds in the fish, the 

surimi texture, color, flavor, and storage quality is increased.  After the muscle is 

sufficiently washed, the fish is dewatered two or three times by centrifugation, screening, 
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or pressing.  Adding a 0.1-0.3% NaCl/CaCl2 mixture to the fish also facilitates water 

removal (Park & Morrissey, 2000).  

Since surimi is generally frozen after dewatering, it is important to protect the 

functional properties of the product during storage.  By adding cryoprotectants to the raw 

material prior to freezing, protein denaturation and aggregation are reduced. The most 

common cryoprotectants used in the surimi industry are sorbitol and sucrose at ~9%, 

along with a 1:1 mixture of sodium tripolyphosphate, and tetrasodium pyrophosphate at 

~0.3%. These compounds are uniformly distributed throughout the surimi by using a 

silent cutter (Park & Morrissey, 2000).  

There are two primary methods of freezing surimi. The first method involves 

forming the surimi into 10 kg blocks and freezing these blocks to reach a core 

temperature of -25°C. The other popular freezing method is drum freezing which yields 

more convenient surimi chips or chunks (Park & Morrissey, 2000).  

Acid and Alkali-Aided Protein Isolation  

The acid and alkali-aided protein isolation method (Figure 2-2) is a relatively new 

approach used for protein extraction.  Both treatments rely on either alkali (pH 10.5-11.0) 

or acid (pH 2-3) protein solubilization, separation of undesirable constituents by 

centrifugation, and finally isoelectric (pH 5.5) precipitation of proteins.  The major 

protein in the remaining isolate is myosin and the lipid content is greatly reduced (Hultin 

et al. 2000; Hultin &Kelleher 2000). 

In this process, the fish muscle is first ground and homogenized in water to increase 

surface area, allowing for maximum protein solubility and decrease protein loss during 

centrifugation. Maintaining the homogenate temperature below 10°C throughout the 
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process is critical in preventing unwanted functional changes in the protein.  Diluting the 

muscle tenfold with water, during the homogenization and high or low pH adjustment 

phase, allows for a large protein to water contact ratio, enabling a large final protein 

extraction yield.   

Figure 2-2. Acid and alkali-aided protein isolation method. 

The centrifugation steps have two purposes. The first centrifugation step separates 

undesirable materials such as bone, connective tissue, and lipids from the soluble 

proteins.  The first centrifugation step is critical because it removes significant amounts 

of membrane lipids, which are the most susceptible to lipid oxidation. The membrane 

lipids are not removed in conventional surimi processing. The second centrifugation acts 

as a dewatering aid.  The acid and alkali processes also lead to significantly higher yields 

than the conventional surimi process. This higher yield is attributed to part of the water 

soluble sarcoplasmic proteins are recovered in the acid and alkali process but not in 

conventional surimi processing (Hultin et al., 2005). 

Comparing the Processes 

There are several differences between the products of conventional surimi 

processing and the acid and alkali-aided protein isolations, as well as in the processes 

themselves. A disadvantage to surimi processing is the long time periods required to 

wash the tissue, about 20 min to extract the soluble proteins and collect the insoluble 

myofibrillar proteins. Since the acid and alkali-aided isolation processes use 

homogenation and low or high pH, protein solubility is almost instantaneous, and 

therefore there is no need to wash the proteins (Hultin & Kelleher 2000a; Opiacha et al. 

1999). An advantage of the isolation processes is that undesirable compounds, like skin, 

bones, microorganisms, cholesterol, membrane lipids, and other contaminating materials 
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are removed during the first centrifugation step (Hultin & Kelleher 2000a).The acid and 

alkali-aided protein isolation method also does not require out of the ordinary equipment 

and a modern surimi processing line can be easily adapted to the process (Hultin & 

Kelleher 2000a).Conventional surimi processing promotes sarcoplasmic protein loss 

during the washing steps. Multiple washings lead to myofibrillar protein solubilization 

and consequent loss as well (Lin & Park 1996).  The loss of these proteins during 

conventional surimi processing is responsible for the decrease in yield.  The sarcoplasmic 

proteins are however recovered in the acid and alkali-aided processes thus substantially 

increasing yield. As a testament to this, using Pacific whiting fillets as the starting 

material, a conventional three-washing cycle surimi processing yielded only 40% 

recovery, compared with 60% recovery using the acid-aided processing (Choi & Park 

2002). The isoelectric precipitation step in the acid and alkali-aided process results in 

higher protein yields as compared to conventional surimi processing due to the protein 

having a zero net charge, thus aggregation and precipitation of the proteins occur. Surimi 

processing does not involve reducing the native pH, allowing a slightly negative charge 

on the protein molecules which give them more solubility and thus more proteins are 

leached out during washing. Removal of most lipid components (particularly the 

susceptible membrane lipids) in the acid and isolation procedures should lead to greater 

oxidation stability and decreased off-odor development as compared with conventional 

surimi where membrane lipids mostly remain (Hultin & Kelleher 2000a). 

There is also evidence that the acid and alkali-processes have a different effect on 

proteolysis compared to surimi. A study showed that the cathepsin B and L activity was 

higher in an acid-treated Pacific whiting as compared with a 3-cycle washed surimi, 
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leading to poorer gel forming ability for the isolate. The differences between the 

cathepsin activity levels are due to cathepsin B and H removal during repeat washing and 

pH 5.5 (which is the pH where proteins are recovered in the acid-aided process) being the 

optimum pH for cathepsin L activity (An et al. 1994; Choi & Park 2002).  However, 

cathepsin H was removed from the surimi and inactivated in the acid isolate. Therefore, 

this enzyme did not contribute to decreased gel-forming ability in either sample. 

Proteolytic problems during the acid-aided process have also been found with Spanish 

mackerel and mullet isolates but not for the alkali-aided process so far (Kristinsson & 

Demir 2003). Ingadottir (2004) also noted some proteolysis at low pH during the acid 

extraction of tilapia proteins but not at high pH. Proteolysis is a major problem for any 

muscle protein extraction process as it will lead to adverse effects on protein 

functionality, particularly gelation and water-binding. 

The main functional property of extracted fish proteins is the ability to form strong 

and elastic gels with high water-holding capacity. In a recent study it was found that 

Pacific whiting surimi from a 3-cycle washing method made stronger gels than gels from 

the acid-aided process, likely due to less proteolysis in the surimi process (Choi &Park, 

2002). However, Hultin and Kelleher (2000b) showed that acid-aided isolates made from 

Atlantic cod and mackerel produces very good gels. Nimomiya and others (1990) 

reported that alkali-treated mackerel made stronger gels than regular surimi and acid-

treated mackerel. Another study by Yongsawatdigul and Park (2001), demonstrated that 

rockfish protein isolates produced from the alkali-aided process had better gel forming 

ability as compared to the acid-aided and conventional surimi processes. Demir and 

Kristinsson (2003) tested several warm-water species and found the alkali-aided process 
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to give superior gels over conventional surimi and the acid-aided process. Davenport and 

Kristinsson (2004) did also report using rheology that protein isolates from the acid-aided 

process have significantly lower gel forming ability than isolates from the alkali-aided 

process, and hypothesize that this is due to some very different effects on protein 

structure at acid vs. alkali pH. With respect to quality, the acid and alkali-aided processes 

have some advantages over surimi processing. Whiteness was lower in acid-treated 

Pacific whiting isolates as compared with conventional surimi (Choi & Park 2002).  This 

lower whiteness of the acid isolates was attributed to higher b* values, indicating a more 

yellow appearance. Demir and Kristinsson (2003a) demonstrated that color was generally 

better for isolates made from several warm water species using the acid and alkali-aided 

processes as compared to surimi processing. It has also been found that the protein 

isolates have significantly less amount of aerobic microorganisms compared to surimi, 

and growth is reduced (Demir & Kristinsson, 2003b; Ruechel & Kristinsson, unpublished 

findings). 

Protein Solubility 

Solubility characteristics influence many functional properties of muscle foods, 

such as gelation, water-binding, emulsification, adhesive strength, and thermal properties 

(Asghar et al., 1985; Barbut & Findlay 1991; Gillette et al., 1977; Hultin et al., 1995; 

Kenny et al., 1992; Richards & Jones 1987; Samejima et al., 1985;).  Solubility is defined 

as the remaining protein fraction suspended in a well-characterized solution after pre-

determined centrifugal forces are applied over a set time period (Hultin et al.. 1995). 

Changes in solubility during storage has been used as a quality assessment tool for 

muscle foods (Stefansson & Hultin, 1994) 
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Muscle proteins can be divided into three solubility groups.  Sarcoplasmic proteins 

comprise the water soluble group. Myofibrillar proteins make up the salt-soluble group, 

requiring salt concentrations of greater than 0.3M, possible pH adjustments, along with 

magnesium and/or ATP.  The third group, or the insoluble protein fraction, is mainly 

comprised of connective tissue proteins (Hultin et al., 1995). 

Quality Measurements 

Lipid Oxidation 

Lipid oxidation in fish and seafood products results in the development of off-

flavors and odors, indicative of quality loss. Postmortem fish are highly susceptible to 

lipid oxidation, due to a high concentration of polyunsaturated fatty acids. Lipid 

oxidation is the result of glycerol-fatty acid esters hydrolysis, catalyzed by lipases, 

releasing fatty acids.  The extent of lipid oxidation is dependent on the quantity of pro-

oxidants such as iron, specific fatty acid composition, and enzyme activity (Foegeding et 

al., 1996). To determine the amount of lipid oxidation products that develop over time in 

the surimi, protein isolates, and minced catfish, the TBARS quantity was calculated. 

Demir and Kristinsson (2003c) studied the TBARS development of surimi and acid 

and alkali-treated catfish, mullet, Spanish mackerel, and croaker over six days. When 

comparing the TBARS development of each treatment for each fish species, the alkali-

treated isolates had lower TBARS values than the acid –treated isolates for the mullet and 

Spanish mackerel. Also, similar final TBARS values were reported for the surimi and 

alkali-treated isolates prepared from each fish species. 

Color 

The main contributing color compound in fish is myoglobin, a globular heme 

protein located in red muscle fibers.  Hemoglobin, a tetrameric heme protein found in the 
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blood, is the major heme protein in white muscle. Heme proteins can be removed during 

washing steps in fish processing, leading to an increase in whiteness. However, as fish 

deteriorate, the heme becomes less water soluble and tends to oxidize into metmyoglobin, 

giving a discolored product (Chaijan et al., 2005; Chen 2003). Decreasing the heme 

protein concentration in the surimi and isolates should cause them to appear whiter in 

color and increase shelf-life. In order for the protein isolates to be used in value-added 

products, they must be white in color, with most of the heme molecules removed. It has 

been shown that heme proteins are affected differently by the high and low pH values 

used in the acid and alkali process.  Kristinsson and Hultin (2004) reported that 

hemoglobin is readily denatured at low pH and only partially denatured when pH is 

adjusted to 5.5 (the pH where proteins are recovered in the process).  Because of this the 

heme proteins are in part co-precipitated with the muscle proteins at pH 5.5 and lead to a 

yellowish-brown color which develops as they oxidize on denaturation.  These heme 

proteins can also oxidize any lipids in the protein isolate and thus cause major quality 

problems.  The pH values of the alkali-aided process do however not lead to hemoglobin 

denaturation, and most of the heme proteins thus remain soluble at pH 5.5 and does not 

co precipitate with the muscle proteins.  The result is a whiter protein isolate and less 

lipid oxidation in the protein isolate.   

Protein Gelation  

The main functional property of surimi and protein isolates is their ability to form 

strong, stable and elastic gels on heating and cooling and have the ability to bind and 

stabilize water in the gel matrix.  The gel forming ability and gel quality has been 

extensively studied for surimi but less for the protein isolated.  The process of gelation is 

rather complex and involves several different stages and mechanisms. 
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Setting 

Prior to producing a heat induced fish protein gel, the protein paste can be 

conditioned to “set”.  The normal process is to hold the protein paste at a certain 

temperature (species dependent) to allow for enhanced protein-protein interaction, then 

followed by heat induced gelation.  This normally creates a stronger and more elastic gel 

compared to non-set gels.  Connell (1960) was the first to study the setting process 

mechanisms by observing cod myosin gelation at various pH and ionic strength values 

and 0°C. The results of this study showed that inactivation of ATPase caused protein 

denaturation coupled with side-to-side protein aggregation.  Many research teams looked 

into this setting phenomenon more in depth and discovered that the unraveling of the α-

helix myosin heavy chains caused non-covalent protein-protein interactions, leading to 

aggregation (Gill & Conway 1989; Liu et al., 1982; Niwa, 1975; Sano et al., 1990).  

Covalent dipeptide linkages also play a stabilization role in low temperature setting 

(Lanier, 2000). Dissociation and solubilization of the myosin filaments (influenced by 

pH, temperature, ionic strength, and Ca2+ concentrations) were responsible for driving the 

myosin confirmation change (Autio et al., 1989; Liu et al., 1982; Nishimoto et al., 1987; 

Saeki et al., 1988;).  Ultimately, the paste setting phenomena is attributed to hydrophobic 

interactions of unraveled adjacent myosin tails, forming the initial gel matrix, as 

confirmed by the Raman spectroscopy of set surimi gels (Bouraoui et al., 1997; Stone & 

Stanley, 1992). 

General Mechanisms  

Muscle protein gelation is a complex process involving protein unraveling and 

reassembling into three-dimensional arrangements. The process of thermal gelation cause 
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alterations in myosin and salt-soluble myofibrillar proteins that result in changes in their 

rheological properties and is highly dependent on pH, temperature, and ionic strength 

(Egelandsdal et al., 1986; Wang et al., 1990; Xiong 1993; Xiong & Blanchard 1993). The 

muscle components primarily responsible for heat-induced gelation are actin and myosin. 

These myofibrillar proteins are readily soluble in 1-3% NaCl solutions and also when the 

ionic strength approaches zero (Hennigar et al., 1988; Kristinsson & Hultin, 2003b; 

Lanier, 2000; Lin & Park 1996; Steffansson & Hultin 1994). Muscle pH also influences 

myofibrillar protein solubility. As the pH is adjusted above or below the isoelectric point 

of the proteins, the solubility increases (Choi & Park, 2000; Ingadottir 2004; Kim et al., 

2003). This increase in solubility is due to an increase in net positive or negative charge 

on the protein (Park & Morrissey, 2000) 

 In surimi processing, salt is added to protein pastes (starting gel material) before 

cooking to increases protein solubility by assisting in protein dispersion. When salt is 

added to protein (with physical agitation), ionic linkages are broken due to the attraction 

of the Na+ ions to the carboxyl (COO-) groups of glutamic and aspartic acids while the 

Cl- ions are attracted to the amino (NH2+) groups of lysine and arginine. Also, salt 

addition is necessary for creating elasticity in the heated gel (Niwa, 1992). During 

heating, the proteins begin to unfold, exposing reactive surfaces to other protein 

molecules. These unfolded proteins are linked together by hydrophobic interactions, 

forming a protein network. When the proteins are exposed to temperatures above 40°C, 

the primary covalent bonds between proteins responsible for gel formation are disulfide (-

S-S-) bonds (Lanier, 2000). A gel matrix is not composed of protein alone. Rather, it is a 

complex arrangement of water molecules coupled with heat-denatured exposed amino 
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acid residues held together by hydrogen bonds. As the gel cools the hydrogen bonds 

increase in number, thus creating a stiffer gel (Howe et al., 1994). 

Initial muscle pH also is an important factor in protein gelation. After harvest, the 

pH in postmortem fish muscle drops due to the conversion of glycogen to lactic acid. 

This drop in pH accelerates protein denaturation, leading to undesirable changes in 

gelation properties.  Light-flesh fish species postmortem pH generally does not drop 

below pH 6.2, while darker-flesh fish may decrease below pH 6.0 (Lanier, 2000). 

Hashimoto and Arai (1978) showed that Pacific mackerel myofibrils denatured twice as 

fast at pH 5.8 compared to pH 6.5. Favorable gelation depends on “adjusting the degree 

of charge repulsion to achieve good protein dispersion and structure formation” 

(Foegeding et al., 1996). Gel heating rate and final temperature affect the gel forming 

mechanisms of muscle proteins and the physical properties of the gels such as gel rigidity 

and breaking strength (Foegeding et al., 1986; Xiong & Brekke, 1991). Favorable 

gelation depends on “adjusting the degree of charge repulsion to achieve good protein 

dispersion and structure formation” (Foegeding et al., 1996). 

Texture is an important functional characteristic in surimi and surimi-like products.  

At low temperatures, fish myofibrillar proteins form highly cohesive gels.  When 

temperatures are raised, these proteins form even stronger gels.  Since surimi can be used 

as a gluing agent or in forming imitation seafood products, gelation properties have a 

great impact on consumer acceptability. The three classes of rheological tests available 

for texture analysis of foods by instrumentation include fundamental, empirical, and 

imitative.  Rheology is defined as the study of material deformation and flow. 
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Fundamental tests are objective and the results are measured in terms of weight, 

time, and distance.  Unfortunately, measuring foods in rheological terms is complicated 

and fundamental tests can become tedious and yield complicated results.  Empirical tests 

are quicker and more practical than fundamental test.  A few examples of empirical 

testing include puncture, shear, and extrusion. Another type of rheological test is 

imitative.  Imitative tests mimic the mouth, focusing on material changes due to applied 

forces or mechanical properties (Kim & Park, 2000).   

The rheology methods most often using in testing gelation properties in fish are 

performed using dynamic tests measuring creep and stress relaxation, categorized under 

the umbrella of fundamental testing. Dynamic testing allows for calculating elastic 

modulus and mechanical damping (associated with gel toughness) over time at various 

frequencies. Oscillatory sheer, represented at G’ (storage or elastic modulus), is 

calculated as a function of temperature at a constant frequency of less than 1 Hz and 

strain amplitude between 0.003 and 0.1 (Kim & Park, 2000), as observed in Chapter 3. 

Common heating and cooling rates are 1°C/min and 0.5°C/min (Kim & Park, 2000). 

Enzymatic Hydrolysis  

Hydrolyzing muscle is a relatively simple process if appropriate controls are in 

place.  Specific enzymes are added to a homogenized, diluted muscle system.  The slurry 

is mixed at a constant speed and the pH and temperature are adjusted to maintain desired 

values, normally close to the optimal working conditions of the enzymes. When the 

mixture has reached the predetermined hydrolysis endpoint, normally determined by 

calculating the percent degree of hydrolysis (%DH), the enzymes are inactivated by high 

temperature treatment or sometimes by a combination of pH and heat treatments.  The 
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hydrolysates are then normally collected by centrifugation or filtration, dehydrated, and 

then can be frozen for storage (Kristinsson & Rasco, 2001). A major limitation in making 

hydrolysates is the properties of the starting raw material. Usually the raw materials are 

seafood byproducts which contain a complex mix of components, thus yielding an 

impure hydrolysate. The presence of pro-oxidants such as hemoglobin or myoglobin 

along with lipids in the final hydrolysate can lead to major color and oxidation problems, 

thus producing an inedible product. The advent of the acid and alkali-aided processes 

previously discussed, which extracts pure proteins from byproducts, is a breakthrough for 

hydrolysate production. With the processes, a pure protein substrate can be economically 

produced and used as the raw material for hydrolysis, thus yielding pure protein 

hydrolysates with increased stability and presumably better qualities. 

Enzyme Source 

The enzyme source is of major importance for any protein hydrolysis process. 

Several studies have reported the use of enzymes naturally occurring in the substrates 

(e.g. pepsin from the gut or trypsin from fish pyloric ceacea) with decent results. The 

problem however is that the activity and level of these enzymes can vary greatly thus 

giving you inconsistent end products. For this reason, commercial enzymes are the choice 

for a well controlled hydrolysis. A number of commercial enzymes are available to 

hydrolyze proteins, as detailed in a review by Kristinsson (2005). One of the most recent 

and increasingly popular enzyme used for fish proteins is Protamex®, a Bacillus protease 

complex produced by Novozymes (Bagsvaerd, Denmark). Protamex® is an endoprotease 

that produces non-bitter protein hydrolysates at low degrees of hydrolysis. This is 

important, as bitterness development is a major problem for some enzymes during 
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hydrolysis of fish proteins (Hoyle & Merritt, 1994; Lalasidis et al., 1978; Yu & Fazidah, 

1994). This water-soluble microgranulate enzyme is light brown in color and is free-

flowing as well as non-dusting. According to the manufacturer’s sheet, Protamex® has a 

declared activity of 1.5 Anson Units per gram (AU/g). The optimum usage conditions for 

Protamex® are pH 5.5-7.5 and 35-60°C. This enzyme is inactive at temperatures greater 

than 90°C.  

FPH Antioxidant Properties 

Most studies on FPH have centered on their use as functional food ingredients or 

use as nutritional supplements for growing animals (Kristinsson & Rasco, 2000).Using 

FPH as antioxidative agents is a relatively new application, and has received limited 

attention.  Since many seafood species have a high lipid oxidation potential, FPH could 

be used to decrease oxidation.  Several factors influence FPH abilities to act as 

antioxidants, such as amino acid composition and molecular size (Kristinsson & Rasco 

2001).  Another postulation by Chen and Decker (1994) states that peptides with key 

amino acids accept free radical electrons formed during the oxidation process. 

Peptide Concentration 

Research performed on porcine hydrolysates provides evidence that muscle 

hydrolysates have antioxidative effects in model systems.  According to Saiga et al. 

(2003b), prorcine hydrolysates exhibited antioxidant activity in a linolenic acid 

peroxidation system.  As hydrolysate concentration increased, the higher the 

antioxidative effect was.  When using α-tocopherol as a positive control radical 

scavenger compared to the porcine hydrolysates, the porcine hydrolysates were active 

over a longer time period.  Also, these hydrolysates showed metal chelating abilities. Wu 
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et al. (2003) also demonstrated that as mackerel hydrolysate peptide level increased, their 

ability to inhibit lipid peroxidation of linoleic acid increased (r2=0.98). 

Peptide Size 

The molecular characteristics of peptides have been shown to have an influence on 

their antioxidative properties. Work by Amarowicz and Shahidi (1996) showed that the 

β-carotene bleaching ability of capelin FPH increased as peptide size increased. The 

capelin FPH was separated into four peptide fractions using gel filtration column 

chromatography.  Peptide fractions I, II, and IV showed antioxidative activity by 

delaying the bleaching of β-carotene.  However, fraction I proved to posses the highest 

effectiveness.  A study by Wu et al. (2003) determined that mackerel FPH peptides at 

higher molecular weights (1.4 KDa vs. 900 KDa and 200 KDa) were more effective 

inhibitors of linoleic acid autoxidation, as well as better DPPH radical scavengers, and 

had higher reducing power than lower molecular weight peptides. However, a study by 

Rajapakse et al. (2005) showed that FPH prepared from mussels showed higher 

superoxide radical scanvenging for lower molecular weight (>962 KDa) peptides as 

compared to larger peptides. These low molecular weight mussel FPH peptides 

performed as effective DPPH radical scavengers, metal ion chelators, and lipid 

peroxidation inhibitors. 

Since the studies by Amarowicz and Shahidi (1996) and Wu et al. resulted in 

opposing conclusions as compared to Rajapakse et al. (2005), assigning a standard 

peptide size as being the rule for optimum antioxidant activity for all assays may not 

determine true antioxidant potential. Therefore, it is important to investigate the 
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antioxidant potential of peptides with varying lengths and concentrations using a 

multitude of antioxidant activity assays based on different antioxidant mechanisms. 

Peptide Composition and Structure Effects on Antioxidant Activity Mechanisms 

Amino acids, such as HIS, TYR, MET, and CYS, have proven antioxidant activity 

(Marcus, 1960; Marcus, 1962; Karel et al., 1966). For instance, histidine shows strong 

radical scavenging activity because of the decomposition of its imidazole ring (Yong & 

Karel, 1978).  In addition to amino acids, muscle protein peptides such as carnosine (β-

alanyl-L-histidine) have shown antioxidant activity and its mechanisms are possibly due 

to a combination of  radical scavenging activity (Decker et al., 1992; Kohen et al., 1988) 

and the quenching of the singlet oxygen species (Dahl et al., 1988) by HIS. Also, 

hydrophobic amino acids like LEU, VAL, and ALA have been reported to correlate with 

radical scavenging activity (Marcus, 1962; Rajapakse et al., 2005). Chen and others 

(1998) reported that peptides containing histidine at their C-termini possibly act as 

efficient radical scavengers towards various radicals. Hydrophobic amino acids, such as 

PHE and GLY, are highly soluble in lipids. Soluble amino acids are able to gain closer 

access to the radicals as compared to their neutral or hydrophilic counterparts (Rajapakse 

et al., 2005). 

Proper positioning of GLU, LEU, and HIS on the peptide backbone has shown to 

improve radical scavenging in antioxidant peptide sequences (Chen et al., 1996; Suetsuna 

et al., 2000). Also, histidine is implied to have strong lipid radical trapping abilities as 

well as hydrogen donating due to its imidazole ring (Chen et al., 1998). Evidently, 

aromatic amino acids are considered effective radical scavengers because they readily 
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donate protons to electron-needy radicals while keeping their stability through resonance 

structures (Rajapakse et al., 2005).  

According to Rajapakse et al. (2005) “Lipid peroxidation presumably occurs 

though peroxide arbitrated extraction of hydrogen atoms from methylene carbons in 

polyunsaturated fatty acids.” Generally speaking, peroxidation inhibition by a peptide 

occurs when the peptide interferes with the propagation cycle of lipid peroxidation, 

slowing radical formation. Several proteins exhibit antioxidant activity against the 

peroxidation of lipids and fatty acids. For example, Kawashima and others (1979) 

observed that some of their synthesized peptides with branched-chain amino acids (VAL, 

LEU, and ILE) possessed antioxidative activity. Chen and Decker (1994) postulated that 

free radicals formed during lipid oxidation of unsaturated fatty acids were accepted by 

electron-taking peptides containing basic amino acids. 

FPH Physiological Advantage 

Hypertension is considered a serious medical condition due to its close association 

with cardiovascular disease.  Food components are suggested to affect hypertension. One 

possibility in controlling hypertension is to incorporate antihypertensive peptides into 

hypertension treatments (Kim et al.., 2001). A compound known as angiotensin 

converting enzyme (ACE) plays a major part in the renin-angiotensin system.   

Renin-angiotensin-aldosterone system 

 Renin is synthesized, stored, and released in the smooth muscle cells of the 

afferent arterioles. There are three important factors that stimulate the release of renin. 

The afferent arterioles act as high-pressure baroreceptors, releasing renin when the 

perfusion pressure in the kidneys decreases. Also, activation of the sympathetic nerve 

fibers that innervate the afferent arterioles causes renin release. Another mechanism that 
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causes renin secretion occurs when NaCl delivery to the macula densa is decreased (as 

when vascular volume is reduced), which acts through angiotensin II (a potent 

vasoconstrictor) to increase blood pressure (Koeppen & Stanton, 2000).  

Isolated renin does not play a role in physiological function; it merely acts as a 

proteolytic enzyme. The substrate that renin acts upon is angiotensinogen, produced by 

the liver and circulates throughout the body. The product of renin-cleaved 

angiotensinogen is the amino acid peptide angiotensin I. Like angiotensinogen, 

angiotensin I has no known physiological function. However, when angiotensin I is 

further cleaved by the angiotensin converting enzyme (ACE) (present on the surface of 

vascular endothelial cells), an important product involved in many important 

physiological functions if formed. This product is angiotensin II, which is responsible for 

the following: stimulation of aldosterone secretion; arteriolar vasoconstriction, which 

increases blood pressure; stimulation of antidiuretic hormone and thirst; and improved 

NaCl absorption by the proximal tube.  The conversion of angiotensin I to angiotensin II 

primarily occurs in the pulmonary and renal endothelial cells (Koeppen & Stanton, 2000).  

The secretion of aldosterone, a steroid hormone produced by the glomerulosa of the 

adrenal cortex, is in part stimulated by angiotensin II. Aldosterone is involved in 

regulating extracellular fluid (ECF) volume, by reducing NaCl excretion. NaCl excretion 

is reduced by stimulating the Na+ resorption. Therefore, angiotensin II is one of the most 

potent hormones responsible for water and NaCl uptake (Koeppen & Stanton, 2000).  

Angiotensin converting enzyme (ACE) inhibition in medicine 

 Patients presenting conditions such as renal artery constriction by atherosclerotic 

plaque, expanded extracellular fluid volume, or elevated blood pressure are often treated 

with drugs that inhibit angiotensin converting enzyme. Examples of drugs that inhibit 
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angiotensin converting enzyme include captopril, enalapril, quinapril, and zofenopril 

(Kim et al., 2001; Ondetti, 1977; Patchett et al., 1980). These drugs block the conversion 

of angiotensin I to angiotensin II, which in turn lowers plasma angiotensin II levels. The 

decrease in angiotensin II levels in the body has a fourfold consequence: reduction in 

water and NaCl retention; lower aldosterone secretion; diminished arterial blood 

pressure; and a decrease in extracellular fluid volume. Also, bradykinin (a potent 

vasodilator) is degraded by ACE. Therefore, a decrease in ACE contributes to an increase 

in bradykinin, lowering blood pressure (Koeppen & Stanton, 2000).  

ACE Inactivation by Hydrolysates 

As shown by Kim et al. (2001), low molecular weight (<1000 Da) bovine gelatin 

hydrolysates that were hydrolyzed by the enzymes Alcalase and Pronase E expressed 

high ACE inhibitory activity. Saiga et al. (2003a) also showed that chicken hydrolysates 

at low molecular weight (<1000 Da) showed higher ACE inhibitory activity as compared 

to the lower molecular weight hydrolysates. According to Jung et al. (2004), yellowfin 

sole frame hydrolysates at molecular weights below 5 KDa showed the greatest ACE 

inhibitory activity. 

Wu and Ding (2001) observed that soy ACE inhibitory protein acted more 

aggressively against ACE as the dose increased.  As compared to the drug Captopril, the 

soy ACE inhibitory peptides did not reduce systolic blood pressure as dramatically as 

Captopril (Wu and Ding 2001).  

In the aquatic life category, Fahmi et al. (2004) have demonstrated the efficacy of 

collagen peptides in sea bream scales to inhibit ACE activity.  According to their study, a 

300mg dose of these purified peptides administered to spontaneously hypertensive rats 

yielded a significant decrease in blood pressure.  Also, in vitro data concerning ACE 
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inhibitory showed a two-fold increase in ACE IC50 value for the hydrolysate as compared 

to the commercial hypertension drug enalapril maleate. The ACE IC50 value represents 

the concentration of material needed to give a 50% reduction in ACE activity. A small 

the ACE IC50 correlates with high ACE inhibitory activity. Several species of FPH, such 

as sardine and tuna, have shown to inactivate ACE, which in turn reduces hypertension 

(Kim et al., 2000; Kristinsson & Rasco, 2001).  

According to Cheug et al. (1980), the C-terminal amino acid of peptides made the 

most important contribution to substrate binding at the ACE active site. The most 

favorable C-terminal amino acids were TPR, TYR, PHE, and PRO.  Jung et al. (2003) 

also suggest that hydrophobic amino acids at the C-terminal tripeptide sequence of 

yellowfin sole hydrolysates are potent ACE inhibitors.  

Objectives 

The overall objectives were to investigate how the acid and alkali-aided processes 

on catfish muscle compared to a conventional surimi process and analyze the bioactive 

properties of catfish protein hydrolyates. The specific objectives were the following: 

• Study the protein yield and lipid reduction of the acid and alkali process compared 
to a conventional surimi process 

• Investigate the color and oxidative quality of the protein products generated from 
the different processes 

• Study the physical and functional properties of the protein products generated from 
the different processes 

• Analyze the alkali isolates for antioxidant activity and ACE inhibition 

Significance 

The significance of this research is twofold. Providing evidence that nontraditional 

fish species can be used in the surimi-making process will reduce the strain on traditional 
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species as well as increase the use and economic value of fish species.  Exploring new 

protein recovery technology, such as the acid and alkali-aided protein isolation processes, 

will provide new processing aids for the fish industry that may be used in the first step in 

manufacturing value-added seafood products from a variety of fish species. 

 



CHAPTER 3 
MATERIALS AND METHODS 

Raw Material Acquisition and Handling 

Cleaned, de-boned, and skinned channel catfish fillets were obtained from a local 

retail establishment within one day of harvest.  When the fillets arrived to the laboratory, 

they were cut into approximately 1 inch cubes and directly minced using a Scoville 

grinder (Hamilton Beach, Washington, NC) with 6mm holes.  The fillets were constantly 

kept on ice or held in a cold room to maintain the temperature range of 0-4°C throughout 

all experiments and preparations, but were never frozen.   

Protein Solubility 

One part minced muscle was combined with nine parts cold, deionized water and 

homogenized for 1 min at speed 10 using a hand-held Tissue Tearor (Biospec Products 

Inc., Bartlettsville, OK).  A small portion of the fish homogenate was removed and used 

to determine the protein concentration by employing the Biuret method (Torten & 

Whitaker, 1964). The fish muscle homogenate was then split into two aliquots. The first 

aliquot was adjusted down to pH 1.5 by lowering the pH with 2N HCl.  Samples were 

taken at 0.5 pH unit intervals for solubility measurements.  The second fish homogenate 

aliquot was adjusted to pH 12 by increasing the pH with 2N NaOH. Samples were taken 

at 0.5 pH unit intervals for solubility measurements. The fish homogenates were placed 

in 50 mL centrifuge tubes and centrifuged for 20 min at 10,000 x g (4°C).  During the 

centrifugation, the fish muscle homogenate separated into three distinct layers. The 

middle layer was then collected for protein concentration determination using the Biuret 
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method (Torten & Whitaker, 1964).  The total protein content in this layer was also 

calculated. Percent soluble protein was calculated by multiplying the protein 

concentration (mg/mL) with the total volume of the middle layer (mL). Percent soluble 

protein was calculated by dividing the total protein content of the middle layer by the 

total protein content of the initial homogenized material before centrifugation. 

Protein Isolation 

Protein Isolate Preparation 

Protein isolates were prepared using both the acid and alkali-aided process (Figure 

2-2). The pH values used in the isolation process were determined based on the solubility 

results, that is, the pH values that gave the highest solubility. The minced catfish was 

combined with cold, deionized water (1:9 dilution).  The mixture was then homogenized 

in a Waring blender for 30 sec at 50% electrical output in a cold room (4°C).  The 

homogenate was either gradually lowered to pH 2.5 using 2N HCl (acid-aided process) or 

raised to pH 11 (alkali-aided process) using 2N NaOH by slow, constant stirring with a 

plastic spatula.  The homogenate was then transferred into centrifuge bottles and 

centrifuged for 20 min at 10,000 x g in a Sorval RC-5B centrifuge using a GS-3 rotor 

(Kendro Laboratory Products, Newton, CT) with the temperature set between 0-4°C.  

During centrifugation, the fish homogenate separated into three distinguishable layers: 

bottom sediment, a middle solubilized protein phase, and a top neutral lipid layer.  The 

centrifuge bottles were then passed through a double-layer of cheesecloth (supported by a 

straining device) covering the top quarter of a 5 L plastic beaker, covered with ice to 

maintain a low temperature.  The cheesecloth allowed only the soluble proteins to pass 

and collect into the plastic beaker.  The soluble protein layer was then adjusted to pH 5.5 
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by gradual addition of 2N HCl or 2N NaOH with slow but constant stirring.  The 

aggregated fish proteins were then transferred to clean centrifuge tubes and centrifuged 

under the same conditions and using the same equipment as previously stated.  This 

second (and final) centrifugation step yielded two layers, supernatant of mostly water and 

the protein isolate (PI) bottom layer.  Several batches of raw material were subjected to 

this process to determine variations in the process. 

Surimi Processing 

Surimi, or washed catfish muscle, was prepared using minced catfish, cold, 

deionized water, and salt (Figure 3-1).  The minced catfish and cold, deionized water (1:3 

dilution) were added into a large plastic beaker sitting in ice (Stefansson & Hultin, 1994).  

The mixture was lightly stirred for 15 min with a plastic spatula then allowed to settle for 

an additional 15 min.  The mixture was strained through a double layer of cheesecloth 

and then squeezed to remove excess water.  This process was repeated twice more with 

the exception of the last water wash, which contained 0.2% NaCl in order to decrease 

swelling and aid in dewatering. As in the protein isolate preparation procedure, this 

process was repeated with several different raw material batches to determine process 

variation. 

Product Composition 

Proximate Analysis 

Proximate analyses was performed on the surimi, minced catfish (starting material), 

and the protein isolates from the acid and alkaline-aided processes.  Protein analysis was 

performed using the Biuret method (Torten & Whitaker, 1964), with the modification of 

sodium deoxycholate (0.5 mL per 1 mL protein analyzed) was added to minimize 

cloudiness due to lipids. Protein recoveries were calculated using the differences in the 
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protein content in the surimi or PI versus the minced catfish (starting material).  Lipid 

extraction and quantification were determined using the chloroform: methanol extraction 

method described by Lee et al. (1996).  Reduction of total lipids was calculated by 

comparing the difference in PI or surimi lipid content with those of the starting material.  

Moisture percentages of the three samples were determined using a Cenco moisture 

balance (CSC Scientific Company Inc., Fairfax, VA). 

 

Mince catfish 

Combine catfish mince and cold, DI water (1:3) 

Stir 15 min, sit 15 min 

Dewater with cheesecloth 

Repeat steps 2-4 with dewatered mince 

Combine twice washed catfish mince with a 
0.2 % NaCl solution 

Stir 15 min, sit 15 min 

Dewater with cheesecloth 

 

Figure 3-1. The laboratory scale surimi process used for this study. 
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Protein Electrophoresis: SDS-PAGE 

To determine the protein composition of surimi, minced catfish, and the protein 

isolates along with their fractions collected through the isolation process, SDS-PAGE 

was employed.  The specific gel used was a pre-cast 4-20% linear gradient SDS-PAGE 

gels produced by Bio-Rad Laboratories (Hercules, CA).  Each protein sample (0.33 mL) 

was added to Laemmli Buffer (0.67 mL) (bio-Rad Laboratories, Hercules, CA) and then 

adding 50 µL of reducing agent β-mercaptoethanol in order to achieve a 3 mg/mL protein 

concentration. This sample was heated at 90°C for 5 min to denature the proteins. A wide 

range protein molecular weight standard (5 µL) (Sigma Chemicals, St. Louis, MO) was 

added to the first gel well followed by 20 µL of each sample solution to the adjacent 11 

wells.  The electrophoresis was run for approximately 45 min at 200V in a Mini-

PROTEAN 3 Electrophoresis Cell (Bio-Rad Laboratories, Hercules, CA).  The gels were 

then removed from the electrophoresis cell and separated from the gel plates. The gels 

were then placed into a 12% trichloroacetic acid protein fixing solution and agitated for 1 

hr.  The gels were then transferred into Sigma Brilliant Blue perchloric acid staining 

solution (Sigma Chemicals, St. Louis, MO) and agitated overnight, followed by 

destaining with deionized water for several hours.  After desired destaining was achieved, 

the gels were scanned with an Epson Stylus CX5400 scanner and images were processed 

and protein bands quantified using the software Scion Image 4.0.2 (Scion Corporation, 

Frederick, MD).  The muscle protein bands were identified from a standard curve created 

by using the wide range molecular SDS-PAGE standard and compared results by Hultin 

and Stefansson (1994). 

 



34 

Product Quality Assessments 

Color Analysis 

In order to determine the color of the surimi, minced catfish, and the PI, a hand 

held Minolta colorimeter (Minolta, Ltd., Osaka, Japan) was used. The colorimeter was 

calibrated using a white standard plate.  At least five Hunter L*, a*, and b* values were 

taken for each sample batch and then the values were averaged.  The following formula 

was used to calculate whiteness (Fujii et al., 1973; Park, 1994): 

( ) 222100100 baLWhiteness ++−−=  

Lipid Oxidation Products Measurements 

Immediately after production of surimi, minced catfish, and PI, small pieces of 

these samples were vacuum packed in bags of very low oxygen permeability (<20 

cc/in*24h) and frozen at -70°C in order to cease chemical reactions.  In order to test the 

samples for secondary lipid oxidation products, these samples were thawed under cold 

running water then analyzed using a modified thiobarbituric reactive substances 

(TBARS) method by Lemon (1975). 

Gel Forming Ability of Surimi and Protein Isolate Pastes 

Pastes were prepared at 8% protein concentration by adding cold, deionized water 

buffered with 20 mM sodium phosphate (monobasic) to surimi or PI.  The mixture was 

lightly homogenized with a hand-held Tissue Tearor (Biospec Products Inc., 

Bartlettsville, OK) at speed 5 until buffer was incorporated.  After allowing the pastes to 

“set” overnight (Suzuki 1981; Lanier et al.. 1982), the pastes were tested for gel forming 

ability at pH 6, 6.5, 7, 7.5, and 8 in 500 mM NaCl.  In addition, samples at pH 6.5 were 

tested at the following ionic strengths: 0, 200, 400, and 600 mM NaCl. 

 



35 

The gel formation mechanisms of the surimi paste and isolates were studied in an 

AR2000 Advanced research rheometer (TA Instruments, New Castle, DE) operating in 

oscillation mode. The strain was set at 0.01 and frequency was set at 0.1 Hz. Changes in 

storage modulus (G`) on heating (5-80°C) and cooling (80-5°C) at 2°C/min were 

monitored at 2°C intervals.  Storage modulus (G`) readings measured gel rigidity during 

and after the heating and cooling phases. 

Hydrolysate Preparation 

Protein Isolation 

The catfish muscle proteins were isolated as described in the U.S Patent 

Application Number 20040067551, which is outlined in Part I, Chapter 3 (Hultin et al., 

2004).  For the hydrolysate studies the protein isolate was vacuum packed and frozen at   

-80°C until the material was needed for the hydrolysis process. Based on the results 

presented in Part I, the alkali-aided protein isolation process was chosen to isolate 

proteins for the hydrolysis experiments.  This decision was primarily based on the lower 

lipid content, better oxidation stability, and color of the alkali isolates.  

Enzymatic Hydrolysis  

A variety of the enzymatic hydrolysis procedure by Kristinsson and Rasco (2000) 

was used to hydrolyze the protein isolates to 5, 15, and 30% degrees of hydrolysis 

(%DH).  After determining the moisture content of the isolates using the Cenco moisture 

balance (CSC Scientific Company Inc., Fairfax, VA), deionized water was added to 

protein isolates to achieve 3% protein concentration. The deionized water and the protein 

isolates were added to a large mixing bowl where the ingredients were homogenized with 
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a biological tissue homogenizer (Ultra Turrax T18, IKA, Germany) until a uniform 

consistency was achieved. 

 The temperature used in this study was ambient temperature (~ 22°C). Enzyme 

(Protamex®, Novozymes A/S, Denmark) was added at 1.0% (w/w) for the 15% and 30% 

DH, 0.08% (w/w) for 5% DH, and 0% (w/w) for the control sample.  With the aid of a 

pH meter, a stirrer, and a burette filled with 1 N sodium hydroxide, the pH was 

maintained at 7.5, as observed in Figure 10-1.  The DH% was calculated at select time 

intervals during the reaction using the following equation: 

%DH = [(B*NB)/(α*htot*MP)] * 100 

where B = mL sodium hydroxide added, NB = normality of sodium hydroxide, α = 

average degree of dissociation of the –NH groups, htot mEq/kg protein from amino acid 

composition of the protein isolate, MP = g protein (%N  X 6.25).  The degree of 

dissociation was calculated by: 

α = (10pH - pK)/(1 + 10pH - pK) 

When the desired DH was reached, the mixture was then heated to 90°C for 10 

minutes to inactivate the enzyme.  The slurry was then cooled and packed in freezer bags 

and frozen at -20°C until further use.  

The hydrolysates were adjusted to 0.15% protein concentration (unless otherwise 

mentioned) with deionized water and homogenized on speed 5 with a hand-held Tissue 

Tearor (Biospec Products Inc., Bartlettsville, OK) before all analyses. Supernatants were 

also prepared from the hydrolysate samples by centrifuging the hydrolysates using a 

model 5415D Eppendorf centrifuge (Eppendorf Int., Hamburg, Germany) at maximum 

speed for 10 min, then adjusting to 0.15% protein concentration as previously mentioned. 
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Figure 3-2. Hydrolysis reaction system. 

Sample Preparation 

The hydrolysates and supernatants were subjected to the Kjeldahl procedure to 

determine crude protein content, as outlined by the Official Methods of Analysis of 

AOAC (1995) at ABC Research Corp (Gainesville, FL). Based on the Kjeldahl protein 

analyses, the hydrolysates and supernatants were adjusted to 0.15% protein concentration 

(unless otherwise mentioned) with deionized water and homogenized on speed 5 with a 

hand-held Tissue Tearor (Biospec Products Inc., Bartlettsville, OK) before all analyses. 

Hydrolysate Composition 

SDS-PAGE Protein Electrophoresis 

To determine the protein composition of the hydrolysates and the hydrolysate 

supernatants, SDS-PAGE was employed.  The use of SDS-PAGE provides good small 

peptide resolution (Anderson et al.. 1983; Smith 1998). The specific gels used were a pre-
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cast Tris-HCl 4-20% linear gradient SDS-PAGE gels and pre-cast Tris-Tricine 10-20% 

linear gradient SDS-PAGE peptide gels produced by Bio-Rad Laboratories (Hercules, 

CA).  Each protein sample (0.33 mL) was added to Laemmli Buffer or Tricine Buffer 

(0.67 mL) (Bio-Rad Laboratories, Hercules, CA) and then adding 50 µL of reducing 

agent β-mercaptoethanol in order to achieve a 3 mg/mL protein concentration. This 

sample was heated at 90°C for 5 min to denature the proteins. A wide-range protein 

molecular weight standard (5 µL) or a polypeptide SDS-PAGE standard (Sigma 

Chemicals, St. Louis, MO) was added to the first and ninth gel well followed by 20 µL of 

each sample solution to the adjacent 8 wells.  The electrophoresis was run for 

approximately 45 min at 200V in a Mini-PROTEAN 3 Electrophoresis Cell (Bio-Rad 

Laboratories, Hercules, CA).  The gels were then removed from the electrophoresis cell 

and separated from the gel plates. The gels were then placed into a 12% trichloroacetic 

acid protein fixing solution and agitated for 1 hr.  The gels were then transferred into 

Sigma Brilliant Blue perchloric acid staining solution (Sigma Chemicals, St. Louis, MO) 

and agitated overnight, followed by destaining with deionized water for several hours.  

After desired destaining was achieved, the gels were scanned with an Epson Stylus 

CX5400 scanner and images were processed using the software Scion Image 4.0.2 (Scion 

Corporation, Frederick, MD).  The muscle protein bands were identified from a standard 

curve created by using the wide range molecular SDS-PAGE standard and compared to 

results by Hultin and Stefansson (1994).  

Amino Acid Analysis  

The amino acid composition of the hydrolysates and their supernatants was 

analyzed by ICBR/Protein Core (Gainesville, FL). One hundred µL hydrolysate or 
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supernatant sample was subjected to gas phase hydrolysis using 6N HCl for 24 hrs. The 

amino acid compositions were determined by derivitization with phenylisothiocyanate 

(PITC) using an Applied Biosystem 420A derivitizer (Foster City, CA) according to the 

manufacturer’s instructions. 

Antioxidant Activity 

α,α-diphenyl-β-picrylhydrazyl (DPPH) Radical Scavenging  

The DPPH scavenging activity method that was used is a combination of Bersauder 

et al. (1998) and Saiga et al. (2003b).  The benefit of performing this assay is that it 

measures the decomposition of the DPPH radical, which directly correlates with the 

hydrolysates’ ability to act as a free radical scavenger.  The hydrolysates or deionized 

water (blank) were vortexed with a mixture of ethanol (99%) and 0.02% DPPH. After 

sitting at room temperature (~22°C), the absorbance was read at 517nm using in an 

Agilent diode array spectrophotometer (Agilent Technologies, Palo Alto, CA).  The 

remaining radicals were calculated by using the following equation: 

Residual DPPH radicals (%) = 

( ) 100100 ×
⎭
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where x = abs DPPH blank, y = abs control sample, and z = abs DPPH sample. 

Hydroperoxide System 

One method used to assess antioxidant activity of the hydrolysates involves 

measuring the development of hydroperoxides in a lipid peroxidation system (Chen et al., 

1995; Osawa & Namiki, 1981; Saiga et al., 2003b; and Wu et al., 2003). A reaction 

mixture was formulated containing 0.1 M K-Phosphate (pH 7.0) with the following added 

ingredients: 40% (w/v) oleic acid; 0.5% (w/v) Triton X-100; 0.05 mM FeCl2 tetrahydrate 

(Sigma Chemical Co., St. Louis, MO). After homogenizing the reaction mixture at low 
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speed for1 minute (on ice), 4 mL reaction mixture was combined with 100 µL of the 

protein solution or deionized water. The combined solutions were further homogenized at 

low speed for 1 minute on ice.  

Four solutions were prepared to measure the hydroperoxide content in the reaction 

mixture by combining the following ingredients: a) 315 mL 75% ethanol (236 mL 

ethanol + 79 mL deionized water); b) 7 mL 30% ammonium thiocyanate (4.9 mL 

deionized water + 2.1 g NH4SCN); c) 14 mL 1 N HCl; d) 7 mL 20 mM FeCl2 

tetrahydrate in 3.5% HCl (0.0278 g FeCl2 tetrahydrate + 0.245 mL HCl + 6.755 mL 

deionized water). After the hydroperoxide content determination solutions were prepared, 

the following solutions were added to empty glass tubes and vortexed: 100 µL reaction 

mixture/protein solution or water (control); 4.5 mL 75% ethanol; 100 µL 30% 

ammonium thiocyanate; 200 µL 1 N HCl; and 100 µL 20 mM FeCl2 tetrahydrate in 3.5% 

HCl. The contents of the glass tubes were analyzed at 500 nm in a spectrophotometer 

(Agilent Technologies, Palo Alto, CA), then heated at 80°C for 60 min, and read again at 

500 nm. The purpose of heating the mixtures was to accelerate the onset of oxidation. 

The relative hydroperoxides in the samples before and after heating were calculated using 

the following equation: 

Relative hydroperoxides (%) = y
x

×100
 

where x = sample abs at 500 nm, y = control abs at 500 nm. 

Metal Ion Chelating Activity 

Transition metals, such as Fe3+ and Cu2+, can cause the production of reactive 

oxygen species that accelerate the lipid peroxidation chain reaction. Therefore, by 
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exposing the hydrolysates to copper and iron, their antioxidative activity can be 

measured.  The methods by Saiga et al. (2003b) and Cheng et al. (1982) were combined 

with slight modifications to assess the hydrolysates metal chelating ability.   

The following four solutions were prepared for this assay: 0.1% pyridine (pH 7); 4 

mM CuSO4; 20 mM pyrochatechol violet (PV); and 0.045% EDTA.  Each solution had a 

specific function in this metal ion chelating activity assay. For example, the 0.1% 

pyridine solution acted as the control. EDTA was chosen as the standard metal ion 

chelating agent, while the PV and CuSO4 formed the initial blue color complex. In the 

presence of a metal ion chelating agent, the Cu2+ ions dissociate from the PV and cause 

the color to change from blue to yellow. The hydrolysate, supernatant, or EDTA samples 

(1 mL) were combined with 2 mL 0.1% pyridine (pH 7), 100 µL 4 mM CuSO4, 400 µL 

deionized water, and 20 µL 20 mM PV, while the control sample (representing no 

treatment) simply omitted the 1 mL hydrolysate, supernatant, or EDTA. The color change 

resulting from metal chelation was measured spectrophotometrically at 620 nm. The 

results were reported as absorbance at 620 nm. 

Oxygen Radical Absorbance Capacity (ORAC)  

The oxygen radical absorbance capacity (ORAC) assay used was a modification of 

the methods by Cao et al. (1993) and Ehlenfeldt and Prior (2001). This assay monitors 

the decay inhibition of fluorescein in the presence of AAPH, a peroxyl radical generator. 

The fluorescein decay rate is tracked by calculating the area under the decay curve over 

70 min using SoftMax Pro Standard Edition software (Molecular Devices Corp., 

Sunnyvale, CA) while the fluorescein decay products are quantified using a standard 

curve of Trolox.  
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Before executing the ORAC assay, four reagents were prepared. A phosphate 

buffer was prepared by mixing 0.75 M K2HPO4 and 0.7 M NaHPO4 at a 61.6: 38.9 (v/v) 

ratio. This phosphate buffer was then further diluted to 1:9 and adjusted to pH 7. 

Fluorescein (Sigma Chemical, St. Loius, MO) was prepared by dissolving 100 mg 

fluorescein in 25 ml methanol. Another reagent, 2,2’-Azobis(2-amidinopropane) 

dihydrochloride (AAPH), was prepared by dissolving 355.5 mg AAPH in 5 mL 

previously prepared phosphate buffer. The final solution, 6-Hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid (Trolox), was made by dissolving 5 mg Trolox 

into 100 mL phosphate buffer. A standard curve of Trolox was then constructed using the 

following concentrations: 0, 3.125, 6.25, 12.5, 25, and 50 µM Trolox. 

Fifty µL of supernatant samples, hydrolysate samples, standard, or blank were 

transferred into the appropriate number of wells in a 96-well microfluorometer plate 

(Dynex Technologies, Inc., Chantilly, VA). When the temperature reached 37°C, 100 µL 

fluorescein solution was added. An initial relative fluorescence (RF) reading was then 

taken using a Perkin-Elmer HTS-7000 Microplate Reader (PerkinElmer, Inc., Boston, 

MA) (485 nm excitation and 538 nm emission). Next, 50 µL AAPH were added to each 

well with sample and another RF reading was taken immediately. RF readings were taken 

every 2 min for 70 min. Results are expressed as micromoles of Trolox Equivalents (TE) 

per gram of sample tested. 

Reducing Power 

Reducing power of the FPH was measured using a modified method of Oyaizu 

(1988) and Wu et al. (2003). Two mL protein samples or deionized water (control) were 

combined with 2 mL of each: 0.2M potassium phosphate buffer (pH 6.6) and 1% 
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potassium ferricyanide. The solutions were then heated at 50°C for 20min. Next, 2 mL 

10% TCA solution was added to each incubated tube. In clean, glass test tubes, 0.4 mL 

0.1% ferric chloride, 2 mL DI water, and 2 mL of the incubated protein/ TCA solution 

were combined. After the reaction proceeded for 10 min, the solution’s absorbance was 

measured at 700 nm. The higher the absorbance, the greater the reducing power. 

Physiological Activity 

The method used to measure the Angiotensin I converting enzyme (ACE) 

inactivation activity was a combination of methods by Cheung et al. (1980), Kim et al. 

(2001), Saiga et al. (2003a). First, a 25 milliunit/mL ACE solution was prepared. The 

substrate was then made by combining 8.3 mM Hip-His-Leu, 50 mM sodium borate, and 

0.5 M NaCl adjusted to pH 8.3. After preparing the substrate and ACE reagents, four 

variations of sample mixtures were prepared and placed into glass tubes. These sample 

mixtures were: 50 µL ACE + 50 µL deionized water; 100 µL deionized water; 50 µL 

ACE + 50 µL hydrolysate or supernatant; and 50 µL hydrolysate or supernatant + 

deionized water. The glass tubes with the combined solutions were incubated for 5 min at 

37°C, treated with 150 µL substrate solution, then incubated again at 37°C for 60 min. 

The reaction was stopped by adding 250 µL 1 N HCL to each glass tube. An additional 

1.5 mL ethyl acetate was then added into each tube. The solution was next centrifuged at 

800 g for 15 min. After centrifugation, 1 mL of the supernatant was removed and 

transferred into clean glass tubes. The ethyl acetate was then evaporated by placing the 

glass tubes into a water bath (80°C) for 30 min, leaving behind hippuric acid. The 

hippuric acid was then diluted with 3 mL deionized water and the absorbance was 

measured at 228 nm. 

 



44 

The sample’s absorbance values were placed in the following formula, which 

calculates percent ACE inhibition: 

ACE Inhibition (%) = 
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where A = ACE + deionized water, B = deionized water, C = ACE + hydrolysate or 

supernatant, and D = deionized water +  hydrolysate or supernatant. 

Statistics 

Each experiment and each assay regarding the isolates and surimi was performed in 

at least triplicate. Reported results represent an average of each experiment and assay. 

Analysis of variance was used to determine significant differences between samples 

using Microsoft Excel (Microsoft Corp., Redmond, WA, U.S.A) 

The protein isolate used for the hydrolysis experiments was made from a several 

batches of catfish fillets. Catfish protein hydrolysates were prepared in duplicate from the 

protein isolate batch. Each assay with the hydrolysates was then performed in at least 

triplicate.  Results are expressed as means ± SD. Tukey’s test was used to determine 

significant differences (p< 0.05) between samples by using the Statistical Analysis 

System (SAS). 

 



CHAPTER 4 
CATFISH HOMOGENATE SOLUBILITY AS A FUNCTION OF pH 

The basis for the acid and alkali-aided process is to first solubilize the muscle 

proteins, which then can be separated and recovered from other components in the raw 

material. The solubility of homogenized catfish muscle as a function of pH is 

demonstrated in Figure 4-1. The muscle proteins showed a typical U-shaped solubility 

curve, where the maximum solubility of the proteins occurred between pH 2-3 and pH 

11-12, with solubility percentages ranging between 80-90%. At these pH ranges, the 

viscosity was low enough to allow cellular membrane removal during centrifugation 

(Hultin & Kelleher, 2000a). The homogenate between pH 10-12 was bright pink in color 

and had a strong ammonia odor, possibly due to deamidation of protein amino groups at 

high pH. The bright pink color indicated that the heme proteins were still native. 

However, the muscle protein homogenate between pH 2 and 3 was grey in color and had 

no distinct aroma. The gray color is an indication that heme proteins were denatured. 

The lowest protein solubility readings occurred around pH 5.5, yielding 

approximately 10% solubility. This reduction in solubility resulting in aggregation was 

caused by adjusting the pH values around the isoelectric point of the main muscle 

proteins, causing a decrease in repulsive forces. The proteins that remained soluble at pH 

5.5 were sarcoplasmic proteins, and had a light pink color (more for the alkali-aided 

process than the acid-aided process) likely due to the presence of heme. At pH 5.5, the 

slurry displayed visible aggregated proteins that appeared white in color.  

45 
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Lowering the pH from 5.5 to 3, the solubility sharply increased from 10% to about 

85%. These proteins at low pH are highly soluble due to their net positive charge causing 

repulsion between proteins. Increasing the pH from 5.5 to pH 10 increased the protein 

solubility from 10% to approximately 20%, indicating a solubility plateau.  At this 

solubility plateau, the proteins were highly viscous and visibly white in color. Since 

proteins have a slightly negative charge at neutral pH, repulsive forces keep protein 

molecules from interacting, thus explaining an increase in solubility as pH is increased. 

Also, the second steep solubility increase occurred from about pH 10 (20%) up to pH 11 

(~85%) where the proteins gain a high net negative charge mainly due to ionization of 

residues such as tyrosine, and as a result strong repulsive forces develop between the 

proteins. Demir and Kristinsson (2003c) reported similar solubility trends in croaker at 

acid, alkaline, and isoelectric point pH conditions. 

Solubility of Homogenized Catfish Muscle
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Figure 4-1. The solubility of homogenized catfish muscle as a function of pH. 
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The solubility pattern in the catfish homogenate shares some similarities to that of 

cod myofibrillar proteins, which have been extensively investigated. Stefansson and 

Hultin (1994) showed that at extremely low ionic strength, cod myofibrillar proteins were 

most soluble below pH 4.5 (~85%) and between pH 7.0 and pH 7.5 (~85%).  The 

solubility was essentially 0% at pH 5.5.  Therefore, the major solubility parallel between 

catfish homogenate and cod myofibrillar proteins occurs at pH 5.5. The slight solubility 

seen at pH 5.5 for the catfish proteins is because the whole muscle was used to make the 

homogenate, thus water-soluble sarcoplasmic proteins were in the system and many of 

these are soluble at pH 5.5. Interestingly, the catfish proteins displayed a larger solubility 

plateau (pH 5.5-pH 9.5) as compared with cod myofibrillar protein (pH 5.5-pH 7.0). This 

could have been due to a higher ionic strength in the catfish homogenates, which would 

have screened the negative charges and favored more protein-protein interactions rather 

than protein-water interactions. In the study by Stefansson and Hultin (1994), special care 

was taken to reduce the ionic strength as low as possible before solubility studies were 

conducted. This would not be practical for the acid and alkali-aided process. 

Ingadottir (2004) performed solubility studies using light muscle tilapia 

homogenate between pH 1.5-12. The solubility curve from the light muscle tilapia 

homogenate was somewhat similar to that of the catfish homogenate curve. Both 

solubility curves displayed minimum solubility at pH 5.5, showed similar solubility 

plateaus between pH 6-10, and gave a nearly identical sharp solubility increase when 

lowering the pH from 5.5 to 4. Interestingly, the acid solubilized light muscle tilapia 

homogenate showed maximum solubility between pH 2-4 (~90%), while in the same pH 

range the catfish homogenate solubility varied between 80-95%. The alkaline sections of 
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the two solubility curves showed a distinct maximum solubility for light muscle tilapia 

homogenate (~99%) to be at pH 12, while the catfish homogenate leveled between pH 11 

and 12 (~90%). The dark muscle was included in the catfish homogenate which could 

account for some of these differences.  

Choi and Park (2000) and Kim et al. (2003) also determined the solubility of 

Pacific whiting by subjecting the fish muscle to a wide pH range. These studies showed 

that the minimum solubility of the fish proteins occurred at pH 5.5, as observed in the 

catfish homogenate and the cod myofibrillar protein. The Pacific whiting solubility curve 

shared more similarities with the catfish results than with the cod myofibrillar protein 

study. A similar sharp solubility increase as pH is lowered from pH 5.5 to pH 3 and when 

the pH is increased from pH 9.5 to pH 12 is observed for both the catfish and Pacific 

whiting samples. Also, the wide solubility plateau between pH 5.5 and pH 9.5 is present 

in both studies, with the solubility increasing more in the same pH region for the Pacific 

whiting proteins (10%-30%) as compared with the catfish proteins (10%-20%). 

According to Kim et al. (2003), the large solubility plateau was caused by the various 

buffering capacities of the protein molecules and amino acids. The primary amino acids 

found in fish are glutamic acid, aspartic acid, lysine, leucine, and arginine. The pKa 

values of these amino acids correlate with both the pacific whiting and catfish 

homogenate curves. 

 



CHAPTER 5 
SURIMI AND ISOLATE COMPOSITION AND QUALITY 

Composition and Recoveries 

Proximate composition of fish varies within and between species.  Factors such as 

environmental conditions, the season, age, sexual maturity, diet, harvest source/location, 

genetic factors, and a multitude of other variables determine fish composition (Silva & 

Chamul, 1999). Therefore, it is important to analyze several different batches of catfish 

mince, surimi, and protein isolate batches for proximate composition.  The constituents of 

interest are lipid content, total protein quantity, and specific protein composition. 

According to Silva and Chamul (1999), the edible portion of catfish contains 18.18% 

crude protein and 4.26% lipids. 

Lipid Reduction 

One important goal of the acid and alkali-aided protein isolation process is to 

recover proteins of significantly reduced lipid content from undesirable raw materials. By 

reducing the lipid concentration, better oxidative stability is expected. As shown in Table 

5-1, the lipid reduction was greater than 85% for the two isolation processes (85.4% for 

acid and 88.6% for alkali process). The surimi had significantly lower lipid reduction 

(58.3%) as compared to the protein isolates (Table 5-1). Several other studies using a 

variety of fish species have also shown to decrease lipid content when using the acid or 

alkali-aided processes. These studies include mackerel (Hultin & Kelleher 2000a), 

herring (Undeland et al., 2002), mullet (Kristinsson & Demir, 2003ac), Spanish mackerel 

(Kristinsson & Demir, 2003ac), and croaker (Kristinsson & Demir, 2003a). Kim and 
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others (1996) demonstrated a decrease in lipid content in surimi made from catfish frame 

meat. 

The reason the acid and alkali-treated processes remove significantly larger 

quantities of lipid than the surimi process is mainly due to the solubilization action by the 

extreme pH values causing the proteins and lipids to separate. When the mixture is 

centrifuged, the lipid and protein fractions separate based on density and solubility. The 

first centrifugation step leaves the fatty acids and storage fats floating at the surface 

above the solubilized proteins and the membrane lipids, settling to the bottom (Hultin, 

2002).  

Protein Recovery  

Since the acid and alkali-aided processes are protein extraction and recovery 

processes, it was of interest to compare how much protein they were able to recover from 

the catfish mince compared to the surimi process. The protein recoveries in the acid 

(71.5%) and alkali-aided (70.3%) processes were not significantly different (p<0.05) 

(Table 5-1). Undeland and others (2002) compared the recoveries of herring light muscle 

using the acid (pH 2.7 → pH 5.5) and alkali (pH 10.8 → pH 5.5) isolation processes. This 

group found that the acid-aided process (74%) produced a higher yield than the alkali-

aided process (68 %).  Hultin and Kelleher (2000a) demonstrated a 94% recovery of 

mackerel light muscle using the acid-aided process. Acid-treated Pacific whiting fillets by 

Choi and Park (2002) gave 60% recovery yield. Kim and others (2003) also used the acid 

and alkali-aided processes with pacific whiting and the yields were 70% (pH 2 → pH 5.5) 

and 75% (pH 11 → pH 5.5), which is similar to the recoveries of the catfish proteins.  
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Kristinsson and Demir (2003) obtained the following yields for the subsequent acid 

and alkali-treated fish samples: Spanish mackerel 73.6% (pH 2 → pH 5.5) and 69.3% 

(pH 11 → pH 5.5); croaker 78.7% (pH 2 → pH 5.5) and 65.0% (pH 11 → pH 5.5); 

mullet 81.2% (pH 2 → pH 5.5) and 58.9% (pH 11 → pH 5.5). It is therefore evident that 

there were significant species to species variations for these processes. 

As demonstrated by the previous results from several studies, the recovery yields 

for the acid and alkali-aided processes differ when using various species of fish. 

However, the mean recovery yield among the studies for the acid and alkali-aided 

processes is above 70%, which is significantly greater than the average recovery of 

surimi. One very likely explanation for the larger recovery in the acid and alkali-aided 

processes is the retention of sarcoplasmic proteins and other soluble proteins during the 

centrifugation steps (Choi & Park, 2002). 

As observed in Table 5-1, the protein recovery for the surimi was 62.3%, 

significantly less than in the acid and alkali-aided processes. Choi and Park (2002) used 

the traditional 3-washing cycle surimi process with Pacific whiting and obtained a yield 

of 19.2%, based on whole fish yields. Kristinsson and Demir (2003ac) recovered 57.7% 

yield using croaker, 54.1% for Spanish mackerel, and 59.3% with mullet surimi. Kim and 

others (1996) showed only a 33% recovery yield when preparing surimi from catfish 

frame meat. Since Hultin and Kelleher (2000) reported that the average yield from surimi 

production is between 55-70%, the catfish surimi (62.3%) did fall within the expected 

range.  In conventional surimi processing, the sarcoplasmic proteins are removed during 

the washing steps (Lin & Park, 1996). In addition to the loss of sarcoplasmic proteins, 

partial solubilization of the myofibrillar proteins cause a decrease in yield.   
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Table 5-1. Protein recovery and lipid reduction for the surimi and protein isolate 
processes. 

COMPONENT SURIMI ACID PI ALKALI PI
Protein 62.3%a 71.5%b 70.3%b 
Lipid 58.3%b 85.4%a 88.6%c 
Means within one row having different superscript letters are significantly different 
(P<0.05) 
 
SDS-PAGE 

To determine the difference in protein composition among the surimi process and 

the isolates from the acid and alkali-aided processes, SDS-PAGE was employed. 

Standard wide range molecular weight markers were used to determine the presence, 

absence, or composition of several proteins throughout each process phase. The key 

proteins of most interest that were monitored though each processing technique include: 

myosin heavy chains (205 KDa); F-protein (116 KDa); β-actinin and H-protein (66 

KDa); desmin and vimentin (~54 KDa); actin (45 KDa). The starting material, as 

observed in Lane 7 of Figure 5-1a and Figure 5-1b, the proteins in the ground catfish 

muscle include: myosin heavy chains (205 KDa); α-actinin subunit (97 KDa); desmin 

and vimentin (55 KDa); actin (45 KDa); paratropomyosin, β-actinin subunit, and γ-

actinin subunit (36 KDa). 

Comparing Lane 2 (upper lipid layer of the 1st centrifugation step) in Figure 5-1a 

and 5-1b, the two proteins that are both present are myosin heavy chain (205 KDa) and 

actin (45 KDa). However, the paratropomyosin, β-actinin subunit, and γ-actinin subunit 

(36 KDa) were present only in the alkali-aided upper fat layer. Lane 3 (in both Figure 5-

1a and Figure 5-2b) represents the soluble protein layer from the 1st centrifugation step of 

the isolation processes. The proteins most prevalent in both sets of Lane 3 include myosin 

heavy chain (205 KDa), actin (45 KDa), and tropomyosin, β-actinin subunit, and γ-
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actinin subunit (36 KDa). In addition to these proteins, troponin and myosin light chains 

(~24 KDa) were present in the acid-treated middle layer.  The bottom layer resulting from 

the first centrifugation step of the isolation steps is represented in Lane 4 of Figure 5-1a 

and Figure 5-1b. The common proteins in this layer represented in Lane 4 include myosin 

heavy chain (205 KDa) and actin (45 KDa). Interestingly, F-protein (116 KDa) is present 

in only the acid-treated bottom layer. 

The second centrifugation step of the isolation processes acts to precipitate most of 

the solubilized proteins and also to serve as a de-watering aid. The only common protein 

found between the acid and alkali-aided process supernatant (Lane 5) was a 14.2 KDa, 

which may be myoglobin, a hemoglobin subunit or possibly parvalbumin. The 

supernatant in the acid-aided process appears to contain amorphin subunits and creatine 

kinase (84 KDa) and myosin and troponin subunits (24 KDa), while the supernatant from 

the alkali-aided process had significantly more soluble proteins, and appears to have 

desmin and vimentin (55 KDa), actin (45 KDa), tropomyosin, β-actinin subunit, and γ-

actinin subunit (36 KDa), troponin T (29 KDa), and myosin and troponin subunits (24 

KDa).  

There were thus significant differences found between the two processes with 

respect to what protein classes were found in the three layers after the first centrifugation 

as well as the two phases in the second centrifugation. It is also evident that some 

important proteins, namely myosin and actin, were lost during the first centrifugation to 

the top and bottom layer. 

When comparing the final products (surimi and isolates) it can be seen that surimi 

recovered less protein types than both isolates, likely since the surimi process washed out 
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some proteins the acid and alkali-aided processes recover.  It is also shown that that the 

acid-aided process recovered more proteins than the alkali-aided process, since less 

protein bands were found in the supernatant.  This could be attributed to more 

denaturation at low pH, and thus subsequently more aggregation (and precipitation on 

centrifugation) of the denatured proteins at pH 5.5 for the acid process vs. the alkali-aided 

process. 
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Figure 5-1. The protein composition of the different fractions obtained by the two 
versions of the (a) acid-aided and (b) alkali-aided protein 
solubilization/precipitation processes as assessed with SDS-PAGE. Lane1 and 
8: Molecular weight standards (same as in Figure 5-1).  Lanes 2-6 represent 
the different fractions obtained by using the full processes with two 
centrifugation steps.  Lane 2: Upper fat layer after 1st centrifugation. Lane 3: 
Soluble fraction after 1st centrifugation. Lane 4: Sediment after 1st 
centrifugation.  Lane 5: Supernatant after 2nd centrifugation (isoelectric 
precipitation).  Lane 6: Protein isolate (sediment after 2nd centrifugation).Lane 
7: Ground catfish muscle (starting raw material). 

Kristinsson and Hultin (2004b) found that low pH leads to more protein 

denaturation than high pH and thus more protein aggregation when pH was readjusted to 

5.5 for hemoglobin. Hence, a similar effect may be expected for other proteins. Different 

proteins were found in the acid and alkali-treated protein isolates and surimi (e.g. more 

protein types recovered for the acid vs. alkali process and surimi process). These findings 

are important since this can translate to variations in functionality of the isolates. 
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1          2        3       4         5        6         7 

Figure 5-2. The protein composition of washed ground catfish muscle and wash water as 
assessed with SDS-PAGE. Lane 1: Molecular weight standards (same as in 
Figure 5-1).  Lane 2: Wash 1 - wash water. Lane 3: Wash 1 - washed muscle.  
Lane 4: Wash 2 - wash water. Lane 5: Wash 2 - washed muscle.  Lane 6: 
Wash 3 - wash water. Lane 7: Wash 3 - washed muscle.   

Oxidation Stability and Color 

Thiobarbituric Acid Reactive Substances (TBARS) 

As previously mentioned, the protein isolation process can lead to a reduction in 

lipid oxidation (Hultin and Kelleher, 2000).  There are several ways to measure the 

development of lipid oxidation in foods.  Thiobarbituric acid reactive substances 

(TBARS) are one of the best indicators of secondary oxidation products, which are 

responsible for off-odors in seafood and seafood products.  

The initial TBARS value for each sample was very low, or below 1 µmol MDA/kg 

(Figure 5-2). The first noticeable increase in TBARS occurred between Day 2 and 6, with 
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all samples reporting values above 1 µmol MDA/kg. The greatest increase in TBARS 

during the first six days occurred in the acid-treated isolate, reaching approximately 4 

µmol MDA/kg. Even though these values are not statistically significant (p>0.05), 

between Day 6 and 9 the TBARS values dropped in both the acid and alkali-treated 

isolates, while increasing in the ground muscle and surimi. However, all samples 

increased in TBARS from Day 9 to 12. At the end of the 12 day study, the acid-treated 

isolate showed the largest overall increase in TBARS, ultimately reaching over 5.5 µmol 

MDA/kg. The catfish protein isolates extracted with the alkali-aided process resulted in 

significantly lower developments of TBARS as compared with the ground muscle, 

surimi, and acid-treated isolate (Figure 5-2). The final TBARS values for the remaining 

samples in decreasing order were as follows: surimi (3.8 µmol MDA/kg); ground muscle 

(2.9 µmol MDA/kg); alkali-treated isolate (1.2 µmol MDA/kg). Demir and others 

(2003a) showed a significant difference (p<0.05) in the oxidative stability with the alkali-

treated catfish protein isolate being more stable than the acid-treated catfish protein 

isolate. 

Very few studies have been conducted on the development of oxidation and 

oxidative stability of proteins isolates from the acid and alkali-aided processes. 

Kristinsson and Demir (2003) studied the TBARS formation during the acid and alkali-

aided extraction and also during storage of the isolates for different species. In all cases, 

the acid-aided process lead to significantly more TBARS formation after processing 

compared to the alkali-aided processing and the surimi processing. The alkali-aided 

processing and surimi processing demonstrated similar results. This is in agreement with 

the catfish results. The possible reason the acid-treated catfish isolates produced more 
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TBARS than the other samples could be due to denatured heme proteins which remained 

suspended in the soluble protein layer from the first centrifugation step and then 

precipitated during the final centrifugation step of the acid-aided protein isolation 

procedure (see Figure 5-1).  According to Kristinsson (2002ab), heme proteins subjected 

to low pH conditions rapidly denature and transform into highly active catalysts in lipid 

oxidation. The heme proteins however were likely not denatured at high pH and thus did 

not aggregate when refolded at pH 5.5. These heme proteins were greatly removed in the 

supernatant of the centrifugation step of alkali-aided protein isolation procedure. The 

presumably lower level of heme proteins in the alkali isolate and also the more native 

structure (since they did not unfold) would be expected to lead to less lipid oxidation and 

thus a low final TBARS value, as was seen here.  

The final TBARS value was lower for surimi than that of the acid-treated isolates 

because the washing steps in surimi processing removes heme-rich blood from the fish 

(Park and Morrissey, 2000). Other pro-oxidant compounds besides heme are also 

removed from the ground fish during surimi processing, such as sarcoplasmic proteins 

and some fat (Park and Morrissey, 2000). Therefore, it could be assumed that the surimi 

would have the lowest TBARS development over any given time period as compared 

with the ground material. This assumption is valid from Day 0 to 4. However, beyond 

Day 4 this rationale does not hold. The washing steps also remove endogenous 

antioxidants from the muscle, which may explain why the oxidative stability was less 

after Day 4 compared to the ground muscle. 
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TBARS Development over 12 Days
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Figure 5-3. Secondary lipid oxidation products (TBARS) in minced catfish muscle, 
surimi, acid PI, and alkali PI over a 12 day time period at 4°C. 

Huang et al. (1998) examined the differences in TBARS development in tilapia 

muscle surimi and ground tilapia muscle. The final TBARS value after 5 days for the 

surimi was 1.3 µmol MDA/kg while the unwashed muscle had 2.4 µmol MDA/kg. 

Hence, the TBARS development was greater in tilapia surimi as compared with the 

ground muscle, the same pattern found in catfish muscle.  Huang et al. (1998) postulated 

that the difference is due to the varying susceptibilities of the lipid components to 

oxidation. The higher concentration of polyunsaturated-rich membrane lipids in the 

surimi lends the surimi more susceptible to higher oxidation rates (Huang et al., 1998). 

Color 

Color is an important quality measurement tool when comparing fish muscle and 

ingredients from fish muscle. Fish protein ingredients are most desirable when white in 

color.  Whiteness or lightness of catfish can be determined by comparing “L” values 
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given by a colorimeter.  Generally, the higher the “L” value, the lighter the fish (Hultin & 

Kelleher, 2000a).  Therefore, According to Table 2, the Alkali PI had the lightest color of 

the three materials and also had the highest calculated whiteness.  The alkali-aided isolate 

had also less yellowness (“b” value) than both surimi and acid-aided isolate, which is 

desirable for a protein isolate.  Demir and Kristinsson (2003bc) and Demir and others 

(2003b) also showed lower “b” values and higher “L” values for the alkali-treated catfish 

protein isolates as compared with the catfish surimi and acid-treated catfish protein 

isolates. The significantly higher level of yellowness for the acid-aided isolate over the 

other protein sources is likely linked to a higher level of denatured heme proteins which 

co-precipitated with the muscle proteins in the second centrifugation step (Demir et al., 

2003b). The surimi had a significantly (p>0.05) higher redness than both isolates, which 

could be due to a higher retention of native heme proteins, which leads to a reddish pink 

color. Not only were alkali isolates found to have a more desirable color, but their color 

stability of the alkali-isolates was also better than the acid-aided isolates (results not 

shown). 

A comprehensive investigation by Demir and Kristinsson (2003c) reported the “L”, 

“a”, “b”, and whiteness values for surimi and acid and alkali-treated Spanish mackerel, 

mullet, and croaker gels. The surimi gels with the whitest score was prepared from 

Spanish mackerel (82.8), followed by mullet surimi (76.8) and croaker surimi (71.8). The 

surimi whiteness scores from these fish species are similar to that of catfish surimi (76.8). 

In general, the whiteness scores for the acid-treated isolate gels made from Spanish 

mackerel, mullet, and croaker were lower than the alkali-treated isolate gels. This 

whiteness trend is also present in the catfish isolate gels (Table 5-2). Also, when 
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comparing the yellowness (“b” values) of the four fish species isolate and surimi gels, the 

acid-treated gels scored consistently higher than the surimi or alkali-treated gels. As 

observed in the catfish surimi gels, the Spanish mackerel and croaker gels had higher 

redness values than their acid and alkali-treated counterparts.  

A study by Undeland et al. (2002) compared many characteristics of herring surimi 

and acid and alkali-treated herring proteins, including whiteness. The whiteness values 

for each treatment were: water washed light muscle herring surimi (69.9), acid-treated 

proteins (63), and alkali-treated proteins (65.5). As observed in Table 5-2, the whiteness 

values for each treatment are higher than the whiteness values in the herring study.  This 

is possibly due to a difference in the level of heme proteins in catfish vs. herring, which 

have a higher level of very unstable heme proteins. Alkali-treated Pacific whiting gels 

have been reported to have whiteness values around 61.5 (Kim et al., 2003), which were 

also lower than the alkali-treated catfish isolates. Cortez-Ruiz et al.(2001) reported L-

values below 50 for brisling sardine surimi and acid-treated sardine gels, likely due to 

high levels of retained denatured heme proteins. The lower whiteness values for acid-

treated fish muscle as compared to regular surimi can also be attributed to the poor light 

reflection from the protein-protein aggregates of the acid processed proteins (Cortez-Ruiz 

et al., 2001; Undeland et al., 2002). 

Table 5-2. Color values of surimi and protein isolates 
SAMPLE L A B WHITENESS 
Surimi 70.4 ± 1.1a -0.9 ± 0.2a 0.7 ± 0.4b 70.4a 
Acid PI 73.8 ± 0.4b -3.6 ± 0.2c 5.7 ± 0.3c 72.9b 
Alkali PI 75.0 ± 0.7c -3.0 ± 0.2c 0.2 ± 0.4a 74.8d 
Means within one species having different superscripts are significantly different (P<0.05) 

 



CHAPTER 6 
THERMAL GELATION OF THE EXTRACTED PROTEINS 

Gelation of Extracted Proteins at Different pH Values in the Presence of NaCl 

The main functional property of extracted fish proteins is their ability to form gels. 

The gel forming ability of the three different protein preparations were therefore 

investigated, using dynamic oscillatory rheology. 

The gel forming study involved following changes in storage modulus (i.e. the 

stiffness of the protein paste/gel) as a function of temperature. To evaluate the different 

protein systems gel forming ability, the storage modulus (G’) after heating to 80°C 

(Figure 6-1a) and after cooling (Figure 6-1b) was compared. The paste with the highest 

gel strength after heating (1600 Pa) and cooling (5500 Pa) was the alkali-treated isolate 

paste adjusted to pH 6.5 (Figure 6-1a and b).  Interestingly, the alkali-treated isolate 

pastes and the surimi isolates had very similar G’ values upon heating for each pH value 

tested (Figure 6-1a). According to Dublan-Garcia and others (2003), myofibrillar proteins 

from giant squid (Dosidicus gigas) treated with 0.5% phosphate buffer, 3.5% NaCl, and 

adjusted to pH 6.0 produced the maximum gel strength on heating to 80°C as compared 

to gels within the pH range 5.5-8. However, after the heating phase the alkali-treated 

isolate pastes had the highest G’ (gel rigidity), with surimi significantly lagging, followed 

by the acid-treated isolate which exhibited poor final gel rigidity (Figure 6-1b). This 

suggests enhanced protein-protein interaction on cooling for the alkali-treated gels 

compared to the other protein systems. It was shown by Kristinsson and Hultin (2003b) 

that muscle proteins treated to a low or high pH partially unfold and only partially refold 
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when pH is adjusted to pH 5.5. This can lead to enhanced protein-protein interaction 

when the proteins are heated to form a gel, since they have exposed hydrophobic areas. 

From the results with the catfish proteins, it appears that the alkali-treatment led to 

favorable changes in protein structure with respect to gelation, while the acid process did 

not. The general gelation trend after cooling was stronger gels (G’ values above 4000 Pa) 

formed at pH 6 and 6.5 as compared with the pastes at pH 7, 7.5, and 8 (G’ values below 

3000 Pa). This is interesting because muscle protein gels are normally believed to have 

higher gel strength as pH increases. The rheology tests were performed at protein 

concentrations somewhat below those found in common muscle protein products, since 

very high protein concentrations cannot reliably be tested in the rheometer. At higher pH 

values, the decrease in G’ is likely due to less protein-protein interactions given that 

proteins have more negative charges and this more repulsion compared to the lower pH 

values (Kristinsson & Hultin, 2003a). The higher G’ values at the lower pH values are 

most likely due to more protein-protein interactions given that repulsion is reduced. 

Overall, the alkali-treated isolate at pH 6.5 had the highest final G’, followed by the 

surimi and lastly the acid-treated isolate (Figure 6-1b). 

Another interesting observation at pH 7.5 and 8 after cooling was the alkali (2500 

Pa; 1800 Pa) and acid-treated (1900 Pa; 1500 Pa) pastes formed stronger gels than the 

surimi paste (1700 Pa; 1300 Pa) (Figure 6-1b). These observations are supported by 

findings from Kristinsson and Hultin (2003b), where the gelation of isolated cod myosin 

and myofibrillar proteins was tested. The results of that study were myosin proteins 

treated with acid (1500 Pa) or alkali (1900 Pa) pH then brought to pH 7.5 formed 

stronger gels than the native myosin at pH 7.5 (1250 Pa).  A similar trend occurred when 
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the myofibrillar proteins were treated under the same conditions.  Therefore, the acid and 

alkali treatment of the protein isolates positively affects the ability of the myosin and 

myofibrillar proteins in the pastes to form firmer gels at pH 7.5 and 8 compared to surimi.  

As observed in Figure 6-1b, the alkali-treated and surimi pastes have higher final 

G’ values than the acid-treated pastes at pH 6, 6.5, and 7. Demir and Kristinsson (2003c) 

also reported that the surimi and alkali-treated protein gels at 12% protein concentration 

with 500 mM NaCl and adjusted to pH 7 made from catfish, Spanish mackerel, and 

mullet had significantly higher (p< 0.05) G’ values than the acid-treated isolates.  

Interestingly, the catfish acid isolate pastes had relatively consistent final G’ values of 

about 2000 Pa at pH 6.5, 7, and 7.5, then declined in G’ at pH 8, while the alkali-treated 

and surimi pastes showed a gradual decrease in G’ as pH increased from 6.5 to 8. This 

suggests that the three various extraction treatments have dissimilar effects on protein 

conformation. It is known that low and high pH treatments can unfold proteins to varying 

extents, and the diverse structures formed may yield different functions. Since the three 

processes extracted a variety of proteins in dissimilar proportions (in addition to the 

partial unfolding they undergo at low and high pH treatments), it is possible that these 

variations may contribute differently to the gel formation of a muscle protein system 

(Xiong, 1997). 

Gelation of Extracted Proteins as a Function of NaCl Concentration  

Just as the gelation of fish proteins are sensitive to pH; their function is also greatly 

affected by changes in ionic strength. To investigate the effect of ionic strength, the three 

fish protein systems were tested pH 6.5 (where G’ was the highest) at the following NaCl 

concentrations: 0 mM, 200 mM, 400 mM, and 600 mM (Figure 6-2) 
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Figure 6-1. Gel rigidity as measured by storage modulus (G’), of 8% protein pastes at 500 
mM NaCl and pH 6.5 made from surimi and acid and alkali PI. Protein pastes 
were heated from 5-80°C (a) and then cooled from 80-5°C (b) at 2°C/min.   

Interestingly, the three different systems (grouped together as one unit Figure 6-2b) 

at increasing salt concentrations, displayed a uniform trend for both the heating (Figure 6-

2a) and the cooling phase (Figure 6-2b). For example, in Figure 6-2a the magnitudes 

(heights) of the three bars at 0 mM NaCl closely corresponds to the bar magnitudes 

(heights) in Figure 6-2b.  When each protein system is compared it can be seen that the 
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G’ of the surimi paste increased as salt concentration increased, peaking at 400 mM 

NaCl.  However, for the acid-treated fish paste and the alkali-treated paste, the gel 

strength decreased from 0 to 200 mM NaCl but regained strength at 400 mM NaCl 

(Figure 6-2).  The strongest gel upon heating (1600 Pa) and after cooling (5000 Pa) was 

the alkali-treated isolate paste at 400 mM NaCl, followed closely by surimi and lastly the 

acid-treated isolate paste. 

A similar study by Ingadottir (2004) compared the final storage modulus (G’) after 

heating (80°C) and cooling (5°C) of tilapia washed muscle and acid and alkali-treated 

tilapia muscle protein isolates with and without the addition of 2% NaCl at pH ~7. 

Results from this investigation show that salt concentrations of washed tilapia muscle 

give varying viscoelastic behavior on heating. These findings suggest that the proteins 

without added salt dissociate rather than form cross-linkages with the salt. However, on 

cooling, the G’ increase for both samples was similar. Overall, the alkali-treated proteins 

with and without salt had higher final G’ values than the acid-treated proteins.  Another 

study by Kim and Park (2003) compared the gelation of surimi and alkali and acid treated 

Alaska pollock muscle precipitated at pH 5.5 with and without the addition of salt. This 

investigation demonstrated that as the NaCl concentration increased in the acid and 

alkali-treated protein paste, the textural properties of the gels decreased. However, an 

increase in NaCl concentration in the surimi gave improved texture properties, thus 

suggesting the isolates form gels via a different mechanism than surimi. 

An interesting observation regarding the gelation behavior of the acid and alkali-

treated isolate pastes without the addition of salt is the higher than expected gel strengths. 

This unexpected gel strength could possibly be due to a shift in solubility below 200 mM 
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salt. Kristinsson and Hultin (2003b) demonstrated that the acid and alkali treated cod 

muscle proteins displayed significantly higher solubility as compared to untreated muscle 

proteins below 200 mM NaCl. This higher solubility may have aided in the gel formation 

of the protein isolates as higher solubility would translate to better protein dispersion 

which is though to be an important prerequisite of good gelation (Feng and Hultin, 2001). 

Stefansson and Hultin (1994) demonstrated that cod muscle proteins were soluble at <0.3 

mM ionic strength, if washed many times. Furthermore, Feng and Hultin (2001) and 

Kristinsson and Hultin (2003b) found the same conditions give excellent thermally set 

protein gels, provided pH is slightly alkaline to provide a good dispersion (due to 

electrostatic repulsion) of the proteins, and thus a regular protein gel network is achieved. 

The surimi was only washed three times, which is the industry standard (Stefansson and 

Hultin, 1994).  Three washing cycles is not enough to bring the salt level sufficiently low 

to make a good gel, which is why the catfish surimi at low salt concentrations performed 

the worst of the three protein systems. For this reason, adding salt is needed for surimi-

like products to solubilize the proteins to obtain good gel formation (Lanier 2000). It is 

interesting however that gel strength for the isolates was reduced at 200 mM NaCl while 

that of surimi increased. This highlights that there are some major differences with the 

proteins in the two systems. A major difference between the systems is that the surimi 

still has much of the myofibrillar structures intact at 200 mM NaCl while some of the 

complex proteins begin to solubilize, hence setting the stage for increased gel formation. 

On the other hand, the isolates contain proteins that have already been released from the 

myofibrillar element (during the low or high pH solubilization stage). At pH 6.5 and 200 
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mM NaCl, there may be some charge neutralization which would decrease the solubility 

and repulsion of the proteins, resulting in decreased gel forming ability. This hypothesis 

is yet to be 

tested.
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Figure 6-2. Gel rigidity as measured by storage modulus (G’), of 8% protein pastes at 0, 
200, 400, and 600 mM NaCl made from surimi and acid and alkali PI at pH 
6.5 upon heating from 5-80°C (a) and on cooling from 80-5°C (b).  
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Possible Molecular Changes during Heating and Cooling 

The rheograms generated during the gelation experiments provide and important 

insight into the gelation mechanisms of the three different protein treatments. Figure 6-3 

is an example of the rheograms obtained for the proteins. The first noticeable change in 

storage modulus (G’) on heating in the surimi and alkali-treated paste was around 35°C, 

while the acid-treated paste G’ increased at 43°C (Figure 6-3), suggesting different 

molecular properties of the proteins. This initial change in G’ signified the beginning of 

protein-protein interactions, leading to aggregation (Xiong and Blanchard, 1994). 

Dissociation of the myofibrillar proteins has be reported to begin around 40°C (Xiegler 

and Acton, 1984), although this is highly species and solution dependent. Such 

dissociations include myosin dissociation into its light and heavy chains and F-actin helix 

unraveling and dissociating into single chains. When proteins are heated above 40°C 

disulfide bonds begin to form between the muscle proteins, contributing to gel formation 

(Lanier, 2000). 

During the heating phase, as observed in Figure 6-3, the greatest increase in G’ for 

each of the three samples occurred between 50-60°C. At approximately 60°C, 

hydrophobic interactions between proteins form. These hydrophobic interactions are 

thought to be the primary mechanism for protein gelation during heating (Lanier, 2000).  

In all three gelation treatments, the G’ leveled between 70 and 80°C, which is an 

indication that maximal heat induced interactions were achieved at that point. Kim and 

others (2003) also observed that Pacific whiting treated with a 70% sorbitol solution 

showed that gelation on heating was completed between 75°C and 80°C. Similar results 

were reported for tilapia surimi and protein isolates (Ingadottir, 2004). 
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As the temperature cooled from 80-10°C, the G’ values for all pastes increased 

dramatically. This increase in gel strength is due to an increase in the number of 

hydrogen bonds linking proteins as temperature decreases (Lanier, 2000) and possibly 

interactions between myosin rods (Kristinsson and Hultin, 2003b).  Hydrogen bonds also 

stabilize the α-helix of native and denatured proteins as well as the β structures that form 

on heating and cooling (Bouraoui et al., 1997; Lanier, 2000). The significantly larger 

increase in the G’ of the alkali isolates indicates that stronger interactions develop 

between the proteins. This could be due to a more partially unfolded nature of these 

proteins, which would allow for more contact between them. 

Storage Modulus (G') change During Heating and Cooling at pH 6.5, 500 mM NaCl
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Figure 6-3. Gel formation mechanism of the pastes at pH 6.5 with 500 mM NaCl. 

 



CHAPTER 7 
HYDROLYSATE AND SUPERNATANT COMPOSITION 

Hydrolysis of Catfish Proteins 

After adding the enzyme preparation to the protein isolate homogenate an initial 

rapid hydrolysis rate was observed, followed by a more gradual and steady hydrolysis 

pace and eventual discontinuing of hydrolysis, as observed in Figure 7-1.  During the 

rapid initial phase peptide bonds are rapidly broken by the enzyme, eventually slowing 

and finally ceasing. As hydrolysis progresses over a long period of time, product 

inhibition as well as total substrate exhaustion may occur (Kristinsson & Rasco, 2000). 

Several aquatic species show similar hydrolysis curves, such as salmon muscle mince 

(Kristinsson and Rasco, 2000), Atlantic cod viscera (Ampo et al., 2005), herring (Sathivel 

et al., 2003), and Nile tilapia myofibrillar proteins (Candido & Sgarbieri, 2003). 

SDS-PAGE Analysis 

The major trend observed in Figure 7.2 is as the degree of hydrolysis increased, the 

lower quantity of high molecular weight proteins decreased and a higher number of 

molecular weight proteins below 20 KDa were present. This trend was also observed in 

protein hydrolysates made from salmon (Kristinsson and Rasco, 2000), sardines (Quaglia 

& Orban, 1990), and Atlantic cod viscera (Aspmo et al., 2005). The highest molecular 

weight peptide present in all samples in Figure 7.2a was ~84 KDa. Interestingly, myosin 

heavy chains were only present in the 0% DH sample, indicating that it was fully 

hydrolyzed at very low degrees of hydrolysis. 
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The high and low molecular weight proteins present in the hydrolysate supernatants 

are observed in Figure 7-2b. The 0% DH (unhydrolyzed protein) supernatant contains the 

same peptides as observed for the 0% DH (non-centrifuged) sample, indicating no 

hydrolysis. As expected, the peptide size decreased as degree of hydrolysis increased for 

all hydrolyzed supernatants. 
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Figure 7-1. Effect of hydrolysis time on the degree of hydrolysis (%DH) of the catfish 
protein isolates (3%) using 1% (w/v) Protamex® for 15% and 30% DH 
samples and 0.08% (w/v) Protamex® for 5% DH samples. 

Since by definition enzymatic hydrolysis cleaves proteins into smaller units, the 

hydrolysates at their supernatants were also analyzed for smaller peptides by using Tris-

Tricine 10-20% linear gradient SPS-PAGE gels and peptide standard markers. As 

observed in Figure 7-3, the hydrolysates and supernatants from the 0% DH samples 

(Lane 2) showed the presence of higher molecular weight proteins as compared to the 
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hydrolyzed samples. Also observed in Figure 7-3, as the degree of hydrolysis increased 

the higher the quantity of lower molecular weight peptides were present.  
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Figure 7-2. The protein composition of the (a) hydrolysates and (b) supernatants from the 
hydrolysates as assessed with pre-cast Tris-HCl 4-20% linear gradient SDS-
PAGE gels. Lane1 and 9: Molecular weight standards (same as in Figure 5-1). 
Lanes 2-6 represent the hydrolysates or supernatants. Lanes 2 and 3: 0%. 
Lanes 4 and 5: 5%. Lanes 6 and 7: 15%. Lane 8: 30%. 
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Figure 7-3. The protein composition of the (a) hydrolysates and (b) supernatants from the 
hydrolysates as assessed with pre-cast Tris-Tricine 10-20% linear gradient 
SDS-PAGE gels. Lane1 and 9: Molecular weight standards (same as in Figure 
5-1). Lanes 2-6 represent the hydrolysates or supernatants. Lanes 2 and 3: 0%. 
Lanes 4 and 5: 5%. Lanes 6 and 7: 15%. Lane 8: 30%. 
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Amino Acid and Protein Composition 

Functional differences between hydrolysates can be largely influenced by their 

amino acid composition. For that reason, the amino acid composition of the hydrolysates 

and their supernatants were analyzed (Tables 7-1 and 7-2). Not surprisingly, the amino 

acid composition for all the hydrolysates was similar. This is because there was no 

centrifugation or filtration step used, and thus the hydrolysates are expected to be very 

similar. Interestingly, the hydrolysate supernatant samples were very similar to the 

hydrolysates, even though different peptide fractions were expected to be recovered in 

that fraction (mostly soluble peptides). There were some minor differences found 

between some of the samples, particularly for ASX and LYS, which is more likely due to 

analysis error or variation rather than actual differences. The amino acids that were found 

to be present in the highest abundance were ASX (which represents both asparagine and 

aspartic acid), GLX (which represents both glutamine and glutamic acid), ALA (alanine), 

and LEU (leucine). On the other hand, the amino acids present in the lowest quantities 

include SER (serine), CYS (cystine), HIS (histidine), and THR (threonine). A value was 

not obtained for TRP (tryptophan) since it does not survive the amino acid analysis 

process. The amino acid distribution of the catfish isolate hydrolysates and supernatants 

show a similar profile as observed in hydrolyzed porcine myofibrillar proteins (Saiag et 

al., 2003b) and hydrolyzed whole herring byproducts (Sathivel et al., 2003). Since the 

amino acid composition area % values between the hydrolysates and the supernatants are 

very similar, the differences in antioxidant potential and ACE inhibition (shown in the 

following sections) are unlikely due to amino acid composition, but rather peptide 

composition and the arrangement of the amino acids within the peptides. 
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Table 7-1. Amino acid composition (%) and protein content of the hydrolysates at 
varying degrees of hydrolysis.  

 0% DH 
(control) 

5% DH 15% DH 30% DH 

Protein Conc. 
(mg/mL) 2.13 1.79 ± 0.18 2.34 ± 0.01 2.33 ± 0.02 

ASX 9.540  8.150 ± 1.16 9.505 ± 0.10 9.181 ± 0.41 
GLX 13.316 9.847 ± 3.19 11.759 ± 0.30 11.730 ± 0.67 
SER 0.958 1.257 ± 0.34 1.328 ± 0.02 1.287 ± 0.09 
GLY 5.907 6.643 ± 1.12 6.109 ± 0.08 6.139 ± 0.16 
HIS 1.441 2.145 ± 0.65 1.746 ± 0.09 1.650 ± 0.10 
ARG 3.901 4.892 ± 0.83 4.502 ± 0.17 4.357 ± 0.11 
THR 1.748 2.513 ± 0.89 2.625 ± 0.19 2.261 ± 0.04 
ALA 9.310 9.147 ± 0.44 8.991 ± 0.04 8.915 ± 0.22 
PRO 3.469 4.972 ± 1.19 4.202 ± 0.03 4.313 ± 0.07 
TYR 2.494 3.731 ± 0.70 3.093 ± 0.16 3.199 ± 0.16 
VAL 6.817 7.129 ± 0.01 7.079 ± 0.07 7.217 ± 0.12 
MET 2.891 4.545 ± 0.95 3.631 ± 0.51 3.917 ± 0.51 
CYS 0.246 0.253 ± 0.07 0.240 ± 0.10 0.217 ± 0.08 
ILE 5.175 10.350 ± 5.97 6.080 ± 0.01 6.264 ± 0.21 
LEU 9.677 10.295 ± 0.00 9.945 ± 0.06 9.980 ± 0.16 
PHE 4.139 4.880 ± 0.96 4.053 ± 0.21 4.149 ± 0.06 
LYS 17.022 11.460 ± 3.40 13.380 ± 0.29 13.435 ± 0.67 
 
Table 7-2. Amino acid composition (%) and protein content of the hydrolysate 

supernatants at varying degrees of hydrolysis.  
 0% DH 

(CONTROL) 
5% DH 15% DH 30% DH 

Protein Conc. 
(mg/mL) 

0.23 1.23 ± 0.01 1.78 ± 0.08 1.93 ± 0.10 

ASX 9.956 9.721 ± 0.07 8.383 ± 1.66 9.761 ± 0.22 
GLX 13.598 14.338 ± 0.09 9.666 ± 3.33 11.872 ± 0.18 
SER 0.981 0.945 ±  0.03 1.695 ± 0.61 1.255 ± 0.01 
GLY 5.977 5.448 ± 0.01 6.717 ± 0.93 6.078 ± 0.05 
HIS 0.955 1.243 ± 0.06 2.185 ± 1.12 1.519 ± 0.15 
ARG 3.760 4.112 ± 0.01 4.512 ± 1.21 3.872 ± 0.30 
THR 1.653 1.597 ± 0.22 3.390 ± 1.45 2.458 ± 0.11 
ALA 10.060 9.344 ± 0.09 9.535 ± 0.11 9.070 ± 0.03 
PRO 3.556 3.781 ± 0.12 5.104 ± 1.05 4.326 ± 0.09 
TYR 1.764 2.310 ± 0.02 3.375 ± 1.15 2.901 ± 0.14 
VAL 6.527 6.576 ± 0.04 6.986 ± 0.27 7.100 ± 0.06 
MET 3.339 4.115 ± 0.20 4.190 ± 0.00 3.778 ± 0.54 
CYS 0.000 0.323 ± 0.00 0.345 ± 0.08 0.248 ± 0.08 
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Table 7-2. Continued. 
 0% DH 

(CONTROL) 
5% DH 15% DH 30% DH 

ILE 4.868 5.390 ± 0.04 5.499 ± 0.65 6.085 ± 0.11 
LEU 9.593 9.842 ± 0.11 9.417 ± 1.17 9.946 ± 0.08 
PHE 3.930 3.282 ± 0.02 4.542 ± 1.22 3.994 ± 0.07 
LYS 17.411 16.122 ± 0.13 11.523 ± 3.60 14.038 ± 0.20 

 

 



CHAPTER 8 
HYDROLYSATE AND SUPERNATANT BIOACTIVE PROPERTIES 

DPPH Radical Scavenging  

As observed in Figure 8-1, the 5% DH hydrolysate sample showed the lowest 

residual DPPH radicals (68.8%), indicating the highest antioxidant activity with respect 

to radical scavenging. Since the 0% DH hydrolysate showed the highest level of residual 

DPPH radicals (84.4%) (p<0.0001), this sample was least effective in quenching the 

DPPH radicals. The 15% and 30% DH hydrolysate samples had between 75% and 85% 

residual DPPH radical scavenging activity, and were thus intermediate to the control and 

5% DH. There was a significant difference (p<0.0001) for DPPH radical scavenging 

activity between the 0%, 5% and 30% DH samples. These results therefore suggest that 

although intact catfish proteins have a potential to scavenge radicals, partial hydrolysis of 

these proteins leads to more effective quenching. A study by Rajapakse and others (2005) 

showed peptides purified from blue mussel sauce decreased the DPPH radicals by 35.4 ± 

0.87%, which falls within the catfish protein hydrolysate data in Figures 8-1 and 8-2.  

Contrary to the hydrolysate data in Figure 8-1, the 0% DH supernatants (i.e. soluble 

intact proteins) in Figure 8-2 display the lowest residual DPPH radicals (75.6%) or most 

radical scavenging. The general trend in the supernatants was as the %DH increased, the 

residual DPPH radical activity decreased, which was contrary to what was expected. The 

30% DH supernatant sample showed the lowest DPPH quenching ability (p<0.0001) of 

only 4.9%. There was a significant difference (p<0.0001) in DPPH radical scavenging 

activity between the following supernatant samples: 0% and 30% DH; 0% and 15% DH; 
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and 5% and 30% DH. Overall, the hydrolysates performed better as a group at 

scavenging DPPH radicals than the supernatants. This is interesting as it was expected 

that smaller peptides would have more scavenging activity that intact proteins in the 

supernatant. However, the data does suggest that the scenario is more complex than this 

and intermediate size proteins/peptides may be the most active when it comes to 

scavenging. The current available data cannot conclude the reasons for these interesting 

differences. 
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Figure 8-1. DPPH radical scavenging activity of the hydrolysates at varying degrees of 
hydrolysis at 0.15% protein concentration. Results are mean ± SD. Different 
letters indicate significant difference (p<0.0001) for treatments. 

Several studies have hydrolysate DPPH scavenging. A few such studies include 

hydrolysates prepared from porcine myofibrillar proteins (Saiga et al., 2003b), mackerel 

(Wu et al., 2003), casein (Suetsuno et al., 2000), egg yolk (Sakanaka & Tachibana, 2005), 

fish skin gelatin (Mendis et al., 2005), and shrimp hepatopancreas (Diaz et al., 2004). 
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DPPH Residual Radicals-Supernatants
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Figure 8-2. DPPH radical scavenging activity of the hydrolysate supernatants at varying 
degrees of hydrolysis at 0.15% protein concentration. Results are mean ± SD. 
Different letters indicate significant difference (p<0.0001) for treatments. As 
%DH increased, there was an increase in residual DPPH radical percent. 

A possible explanation for the differences in radical scavenging between the 

hydrolysates and supernatants may possibly be due the presence of aromatic amino acids. 

Evidently, aromatic amino acids are considered effective radical scavengers because they 

readily donate protons to electron-needy radicals while keeping their stability through 

resonance structures (Rajapakse et al., 2005).  

Amino acids such as HIS, TYR, MET, and CYS have proven antioxidant activity 

(Karel et al., 1966; Marcus, 1960; Marcus, 1962). Since the hydrolysates and 

supernatants (Tables 7-1 and 7-2) all contain HIS, TYR, MET, and CYS, the radical 

scavenging activity of the hydrolysates and supernatants could be attributed to these 

amino acids in the hydrolysate peptide. Also, hydrophobic amino acids like LEU, VAL, 
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and ALA, present in Tables 7-1 and 7-2 have been reported to correlate with radical 

scavenging activity (Marcus, 1962; Rajapakse et al., 2005). To be able to understand why 

the different catfish hydrolysates had so different activities, it will be necessary to isolate 

and characterize individual peptides in the hydrolysates. 

Peroxidation System 

As observed in Figure 8-3, the hydrolysates did not inhibit hydroperoxide 

formation. Rather, the hydrolysates appeared to promote hydroperoxide formation. 

Possibly some transition metals from hydrolyzed heme proteins may have been 

responsible for this increase. 

The hydrolysate supernatants however, showed a reduction in hydroperoxides 

(Figure 8-4). The 5% and 30% DH supernatants showed the greatest reduction in 

hydroperoxides, with 55% and 59% remaining hydroperoxides, respectively. Overall, the 

supernatants performed about the same in reducing the hydroperoxide content. 

Interestingly, the supernatant from the unhydrolyzed catfish proteins were equally as 

effective in reducing the level of hydroperoxides (p>0.0001). Since the hydrolysates were 

diluted significantly more than the supernatants to reach 0.15% protein content, it is 

possible that there are key compounds (peptides or other chemical compounds) in the 

isolates which contribute to this reduction in hydroperoxides. Studies have shown that 

protein hydrolysates prepared from porcine myofibrillar proteins (Saiga et al., 2003b), 

herring (Sathivel, 2003), and mackerel (Wu et al., 2003) reduce hydroperoxide content. 
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Relative Hydroperoxides-Hydrolysates 
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Figure 8-3. Relative hydroperoxides remaining before and after heating the hydrolysates 
at varying degrees of hydrolysis in a hydroperoxide generating system (0.15% 
protein concentration). Results are mean ± SD. Different capital letters 
indicate significant differences (p<0.05) in hydroperoxide content values for 
treatments before heating. Different small letters indicate significant 
differences in hydroperoxide content values (p<0.05) after heating. There 
were no significant differences between the treatments before heating. There 
was a significant difference between the control samples all the samples, 
except for the 0% DH supernatant. 

Since the amino acid content of the hydrolysates and supernatants are very similar 

in composition, another explanation for the differences in hydroperoxide content must be 

explored. One reason for the differences may be traced to the molecular weight of the 

proteins in the samples. According to Wu and others (2003) peptides from mackerel 

protein hydrolysates with molecular weights of less than 1.4 KDa possessed greater 

antioxidant activity than the larger molecular weight proteins. As observed in Figures 7.2 

and 7.3, the supernatants are mainly composed of molecular weight proteins falling 

below 14.4 KDa, many below 1.4 KDa. Therefore, the lower molecular weight proteins 

present in the supernatants may be responsible for the decrease in hydroperoxide content. 
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Relatively more of the small peptides are expected in the supernatants compared to the 

larger peptides (which were centrifuged out), which further strengthens this theory. 

Relative Hydroperoxides-Supernatants 
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Figure 8-4. Relative hydroperoxides remaining before and after heating the hydrolysate 
supernatants at varying degrees of hydrolysis in a hydroperoxide generating 
system (0.15% protein concentration). Results are mean ± SD. Different 
capital letters indicate significant differences (p<0.0001) in hydroperoxide 
content values for treatments before heating. Different small letters indicate 
significant differences in hydroperoxide content values (p<0.0001) after 
heating. There was a significant difference between the control and the 
supernatants before and after heating. Supernatants initially lowered the 
hydroperoxide content, but raised the levels after heating. 

A second possible explanation regarding the differences between the hydrolysates 

and supernatants in hydroperoxide content may be the arrangement of GLU, LEU, and 

HIS on the peptide backbones. Proper positioning of these amino acids has shown to 

improve radical scavenging in antioxidant peptide sequences (Chen et al., 1996; Suetsuna 

et al., 2000). Also, histidine is implied to have strong lipid radical trapping abilities as 

well as hydrogen donating due to its imidazole ring (Chen et al., 1998). Hydrophobic 

amino acids, such as PHE and GLY, are highly soluble in lipids. Soluble amino acids are 
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able to gain closer access to the radicals as compared to their neutral or hydrophilic 

counterparts (Rajapakse et al., 2005). 

Metal Ion Chelating Activity 

Since chelating metal ions retards lipid peroxidation, the chelating activities of the 

hydrolysates and supernatants were measured using pyrochatechol violet (PV) and Cu2+ 

(Saiga et al.. 2003b), As observed in Figure 8-5, the 15% and 30% DH hydrolysates (abs 

below 0.500) showed greater metal ion chelating activity as compared with the 0% and 

5% DH (abs above 0.500).  This was in line with what was expected, i.e. that smaller 

peptides are able to bind metals more effectively. However, the well known metal 

chelator EDTA (abs 0.022) showed the best metal ion chelating activity (p<0.0001). 

Other studies showed similar metal ion chelating results as compared with the catfish 

protein hydrolysates. For example, protein hydrolysates from porcine myofibrillar 

proteins (Saiga et al., 2003) also chelate metal ions, showing similar absorbance values 

(~0.5). 

As observed in Figure 8-6, the hydrolysate supernatants were even more effective 

than the hydrolysates in chelating Cu2+. The 15% DH supernatant (abs 0.184) had the 

highest metal ion chelating activity of the supernatant samples, followed by 30% DH (abs 

0.229), 5% DH (abs 0.376), and 0% DH (abs 1.035) (p<0.0001). Although the amino acid 

composition of the hydrolysates and supernatants is similar, the chelating activities 

differed significantly. This difference may be caused by variations in the structure and 

size of the peptides in the hydrolysates (Saiga et al., 2003b) and supernatants. These 

results strongly suggest that smaller peptides do indeed have a better ability to chelate 

metals, as the supernatants contained a proportionally higher level of small peptides than 

the hydrolysates. Presumably the amino acid histidine, especially at the N-terminal of the 
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peptide sequence, is often present in peptides with high metal ion chelating activity (Chen 

et al., 1998). According to Suetsuna and others (2000) amino acids with acidic or basic 

side chains play a role in metal ion chelation due to their respective carboxyl and amino 

groups. This remains to be analyzed for the catfish peptides. 
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Figure 8-5. Metal ion chelating activity of the hydrolysates at varying degrees of 
hydrolysis at 0.15% protein concentration. EDTA was added as the standard 
chelating agent. The control did not contain a metal chelating agent. Results 
are mean ± SD. Different small letters indicate significant differences in 
absorbance values (p<0.0001). As the DH% increased, absorbance decreased. 

It is interesting to note that the supernatant of the unhydrolyzed proteins (0% DH 

sample) did not perform better than the whole protein fraction, contrary to what has been 

seen in the previous assays. This shows that the activities of these different fractions can 

be quite different depending on what activity is being measured. 

The central idea of the ORAC assay is decreasing the intensity of a fluorescent 

probe by heavily supplying it with free radicals. A change in fluorescent intensity 

indicates the degree of free radical damage. When an antioxidant is added to an ORAC 

 



86 

system, the antioxidant acts to protect the fluorescent probe against free radical damage, 

thereby measuring its antioxidant capacity against the radical. The ORAC method is 

unlike other antioxidant capacity assays. This particular method allows for representing 

inhibition time and percentage of free radical damage using “area under the curve” 

calculations to combine into one unit (Huang et al., 2002). 
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Figure 8-6. Metal ion chelating activity of the hydrolysate supernatants at varying 
degrees of hydrolysis at 0.15% protein concentration. EDTA was added as the 
standard chelating agent. The control did not contain a metal chelating agent. 
Results are mean ± SD. Different small letters indicate significant differences 
in absorbance values (p<0.0001). 

Oxygen Radical Absorbance Capacity (ORAC)  

Since solubility of tested compounds is a prerequisite for the ORAC method, it was 

only possible to assay the supernatant samples. The ORAC results for the supernatants 

are represented in micromole Trolox equivalents per gram (Figures 8-7 and 8-8). The 

30% DH supernatants demonstrated the highest ORAC value for 1.5% protein 
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concentration (16.00 µmol/g) and for the 0.15% protein concentration (3.55 µmol/g), 

indicating the highest antioxidant activities (p<0.0001). Also shown in Figures 8-7 and 8-

8, as the degree of hydrolysis decreases, the antioxidant activity also decreases. 

Interestingly, the 0% DH supernatants at 0.15% protein concentration (1.29 µmol/g) 

showed higher antioxidant activity than the 0% DH supernatants at 1.5% protein 

concentration (1.00 µmol/g). 

According to Hernandez-Ledesma and others (2005), hydrolysates prepared from 

bovine α-lactalbumin and β-lactoglobulin showed that only the TRP (4.649 µmol 

Trolox/µmol amino acid), TYR (1.547 µmol Trolox/µmol amino acid), MET (1.547 

µmol Trolox/µmol amino acid), CYS (0.149 µmol Trolox/µmol amino acid), HIS (0.073 

µmol Trolox/µmol amino acid), and PHE (0.003 µmol Trolox/µmol amino acid) 

containing amino acids and peptide fragments possessed antioxidant activities as 

measured by the ORAC method. The remaining amino acids (ARG, ASN, GLN, ASP, 

PRO, ALA, VAL, LYS, ILE, THR, LEU, GLU, and GLY) did not display antioxidant 

activity using ORAC. 

Reducing Power 

Another way to assess the potential role hydrolysates or proteins play in preventing 

oxidation is to assess their reducing power. In this particular assay, outlined in the 

Materials and Methods, an increase in absorbance indicates an increase in reducing 

power of the sample. Therefore, as observed in Figure 12-9, the hydrolysates with the 

highest reducing power were the 5% DH samples (~0.3 abs), followed by 15% DH 

(~0.27 abs), 30% DH (~0.19 abs), and lastly 0% DH (~0.15 abs) (p<0.0001). The 

supernatants of the hydrolysates did show the same declining trend with increased %DH, 
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but values were lower than that of the intact hydrolysates. Interestingly, the supernatant 

of the unhydrolyzed proteins had increased reducing power compared to the whole 

protein fraction. This could possibly be explained by the dilution of the whole fraction, as 

mentioned before, and thus a lower level of certain critical compounds in the isolates and 

hydrolysates. 

 

ORAC-  Supernatants 1.5% Protein

0.00
2.00
4.00
6.00
8.00

10.00
12.00
14.00
16.00
18.00

0% 5% 15% 30%

Degree of Hydrolysis

m
is

cr
om

ol
e 

Tr
ol

ox
 e

qu
iv

al
en

ts
/g

 

b a 

c 
d 

Figure 8-7. The antioxidant activity (Trolox equivalence) of the hydrolysate supernatants 
at varying degrees of hydrolysis (1.5% protein concentration) as assessed by 
the ORAC method. Results are mean ± SD. Different small letters indicate 
significant differences in absorbance values (p<0.0001). Antioxidant activity 
increased as the %DH increased. 

According to a study by Kim and others (2001), a low molecular weight fraction (< 

1 KDa) of bovine skin gelatin hydrolysates had higher ACE inhibitory activity than a 

higher molecular weight fraction. Another study involving hydrolyzed chicken breast 

muscle also suggests that peptides with molecular weights below 1 KDa possess ACE 

inhibition activity (Saiga et al., 2003a). 
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ORAC-Supernatants 0.15% Protein
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Figure 8-8. The antioxidant activity (Trolox equivalence) of the hydrolysate supernatants 
at varying degrees of hydrolysis at (1.5% protein concentration) as assessed 
by the ORAC method. Results are mean ± SD. Different small letters indicate 
significant differences in absorbance values (p<0.0001). Antioxidant activity 
was significantly higher in the 5%, 15%, and 30% DH samples as compared 
with the 0%DH samples. 
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Figure 8-9. Reducing power of the hydrolysates at varying degrees of hydrolysis at 
0.15% protein concentration. Deionized water was added as the control. 
Results are mean ± SD. Different small letters indicate significant differences 
in absorbance values (p<0.0001). All hydrolysates had higher reducing power 
than the control. 
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Figure 8-10. Reducing power of the hydrolysate supernatants at varying degrees of 
hydrolysis at 0.15% protein concentration. Deionized water was added as the 
control. Results are mean ± SD. Different small letters indicate significant 
differences in absorbance values (p<0.0001). All supernatants had higher 
reducing power than the control. 

Yet another study by Je and others (2004) show Alaska pollack hydrolysates with 

molecular weight peptides below 1 KDa as having high ACE inhibition activity. Junk and 

others (2005) found that yellowfin sole hydrolysates with molecular weights below 5 

KDa had higher ACE inhibition activity than the higher molecular weight fractions. 

These findings support that the hydrolyzed samples as having high ACE inhibition, but 

fails to explain the success of the 0% DH samples. The unhydrolyzed sample could have 

contained some small naturally occurring peptides which can explain in part its high 

inhibition ability. 

Several studies have also shown a link between ACE inhibition and peptides 

containing the amino acid proline (PRO). Such studies include hydrolysates from whey 

protein (Abubakar et al., 1998), bonito bowels (Matsumura et al., 1993), synthetic human 

κ-casein (Kohmura et al., 1990), and sour milk (Nakamura et al., 1995). Other amino 

 



91 

acids associated with high ACE inhibition include TRP, TYR, and PHE (Cheung et al., 

1980). Saiga and others (2003a) demonstrated that the amino acid sequence at the N-

termini of peptide chains seem to significantly influence ACE inhibitory activity. Also, 

Fahmi and others (2004) noted that sea bream scale hydrolysates with the most ACE 

inhibition activity contained peptides with TYR in the C-terminal amino acid residue. 

Jung and others (2005) determined that yellowfin sole hydrolysates with molecular 

weights below 5 KDa as well as hydrophobic C-terminal amino acids had high ACE 

inhibition activity. 

ACE Inactivaiton-Hydrolysates

0

20

40

60

80

100

120

0% 5% 15% 30%

Degree of Hydrolysis

%
 A

CE
 In

hi
bi

tio
n

 

a a
aa 

Figure 8-11. ACE inhibition of the hydrolysates at varying degrees of hydrolysis at 
0.15% protein concentration. Different letters indicate significant difference 
(p<0.05) for treatments. 
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Figure 8-12. ACE inhibition of the hydrolysate supernatants at varying degrees of 
hydrolysis at 0.15% protein concentration. Different letters indicate significant 
difference (p<0.05) for treatments. 

 

 



CHAPTER 9 
CONCLUSIONS 

The alkali-treated isolates overall performed better than the acid-treated isolates 

and the conventional surimi when comparing whiteness, lipid reduction, lipid oxidation, 

and gel formation. The acid-treated isolates gave the highest protein recovery and a high 

level of lipid reduction and improved whiteness compared to surimi, yet these isolate 

showed the poorest lipid stability over time and weak gel forming ability. The surimi 

performed relatively well during the gelation studies, lipid reduction, and in TBARS 

development over time, while showing the lowest protein recovery and lipid reduction of 

the three treatments. 

The hydrolysates and supernatants at varying degrees of hydrolysis displayed 

antioxidant and ACE inhibition properties. Overall, the hydrolysates performed better as 

a group at scavenging DPPH radicals than the supernatants. The hydrolysates did not 

inhibit hydroperoxide formation. Rather, the hydrolysates appeared to promote 

hydroperoxide formation. The hydrolysate supernatants however, showed a reduction in 

hydroperoxides. The hydrolysate supernatants were even more effective than the 

hydrolysates in chelating Cu2+.  As the degree of hydrolysis decreases, the antioxidant 

activity as measured by ORAC also decreases. Regarding reducing power, the 

hydrolysates and supernatants showed a declining trend in reducing power with increased 

%DH, but values were lower for the supernatants than that of the intact hydrolysates. The 

hydrolysates and the supernatants showed high ACE inhibition activity 
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There are numerous studies to be performed comparing the functional properties of 

the acid and alkali-treated isolates, surimi, hydrolysates, and hydrolysate supernatants. 

Such functional properties to be explored include foaming, emulsification, and viscosity. 

More in-depth gelation studies, such as torsion, punch, and fold tests should also be 

performed. Microbial growth and identity, color change over time, and gel strength at 

various time intervals are also useful tests for shelf-life stability. .Additional studies need 

to be performed to determine the exact components of the hydrolysates and supernatants 

that are responsible for ACE inactivation as well as specific antioxidative action 

mechanisms. 
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