
ABSTRACT 

THOR, YIWEN. Heat-induced Gelation Properties of Raw Blue Crabmeat. (Under the 

direction of Dr. Tyre C. Lanier). 

 

Mechanical recovery of raw blue crab, which yields three times greater meat recovery 

and less cost associated with hand-picking cooked crabmeat. The aim of this study was to 

determine if this raw crabmeat may be substituted for fish surimi in crab ‘analog’ 

formulations to eliminate the ‘imitation’ label if the heat gelling properties are adequate. The 

first study evaluated heat-induced gelation properties of raw crabmeat paste as affected by 

frozen storage and various enzyme treatments (protease, endogenous transglutaminase 

[eTGase], microbial transglutaminase [mTGase]). Frozen storage effects on the crab protein 

matrix were determined by holding raw crab samples (+/- 6% sucrose) at -20°C for 0 and 6 

months. Accelerated shelf-life study was performed using 0, 6, and 12 freeze-thaw cycles to 

simulate isothermal frozen storage at 0, 6 and 12 months. The results showed that increasing 

frozen storage lowered protein solubility and decreased cooked gel strength. However, the 

protein solubility of cryoprotectants samples was not impacted, indicating that 6% sucrose 

was an effective cryoprotectant and inhibited protein denaturation.  

The second study examined the effects of various enzyme treatments by mixing raw 

crabmeat with varying additions of beef plasma (+/- 3%) as protease inhibitor, mTGase (+/- 

0.5 U mTGase/g), and/or EDTA (+/- 2%) as eTGase inhibitor. Gels were cooked at 

90°C/20min, +/- pre-incubation at 40°C/1hr (to stimulate TGase) or 60°C/30min (to 

stimulate protease). With no additives, gels pre-incubated at 60°C were significantly weaker 

due to endogenous proteases. Beef plasma effectively inhibited the protease activity as it 

remarkably increased fracture strength. The combination of plasma and mTGase formed the 

strongest gels and high molecular weight polymers were observed, suggesting effective 



mTGase cross-linking of myosin. Although optimum heat-induced gelation properties of raw 

crabmeat can be achieved using cryoproctected crabmeat, enriched with beef plasma and 

mTGase, the gel quality was not yet adequate. 

The third study compared the crabmeat to fish surimi in a crab analog product with 

increasing starch level and decreasing moisture content. The adjustment in both moisture and 

starch enabled the gel strength of blue crabmeat to exceed that of fish surimi. In conclusion, 

the raw blue crabmeat can effectively be substituted for fish surimi in a crab analog product.  
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INTRODUCTION 

Blue crab (Callinectes sapidus) is considered one of the most valuable commercial 

fisheries in the Chesapeake Bay and the mid-Atlantic states of Maryland, Virginia, and 

North Carolina and was once widely harvested, supporting a large processing industry for 

cooked, picked crabmeat. However the crab industry has declined greatly due to the massive 

growth in importation of less expensive cooked, picked crabmeat, possibly due to abundant 

labor in countries where this imported meat originates. According to the federal trade 

statistics, the foreign import of crabmeat has increased from $118 million in 1992 to $587 

million in 2013 (Childers 2001; Van Voorhees 2014). This situation has led to the closure of 

the majority of domestic blue crab processing plants. Of the 45 certified crab-picking house 

in 1982, only 11 remains operating in 2011 (Childers 2001; Garrity-Blake and Nash 2007; 

Garrity-Blake and Nash 2012).  

Once harvested, besides the basket quantity of blue crabs sold live to restaurants, the 

majority of the catch has always been sent to commercial crab houses to be processed into 

cooked, hand-picked crabmeat. This cooked crabmeat is most commonly consumed in the 

US in the form of “Maryland-style” crab cakes, which are characterized by the chunky, 

flaky nature of the crabmeat used in their preparation.  

Processing of blue crabs in the mid-Atlantic states starts with steam-cooking under 

pressure at 121°C (250°F) for 10 minutes (Hong et al. 1992). Steaming the crab coagulates 

the protein for ease of picking, produces the characteristic flavor of cooked crab, and 

destroys any pathogens in the live crab (Ward et al. 1983). However, the heat treatment also 

significantly reduces the yield of the crabmeat due to the loss of moisture associated with 
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cooking. Studies have shown that high meat yield is correlated with short cooked time 

(Hong et al. 1992). This cooked and hand-picked method produces 10-12% yield of meat on 

average, based upon the live weight of crabs harvested (Ward 1990). Thus there is a 

considerable amount of residual meat that remains attached to the shell after picking which 

is disposed as waste. Following picking, the meats are separated based on sizing, which is 

also labor intensive, and hand packed into cans for pasteurization or sterilization.  

To improve picked yields of crabmeat, Lee and others (1993) experimented with 

mechanical separation of meat from the cooked by-product shell (meat already manually 

removed).  Their intention was to utilize this mechanically recovered, cooked meat by 

combining it with raw fish surimi and restructuring the mixture into crab analog products 

using the conventional heat-induced gelation process.  In this application, the recovered 

crabmeat would not be functional in gelation of the mixture since it was denatured by the 

prior cooking; it thus serves only as a filler but still would add flavor.   

Mechanical separation could also be used to obtain a greater yield of meat from raw 

crabs, butchered to remove organs etc. but not precooked.  Recent commercial trials by 

Shure Foods in NC showed that raw meat mechanical separation in this way can yield up to 

30% meat by weight based on live weight of crabs, a nearly 300% increase above that 

obtained by traditional cooking and hand picking (Dough 2012). The higher yield is not 

only because mechanical separation may more efficient than hand picking at recovering the 

meat from the shell, but also because less moisture is lost due to the lack of a cooking 

process. The raw mechanical separation method also retains more flavor compounds that 

may be lost with water expressed during the traditional cooking process (Dough 2012). A 
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major advantage of this method for US processors is that it requires less labor than hand-

picking, which would reduce the overall production costs.  

Despite the advantages of using a mechanical separation approach to remove raw 

crabmeat, the paste consistency of the recovered meat cannot produce a flaky, fibrous 

texture in making crab cakes, which is especially prized by consumers of this product. The 

mechanical recovery of meat from raw hard shelled crustacean meat had actually been 

patented previously, in 1977 by Rutledge, but has never been utilized in the crab industry 

because of this textural difference from the traditional market form..  

For raw crabmeat to be a commercially viable, it would be desirable to develop a 

process for texturizing this paste into a more desirable form. Recently Shure Foods patented 

a process of cold gelling (no heating) the raw paste by adding a transglutaminase-based 

(enzyme+substrate) additive (Dough 2012). Such cold gelation does solidify the product but 

also produces a homogenous, isotropic gel rather than a flaky, fibrous texture as would be 

most applicable in making high quality crab cakes. However, a major advantage is that more 

water in the product is retained at the point of sale, so there is minimal yield loss in its 

production due to water loss as with a precooked product. Shure Foods has sought to 

develop unique new applications for this raw gelled crabmeat product based on its unique 

texture and higher flavor profile, but this will require considerable consumer education such 

that it is unlikely that its immediate market appeal will be nearly as strong as that of cooked, 

hand-picked meat. 

 Currently, the surimi industry manufactures a fully cooked, ready to eat imitation 

crabmeat product which already has been used in the manufacture of crab cakes being 
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offered at some restaurants and retail outlets. This product exhibits a somewhat similar 

texture to cooked, picked natural crabmeat. Imitation crab presently is made from raw, 

frozen fish surimi as the only seafood meat ingredient.  The process converts a raw fish 

meat paste to a thin sheet of gel, via heat-induced gelation, followed by an ingenious rolling 

and slicing procedure. The product is widely marketed and consumed in both Asia and 

western countries. Over 450,000 million  tons of imitation crab products were produced 

worldwide in 2011 (Park and Beliveau 2013).  

However, a shortcoming of this product form is that in restaurant/retail applications 

(such as for preparation of high quality crab cakes) the product cannot be described as ‘crab’ 

or ‘crab cakes’.  But if raw, mechanically separated crab paste could be successfully 

substituted for the fish surimi in order to achieve similar textural attributes of this product, 

the “imitation” label could be removed, and the restaurant menu or retail package could 

name the product as ‘crab cakes’. According to U.S. Food and Drug Administration, any 

processed seafood used as a substitute for crabmeat must be labeled as “imitation crabmeat” 

(FDA 2015).   

Clearly for this to be possible, the raw crabmeat (unlike the picked crabmeat utilized 

by Lee and others 1993 as combined with raw fish surimi) must exhibit similar heat gelation 

properties as does raw fish surimi.  This thesis project investigated the effects of frozen 

storage and enzymes on the heat-induced gelling properties of raw, mechanically separated 

crabmeat to determine if it would be feasible in a crab analog product. 
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1.1 Procurement, processing, and properties of raw US blue crab 

Traditionally, whole live blue crabs are first pressure cooked at 121°C (250°F) for 10 

minutes (Hong et al. 1992), chilled overnight to allow meat to congeal and pull away from 

the shell, and then the meat is removed (picked) by hand. Cooking  diminishes the yield 

through loss of liquid as cook time has been associated with yield reduction (Hong et al. 

1992), and the hand-picking process is laborious, less efficient than mechanical separation. 

The efficiency of hand-picking cooked crab averages about three pounds per hour for an 

individual picker (Dough, private communication 2015). Mechanical separation of raw 

crabmeat improves yield and reduce production cost due to less labor required.  The raw 

separation of crabmeat starts by removing the back shell and internal organs of chilled 

inactive live crabs (Dough, private communication 2015). Backed blue crabs are then 

processed through a rotary deboner, which is commonly used to debone fish in surimi 

production. The deboner presses the crabs through 3-5mm diameter holes and separates the 

meat from the shell (Park et al. 2013a). Once removed, the meat is frozen until ready for 

further processing. It is essential to quickly freeze and keep the raw crab under frozen 

storage (typically about -20°C), as the meat from such shellfish has been reported to have 

muscle softening properties even at refrigerated temperature   i eiro et al.       M gica et 

al. 2008).   

 At the point of freezing the composition of the raw blue minced crab is 77.4-86.7% 

moisture, 11.9-19.5% protein, 0.4-1.5% fat, and 1.3-1.8% ash content (Gökoðlu and 

Yerlikaya 2003; Küçükgülmez et al. 2006). According to Farragut (1965), an increase in 

moisture and ash content of blue crabmeat occurs during the spawning season (March to 
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June). Once spawning is over, fat content of the meat decreases until November. Protein 

content fluctuation in blue crabmeat occurs after mating and during periods of restricted 

feeding and movement, ranging from June to January. This fluctuation in composition may 

cause variations in the gelling of the raw crabmeat.  

 

1.2 Surimi and surimi processing 

Crab analog products are commercially produced world-wide based mainly upon the 

heat-induced gelation of a raw fish paste called surimi. Surimi refers to the concentrated 

myofibrillar (salt soluble) proteins from fish, fractionated by a fresh water leaching process 

to remove the sarcoplasmic (water soluble) protein components, followed by a straining step 

which removes most of the small content of connective tissue (stroma, insoluble) proteins. 

After initial heading and gutting of fish, the carcass is pressed between a rubber belt and a 

steel drum with 3-5 mm perforations, which separates the bone, skin, and hard cartilages 

(Park et al. 2013a). A refiner later in the process uses a similar perforated drum of smaller 

hole size to eliminate most connective tissues and residual scale or skin. The leached paste 

is dewatered by pressing or centrifugation and sugar +/- sorbitol (5-8%) and polyphosphate 

(about 0.3%) are added as cryoprotectants for the proteins (Macdonald et al. 2013). This 

mixture is rapidly frozen and can be held with little loss of subsequent heat-gelation 

properties for up to a year or more at -20°C. 

Sarcoplasmic proteins are removed from the fish meat during the surimi process 

because, besides this fraction containing this heme proteins which can discolor and promote 

lipid oxidation, their presence dilutes the more functional (better gelling) myofibrillar 
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proteins such that the gel-forming ability would be lower.  In raw fish meat myofibrillar 

proteins constitute about 70% of total proteins (Park et al. 2013a), but after the leaching 

process little sarcoplasmic or stroma proteins remain. According to Lee (1986), strength of 

cooked gels from surimi continues to increase up to two cycles of water leaching and levels 

off thereafter. Excessive washing can increase the solubility of myofibrillar protein lost in 

the effluent water due to lowering of the ionic strength and thus solubilization of these 

otherwise ‘salt soluble’ proteins. However, high levels of inorganic salts, specifically Ca
2+ 

and Mg
2+

, in the wash water can lower gel-forming ability of surimi by stimulating 

denaturation of the proteins during frozen storage (Tamoto 1971).  

 

1.3 Surimi application in crab analog products 

Approximately 20-25% of surimi manufactured globally is converted into analog 

crabmeat (Park and Beliveau 2013) as it is the principle surimi-based food manufactured in 

Western countries (Japan is however the largest user of surimi and many other products are 

made there and in other Asian countries). In 2011, crab analog production world-wide was 

more than 450,000 metric tons (Park and Beliveau 2013). Crab analog products can be 

categorized into two styles: filament meat and solid meat.  

The filament meat style process starts by comminuting and blending tempered 

surimi, dry ingredients, and added water (typical final surimi content is 30-40% with starch 

added to hold the added water and add firmness). Once homogenized, the mixture is 

extruded into a thin sheet along with its notable red coloring on the outer edge. The thin 

sheet of raw mixture is then rapidly heated at 90-95°C by steam, setting the paste into an 
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elastic gel within 25-100 seconds (Park and Beliveau 2013). This fast cooking method at 

high heat minimizes endogenous enzymatic activities that could degrade (protease) or 

enhance (transglutaminase) the gel-forming process. Flaky texturization of the crabstick is 

then achieved through slitting of the sheet, bundling into a rope, and cutting into shapes that 

maximize the textural effect desired. The finished product is packaged and further heat 

treated for pasteurization prior to refrigerated distribution, chilled or frozen. 

 Production of the solid meat style of crab analog also begins by mixing all the 

ingredients together (similar composition in both styles). However, instead of being 

extruded into a thin sheet for cooking, the surimi mixture is batched into 5-10 kg blocks and 

pre-incubated at low a low ‘setting’ temperature prior to subsequent steam cooking at 90°C 

(Park and Beliveau 2013). This pre-incubation ‘setting’ period stimulates transglutaminase 

activity (endogenous or added), which ultimately enhances the strength of the cooked gel. 

At the same time however, heat-stable endogenous protease activity can also be activated 

and negatively impacts the gel-forming ability, unless inhibitor ingredients such as egg 

white or beef plasma have been added (Nagases et al. 1983; Seymour et al. 1997). After this 

pre-incubation and cooking, the cooled gel blocks are shredded into small fibers and mixed 

with raw surimi-based paste, then extruded in a rope and again heated (about cooked at 

95°C for 10-15 minutes) to induce gelation of the mass (Park and Beliveau 2013). This 

introduces randomized fibers internally in the product to roughly imitate the flaky texture of 

real crab lumps or legs. After packaging the product again is steamed for pasteurization then 

chilled or frozen for distribution.  
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1.4 Heat-induced gelation of surimi and other raw meat proteins 

The conversion of raw surimi paste into crab analog products is induced by heat-

induced gelation. During heating, the myofibrillar proteins go through a two-step process: 

denaturation (unfolding) and aggregation (intermolecular cross-linking) (Ferry 1948). The 

gel formation process begins by grinding an intact muscle and breaking its sliding filament 

microstructure. Once salt is added to the minced meat, the salt ions induce solubilization and 

dispersion of myofibrillar proteins. Solubilization results in the minced mixture becoming a 

viscous paste.  

When subjected to a low temperature heating (below 50°C), unfolding of proteins 

occurs (Lanier et al. 1982). As a consequence, the exposed hydrophobic amino acids of the 

protein form intermolecular hydrophobic bonds. Non-disulfide covalent bonds may also be 

formed in the presence of the enzyme transglutaminase, which is activated with increasing 

temperature and access to unfolding amino acid chains.  

Upon heat treatment above 50-60°C, oxidation of adjacent cysteine residues results 

in formation of disulfide bonds. Myofibrillar proteins continue to unfold through instability 

of hydrogen bonds and expose more hydrophobic amino acids, which increases hydrophobic 

bonding. These additional protein interactions lead to protein aggregation, resulting in a 

rigid gel that is more opaque and white in appearance that the raw paste. Once the gel is 

cooled, reformation of hydrogen bonds takes place, creating an even more firm gel. 

Strength, deformability, and water-holding properties of the cooked gel will ultimately 

depend on the degree to which a fine-pored, uniform and elastic gel structure is formed due 

to these processes (Stevenson et al. 2012)  



 

11 

 

1.5 Factors which influence heat gelation/gelled properties 

1.5.1 Total protein content  

Heat-induced gelation is mainly attributed to the presence of myofibrillar protein in 

the muscle, especially myosin (Fukazawa et al. 1961; Macfarlane et al. 1977). Thus, the 

quantity of myofibrillar protein in the raw material will greatly impact the final gel quality. 

As previously explained, the leaching process enhances the gelling quality of fish surimi by 

eliminating less functional components and concentrating the functional myofibrillar 

proteins.  In mud crab (Scylla serrata) meat myofibrillar proteins only constitutes about 

53% of the total protein content (Benjakul and Sutthipan 2009a), as compared to 60-70% of 

protein in the meat of most fishes. George and Gopakumar (1987) reported that the 

myofibrillar protein fraction is about 56 - 59% of the total protein in the meat of mud crab. 

 

1.5.2 Salt content (ionic strength) and pH 

Salt addition (typically NaCl, sometimes augmented by KCl), accompanied by 

comminution/mixing, is require to solubilize and disperse myofibrillar proteins to optimize 

their heat-induced gelation (Lee 1984; Lanier 1986; Amato et al. 1989). Gel formation does 

not occur in the absence of salt since myofibrillar proteins are insoluble at physiological 

ionic strength, which is at 0.15M (Wu and Smith 1987; Stefansson and Hultin 1994). 

However, even at typical commercial levels of salt addition (2% or 0.3M) used in surimi 

meat paste preparation, solubility of cod myosin is reportedly only about 80% (Stefansson 

and Hultin 1994). Maximum solubility of myofibrillar proteins can be achieved with 1.1M 
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chloride salts due to the salting in effect (Munasinghe and Sakai 2004), but taste and sodium 

content are practical limitations to salt addition. 

When salt is added, the salt ions bind to the oppositely charged groups on the surface 

of the protein, which ruptures the ionic intramolecular bonds. This increases the protein 

affinity for water and enables the proteins to be solubilized (Niwa 1992).  Upon chopping of 

the salted paste, the solubilized protein would be evenly dispersed, which is required for the 

formation of a strong and elastic gel (Niwa 1992). 

 Protein solubility and dispersion also changes with pH. At the isoelectric point (pH 

= pI) at which the net charge is zero the protein is the least soluble. According to Chung and 

others (1994), the textural values of surimi gels were not measurable at pH 5, which is near 

the isoelectric point of myosin (pH 5.3-5.5). When the pH is well below or above the pI, the 

protein has either a net negative or positive charge. The repulsion between charges on 

adjacent protein molecules decreases protein-protein interactions and encourages proteins to 

engage with the water molecules rather than engaging in protein-protein associations that 

can lead to precipitation.  Trevino and others (1990) also demonstrated that alkaline pH 

increased the unfolding of protein in sardine surimi and exposed amino acids for water 

binding, thus improving the protein solubility and water holding capacity of a subsequently 

heated gel.  

Adjustment of muscle proteins to pH greater than 6.6 can also release the so-called 

‘solubility inhibitory proteins’, which are proteins that provide structure to native muscle 

but do not ultimately contribute to gel formation during heating (Kelleher et al. 2004).  

According to Wright (2007), the maximum disruption (at physiological ionic strength) 



 

13 

occurs when pH reaches 11 and above. The removal of these ultrastructure proteins creates 

disruption in the native muscle structure, which enables better dispersion of myosin and 

ultimately formation of a more fine-pored, homogeneous and strong textured cooked gel.  

 

1.5.3 Decrease of meat functionality during frozen storage 

1.5.3.1 Freeze-induced denaturation and aggregation of meat proteins  

Frozen storage is the preferred method of preservation for surimi and other meat-

derived ingredients, but the process can alter muscle proteins and decrease protein gelling 

functionality. This deterioration was observed in the gadoid fish under a long period of 

frozen storage and was associated with the loss of salt-soluble protein extractability and gel-

forming ability (Sikorski and Kolakowska 1990; Macdonald et al. 2013).  These undesirable 

changes are caused by denaturation and aggregation of the main myofibrillar protein, 

actomyosin (Ang & Hutlin, 1989; Ragnarsson & Regenstein, 1989; Del Mazo et. al, 1994).  

Ice forms with the exclusion of almost all solutes, resulting in a pure crystalline 

structure. The ice crystallization often occurs upon the rewarming, as temperature fluctuates 

during frozen storage. As temperature varies, the moisture migration leads to 

recrytallization, where small ice crystals turn into large ice crystals (Calvelo 1981). Once 

redistributed, water molecules can no longer return to their original sites, which causes 

disruption in hydrogen bonds and exposes the hydrophobic or hydrophilic areas. The 

exposed regions induce the favorable intermolecular protein-protein interactions, leading to 

aggregation (Taborsky 1979; Shenouda 1980).    
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1.5.3.2 Formaldehyde formation during frozen storage as affecting meat functionality 

The loss of protein gelling properties during frozen storage of meat proteins from 

certain fish species can sometimes be explained by the concomitant generation of 

formaldehyde (FA). A strong relationship has been found between accumulation of FA and 

loss of heat-induced gelling properties during frozen storage (Gill, et al.1979; Parkin & 

Hultin, 1982; Jahncke et. al. 1992).  FA is produced enzymatically from trimethylamine 

oxide (TMAO), along with dimethylamine (DMA). This reaction is driven by 

trimethylamine oxide demethylase (TMAOase), which seems most prevalent in the viscera 

and red muscles of gadoid fishes like hakes and pollock (Mackie and Thompson 1974; 

Haard 1992), but which also has been reported to occur in mud crabmeat. For example, 

protein salt solubility decreased concomitant with increased accumulation of FA in meat of 

mud crab during frozen storage (Benjakul and Sutthipan 2009b). 

Once formed, FA quickly reacts with the protein resulting in the formation of 

covalent crosslinks. The bonds may be found as methylene bridges that can be either 

reversible or irreversible (Tome et al. 1985). Regenstein and others (1982) proposed that 

introduction of FA first leads to a conformational change in muscle protein which then 

enables the formation of crosslinks. The use of both beta-mercaptoethanol and urea on the 

changed protein restored the original electrophoretic pattern, which indicates that all the 

covalent bonds formed were sulfhydryl bonds. However, others have reported that protein 

insolubility was caused by induced hydrophobic interactions (Owusu-Ansah and Hultin 

1987; Ang and Hultin 1989). In the presence of FA, there was an increase of high molecular 

weight polymers in sodium dodecyl sulfate, but it did not correlate with the decrease in 
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solubility. Ang and Hultin (1989) further observed a reduction in the availability of ε-amino 

groups of lysine with the decrease of protein solubility. This result indicates that FA 

interacts with the amino acid side chain groups in proteins, causing a loss of their salt 

solubility.  

As FA is an unstable compound and difficult to extract from muscle protein, DMA 

generation can be measured to determine the total FA content because DMA is formed at 

the same stoichiometric ratio with FA (Ota 1958).   

   Since FA is highly reactive with protein, it is logical to assume that once generated 

within muscle, all the formaldehyde would bind to the proteins until the saturation point is 

reached. At this point, there be no further buildup of bound FA and free formaldehyde 

would start to accumulate in the system. However, Boeri and others (1993) found that both 

free and reversibly bound FA are proportionally produced at all times in the meat of hake 

during frozen storage. Similar trends have also been observed in meat of Alaska pollock, 

Patagonian hake, and cod during frozen storage (Amano and Yamada 1964; Tokunaga 

1964; Ciarlo et al. 1985). Bechmann (1988) found that the amount of free and reversibly 

bound FA can be calculated from the amount of free FA using a linear model.   

Thus, the rate of free FA generation has been shown to directly correspond to total 

FA generation and thus to DMA production (Leblanc et al. 1988); in other words,  FA 

production in frozen fish meat can reliably be monitored by measurement of free FA only, 

despite that not all FA produced reacts with proteins. Free formaldehyde can be easily 

extracted with water or mildly acidic conditions, followed by quantification using the Nash 

test or Purpald method (Castell and Smith 1973; Quesenberry and Lee 1996). These studies 
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thus suggest that quantification of free FA directly correlates with the amount of total FA 

and its potential impact on protein degradation and loss of functional properties.  

 

1.5.3.3 Cryoprotectant effects on protein denaturation/aggregation during frozen 

storage  

 In order to minimize or inhibit the denaturation of meat proteins during frozen 

storage, cryoprotectants are typically added to surimi prior to freezing (Macdonald et al. 

2013). Many compounds, such low-molecular weight sugars and polyols, amino acids, 

carboxylic acids, and phosphates, have been shown to have cryoprotective properties 

(Campo-Deaño et al. 2009). The most commonly used cryoprotectant for cold-water fish 

species is a mixture of 4% sucrose, 4% sorbitol, and 0.2% phosphates. However, the 

cryoprotectant for tropical fishes includes only 6% sucrose and 0.2% phosphate since the 

myofibrillar proteins from warm-water species are more stable (Macdonald et al. 2013).  

Cryoprotectants stabilize muscle proteins thermodynamically and kinetically. Sugars 

and polyols increase the stability of proteins through solute exclusion. The addition of 

sucrose created a less thermodynamically favorable environment for the protein to unfold 

and minimizes the surface contact area of protein with the solvent (Lee and Timasheff 1981; 

Timasheff 2002). Lee and Timasheff (1981) found that the use of sucrose increased the 

apparent activation energy for the unfolding process of proteins. The cryoprotectant effect of 

sucrose can also be explained kinetically. Addition of cryoprotectant promotes a glassy 

state, which lowers molecular mobility  and restricts unfolding of protein (Chang and Pikai 

2009).  
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1.5.4 Enzyme-induced effects in heat gelation of meat proteins 

Heat gelation properties of muscle protein can also be influenced by the presence of 

enzymes. These enzymes can either degrade or enhance gel quality.  

 

1.5.4.1 Crosslinking by transglutaminase 

Transglutaminases (TGase) act to crosslink myosin during low temperature heating 

of surimi pastes, inducing the so-called ‘setting effect’ that results in higher strength of the 

fully cooked gel (Kumazawa et al. 1995; Morales et al. 2001; Yongsawatdigul et al. 2002). 

TGase are naturally present (endogenous) in the meat of many fish species and catalyze the 

acyl-transfer reaction between γ-carboximade groups of glutamyl residues as acyl donors 

and ε-amino group of lysine residues as acyl acceptors (Kumazawa et al. 1995; DeJong and 

Koppelman 2002). This reaction results in the cross-linking of proteins through the 

formation of ε- γ-glutamyl) lysine linkages.  

The activity of the endogenous transglutaminase (eTGase) is dependent on the 

availability of calcium ions. According to Lee and Park (2003), addition of 0.05% calcium 

chloride can optimize eTGase activity in Alaska pollock and pacific whiting. When eTGase 

activity is not desirable, sodium citrate or EDTA can serve as a calcium chelator to inhibit 

cross-linking of protein by eTGase.  

TGase sourced from microorganisms (Streptoverticilium;  microbial TGase or 

mTGase) can also be applied to enhance gel strength of surimi. Ando and others (1989), 

using glycine compounds as a substrate, found that the optimum pH for mTGase activity 
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was between 5 and 8, but some activity persisted at pH 4 or 9. They determined the 

optimum temperature for such activity to be 55°C and all enzymatic activity was lost when 

heat treated at 70°C for a few minutes. mTGase is not Ca
2+

 dependent, so its activity is not 

influenced by the concentration of calcium ions present nor by addition of metal chelators. 

Many studies have demonstrated that the use of mTGase with a pre-incubation treatment 

can produce stronger surimi gels (Kamath et al. 1992; Seguro et al. 1995). The reactivity of 

mTGase is substrate specific. Sakamoto and others (1995) found that soy proteins (11S and 

7S globulin), milk proteins (casein and sodium caseinate), gelatin, and myosin are all good 

substrates for mTGase. Likewise, when using the same added TGase to two different fish 

species, Joseph et al. (1994) demonstrated that the optimum temperature for setting of 

coldwater fish surimi was 25°C while 40°C was more suitable for tropical fish, in 

accordance with the greater stability of myofibrillar protein from warm water fish. 

Thus the setting effect exerted by both endogenous and exogenous TGase is 

influenced by the habitat temperature of the fish species used to make the surimi (Kamath et 

al. 1992; Joseph et al. 1994; Chaijan et al. 2004).  

 

1.5.4.2 Protein degradation by protease 

Proteolytic enzymes, or proteases, found endogenous to fish meat can be activated 

during heat treatment, leading to a weakening of gel texture termed ‘modori’ by the 

Japanese (Wasson 1993; Hu et al. 2010). Sources of proteases are muscle tissue, parasitic 

organisms, and internal organ tissues (Su et al. 1981a; Su et al. 1981b).  Proteases can be 
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classified into four different categories, based primarily on their mode of action; thus 

cysteine, serine, aspartic, or metallo- proteases.  

Cysteine (thiol/sulfhydryl) proteases have been identified as the main cause of gel 

weakening (modori) during heating of surimi pastes. Cysteine proteases are found in many 

fish species, including Pacific whiting, silver carp, salmon, and red bulleye (Yamashita and 

Konagaya 1990; Seymour et al. 1994; Liu et al. 2008; Hu et al. 2010). Cathepsin B, C, H, 

and L are cysteine proteases that can be found these marine species, although only cathepsin 

B and L seemingly contribute to degradation of myofibrillar proteins in the modori 

phenomenon (Hara et al. 1988; Lee et al. 1993b). The optimum pH of cathepsin B ranges 

from pH 5.5 to pH 6.0. Cathepsin B purified from silver carp and Pacific whiting has an 

optimal temperature of 25-35°C (An and Weerasinghe 1994; Liu et al. 2008). Once 80°C is 

reached, all the cathepsin activity is deactivated (An and Weerasinghe 1994; Liu et al. 2008) 

. Seasonal changes also influence the activity of cathepsin B. Spawning salmon (September 

through November) have the highest level of cathepsin B, while the most cathepsin B 

activity in catfish was found from November to December (Yamashita and Konagaya 1990; 

Barrero et al. 2007). Cathepsin L purified from various fish species had molecular weight 

ranges from 24-78 kDa (Liu et al., 2008; Seymour et. al., 1994; Hu et al., 2010; Liu et al., 

2006). The optimum temperature and pH of cathepsin L on silver carp muscle was 

determined at 55°C and 5.0, respectively (Liu et al. 2006). An and others (1994) found 

myosin heavy chain to be the preferred substrate of carp cathepsin L.  

Serine proteases may also be responsible for surimi gel textural degradation 

(modori) and have been found in tilapia, bigeye snapper, silver carp, and menhaden (Boye 
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and Lanier 1988; Yongsawatdigul et al. 2000; Benjakul et al. 2003; Cao et al. 2004). Serine 

proteases are more prevalent in tropical fishes and have optimum temperature of 60-65°C on 

actomyosin of these fish species and an optimal pH 7.5-8.5 (Makinodan et al., 1987).  Since 

they are more active at alkaline pH, these proteases are also known “alkaline proteases” 

(Hidalgo et al. 1999). 

As opposed to the serine protease, aspartic proteases are fully functional at acidic 

pH. Aspartic proteases are enzymes that involve an aspartate in the catalytic reaction. 

Although these enzymes can degrade muscle protein during postmortem chilled holding of 

fishes, they are unlikely to contribute to textural degradation during surimi gelation due to 

their low optimum pH and heat instability (Makinodan et al. 1987; Yamashita and 

Konagaya 1992; Wang et al. 2009). 

Metalloproteases are so named because they require a metal ion for their catalytic 

mechanism. These proteases are not commonly found in fishes, but they are mainly 

responsible for protein degradation in squid meat during heating (Park et al., 2003). 

Collagenolytic metalloproteases have also been found in hepatopancreas of marine crab and 

Kamchatka crab (Klimova and Chebotarev 1999; Sivakumar et al. 1999). 

Undesirable proteolytic activity induced during heating of surimi or seafood meat 

pastes, resulting in gel textural degradation, can be reduced by addition of ingredients which 

contain specific protease inhibitors. In the past, beef blood plasma was the main additive 

used for this purpose in the surimi industry as it has been shown to be most effective at 

impeding protease activity compared to other food-grade inhibitors. Beef plasma contains 

various protease inhibitors such as kininogen and α -macroglobulin. Kininogen is a cysteine 
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proteinase-specific inhibitor, while α -macroglobulin can limit the activity of all four 

classes of protease through a unique “trapping” mechanism (Lamb-Sutton 1995; Seymour et 

al. 1997). In addition to inhibiting protease, α -macroglobulin also has a synergistic effect 

with transglutaminase on the gelling properties of Pacific whiting surimi (Seymour et al. 

1997). Although beef plasma is a highly effective protease inhibitor, its application is now 

limited due concern which arose due to the outbreak of bovine spongiform encephalopathy 

or ‘mad cow disease.’ Nowadays, egg white protein is substituted for beef plasma in the 

surimi industry. Similar to beef plasma, egg white can reduce all types of protease activity. 

Cystatin, ovoinhibitor, ovomucoid, and ovostatin are inhibitors that are found in egg white. 

Cystatin is an inhibitor specific for cysteine proteases (Turk and Bode 1991), while 

ovoinhibitor and ovomucoid target the activity of serine proteases (Stevens 1991). Ovostatin 

 or “ovomacroglobulin”) has a similar stucture and mechanism as the α -macroglobulin of 

beef plasma (Nagases et al. 1983). Thus, all four types of proteases can be inhibited by 

ovostatin. The “trapping” protease inhibitors are not the only method of reducing the 

proteolysis of metalloprotease. As metal ions are essential for activity, addition of a 

chelating agent such as EDTA can impede all enzymatic reaction of metalloproteases. 

Other common food-grade inhibitors that have been used in surimi include whey and 

potato protein extracts (Weerasinghe et al. 1996). Whey protein was useful in preventing 

heat-induced proteolysis in surimi pastes from Pacific whiting and lizardfish (Weerasinghe 

et al. 1996; Yongsawatdigul and Piyadhammaviboon 2004). The use of potato protein 

inhibitor was shown to minimize gel degradation during heating of surimi pastes from 

Pacific whiting and arrowtooth flounder surimi (Lanier et al. 1981; Porter et al. 1993).  
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1.5.5 Starch as functional ingredient 

Starch is a widely used ingredient in surimi-based products for its functional 

properties to imbibe free water and to improve gel strength via a filler effect of the swollen 

starch granules imbedded in the meat protein gel. In crab analog products the common 

usage of starch level is 4-12%, which allows for three times or more this amount of water to 

also be added. In some cheaper crab analog products the usage is reportedly as high as 20% 

(Park and Beliveau 2013).  

When starch is added to a protein system, its gelatinization temperature is higher 

compared to a pure starch-water system (Evers 1979). This increase enables myofibrillar 

proteins to denature and bind some water before the starch gelatinizes. Thus, the protein gel 

network can also limit the water available for the swelling of starch (Park et al. 2014). 

However when water is adequate in the system, as is common when extra water is added 

along with the starch, protein and starch do not compete for water, and this allows the 

protein matrix to form properly as well as for the starch to swell fully during heating (Couso 

et al. 1998). 

 In protein gels starch simply acts as a filler and dehydrating agent in a gel matrix 

(Wu et al. 1984; Kong et al. 1999). When starch is heated, the granules start to swell by 

absorbing the surrounding water. The expansion of the starch granules exerts a turgor 

pressure on the already formed protein gel matrix. Thus, the protein matrix becomes firmer 

and more cohesive (Kim and Lee 1987; Kong et al. 1999). The most widely used starches in 

the surimi-based products are potato and wheat. Potato starch has the greatest swelling 
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ability out of all the native starches. As a result, it also has the largest effect on gel 

strengthening of surimi products (Wu et al. 1984; Kim and Lee 1987; Smith 1994). 

Gel strengths of pollock and whiting surimi have been shown to improve when starch 

was added at 6%, although effect of starch on gel strength is the greatest at lower 

concentration of 3% (Yoon et al. 1997; Yang and Park 1998). Chen and other found that the 

addition of starch up to 8% not only enhances the penetration and compressive forces of 

surimi gels but an excessive use of starch (>8%) can have a negative impact on gel strength. 

Yoon and other (1997) found that shear stress was reduced when the starch concentration 

increased from 6% to 10%.  At high levels, starch and proteins compete for available water, 

preventing the proteins from forming a gel matrix.  

 

1.6 Review of analytical methods used 

1.6.1 Rheology/measurement of gelled protein properties 

Texture of surimi and crab analog products is an important quality attribute. Certain 

mechanical properties of these gels, important to texture, can be measured objectively with 

rheological instruments (Steffe 1996). As protein gels exhibit both elastic (solid) and 

viscous (fluid) properties, they are regarded as viscoelastic. Ultimately the viscoelastic 

properties, as well as the water-holding properties, of such gels is dependent on achieving 

first a proper dispersion of relatively undenatured myofibrillar proteins under proper pH to 

enhance their subsequent gelation (Sato et al. 1984; Wright 2007).  Also the time and 

temperature combination during heat treatment will affect their unfolding and 
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interaction/aggregation, which may also be altered by the activity of various enzymes 

present as has been previously discussed.  

Fracture of the gel is required to measure textural mechanical properties of main 

interest, which are the gel strength (stress required to fracture) and deformability (strain 

required to fracture) of the gels.  Most commonly such measurements are made by the 

surimi industry using an empirical ball penetration (punch) test; however, many scientific 

publications in this area have employed a fundamental approach involving a torsional 

fracture test. 

 In torsion testing, shear stress and strain are applied to a capstan shaped specimen 

such that fundamental measurements of fracture stress and strain can be calculated. Shear 

stress refers to the parallel force applied to the surface of the material and the measurement 

at fracture relates to the material strength. Fracture shear strain relates to the deformation of 

the sample at the point of failure, which measures the gel deformability. The stress and 

strain values at fracture measured by method are purely independent, minimizing geometric 

considerations (Hamann et al. 2006) and correlate well with sensory evaluation (Barrangou 

et al. 2006). Despite its advantages, torsion testing is not suitable for weak gels since sample 

may be lost during preparation or testing.  

The ball penetration (punch) test is a empirical method commonly used by the surimi 

industry can however give useful data on weaker gel specimens. It is also a more rapid and 

simple procedure and thus ideal for quality control. In surimi gel testing a 5.0 mm diameter 

spherical probe in pressed axially into a cylindrical gel specimen at 60 mm/min until 

fracture occurs. The force and depth of penetration at fracture are regarded as measurements 
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of the gel strength and deformation, respectively. For commercial purposes these two values 

are often multiplied together to determine what the Japanese refer to as the ‘jelly strength.’ 

As the punch test was developed to imitate the mastication process by identifying the point 

of failure by large deformations, these measurements were reported to have good correlation 

with textural attributes, such as first-bite hardness (Park et al. 2013b).  

 

1.6.2 Color measurement 

 Color, along with gel strength, is often used in surimi quality grading, since it is 

desirable that most finished food products (gels) possess a very white appearance internally.  

When crabmeat is cooked, it can exhibit a brilliant white color, especially in highest grades 

of picked crabmeat. For this reason, whiteness is particularly desirable characteristic in crab 

analog products made from surimi. Higher whiteness can be achieved by minimizing use of 

red meat portions of a fish, and especially by extensive washing leaching of the meat to 

remove pigments (soluble heme proteins) during surimi processing. Thus, washed fish 

surimi has higher whiteness values than unwashed fish surimi (Lertwittayanon et al. 2013).   

Whitening agents (food additives) are also sometimes used to improve the whiteness 

of crab analog products. Common whitening additives are titanium dioxide, calcium 

carbonate, and finely emulsified vegetable oil. Titanium dioxide is the most effective 

whitening agents and only requires 0.1% to achieve desirable whiteness (Benjakul et al. 

2004). When well distributed, these ingredients have light-scattering effects that increase the 

perceived whiteness of cooked surimi gels. 
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CHAPTER 2 

Effect of sucrose as cryoprotectants on gel-forming ability of raw blue crabmeat 

during frozen storage 
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2.1 Abstract 

 Cryoprotectants are commonly added to fish surimi to protect myofibrillar proteins 

from denaturation and aggregation during frozen storage, which results in loss of heat-

induced gelling properties. This study explored the possible protective effect of added 

cryoprotectant on the gelling properties of raw blue crabmeat (Callinectes sapidus) 

following frozen storage. Raw crabmeat paste, w/wo cryoprotectant (6% sucrose) was 

subjected to 6 months isothermal storage at -20°C vs. 6 or 12 freeze-thaw (FT) cycles of -

20° to near 0°C. Formaldehyde content, protein solubility, and heat gelation properties were 

monitored. Protein solubility decreased after 6 months isothermal frozen storage and 12 FT 

cycles (by 5% and 30% respectively).  However, gel-forming ability did not significantly 

decrease in concert with this drop in protein solubility. No formaldehyde formation was 

noted in any treatment. Sucrose as a cryoprotectant prevented the loss of protein solubility, 

but did not inhibit the small (about 8-20%) but significant losses in gel strength, and slight 

decreases in gel deformability, noted after the various frozen storage treatments.  

 

2.2 Introduction 

The U.S. blue crab industry in the mid-Atlantic region has greatly diminished due to 

many factors, including the labor costs of processing cooked, hand-picked crabmeat and the 

competition from foreign imports (Childers 2001; Van Voorhees 2014). Traditionally, blue 

crab is pressure-cooked whole, chilled overnight, and hand-picked to remove meat. 

Removing the meat from the shell by hand, plus the loss of liquid which accompanies 
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cooking, greatly reduces meat yield. Mechanical separation of raw crabmeat can increase 

yields by three times while reducing labor costs.  

 Surimi is a refined myofibrillar protein concentrate produced from mechanically 

deboned fish and is commonly made into crab analog products in the United States and 

European Union.  Mechanically separated raw crabmeat could be utilized as a substitute for 

fish surimi, to eliminate the “imitation” labeling for these analog products (FDA 2015). 

Cryoprotectants are commonly added to fish surimi to protect myofibrillar proteins from 

extensive denaturation and aggregation, which will result in loss of heat-induced gelling 

properties (Grabowska and Sikorski 1976; Matsumoto 1980; Macdonald et al. 2013).   

Formation of formaldehyde (FA) can occur in the meat of some fishery species 

during frozen storage.  When this occurs FA contributes to the denaturation of protein 

during frozen storage, associated with a loss of protein solubility and gel-forming ability in 

fish meat (Gill et al. 1979; Parkin and Hultin 1982; Jahncke et al. 1992). Formaldehyde is 

produced, along with dimethylamine (DMA) at the same stoichiometric ratio, from 

trimethylamine oxide (TMAO) by the action of TMAO demethylase. This enzyme is mostly 

associated with the viscera and red muscles of gadoid fishes (Mackie and Thompson 1974; 

Haard 1992) but has also been found to be active in meat of mud crab, where FA production 

induced a loss of muscle protein solubility during postmortem storage (Benjakul and 

Sutthipan 2009b). 

Addition of cryoprotectants to fish surimi has been proven effective in both lowering 

the formaldehyde formation in fish meat where this may occur, as well as in preventing 

deterioration of protein functionality due to any form of frozen storage-induced protein 



 

34 

denaturation and aggregation (Ang and Hultin 1989; Ragnarsson and Regenstein 1989; Del 

Mazo et al. 1994; Carvajal et al. 2005; Martínez et al. 2014). The latter phenomenon is of 

concern problem in meat of cold blooded animals, for which the protein stability is directly 

related to the environmental temperature of the habitat. There are many compounds that 

have been used for their cryoprotective properties, including low-molecular-weight sugars 

and polyols, amino acids, carboxylic acids, and polyphosphates (Campo-Deaño et al. 2009). 

A mixture of 4% sucrose, 4% sorbitol, and 0.2-0.3% polyphosphate is most commonly used 

as cryoprotectant in surimi from cold-water species, such as Alaska pollock, to prevent 

deterioration of myofibrillar proteins (Yoon and Lee 1990). Due to its higher thermal 

stability, surimi obtained from warm water species normally contains only 6% sucrose as a 

cryoprotectant.  

As for fish surimi, likely the best long term storage option for retaining good gelling 

functionality of raw blue crabmeat paste is by frozen storage. The objective of this study 

was to determine any effects of added cryoprotectant on the stability of raw blue crabmeat 

paste during isothermal and accelerated (freeze/thaw) frozen storage  as determined by 

protein solubility, color change, and heat-induced gelling properties.  

 

2.3 Materials and methods 

2.3.1 Materials 

Raw, mechanically separated blue crabmeat paste (Callinectes sapidus) was 

provided by Shure Foods, Inc. (Greenville, NC). The blue crab was harvested in summer 

(August). The raw crabmeat was obtained from crabs that were butchered within 24 hours of 

http://en.wikipedia.org/wiki/Callinectes_sapidus
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deboning and held refrigerated on ice overnight prior to mechanical separation. This was to 

prevent softening of muscle due to proteases if present. The raw crabmeat was recovered by 

mechanical separation. 

 

2.3.2 Moisture content 

Moisture content of the recovered crabmeat paste was measured by oven drying  

according to the AOAC official methods for moisture (950.46). 

 

2.3.3 Sample preparation and treatments 

Raw crabmeat paste was chopped in a small Stephan (Hameln, Germany) UMC5 

chopper, with or without 6% sucrose (Domino Foods, West Palm Beach, FL) as 

cryoprotectant, until homogenized time and temp . Samples were then packaged in Ziploc 

bag (SC Johnson & Son, Racine, WI) with ½ inch thickness and frozen at -20°C.  Some 

packages were held isothermal at -20°C for 6 months, plus an accelerated shelf life study 

was also conducted by subjecting other packages to 6 or 12 freeze-thaw (F/T) cycles. The 

F/T cycles were used to mimic accelerated frozen storage. One F/T cycle consisted of 

placing a thoroughly frozen (-20°C) sample overnight in a room held at 4°C and returning 

the sample to the -20°C freezer the following morning.   

 

2.3.4 Formaldehyde analysis 

Quantification of formaldehyde (FA) followed the Purpald method with 

modifications (Quesenberry and Lee 1996). The samples were mixed with 5% 
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trichloroacetic acid at 1:5 dilution and centrifuged at 10,000 x g for 20 minutes.  

Supernatant (1 ml) was collected and combined with 1 ml 34mM Purpald (Sigma Aldrich, 

St. Louis, MO). The mixtures were kept at room temperature for 20 minutes and then added 

with 1 ml of 33 mM sodium periodate (Sigma Aldrich, St. Louis, MO). Absorbance at 550 

nm was determined and FA concentration using a standard curve in ppm. Each sample were 

measured three times and the entire analysis was replicated twice.  

 

2.3.5 Protein solubility measurement 

Solubility of muscle protein in a 0.6M salt solution has been shown to correlate well 

with changes associated with protein denaturation and/or aggregation (Benjakul et al. 2005). 

Protein solubility was determined according to Benjakul and others (2005) with some 

modifications. The frozen stored treatment samples were first thawed for 1 hour at 4°C. To 

2g raw blue crabmeat paste, 18 ml of 0.6 M KCl solution was added. The mixture was 

homogenized for 30 minutes and stored overnight at 4°C. The homogenized samples were 

then centrifuged at 10,000 x g for 10 minutes and the protein content of the collected 

supernatant was determined using a bicinchoninic acid assay with Pierce BCA protein assay 

kit. The protein was measured at 562 nm through a standard curve using bovine serum 

albumin as the standard protein. Three measurements were taken from each sample, while 

the analysis was performed in duplicate. 
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2.3.6 Heat-induced gel preparation 

Frozen crabmeat paste treatments were tempered at room temperature for 30 minutes 

until the frozen blocks could be cut into 1” pieces. The crab was then blended with  % 

sodium chloride and ice, sufficient to adjust all formulations to 78% moisture content, in a 

Cuisinart DLC-2007N Prep 7 food processor (Conair Corp., New Jersey, US). Sucrose (6%) 

was added to non-cryoprotected samples (controls) so results could be compared; all the dry 

ingredients were well mixed before adding to the crabmeat paste. The paste was 

homogenized until it reached 5°C. The paste was then placed into plastic bags and vacuum-

sealed to further reduce air pockets. Stainless steel tubes (diameter = 1.87 cm; length = 

17.75 cm) were sprayed with a non-stick cooking spray (PAM, ConAgra Foods, Omaha, 

NE) and stuffed with crab paste using a sausage stuffer (Vogt series 9, Germany). The tubes 

were capped and cooked by water bath at 40°C for 1 hr, to stimulate any existing 

endogenous transglutaminase (TGase) activity, followed by cooking at 90°C for 20 min. 

After cooking, the tubes were immediately chilled in ice water and stored at 4°C overnight 

before analyses. Two replications were performed for each treatment.   

 

2.3.7 Gel texture measurement 

Texture, or mechanical fracture properties (fracture strength and deformability), of 

cooked crabmeat gels was objectively measured using a Model 5542 texture analyzer 

(Instron, Norwood, MA) equipped with a spherical plunger (diameter 5 mm, depression 

speed of 60 mm/min).  Gels were equilibrated to room temperature for 1 hour before 

analysis. The gels were cut into 2.5 cm long cylinders and subjected to axial penetration by 
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the probe. Breaking force (gel strength) and penetration depth (gel deformability) were 

recorded in six replicates for each treatment sample.  

 

2.3.8 Statistical analysis 

Statistical analysis was conducted using Student’s t test    <  . 5) on SAS JM  11 

software (Cary, NC). Values are reported as means ± standard error of the mean.  

 

2.4 Results and discussion 

2.4.1 Formaldehyde formation during frozen storage 

The formaldehyde content of raw blue crabmeat paste was measured throughout 

both isothermal and accelerated (F/T cycling) frozen storage (Fig. 2.1). There were no 

significant differences among any of the treatments in FA content, except for for a slight 

decrease noted in the non-cryoprotected treatment at 6 F/T cycles only.   Although Benjakul 

and Sutthipan (2009a) found that FA formation led to loss of protein solubility during 

storage of meat from mud crab, the present results suggest that FA formation is unlikely to 

be a contributor to protein denaturation during frozen storage of raw blue crabmeat.  

 

2.4.2 Protein solubility changes induced by during frozen storage 

Protein solubility in 0.6M salt solution decreased slightly (about 8%) after 6 month 

at -20°C in the absence of added cryoprotectant, whereas no change occurred in the 

cryoprotected treatment (Fig 2.2). No reduction of protein solubility was noted after 6 F/T 
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cycles.  However solubility dropped by about 30% in non-cryoprotected samples after 12 

F/T cycles, but did not decrease in cyroprotected samples after 12 F/T cycles.  

Loss of protein solubility after frozen storage suggests that denaturation and/or 

aggregation may have occurred in the myofibrillar proteins. Sucrose addition likely 

stabilized the muscle protein by creating aa less thermodynamically favorable environment 

for the protein to unfold (Lee and Timasheff 1981; Timasheff 2002).  

 

2.4.3 Gel fracture properties 

The heat-induced gel-forming ability of frozen raw blue crabmeat did not appear to 

significantly decline in concert with the drops in protein solubility noted in Fig 2.2. Sucrose 

as a cryoprotectant, which seemingly prevented these losses of protein solubility, did not 

inhibit the small (about 8-20%), but significant losses in gel strength (Fig. 2.3A), and slight 

decreases in gel deformability (Fig. 2.3B), noted after the various frozen storage treatments. 

The small decrease in gelling ability noted is much less compared to those typically reported 

for non-cryoprotected fish surimi under similar condition. Scott and others (1988) found that 

6 months storage lowered both breaking force and deformation by approximately 25%.  

Pollock is a very cold water species, whereas blue crabs inhabit much more temperature 

waters, which could lead to greater stability of their meat proteins in frozen storage 

(Macdonald et al. 2013). 
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2.5 Conclusions 

Frozen storage and F/T cycling at -20°C was shown to somewhat degrade protein 

solubility and gelling ability of blue crab. No accumulation of formaldehyde during frozen 

storage occurred so all changes likely result only from typical freeze-induced protein 

denaturation. While the losses of protein solubility were effectively inhibited by 

cryoprotectant (sucrose) addition prior to freezing, cryoprotection had no measurable effect 

in preventing the slight losses gel-forming ability caused by frozen storage. As compared 

reports on non-cryoprotected surimi however, the changes in gel-forming ability of raw 

crabmeat are minor and thus frozen storage can be used to maintain the gelling properties at 

an acceptable level for at least six months isothermal storage at -20°C.   
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Figure 2.1- Effects of frozen storage treatment and cryoprotectant (6% sucrose) on 

formaldehyde content of raw blue crabmeat 
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Figure 2.2 - Effects of frozen storage treatment and cryoprotectant (6% sucrose) on protein 

solubility of raw blue crabmeat in 0.6M KCl solution 
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Figure 2.3 - Effect of frozen storage treatment and cryoprotectant (6% sucrose) on cooked 

blue crabmeat gel strength (A) and deformation (B) at fracture 
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CHAPTER 3 

Endogenous protease and transglutaminase effects  

on heat gelation of raw blue crabmeat 
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3.1 Abstract 

The present study evaluated effects of protease activity and endogenous, or added 

(microbial), transglutaminase (e- or m-TGase, respectively) activity on the heat-induced 

gelation properties of mechanically removed raw crabmeat. Raw blue crab paste was 

blended to contain 2% NaCl and 78% moisture (final contents), while also varying additions 

of beef plasma (+/- 3%) as a protease inhibitor, mTGase (0 or 0.5 U mTGase/ g), and EDTA 

(+/- 2%) as cofactor or sequestrant as affecting eTGase. Gels were cooked at 90°C/20min, 

+/- pre-incubation at 40°C/1hr (to stimulate TGase) or 60°C/30min (to stimulate protease). 

With no additives, gels with 60°C pre-incubation were significantly weaker, which indicates 

that endogenous proteases are active at 60°C. Beef plasma effectively inhibited the protease 

activity as it remarkably increased fracture strength. The use of 2% EDTA prevented the 

proteolysis of myosin bands, in addition to limiting the eTGase. These results suggest that 

serine and/or cysteine proteases, as well as possibly serine metalloprotease, may affect heat 

gelation of raw blue crabmeat. Since stronger gels were obtained via 40°C pre-incubation, 

eTGase activity and/or the stoichiometric dipeptide-forming ability of added beef plasma 

may be responsible.  The combination of plasma and mTGase formed the strongest gels and 

high molecular weight polymers were observed, suggesting the cross-linking effect of 

mTGase.  Overall, beef plasma and mTGase can be incorporated to improve gelling 

properties of blue crabmeat by inhibiting protease activity and cross-linking of myosin.  
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3.2 Introduction 

The blue crab (Callinectes sapidus) industry in North Carolina has declined due to a 

number of factors, including the high labor cost of hand-picking cooked crabmeat (Childers 

2001; Garrity-Blake and Nash 2007; Garrity-Blake and Nash 2012). Traditionally, crabmeat 

is obtained through steam-cooking under pressure at 121°C (250°F) for 10 minutes, chilling 

overnight, and hand-picking (Hong et al. 1992). Steaming the crab coagulates the protein for 

ease of picking, produces the characteristic flavor of cooked crab, and destroys any 

pathogens in the live crab (Ward et al. 1983). Mechanical separation of raw crabmeat can 

result in up to three times higher yield of edible meat  a reduced cost in labor associated 

with the hand-picking porcess (Dough 2012).  

Imitation crab is a widely consumed product made from fish surimi with over 

400,000 ton produced worldwide every year (Park and Beliveau 2013). However, the 

product is labeled ‘imitation’ and restaurants cannot label menu items made exclusively 

with this product as ‘crab’ (FDA 2015).  If the raw crabmeat were used in the manufacture 

of seafood analog products, it could be substituted for fish surimi in restructured crabmeat 

production to eliminate ‘imitation’ labeling on restaurant menu items, such as traditional 

crab cakes.  

Heat-induced gelation of muscle proteins has been shown to be influenced by the 

presence of enzymes, such as cysteine proteases, serine proteases, and metalloproteases. 

Gel-forming ability of muscle proteins can either be improved or diminished based on the 

activities of transglutaminase or proteases, respectively. Transglutaminase is naturally found 
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in (endogenous) the muscle of many fish species and can enhance gelling properties when 

heat treated at low temperatures (Kumazawa et al. 1995; Morales et al. 2001; 

Yongsawatdigul et al. 2002) Addition of mTGase can further improve the gelling properties 

(Kamath et al. 1992; Asagami et al. 1995; Seguro et al. 1995). The activity of 

transglutaminase in a meat paste is dependent on the natural temperature of the animal at 

harvest. The optimum temperature for transglutaminase activity in coldwater fish has been 

found to be from 5-25°C (Lee and Park 1998), while 30-40°C is more suitable for meat or 

surimi from tropical fish species (Kamath et al. 1992; Benjakul and Visessanguan 2003; 

Benjakul et al. 2005). The activity of eTGase, but not mTGase, is dependent on the 

availability of calcium ions. According to Lee and Park (1998), addition of 0.05% calcium 

chloride can optimize eTGase activity in Alaska pollock and pacific whiting. 

The main four classes of proteases that have been observed to degrade myofibrillar 

protein are cysteine protease, serine protease, aspartic protease, and metalloprotease. 

Metalloprotease, which requires metal ions for activity, has been reported to occur in crab 

(Klimova and Chebotarev 1999; Sivakumar et al. 1999). The use of added, food-grade 

substances that act as protease inhibitors can minimize the undesirable proteolytic activity 

and its negative effect on cooked gel texture. Thus far, beef blood plasma has been found to 

contain the most effective inhibitor, -2-macroglobulin, which utilizes a “trapping” 

mechanism to limit the activity of all four classes of proteases. Fibrinogen in beef plasma 

also has been shown to react synergistically with myosin in fish muscle(Foegeding et al. 

1986) and also serves as a good substrate for crosslinking by transglutaminase (Kang and 

Lanier 1999; Tahergorabi et al. 2012)  



 

50 

 The present study investigated the potential effects of transglutaminase (endogenous 

or added microbial) and endogenous protease on the heat-induced gelation properties of raw 

blue crab. This information would enable better control of heat-induced gelation in order to 

produce the desired texture in crab ‘analog’ products using raw crabmeat s a base. 

 

3.3 Materials and methods 

3.3.1 Materials 

Raw, mechanically-separated blue crab (Callinectes sapidus) was provided by Shure 

Foods, Inc. (Greenville, NC). The blue crab was harvested in summer (August). The raw 

crabmeat was obtained from crabs that were butchered 24 hours prior to deboning and held 

refrigerated on ice overnight prior to mechanical separation. The meat paste was largely free 

of detectable shell fragments, and was promptly packaged in plastic bags, frozen and held at 

-50°C until testing within 6 months. Ethylenediaminetetraacetic acid (EDTA; disodium salt 

dehydrate) was purchased from Fisher Scientific (Waltham, MA), mainly for eTGase and 

metalloprotease inhibition. MTGase (Activa TI, Tokyo, Japan) was obtained from 

Ajinomoto and contains 100 units of enzyme activity per gram of powder. Spray dried beef 

plasma was obtained from Proliant Biologicals (Ankeny, IA). MTGase was stored in -20°C 

and beef plasma was placed in 4°C prior to use.  

 

3.3.2 Gel preparation 

Frozen crab paste was thawed at room temperature for 30 minutes until the frozen 

blocks could be cut into 1” pieces. The crab was then blended with  % sodium chloride 

http://en.wikipedia.org/wiki/Callinectes_sapidus
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(w/w) and ice in a small Stephan UMC5 vacuum chopper (Germany). The ice was added to 

adjust all formulations to 78% moisture content.  

Blending was followed by the addition of the other dry ingredients: beef plasma (+/- 

3%), EDTA (+/- 2%), and MTGase (+/- 0.5%).  The different combinations of formulations 

and heat treatments were shown in the experimental design (Fig 3.1).  Control samples 

contained no additives. Beef plasma was added to inhibit protease activity, while mTGase 

was included to further enhance protein gel through crosslinkings.  EDTA acted as an 

inhibitor for both eTGase and metalloprotease.  

All dry ingredients were well mixed before added to the crab paste. The crab mixture 

was homogenized under vacuum with the Stephan UMC5 chopper at 2400 rpm until the 

final temperature reached 5°C. The resulting crab paste was placed into plastic bags and 

vacuum-sealed to further reduce air pockets. Stainless steel tubes (diameter = 1.87 cm; 

length = 17.75 cm) were sprayed with non-stick cooking spray (PAM, ConAgra Foods) and 

stuffed with crab paste using a sausage stuffer (Vogt series 9, Germany). The tubes were 

capped with a rubber stopper, secured with a metal ring, and cooked (to achieve gelation) by 

water bath. Tubes were held at either 90°C for 20 minutes or pre-incubated (60°C for 30 

minutes or 40°C for 1 hour) and followed by cooking at 90°C for 20 minutes. 60°C pre-

incubation was used to stimulate protease activity and 40°C heat treatment was applied to 

stimulate TGase activity (eTGase and mTGase). After cooking, the tubes were chilled in ice 

water immediately and stored at 4°C overnight before analyses. Two replications were 

performed for each treatment.   
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3.3.3 Gel texture measurement 

Texture of crab gels (fracture strength and deformability) was objectively measured 

using a Model 5542 texture analyzer (Instron, Norwood, MA) equipped with a spherical 

plunger (diameter 5 mm, depression speed of 60 mm/min).  Gels were equilibrated to room 

temperature for 1 hour before analysis. The gels were cut into 2.5 cm long cylinders and 

subjected to axial penetration by the probe. Breaking force (gel strength) and penetration 

depth (gel deformability) were recorded in six replicates for each treatment sample.  

 

3.3.4 Measurement of myosin autolysis and/or cross-linking SDS-PAGE 

Gels were solubilized according to Nishimoto and others (1987).  Gels were cut into 

small pieces and 0.8 g of these pieces was suspended in 15 ml of 2% SDS-8M urea-2% 

mercaptoethanol-20mM Tris-HCl (pH 8.0) buffer. The suspensions were heated at 100°C 

for 2 min and held at room temperature overnight under gentle agitation on a rotary shaker 

to completely solubilize the samples. Supernatant was recovered by centrifuging at 10,000 x 

g for 20 min. The protein concentration of these supernatants (1:20 dilution) was measured 

from the difference in the absorbance at 280 nm and 260 nm (Layne 1957). Sodium dodecyl 

sulfate polyacrylamide gel electrophoresis was conducted according to manufacturer’s 

instructions (NuPAGE electrophoresis system, Invitrogen Corp, Carlsbad CA) to quantify 

the crosslinking and/or degradation of myosin. Solubilized samples were diluted with up to 

7.5 uL distilled water, then mixed with 2.5 uL NuPAGE LDS sample buffer (Invitrogen 

Inc., Carlsbad, CA). The solution were mixed through vortexing and then heated at 100°C 

for 10 min. Cooled solutions were loaded at 3  μg protein/well to pre-made 3-8% Tris-
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Acetate polyacrylamide gels (Invitrogen, Inc., Carlsbad, CA). Electrophoresis was 

performed at a constant current of 150 V for 1 hour. Gels were stained with Colloidal Blue 

Stain (Invitrogen, Inc.) for 3 hours at room temperature. The stained gels were destained for 

7 hours with 200 ml water. Gels were photographed and the density of individual lanes was 

determined using Molecular Imager Gel Doc XR+ system (Bio-Rad Laboratories, Inc., 

Hercules, CA).  

 

3.3.5 Statistical analysis 

Statistical analysis was conducted using Student’s t test    <  . 5) on SAS JM  11 

software (Cary, NC). Values are reported as means ± standard deviation of the mean.  

 

3.4 Results and Discussion 

3.4.1 Effects of endogenous protease activity 

In the absence of any additives, gels pre-incubated at 60°C were significantly weaker 

and less deformable than gels produced by direct cooking at 90°C (Fig. 3.2). Simultaneously 

there was a loss of myosin heavy chain (MHC) band noted by SDS-PAGE (Fig. 3.3). As the 

myosin heavy chain fraction is considered the main contributor of gel network formation, 

disintegration of this protein fraction due to presence of endogenous protease activity likely 

contributed to the loss of gel strength and deformability (Hu et al., 2010; Wasson, 1993).  

MHC was less degraded at 60°C when 2% EDTA was added. This result suggested 

presence of metalloprotease activity in the crabmeat.  Yet crabmeat gels pre-incubated at 

60°C with or without 2% EDTA exhibited no difference in fracture force. The lack of 
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difference indicated that metalloprotease may not be the main protease that contributes to 

protein degradation. In other words, the predominant proteases responsible for autolysis in 

blue crab are cysteine and serine protease, similar to fish surimi (Makinodan et al. 1982; 

Makinodan et al. 1987; Benjakul et al. 2003). 

Disappearance of the myosin band also occurred when gels with no additives were 

pre-incubated at 40°C (Fig. 3.3). However, the strength and deformability of gels 

preincubated at 40°C was higher than that of gels pre-incubated at 60°C (Fig. 3.2). This 

result demonstrated that protein degradation was more prevalent at 60°C. Thus, 60°C is a 

more optimum temperature for proteolytic activity than 40°C in blue crab.  

3.4.2 Effect of protease inhibitors 

Gel pre-incubated at 60°C improved greatly in strength and deformation when 3% 

beef plasma was added as an inhibitor (Fig 3.2). Beef plasma contains a-2 macroglobulin, 

which can block activity of all types of proteases due to its unique ‘trapping’ mechanism 

(Seymour et al. 1997), and it contains other specific protease inhibitors as well.  The 

addition of beef plasma also substantially increased the gel strength and deformation of crab 

gels heated at temperatures less favorable to proteolytic activity. This enhancement in the 

gelling properties at all cooking regimes can be partially attributed to the synergistic effect 

of beef fibrinogen and myosin (Foegeding et al. 1986). 
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As previously mentioned, although the addition of ETDA did not prevent the 

degradation of gel texture, its ability to induce partial retention of the MHC supports role of 

metalloprotease activity during heating (Fig 3.4).  

3.4.3 Effect of endogenous and microbial transglutaminase 

The ‘setting phenomenon,’ by which gelling properties are enhanced during a low-

temperature preincubation, thought to be due to eTGase activity, (Kumazawa et al. 1995; 

Morales et al. 2001; Yongsawatdigul et al. 2002) was observed (Fig. 3.2): gel strength of 

crab with added beef plasma increased significantly when pre-incubated at 40°C.  

The activity of eTGase requires calcium ions as a co-factor, and added calcium can 

as a result induce higher eTGase activity and gel strength (Lee and Park 1998).  Conversely, 

EDTA at 0.2% has been used as a calcium chelating agent to minimize eTGase activity in 

fish surimi (Kumazawa et al. 1995; Morales et al. 2001). However, since blue crab has a 

considerably higher mineral content than fish (Gordon and Roberts 1977; Gökoðlu and 

Yerlikaya 2003), 2% EDTA was added to the blue crab to ensure complete chelation of 

calcium ions and thus inhibition of eTGase activity. This resulted in lower gel strength and 

deformation, suggesting that it did prevent protein crosslinking by eTGase (Fig. 3.2). 

Highest fracture strength was obtained from gels prepared containing both beef 

plasma and mT ase and subjected to a   °C ‘setting’ preincubation prior to cooking at 

90°C (Fig 3.2). Because there should have been minimal proteolytic activity remaining in 

this sample due to the addition of beef plasma, this result suggest that 40°C is a more 

suitable temperature than 60°C for enhancing mTGase activity in blue crab. While the 
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optimum temperature for mTGase has been reported to be 50°C when using glycine 

compounds as substrates (Ando et al. 1989). Joseph et al. (1994) clearly showed that TGase 

activity in a seafood matrix is very dependent on the substrate fish species, rather than the 

enzyme properties alone. 

 In the same treatment, there was a decrease in the density of the MHC band by 

SDS-PAGE (Fig 3.4), but with a concomitant appearance of high-molecular weight protein 

polymers at the top of the electrophoretic gels. The high strength of gels containing both 

beef plasma and mTGase may also partially be attributed to the synergistic effect of these 

two additives, since plasma is known to be an excellent substrate for mTGase (Seymour et 

al. 1997). Despite the ability of both eTGase and mTGase to enhance gel strength, they did 

not increase the deformation of the crab gels as sometimes has been observed in fish surimi 

(Asagami et al. 1995). Increased formation of crosslinks promotes a stronger, stable 

structure, but extra bonds may have also limited the movement and flexibility of the 

material  (Gülgün et al. 1995).  

Although the addition of both endogenous and added microbial transglutaminase 

significantly enhanced gel strength, the gel strength and deformability of these optimized 

gels is still quite low in comparison to fish surimi. In the surimi industry, the gel quality is 

determined by the jelly strength (JS), in which the force and deformation values are 

multiplied together. The highest jelly strength of blue crab from this study was only 89.9 

gf•cm with the use of both beef plasma and mT ase, while gels made from commercially 

produced fish surimi of similar water content exhibit a minimum of 300 gf*cm. 
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Additionally, the JS of fish surimi applied in crab analog products is greater than 750 gf•cm 

since grade A surimi is typically grade A (Park 2010). One possible explanation is the lower 

percentage of myofibrillar protein in blue crabmeat. Whereas most fish surimi likely 

possesses >95% of myofibrillar protein due to the washing/dewatering process used (Park et 

al. 2013a), the myofibrillar fraction of crab may constitute only 53-58% of total protein 

(George and Gopakumar 1987; Benjakul and Sutthipan 2009a) 

3.5 Conclusions 

Heat-induced gelation properties of raw blue crabmeat can be greatly enhanced with 

the application of beef plasma as a protease inhibitor due to the likely presence of protease 

activity, manifested as loss of MHC in SDS-PAGE and by decrease of gel strength when 

pastes were preincubated at 60°C. When pre-incubated at 40°C, which typically enhances 

the TGase activity of warm water fishes (Joseph et al. 1994; Chaijan et al. 2004), eTGase 

and added mTGase further enhanced the gelling properties by cross-linking the muscle 

proteins, manifest as disappearance of myosin with a concomitant appearance of high MW 

polymers on the electrophoretic gel. Despite the gel improvements from these additives, 

however, a strategy must be devised to further improve the gel quality of raw blue crab 

paste if it is to be used in heat-gelled analog products, as the gelling properties of raw blue 

crab are currently not comparable to those of fish surimi.  
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Figure 3.1 - Experimental design 
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Figure 3. 2 - Blue crab gel strength (A) and deformation (B) at fracture 
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Figure 3.3 - SDS-PAGE protein profile of crab gels: (a) raw, (b) 90°C/20min, (c) 

60°C/30min; 90°C/20min, (d) 40°C/1hr; 90°C/20min. 
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CHAPTER 4  

 

Effects of adding starch and reducing moisture content on the substitution  

of raw blue crabmeat for surimi used in crab analog manufacture 
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4.1 Abstract 

Mechanically separated raw crabmeat paste could be substituted for surimi in the 

manufacture of crab analog products to remove “imitation” labeling. However, our previous 

work has shown that, by its current production method, raw crabmeat is not comparable in 

heat-induced gel-forming ability to most commercial surimi made from Alaskan pollock. 

This study investigated the effects of adjusting the starch and moisture contents of a typical 

crab analog formulation to potentially overcome this deficiency and still produce a finished 

analog of acceptable textural properties. By increasing the starch content and reducing the 

total moisture content of formulations, gel strength was enhanced sufficiently such that its 

gel properties were comparable to, or exceeded, that of a typical crab analog product 

formulated with surimi only.  

 

4.2 Introduction 

 Crab analog products are typically made from frozen surimi, a concentrate of 

myofibrillar proteins made commercially from fish meat. Since these products contain 

mainly fish rather than crab, they are required to have an “imitation” label, which conveys a 

negative message on the menu of restaurant dishes, such as crab cakes. In order to eliminate 

this labeling issue, mechanically separated raw crabmeat could possibly be used to replace 

fish surimi. The raw crabmeat can be removed up to 300% more than cooked, hand-picked 

crabmeat due to less cook loss and higher recovery compared to the hand-picking of cooked 

crabmeat (Dough 2012). However, the raw crabmeat gels are weaker than most grades of 
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fish surimi available commercially, as shown in previous work by this author.  This may be 

due to the low myofibrillar protein content of the raw crabmeat, which has a lower 

myofibrillar protein content than  the fresh meat of most fishes (about 53-58% of total 

proteins in crab as opposed to 60-70% in fish meat) (George and Gopakumar 1987; 

Benjakul and Sutthipan 2009a). 

 One way industry has overcome weal gel properties in fish meat is by the addition of 

starch. Starch is a widely used ingredient in crab analog products for its functional 

properties to improve gel strength. The common usage level for starch is 4-12%, but can be 

as high as 20% to reduce the ingredient costs (by lowering surimi content) in some cheaper 

crab analog products (Park and Beliveau 2013). Starch simply acts as filler and a 

dehydrating agent in a protein gel matrix (Wu et al. 1984; Kong et al. 1999). When starch is 

heated, the granules swell by absorbing available free water. The expansion of the swollen 

starch granules exerts a turgor pressure on the surrounding protein gel matrix, which by this 

time in heating has already formed. Thus, the protein matrix becomes more firm and strong 

(Kong et al. 1999). The most widely used starches in surimi-based product formulations are 

potato and wheat. Potato starch has the greatest swelling ability of all native (unmodified) 

starches and as a result also has the largest effect on gel strengthening of surimi products 

(Wu et al. 1984; Kim and Lee 1987; Smith 1994). 

 Data provided in chapter 3 showed that the gel strength and deformability of gels 

made from raw blue crab are low compared to most commercially available fish surimi. 

This would suggest that crab analog made from the two materials, by a similar formulation, 

would likely result in a product with inferior texture when raw crabmeat is substituted for 
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the surimi. The purpose of this study was to determine if raw blue crabmeat could be 

successfully substituted for fish surimi in a typical crab analog formulation by augmenting 

that formulation with added starch to reduce moisture content such that a crab analog gel of 

acceptable texture would result.  

 

4.3 Materials and Methods 

4.3.1 Materials 

Raw, mechanically separated blue crab (Callinectes sapidus) was suppliedby Shure 

Foods, Inc. (Greenville, NC). The blue crab was harvested in summer (August). The raw 

crabmeat was recovered from crabs that were butchered within 24 hours of deboning and 

held refrigerated on ice overnight prior to mechanical separation. Grade A Alaska pollock 

surimi was acquired from Trident Seafoods (Seattle, WA). The crab paste was largely free 

of detectable shell fragments, and was promptly packaged in plastic bags, frozen and held at 

-50°C until testing. Egg white (P-39), native potato starch, and microbial transglutaminase 

(Activa TI) were sourced from Henningsen Foods (Omaha, NE), American Key Food 

Products (Closter, NJ), and Ajinomoto (Tokyo, Japan), respectively. Sucrose from Domino 

Foods (West Palm Beach, FL) and sodium chloride from Morton (Chicago, IL) was used for 

this study. Potassium chloride was purchased from Fisher Scientific (Waltham, MA).  

 

4.3.2 Moisture Content 

Moisture content of the recovered crabmeat paste was measured by oven drying  

according to the AOAC official methods for moisture (950.46). 

http://en.wikipedia.org/wiki/Callinectes_sapidus
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4.3.3 Gel preparation  

Formulations of crab analog were presented in Table 4.1. The surimi formulation 

used was based on a commercially available crab analog product.  The addition of starch in 

the crabmeat formulations was accompanied by reducing the amount of water added until 

desirable moisture content was achieved. The starch levels of the crabmeat formulation were 

9.5%, 12.5%, and 15.5% with final paste moisture content of 74.7%, 71.7%, and 68.7%, 

respectively.  The manipulation of starch and moisture content were made to improve gel-

forming ability, specifically gel strength. Salts were added to solubilize the myofibrillar 

proteins. Potassium chloride was used along with sodium chloride to lower sodium content. 

Egg white was applied to inhibit protease activity, while mTGase was used to increase 

crosslinks for stronger gel formation.  

Frozen meat (surimi or raw crab) was tempered at room temperature for 30 minutes 

until the frozen blocks could be manually cut into 1” pieces. This was first chopped with salt 

at slow speed (900rpm) in a Stephan UMC5 chopper. The chopping speed was gradually 

increased until 2100 rpm was reach and a paste was obtained. All the remaining dry 

ingredients were well mixed before then adding to the chopped salted mince. The mixture 

was then further homogenized, but under vacuum at 2400 rpm, until the final temperature 

reached 5°C. The resulting meat paste was placed into plastic bags and vacuum-sealed to 

reduce large air pockets. Stainless steel tubes (diameter = 1.87 cm; length = 17.75 cm) were 

sprayed with a non-stick cooking spray (PAM, ConAgra Foods) and stuffed with meat paste 
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using a sausage stuffer (Vogt series 9, Germany). The tubes were capped with rubber 

stoppers, each secured with a metal ring, and cooked (to achieve gelation) by water bath. 

Tubes were held at pre-incubated 40°C for 1 hour, followed by cooking at 90°C for 20 

minutes to stimulate transglutaminase activity (such a cooking regime would be suitable for 

making crab analog by the extruded log method, but not by the fiberized bundle method) 

(Park and Beliveau 2013). After cooking the tubes were immediately chilled in ice water 

and stored at 4°C overnight before analyses. The entire experiment was repeated twice as 

replication.   

The A grade pollock surimi was also tested for gel quality with 3% salt prior to its 

use in crab analog formulation according to Park and others (2013). The chopping and 

stuffing steps were similar to the crab analog formulations mentioned above. The surimi 

paste was cooked 90C for 20 minutes, chilled with ice water, and held in a 4°C refrigerator 

overnight before testing.  

 

4.3.4 Gel texture measurement 

Fracture properties (fracture strength and deformability) of all gels was objectively 

measured using a Model 5542 texture analyzer (Instron, Norwood, MA) equipped with a 

spherical plunger (diameter 5 mm, depression speed of 60 mm/min).  Gels were equilibrated 

to room temperature for 1 hour before testing. The gels were cut into 2.5 cm long cylindrical 

specimens and subjected to axial penetration by the probe. Ten measurements of fracture 

force (gel strength) and penetration deformation at fracture (gel deformability) were 

recorded for each treatment.  
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4.3.5 Statistical analysis 

Statistical analysis was conducted using Student’s t test    <  . 5) on SAS JM  11 

software (Cary, NC). Values are reported as means ± standard deviation of the mean.  

 

4.4 Results and Discussion  

Moisture content of Alaska pollock surimi was found to be 75%, while the raw blue 

crab had a moisture content of 87%. These values were used to adjust the final moisture 

contents of each crab analog formulation.  

Gel testing of this A grade pollock surimi according to the typical industry protocol 

(Park et al. 2013; basically, just addition of 3% NaCl during chopping; cooking at 90°C 

only) revealed a gel strength of 58 gf and 1 .6mm, thus a ‘jelly strength’  JS) of 733 gf•cm.  

This is quite close to the company’s target JS for their A grade pollock surimi which is 75  

gf•cm. In chapter 3 we saw that the raw crabmeat, gel tested under similar conditions (with 

cryoprotectant added at 8% in the commercial surimi sample, chopped with 2% NaCl and 

cooked at 90°C, but with 3% beef plasma needed to eliminate the protease activity) yielded 

a gel strength of 77 gf and deformability of 8.6 mm, thus a JS of  66.  gf•cm. Total protein 

solids and moisture content of this pollock surimi gel were 16.2% and 72.7% whereas for 

this crab gel (from Chapter 3) total protein solids and moisture content were 14% and 78% 

respectively. The higher protein solids content of the pollock surimi could thus account for 

some of the difference in gel strength since this property (as compared to gel deformability) 

is most highly affected by water content of the gel.  However, the discrepancy between 



 

71 

these JS numbers for crab vs. surimi (66 vs. 733) is quite dramatic.  We presumed then that 

much of this discrepancy could also be attributed to the fact that, since the crabmeat was not 

water leached like surimi, its myofibrillar protein would likely only be 53-58% (George and 

Gopakumar 1987; Benjakul and Sutthipan 2009a) as compared to near 100% in the surimi.  

Thus it seemed that we must greatly dehydrate (reduced water content) and reinforce 

(add more starch granules to swell) the weaker gel network of the raw crabmeat gel in order 

to produce an analog product of comparable textural quality. 

Yet when raw blue crab was directly substituted for Alaska pollock surimi in a 

representative crab analog formulation, this crab-based gel was not much weaker than the 

gel made from surimi (Fig 4.1A). Though the gel strength values of treatments A and B 

were statistically different, our subjective observation was that sensory testing could not 

distinguish between these: neither by evaluating gel strength, both by biting and cutting with 

a dull knife, nor by measuring gel deformability, by successfully double folding a 3 mm 

thick slice of the gel (Park et al. 2013b). 

As was anticipated, the strength of the raw crabmeat gels further increased as the 

starch content was increased and the moisture content reduced such that in both treatments 

C and D for raw crabmeat the gel strengths exceeded that of the pollock surimi gel 

(treatment A) (Fig 4.1A). These results confirm that starch addition and moisture reduction 

are quite effective in compensating for an initially lower gelling quality, in this case of raw 

crabmeat as compared to A grade pollock surimi. Previously other workers hypothesized 

that the potato starch functions to ‘fill’ the continuous meat matrix and furthermore to exert 

an internal turgor pressure on that gel network, thereby enhancing the firmness and strength 
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of the gel (Kong et al. 1999). At the same time, starch absorbs free water from the matrix, 

which likely further increases its firmness and strength since moisture content alone is 

known to influence gel strength (Yoon et al. 1997). 

The deformation of crab gels was also somewhat increased with lower moisture and 

higher starch (Fig. 4.1B).  It has been shown that neither adding starch nor lowering water 

content greatly affects gel deformability (Wu et al. 1984). Since starch behaves like a filler, 

it does not contribute to the bonding of proteins; thus the flexibility of the gel matrix not 

strongly impacted.  

What was most surprising from these data is that starch addition, at the water content 

of the traditional crab analog formulation, seemed to negate the large difference in gel 

properties that we had expected to see between these two formulations (treatments A and B, 

the surimi and crab analogs both made with 9.5% starch addition) based upon the great 

discrepancy in their gel properties measured without starch addition (733 v 66 JS, 

respectively).  Apparently at this 9.5% starch level (+ added water of hydration for the 

starch), the starch ‘filler’ effect dominates over the strength characteristics of the meat 

protein matrix alone, so that differences in gel strength become less in starch-added gels 

than are measured in gels to which no starch or water are added.  

 

4.5 Conclusions 

Gel properties of the analog product made from raw crabmeat vs pollock surimi at 

equal contents of total protein solids, total moisture, and added starch were surprisingly 

similar. This indicates that differences between two meat materials in the strength of their 
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gels which contain mainly meat and salt become less apparent when these same meats are 

compared in a crab analog formulation, since the hydrated starch in the latter can apparently 

exert a more pronounced effect on the measured gel strength. Increasing the level of starch 

addition while also reducing moisture content further increased the gel strength of the 

analog formulations made with raw crabmeat to exceed that of the original analog 

formulation made with a much stronger gelling pollock surimi. These data demonstrate that 

this raw crabmeat paste can then effectively replace a high quality fish surimi to produce a 

‘crab analog’  actually, ‘restructured crab’) product that would allow labeling of the product 

as ‘crabmeat’ alone.  
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Table 4.1 - Ingredient levels (percent of total formulation) and moisture/protein solids 

contents (percent of total formulation) of the four formulations tested 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
Pollock 
Surimi 

Raw Crabmeat 

TREATMENT A B C D 

Potato  
Starch 

9.5 9.5 12.5 15.5 

Meat 32.8 63.0 63.0 63.0 

Water 50.1 19.9 16.9 13.9 

Sugar 2.8 2.8 2.8 2.8 

NaCl 0.9 0.9 0.9 0.9 

KCl 0.5 0.5 0.5 0.5 

Dried  
Egg White  

3.0 3.0 3.0 3.0 

mTGase  0.5 0.5 0.5 0.5 

Total 
Moisture  

74.7 74.7 71.7 68.7 

Total 
Protein 
Solids 

11.2 11.2 11.2 11.2 
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Figure 4.1 - Gel strength (A) and deformability (B) at fracture of gels prepared from the  

four formulations given in table. 4.1 
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