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Abstract 

Aggregation of cod muscle proteins was studied, mainly using light 

scattering and rheology. The main muscle protein, myosin, was 

studied in purified form at pH close to neutral (6-8) and high salt 

concentration (0.5M KCl). It was found that limited aggregation took 

place upon heating to 30-70°C at pH ≥ 6.5, while the aggregation was 

very extensive at pH 6.0. Cooling of solution at pH ≥ 6.5 led to a 

stronger, thermo-reversible aggregation step. The aggregates formed 

were characterized in terms of a single fractal dimension. Similar 

aggregates had been observed earlier for other types of proteins, but 

never for myosin or muscle proteins in general, from fish or otherwise. 

The second part of the research dealt with isolates of cod muscle 

proteins obtained using homogenization at pH ~11. This isolation 

mimics the large-scale protein solubilisation used in 2 Icelandic 

processing plants aimed at recovering muscle proteins of cod (and 

other fish)  from cut-offs and frames. Proteins thus solubilised yielded 

a gel if the protein concentration C was 6g/L or higher when the pH 

was lowered below pH 9.5, but these gels melted above about 25°C. 

Gels could also be produced at higher pH, up to 11, when solutions 

(C≥15g/L) were first heated for several minutes to 30°C or higher and 

then cooled below 25°C. Gels deformed under application of constant 

stresses, but did not break and flow below certain stresses that may be 

referred to as  proper yield stresses. Broken gels reformed under 

application of stresses below this proper yield stress, making their use 
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in food processing easier, since gelation is spontaneously retained for 

fractured gels at low temperatures and at rest. 

Finally, it was observed that gels at all pH undergo a slow phase 

separation and exude water. Visualization using confocal scanning 

light microscopy showed formation of protein poor regions believed to 

be the first step in the macroscopic phase separation. 
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Ágrip 

Klösun vöðvapróteina úr þorski var rannsökuð. Stuðst var aðallega við 

ljósdreifingu og viskoelastískar mælingar í þessum rannsóknum. Í 

fyrstu var aðalvöðvapróteinið, mýosin, einangrað og rannsakað við pH 

6-8 og 0.5M KCl. Ljósdreifimælingar vörpuðu ljósi á takmarkaða 

klösun við 30-70°C og pH≥6.5, en klösunin var mun sterkari við pH 

6.0. Kæling upphitaðra lausna við pH≥6.5 leiddi til frekari klösunar, 

sem var afturkræf að því leyti að upphitun rauf þau tengi sem mynduð 

voru við kælingu. Próteinklasarnir sýndu brotvíddarbyggingu á þeim 

skala sem ljósdreifitækni mælir. Slík bygging er þekkt fyrir mörg 

önnur protein, en þetta er í fyrsta skipti sem sýnt er fram á þessa 

byggingu fyrir vöðvaprótein. 

Seinni hluti rannsóknarinnar fjallar um hegðun vöðvapróteinlausna 

sem fást við  uppleysingu við pH ~11. Slíkri uppleysingu er beitt á 

iðnaðarskala hér á landi til að ná vöðvapróteinum úr þorskafskurði 

sem og öðrum fiskafskurði. Próteinlausnir fengnar með þessum ferli 

sýndu gelmyndun þegar próteinstyrkur er hærri en  6g/L á 

sýrustigsbilinu 8.5-9.5, en þessi gel voru einungis stöðug undir 25°C. 

Gel voru einnig útbúin við hærra pH (upp í 11) með því að lausnir við 

þetta háa pH og með próteinstyrk hærri en 15g/L voru hitaðar upp í 

30°C og síðan kældar aftur niður fyrir 25°C.  

Öll þau gel sem fengin voru fram, skriðu undir  fastri skerspennu (e. 

shear stress), en brotnuðu ekki og sýndu þau ekki flæði ef skerspennan 

var lægri en sú spenna sem skilgreina má sem eiginlega brotspennu. 
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Brotin gel endurmynduðust undir skerspennu sem var lægri en þessi  

brotspenna, en það mun hafa þýðingu í matvælaiðnaði fyrst 

vinnsluferlar mega gera ráð fyrir broti gelja svo fremi sem þau eru 

látin endurmyndast við lágt hitastig og kyrrstöðu. 

Almennt sýndu öll kerfin hæga skiljun í tvo fasa, þar sem vatn skildist 

út úr próteingeljunum. Notkun “confocal scanning light microscopy” 

varpaði ljósi á myndun próteinsnauðra svæða í gelinu.  
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Introduction 

Of the ~108 tonnes of fish and marine catch caught annually world-

wide, only 50-60% are used for human consumption [1]. The efforts to 

utilize better the remaining parts of the catch have significance both in 

terms of profitability and of minimizing waste. Underutilized fish 

species are usually small, dark-meat fish with a high lipid content, and 

are in general less-acceptable to consumers [2]. Fish cut-offs and by-

products, on the other hand, are those parts of any fish which are 

removed from the main product (usually the fish fillet) during its 

processing. Various efforts have been put into processing both 

underutilized fish and fish cut-offs into more lucrative products, 

preferably for human consumption. 

The fishing industry is traditionally an important aspect of Icelandic 

economy, and accounted for 6% of the gross domestic production in 

2007 [3]. The Atlantic Cod (Gadhus Morhua), henceforth referred to 

as cod, accounted for 40% of revenue generated by the Icelandic 

fishing industry the same year [3]. Since 2007, the Icelandic food 

research company Matís has been operating a processing plant aiming 

to isolate muscle proteins from cod cut-offs and frames, while a 

second processing plant was opened in Iceland in 2008. The total 

amount of cut-offs processed in the former plant is about 50 tonnes per 

year. Interest in the behaviour of protein isolates obtained in a similar 
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manner to that employed in the processing plants was the main 

impetus for the research reported herein.  

Elucidating aggregation mechanism of proteins has been the focus of 

extensive research, spanning nearly a century. The research reported 

herein capitalized on an opportunity to compare aggregation and 

structure of aggregates and gels from fish muscle proteins to the 

universal behaviour exhibited by globular proteins [4, 5]. 

The research reported herein concentrated at first on the aggregation 

of purified cod myosin, the main results of which were reported in Ref. 

[6]. The main technique used for this investigation was light scattering. 

It was found that large self similar aggregates were formed during 

heating that could be characterized in terms of a so-called fractal 

dimension. Such aggregates had been observed earlier for other types 

of proteins [5], but never for myosin or muscle proteins in general, 

from fish or otherwise. The other important finding for purified 

myosin was that for pH≥6.5, cooling of solution heated to 30°C or 

higher leads to a thermo-reversible step of aggregation. This finding 

agreed with an aggregation mechanism previously suggested for 

myosin [7]. The results allowed an understanding of the mechanism in 

play for purified myosin.  

After elucidating the behaviour of myosin, attention was turned to the 

protein isolates prepared from cod muscle at a high pH. This part of 

the research is more applied, since these solutions resemble those 

prepared at the processing plants, and are of a higher total protein 
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concentration, which we found to suffice for production of gels. It was 

found that protein solubilisation of cod muscle proteins is about 60% 

if homogenization at pH 11 is employed [8]. An extensive study was 

then made of the rheological properties of these protein solutions and 

their ability to yield gels, which is perhaps the most important 

prerequisite to use of the solution in food products [8, 9]. The novelty 

in this part of the research is the observation of solution behaviour 

directly post solubilisation, without precipitation of the proteins at 

their iso-electric point. Other reports on gelation of protein solutions 

obtained from fish using extreme pH without their precipitation at the 

iso-electric point have not been given in the literature, to the author’s 

knowledge.  
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Background 

Underutilized fish and fish cut-offs 
As noted in the introduction, waste from fish and marine catch process 

is an economical and environmental issue, with about 50-60% of total 

catch currently either discarded or underutilized. The most important 

fish by-products are the head, skin, viscera, direct cut-offs and the 

frame [1]. The component to have enjoyed the greatest attention in 

terms of isolation from the above by-products are the edible muscle 

proteins which are abundant in the cut-offs and in meat left on frames 

and heads. There are 2 main approaches to isolation of the muscle 

proteins. The first involves removal of undesirable substances from 

the muscle by extensive washing and refining, yielding a recovered 

heterogeneous suspension of the muscle proteins. The second 

approach involves solubilising the muscle proteins to obtain a protein 

solution.  

Perhaps the best known example of muscle protein recovery is the 

preparation of surimi. Surimi is prepared from recovered muscle 

which is washed extensively in water at neutral or slightly alkaline pH. 

Further refinement of the resulting suspension from bones and skin 

yields the cured surimi paste, to which salt is added as well. While 

surimi processing is an often cited example of an effort towards 

improved fish utilization, industry scale production is still nearly 

exclusive to surimi from lean, white fish (such as the Alaska pollock, 

the over-supply of which is often quoted as the main reason of surimi 
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processing having developed to its current scale), from which nearly 

fully separated muscle mince is used [2]. Current efforts are made to 

extend surimi processing to smaller and dark-meat fish, such as 

menhaden and red pike [2]. A better example of “proper” curing of 

muscle protein from underutilized portions of the catch is the 

production of fish protein concentrate (FPC), which follows in 

principle the same steps as surimi processing, except that organic 

solvents (such as ethanol or iso-propanol) are used in the washing 

instead of water. The processing of FPC allows for a more complete 

use of different fish by-products as a starting material, especially the 

inclusion of the fish head in the processing. The resulting protein 

suspension lacks proper gelling properties [2, 10] and as such is 

usually either processed into a powder or used for preparation of 

hydrolysates. FPC has not found wide spread use in food products for 

human consumption, except as an additive to such products as pasta 

and bread [2, 10, 11]. Its main uses are still either in animal-feed or in 

silage [2]. 

Hydrolysis of muscle proteins enhances their solubility and can be 

used to prepare a solution of muscle proteins. The hydrolysis can be 

accomplished either chemically or enzymatically, and the starting 

material may be either unprocessed fish muscle (and cut-offs) or pre-

processed concentrates, such as FPC. Fish protein hydrolysates have 

traditionally found uses in such products as fish soup flavourings, and 

outside the food industry in fertilizers and silage [2]. Growing 
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attention is currently being paid to possible bioactivity and positive 

health effects of hydrolyzed fish muscle proteins [12]. 

Solubilisation of muscle proteins at extreme pH (without added salt) 

has been noted widely [13-16]. Solutions of proteins obtained through 

extreme pH solubilisation are referred to in the current work as fish 

protein isolates, or FPI. Most attention has been paid to the gelling 

properties and possible use of FPI after concentration at the iso-

electric point (pH ~5.5), which yields a heterogeneous precipitate with 

protein concentration 150-200 g/L. Such concentrated FPI have been 

shown to gel after addition of salt and heating [17-23].  

Muscle structure and muscle proteins 
Muscle cells and muscle fibres are highly organized entities, a fact 

which has allowed them to be investigated using x-ray and electron 

microscopy [24]. Striated muscle is composed of many long fibres. 

The fibre is divided into many smaller myofibrils - While the diameter 

of a muscle fibre might be of the order of 0.05-0.1 mm, the myofibril 

has a diameter of about 1 µm. Each myofibril is divided longitudinally 

into a repeating unit referred to sarcomeres. 

The total protein content in muscle is about 20%, and the dominant 

part of the rest is water. The fat content in muscle is quite variable 

between different animals, and is ~0.3% for cod [25]. It is customary 

to classify the protein content of muscles into 3 classes of proteins, 

according to their solubility at neutral pH- stromal proteins (non-water 

soluble), sarcoplasmic proteins (soluble in water at neutral pH) and 
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myofibrillar proteins (soluble in water at neutral pH and high salt 

concentrations). The myofibrillar protein comprise at least 70% of the 

muscle protein content in general, and usually over 80% in fish muscle 

[25]. It should be noted that despite the conventional classification of 

myofibrillar proteins as soluble in water at high salt concentrations, 

enhanced solubility has also been reported for myofibrillar proteins at 

neutral pH under extremely low ionic strength conditions, the attaining 

of which requires several dilutions in deionised water [26]. 

The main stromal protein is the main component of the lamina, the 

membrane encapsulating the muscle fibre, that is, collagen 4. Other 

stromal proteins are reticulin and elastin. Sarcoplasmic proteins are 

mainly enzymes- haemoglobin, myoglobin and other membrane 

associated proteins. 

The main proteins composing the myofibril are myosin and actin, 

which are arranged into the so called thick filaments and thin 

filaments, respectively. Each thick filament contains between 200 and 

400 myosin molecules, while the thin filament is a double helix of 

strands of actin molecules. 

The repeating sarcomere unit can be seen in figure 1. The sarcomere is 

demarcated by 2 Z discs, one on each side.  
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Figure 1. The sarcomere (not drawn to scale). 

Two myofibrillar proteins that should be mentioned here are 

tropomyosin and troponin. Tropomyosin is a fibrous protein, woven 

along the thin actin filaments. Each tropomyosin molecule in bound to 

a troponin complex which has 3 subunits called troponin-I, C and T. 

During rest this tropomyosin-troponin complex blocks myosin from 

interacting with actin. When a nerve signal leads to a Ca2+ 

concentration increase in the cytoplasm, one Ca2+ ion binds to 

troponin-C which is ensued by a shift in the troponin complex. This 

exposes the myosin binding sites on actin, with which myosin can 

then interact. One actin-binding site is found on each head of the 

myosin molecule. 

Table 1 lists the main myofibrillar proteins and their mass percentage 

in the myofibril, adapted in part from Ref. [26]. 
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Table 1. The different myofibrillar proteins and their relative weight fraction in the 
muscle. 

Protein Wt% of total 
myofibrillar 
content 

(No. of sub-
units) 

MW (kD) 

Myosin 45-55 2 210-220 

1 (LC1 or A1) 23-25 

2 (LC2 or RLC) 18-19 

1 (LC3 or A2) 17-18 

Actin 20-25 1 42 

Tropomyosin 5-7 2 35 

Troponin 4-6 1 (TnT) 37 

1 (TnI) 22 

1 (TnC) 18 

Titin 7-10 1 2800 

Nebulin 3-5 1 600 

M protein 1-2 1 165 

C protein 1-2 1 140 

F Protein <1 1 110 

α actinin 1-2 2 100 

Desmin 1-5 1 55 
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Myosin  
The myosin molecule is composed of 2 heavy chains of molecular 

weight 210-220 kD plus 4 light chains (LC), designated LC1, LC2 and 

LC3 in order of decreasing molecular weight. There are 2 identical 

LC2 light chains, which are also called the regulatory light chains 

(RLC), with a molecular weight 18-19kD.  LC1 and LC3 are referred 

to as the essential light chains (ELC), and have a Mw of about 23-

25kD and 17-18kD, respectively. Since they can be released by 

alkaline treatment, they’re also referred to as A1 and A2 light chains.  

The heavy chain of myosin folds into 2 distinct regions, the globular 

head and the tail. The myosin molecule is formed by two heavy chains, 

with the 2 tails forming a super-helix while the 2 heads are distinct as 

2 lobes on the same end of the super-helix, often also referred to as 

myosin tail or rod. The light chains are woven around the heads, with 

the regulatory chains (LC2) close to the joint-region (between the 

heads and the tail), while the essential chains seem to span the entire 

length of the head [24, 27]. Enzymatic digestion of myosin heavy 

chain with trypsin cleaves it to the so-called heavy meromyosin 

(HMM) and light meromyosin (LMM), while cleavage using papain 

yields the myosin head and the tail (rod) [27]. Cleaving using 

chemotrypsin with or without divalent cations yields the former or 

latter segments, respectively. Figure 2 illustrates the myosin molecule 

and its proteolytic fragments. The head is referred to as S-1, while the 

tail portion of HMM is referred to as S-2.  
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Figure 2.  Native myosin and the fragments of myosin obtained after different 
enzymatic treatments. 
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The dimensions of the myosin molecule have been estimated from 

electron microscopy images. The tail has a contour length of about 

155nm, and a diameter of 2nm [28, 29]. It is far from being rigid, and 

possesses at least 2 bending regions, about 43nm and 70nm from the 

head-tail joint [28-30]. The region between the 2 bending “points” is 

susceptible to enzymes producing LMM and HMM, and both bending 

regions are assumed to be thermally unstable and to facilitate myosin 

movement in the myofibril [27]. The myosin heads seem closer to an 

ellipsoid than a sphere, 19nm long and 6.5nm at its widest in the plane 

of the myosin moiety, and 3nm perpendicular to it [28]. The myosin 

heads also assume a wide range of angles compared to the tail, as if on 

a swivel joint [28, 31]. 

The amino-acid sequence of the myosin tail can be described as a 

heptad-repeat (a,b,c,d,e,f,g) where positions a and d are frequently 

occupied by hydrophobic residues [27, 32]. This arrangement is 

considered to be the main driving force for the coiled-coil formation. 

Positions b, c and f are often occupied by polar amino-acids, the 

presence of which not only stabilizes the coiled-coil, but also drives 

the thick filament formation in muscle. This serves to explain why 

thick filaments are dissociated at high salt concentrations [27]. 

Aggregation processes 
Predicting structures formed by random aggregation is probably only 

possible using computer simulations. Computer simulations of 

randomly aggregating particles have shown two distinct regimes: 
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flocculation, the initial aggregation when aggregates are still on 

average far apart, and percolation, the nearly static formation of a 

network from the aggregates formed in the first step, taking place once 

their volume fraction is approximately unity (i.e., when the aggregates 

overlap) [33].  

One fundamental property of aggregates formed by random 

aggregation is that they have a self-similar structure characterized by a 

fractal dimension. Until the advance of the fractal concept, most 

physicists would define a dimension by the number of coordinates 

needed to specify a point in a curve or a body; a fractal resists such 

specification [34]. A definition of the dimension applicable to fractals 

is the scaling exponent of the number of units of the fractal (and, in 

physical terms, its mass) with its characteristic size:  

N∝ rdf                                                                                            (1) 

with N the number of units, df the fractal dimension, and r a 

characteristic size of the body. The fractal dimensions characterizing 

aggregates formed by diffusion limited aggregation processes (where 

every collision of particles leads to binding) and reaction limited 

aggregation processes (where only a very small fraction of the 

collisions with a sufficient energy to overcome the energy barrier 

leads to binding) have been determined using computer simulations as 

1.8 and 2.1, respectively. The aggregates formed in the percolation 

process follow universal scaling laws and are characterized by a 

fractal dimension 2.5 [35]. Aggregates are thus more properly referred 
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to as multi-fractals, but this is very difficult to appreciate experi-

mentally using light scattering measurements [33]. 

Aggregation processes may lead to stable finite aggregates, 

(thermodynamically) stable gels (where a single aggregate spans the 

entire volume), or meta-stable gels which keep developing until the 

aggregating particles phase-separate from the solvent [36]. The life-

time of meta-stable gels depends strongly on the volume fraction of 

the aggregating particles and the inter-particle interaction [36]; it is 

common in the food industry, for instance, that an effort is made to 

produce gels which are stable on time-scales larger than the desired 

shelf-life of the product. Such products include, for instance, yoghurts, 

surimi and various meat sausages. 

Aggregation and gelation of muscle proteins 
Compared to the extent of research of aggregation exhibited by 

denatured (heat, pressure, additives) globular proteins, the 

understanding of muscle protein aggregation is rather limited. For 

globular proteins, a universal feature is that exposure of hydrophobic 

patches after denaturation is the first step leading to aggregation and 

gelation at sufficiently high concentrations [4]. Denatured globular 

protein assembly is furthermore most often irreversible. It is more 

difficult to find conclusive results on the mechanism behind muscle 

protein aggregation, since often, as in the case of surimi, they are 

precipitated before gelation is induced through heating. This precludes 



15 

a complete study from a homogenous solution to a gel and observation 

of proper sol-to-gel transitions. 

For surimi pastes, it was found that deactivating endogenous trans-

glutaminase (TGase) led to weaker gels, while addition of exogenous  

TGase led to an increase in gel strength [37]. This seems to suggest 

involvement of enzymatically-mediated covalent bonds in gel 

formation. On the other hand, increase of surface hydrophobicity in 

surimi pastes was observed during holding at low temperatures (5-

30°C), leading a stronger final gel (after subsequent heating). This 

phenomenon is referred to as setting and is considered to involve both 

enhanced TGase activity and increase in hydrophobic interactions (35).  

Heat induced gels of muscle protein mixture, such as surimi, are 

invariably white. This means that they are heterogeneous in structure 

(sometimes referred to as phase-separated gels [4]).It is well 

established that such gels are obtained at conditions where electro-

static repulsions between proteins are either lacking (at pH near pI) or 

are effectively screened by addition of salt [4, 5]. This suggests that 

for muscle protein mixtures, electro-static repulsion needs to be 

completely eliminated (or nearly so) to allow gel formation. 

Most research on aggregation of individual muscle proteins has been 

done on myosin, though fundamental research is occasionally reported 

(e.g. Ref. [38]) on actin since it serves as a model system for 

formation of long linear aggregates. The heat-induced aggregation of 

myosin from rabbit was understood in terms of a 2-step process, 



16 

involving oligomerization of myosin through their heads into star-like 

aggregates [29, 39-42], followed by formation of larger aggregates by 

association of the tails [7, 43-45]. While a weak decrease in surface 

thiol groups on myosin, S-1and HMM segments during heating led to 

speculation that disulphide bridges were stabilizing the star-like 

aggregates, studies of the changes in hydrophobicity of the same 

segments seem like a more conclusive indication as to mechanism of 

the initial aggregation step [44, 45]. Further assembly of the star-like 

aggregates has been attributed to tail interaction [29, 44, 45]. Such 

interaction between tails has been speculated to account for the 

cooling-induced aggregation of preheated rod fragments of myosin 

from carp, with the interesting modification that reformation of coiled-

coil structure from tails on different rods could facilitate such 

aggregation only after cooling. Observations of the heat-induced 

melting of the tail fragment of myosin and the coiled-coil to random 

coil have been widely given in the literature [7, 29, 41-43, 45-49], and 

often to be nearly completely reversible [7, 44, 45, 48], in agreement 

with the tail aggregation mechanism proposed in Ref. [7]. 

Myosin gels 
Production of myosin gels has shown that there some similarities 

between myosin from different sources, but also important differences. 

Gelation induced by heating has been reported for myosin from 

different sources [38, 43, 47, 50-53]. Rheological studies have  

demonstrated  that cooling of gels produced at elevated temperatures 

led to an increase in gel strength of myosin from white croaker [52] as 
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well as from catfish [54]. On the other hand, no effect was of cooling 

was observed for red muscle chicken myosin and the gel strength of 

white muscle chicken myosin slightly decreased after cooling [53]. 

This could suggest a greater importance of hydrogen bonds in the 

stabilizing of myosin gels from fish sources. 

Microscopy of myosin gels has shown that very different structures 

are obtained at high or low salt concentrations and pH close to neutral 

or slightly acidic. So-called particulate structure, where coarse 

aggregates are visible in the gel structure, has been observed for 

myosin gels at pH 6.0 and salt concentration 0.2-0.25M for rabbit [47] 

and cattle myosin [50], while at the same pH and salt concentration 

0.6M fine-stranded gels were obtained. The latter structure was 

observed even at 0.6M salt if the pH was lowered to 4.0, where gel 

was observed without heating. However, further studies reported 

differences in the thickness of the strands of when gels were obtained 

at pH 6.0 and 0.25M NaCl or pH 4.0 and 0.6M NaCl have been 

reported [51].  

While the structure of globular protein aggregates formed at different 

conditions of pH and salt is similar, the structure of gels is not. It is 

well established that globular proteins form transparent gels, where the 

local structure consists of well-defined strands of aggregates, under 

conditions where long-range repulsion is present, i.e. at pH far from 

the pI at low ionic strength [5]. When the charge density on the 

proteins is decreased by setting the pH closer to pI or when salt is 
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added to screen the electric charges, the strand-structure transforms 

into more coarse grains of aggregates, which results in so-called 

particulate gels. These gels have larger correlation lengths and are 

more opaque [5]. Thus, the production of fine-stranded gels from 

myosin at the lower ionic strength (and at a pH not far from the pI) 

and of particulate gels at the higher ionic strength fits nicely with the 

known behaviour of globular proteins. Myosin does have specific 

characteristics as well, such as the ability to form at low ionic strength 

(without heating) filaments which resemble thick muscle filaments 

[27]. However, it should be stresses again that heating myosin 

solutions at a low ionic strength where such filaments are present 

before heating, as reported in Refs. [50, 51], results in gels very 

similar to those obtained at similar conditions with globular proteins.  
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Techniques used in this study  

Light scattering 
To realize the strength of light scattering (LS) as a spectroscopy 

technique, it is important to realize how the main relations used in LS 

are derived and what approximations are made in the generally cited 

analyses. The following follows derivations in Refs [55-57]. Starting 

with the imposed electric field E, and the scattered field Es: 

)exp(),( 0 δω itirkiEntrE +−⋅=                                        (2) 

))'')((exp(
'

)','( 0 δω +⋅+−⋅−
−

= rktrkkiE
rr

btrE sss          (3)  

The arrows designate vector notation. The wave vector is designated 

with k, and is equal to 2π/λ (λ being the wavelength), δ is the phase 

angle and ω is the wave’s frequency. The scattered field is measured 

at position r' and time t', and n designates the polarization vector. A 

measure of the scattering 'power' of the scatterer is given by the 

parameter b, sometimes referred to as the scattering length. The 

scattering vector skk −  is usually designated q , and using geometry 

it can be shown that (as long as the wavelength of the scattered light is 

the same as that of the incident light, i.e. the scattering is elastic): 
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( )2/sin4 θ
λ
πnq =                                                                      (4) 

with λ the light's wave-length in vacuum, n the refractive index of the 

sample, and θ the scattering angle.  

In practice the measurement corresponds to the sum of scattering from 

all point scatterers in the scattering volume, Vs:  

∑
= −

⋅
+⋅+−=
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j j

jj
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rqib
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)exp(
))''(exp()','( δω                 (5) 

where N point scatterers are assumed to be in Vs. The size of Vs is 

typically negligible compared to the distance to the detector, so that 

jrr −' may be replaced with  a constant R. Looking at the time-

averaged light intensity measured at the detector (I = E.E*): 
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j
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EEI
1 1

2
0* ))(exp(

    

(6) 

where the brackets indicate average over time. We can now replace 

the scattering length of the individual scatterers with a scattering 

length per volume element, thus replacing the sums in Eq. (6) with 

their corresponding integrals: 
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rrrrrrr
∫ ∫ −                                 (7) 

We can replace the position vectors r' and r'' with a single relative 

vector 
rr , and integrating over the one dummy variable we get a factor 

of Vs: 
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R

IV

V

s rrrr
∫ exp)()0(=I 2
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                                                  (8) 

The quantity b is fluctuating about its average, so that b r( )r = b+δb r( )r . 

The autocorrelation term of fluctuations is thus 
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(9) 

since the fluctuating terms )(rb rδ and )0(bδ  must average to zero. 

Plugging the above into Eq. (8), we get: 

( ) ( ) ⎟⎟
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⎝
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+ ∫∫ rdrqibrdrqirbb

R
IV
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2
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s δδ                   (10) 

The second term in Eq. (12) vanishes at finite q values, as long as 

|q.rmax| >>1, with rmax the size of the scattering volume. We need 

therefore consider only the first term in Eq. (10). The term 

)()0( rbb rδδ  falls to zero at large rr since the fluctuations are not 
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correlated over large length scales; at vanishingly small rr and q  

2)()0( brbb δδδ =
r

 and 1)exp( ≈rqi , so that Eq. (10) becomes: 
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R
IVs δ     0→q                                                     (11) 

The fluctuations of b are related to temperature and density 

fluctuations in a pure liquid, while for a solution the concentration 

fluctuations of the solute should be considered. In an experiment 

where  scattering is dominated by the solute we can rewrite Eqs. (10)-

(11) as following: 
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2cδ  is inversely proportional to the osmotic compressibility
cδ

δπ
: 
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δ
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with kb Boltzmann’s constant and T the absolute temperature.  

The osmotic pressure can be expanded as a series in c: 
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with A2 the so-called second virial coefficient, M the molar mass, Na 

Avogadro's number, and c the concentration in units of weight per 

volume. We can finally rewrite Eq. (12b) as: 
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Let us first relate ⎟
⎠
⎞

⎜
⎝
⎛

c
b
δ
δ

to bulk properties so that we better see how 

Eq. (15) is used to determine the molar mass M before returning to Eq. 

(14a). 

For light scattering the scattering length b is related to the bulk 

polarizability α': 

( ) ( )s02

2
s0

2 nn'4nn'=b
λ
απα =k                                    (16) 

Here no and ns are unit vectors indicating the direction of polarisation 

of the incident and detected light, respectively. In practice most often 

the incident and detected light are vertically polarized if we ignore 

effects of depolarisation so that ( )2s0 nn =1. We will assume this in 

the following.  
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We can replace the bulk polarizability α' with the molecular 

polarizability α, α = 4πε0α'.  For a binary solution of particles with a 

refractive index nm in a medium of refractive index n: 

( )
c
nnC
∂
∂

≈ −− 1
0

1
0

22
m 2n-n= ρερεα                                             (17) 

with ε0 vacuum’s permittivity. Since we’re considering the scattering 

length per unit volume, ρ cancels out and  
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Eq. (12b) now reads   
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We now turn our attention to Eq. (12a). The first term in the integral, 

)()0( rcc rδδ , has contributions from both inter-particle and intra-

particle terms. Assuming the same scattering power over the particle, 

we can write the inter-particle structure factor as: 

( )

∫

∫

p

p

V

V

rcc

rdrqircc

S
)()0(

exp)()0(

=(q) r

rrrr

δδ

δδ
                                                 (20) 



25 

where the integral is over a particle of volume Vp. We can expand the 

exponent in a Taylor series, and then integrate with the origin at the 

particle’s centre of mass: 

( )
( ) ...cos1

exp)()0(

(q) 22 +−≈=
∫
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δδ

g
p

V qR
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rdrqircc

S p
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               (21) 

φ is the zenith angle, the average of cos2φ is 1/3. The radius of 

gyration, Rg, is defined as: 

 ∫=
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R rrr 22 )()0(
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Eq. (12a) may be written generally as: 
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The leading term of    
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,  

and the leading term in     S(q) is 1-q2Rg
2/3. 

The term I0.Vs/R2 is difficult to measure in practice. Therefore one 

measures the intensity relative to a standard (e.g. toluene) with known 

scattering properties: 
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)q(SKcMI arel = z                                                                         (24) 

With Irel the light scattered by the solution divided by that of the 

standard Is. K is a constant equal to   
stas
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Rsta is the wavelength and temperature dependent Rayleigh ratio of the 

standard. The squared ratio of the refractive indices of the standard 

(nsta) and sample (ns) corrects for differences in scattering volumes. Ma 

is an apparent molar mass equal to   
1−
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π
.  At infinite 

dilution, Ma is equal to the weight average molar mass, Mw, of the 

solute given by:   
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With Ni the number of particles of mass Mi, and alternatively c(M) 

represents the total mass of particles of mass M. The structure factor is 

affected by polydispersity in a similar manner: 
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It follows that the radius of gyration measured with light scattering is: 
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Since the determination of Rg from S(q) is essentially a determination 

of the coefficient of S(q) dependence on q2. The term Rgz measured at 

finite concentration is proportional to the correlation length of 

concentration fluctuations, and is often designated Rga, an apparent 

radius of gyration. 

For fractal objects S(q) has a power-law dependence on q for q.Rgz 

>>1: 

fdqqS −∝)(

         

q.Rgz >>1                                                   (28) 

Where the exponent df is the fractal dimension which also relates Mw 

to Rgz: 

fd
gzw RM ∝                                                                              (29) 

Dynamic light scattering 
The following derivation is easier if we first return to the summation 

notation of Eq. (6) valid for point scatterers. We define the time 
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averaged autocorrelation function of the scattering intensity as a 

function of delay time t, g2(t): 
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There are 6 kinds of terms:  

1.   N4 -6N3+11N2-6N terms in which all subscripts are different. 

These average to zero. 

2.    4N2-4N terms in which 3 subscripts refer to the same particle, the 

fourth being different. This corresponds to an average of one 

particle’s phase times the average of another’s; both are zero, and 

yield a product of zero. 

3.    6N3-18N2-12N terms in which there is one and only one equality. 

These yield zero for the same reason as the terms above. 

4.    N2 terms in which j=k, s=m. These yield unity. 

5.    N2-N terms in which j=m≠k=s. These yield the term 

[ ] [ ]))0()(exp())0()(exp( kkjj rrqirrqi +⋅+⋅− ττ  

(30) 
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These yield again zero, since an average over the sum of phases is still 

zero! 

6.    N2-N terms in which j=s≠k=m. These yield the term 

[ ] [ ]))0()(exp())0()(exp( kkjj rrqirrqi −⋅−−⋅ ττ  

This term does not average to zero, since it depends on particle 

displacement, which is small for short time lags. For large values of N 

typically measured experimentally, we get: 

( ) ( ) 2

2 )(rqiexp1=g tt Δ+                                                       (31) 

We now consider random fluctuations in the local concentration of 

solute particles that are much smaller than q-1. These occur due to 

Brownian motion generated by random differences in pressure exerted 

by solvent molecules. We can start with Fick’s second law of 

diffusion: 

),(=),( 2 trD
t

tr
Δ∇

∂
Δ∂ ρρ                                                            (32) 

with D the cooperative diffusion coefficient. At time zero no flux has 

taken place, so the boundary condition is: 

)(=)0,( rr ΔΔ δρ                                                                         (33) 



30 

The trick to solve Eq. (32) with the boundary condition Eq. (33) is to 

apply Fourier transform to both sides of each equation, after which we 

get: 

),(-=),( 2 tqDq
t

tq ρρ
∂

∂                                                                (34)  

1)0,( =qρ                                                                                    (35) 

which yields immediately the solution  

)-exp(),( 2Dtqtq =ρ                                                                   (36) 

Plugging this into Eq. (31), we finally get: 

( ) )-2exp(1=g 2
2 Dtqt +                                                             (37) 

Eq. (37) is the starting point for analysis of intensity autocorrelation 

functions, which are measured using auto-correlators with different 

“channels” for different lag times. For non-interacting (dilute) 

particles D is equal to the self diffusion coefficient (D0). D0 is often 

interpreted in terms of the so-called hydrodynamic radius, Rh, which is 

equal to the radius R of a sphere of diffusion coefficient D0: 

h

b
R
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D
πη6

=                                                                                 (38) 
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Eq. 34 combines results obtained by Einstein and Stokes, and is thus 

appropriately called the Stokes-Einstein relation:  

f
Tk

D b=                                                                                      (39) 

Rf πη6=                                                                                    (40) 

where f in relation (39), due to Einstein, is the affine friction force on 

particles undergoing thermodynamic motion, and was explicitly 

calculated for spheres by Stokes (Eq. 40)). The value of Rh depends on 

the shape of the particles and the amount of draining of the solvent.    

If the particles are not small compared to q-1 the relaxation of g2(t) will 

be influenced by rotational diffusion for asymmetric particles and 

internal dynamics for flexible particles.  

If the particles interact the driving force for the cooperative diffusion 

coefficient, i.e. the osmotic compressibility, increases or decreases 

depending on whether the interaction is attractive or repulsive. In 

addition, the friction coefficient increases.  

In the case of polydisperse solute particles we can interpret the 

relaxation of g2(t) in terms of a distribution of relaxation times. 

Interpreting autocorrelation functions in terms of relaxation time 

distributions is commonly done using algorithms such as REPES [58] 

or CONTIN [59]. The idea is to perform the Laplace inverse transform 

on the experimentally measured autocorrelation function: 
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( ) ( ) τττ dtAtg ∫ −= /exp)(1                                                   (41) 

with g1 the autocorrelation function of the electric field, related to g2 

through the Siegert relation [60]: 

( ) 2/1
21 1)()( −= tgtg                                                              (42) 

The resulting distribution function of relaxation times A(τ) may be 

then converted to a distribution function of diffusion coefficients, D, 

Eqs. (37) and (42), or the corresponding hydrodynamic radii using Eq. 

(38), if the particles are small compared to q-1 and sufficiently dilute 

so that interaction can be neglected. It is vital to realize that this 

distribution function reflects the contribution of particles of relaxation 

time τ to the autocorrelation function g2. The relative contribution of 

particles with a certain size to the average scattering intensity is 

proportional to its mass concentration multiplied with its molar mass. 

It is customary to report the harmonic average of the hydrodynamic 

radius: 

πη

τ

6

211 Tkq
R b

hz

−−

=                                                              (43) 

with    ∫ τττ=τ −− d)(A11  
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Measurements  of turbid solutions 
When a significant fraction of the incident beam is scattered, the 

problem of multiple scattering arises. Multiple scattering interferes 

with both SLS and DLS measurements, since non-singly scattered 

photons contribute to the average light intensity at any given angle, as 

well as skew the autocorrelation function measured at any angle. To 

solve this it is possible to revert to cross-correlational light scattering. 

The idea is that two incident beams of equal intensity I0, rather than a 

single beam, are shone at the sample, and are measured by 2 detectors. 

In one version, sometimes called 3D dynamic light scattering, the 

beams and detectors are separated in the axis perpendicular to the 

plane of measurement. Since the structure factor S(q) of isotropic 

solutions (the scattering particles may be anisotropic, as long as they 

don’t form an anisotropic phase) is independent of the zenith angle, 

each detector measures twice the intensity scattered from a single 

beam Is. The problem is now to identify how many photon have been 

singly scattered and correspond to the proper structure factor. This can 

be done by looking at the cross-correlation function of the light 

scattered, which is equal to the 2 autocorrelation functions at the 2 

detectors. Since only a half of the signal comes from a single beam, 

one half of the signal at most can be correlated. This means that g2 is 

now given with: 

( ) )-2exp(1=g 2
2 DtqBt +                                                          (44) 



34 

with B a constant not exceeding 0.25. In practice, a less than optimal 

experimental set-up leads to a factor B0 lower  than 0.25 even for 

perfectly transparent samples. Any further decrease in the intercept of 

g2 (B) in the measurement of a real sample is understood in terms of 

non-correlated photons measured at the detector; their effect is 

corrected for by dividing with B0 and taking the square-root: 

2/1

0tot
= ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
B
BII si

                                                                      (45) 

where Isi is the scattered light intensity only from singly scattered 

photons, and Itot is the total intensity of light scattered measured at the 

detector. Of course, one also needs to correct for the reduced 

transmission.   

Rheology 
The term rheology was coined by the polymer chemist Eugene 

Bingham, and is derived from the Greek word for flow. It deals with 

flow and deformation of materials under applications of loads, or 

stresses.  

In rheological nomenclature, a distinction is made between 3 

fundamental modes of deformation, or 3 modes of testing materials. 

These are the tensile deformation, shear deformation and flexion.  The 

3 modes of deformation are illustrated in figure 3.  
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Figure 3. Upper left sketch: tensile deformation, upper right sketch : shear 

deformation, bottom sketch: flexion (bending). The shadowed faces represent the 

cross sections as defined for tensile and shear deformations in the top sketches. 

Elastic materials (solids) 
Perhaps the best known response of a material to a constant load is 

Hooke‘s law, formulated by Hooke nearly 350 years ago. Testing 

springs during tensile extension, Hooke found a linear relation 

between the spring‘s elongation ΔL, and the load m applied to the 

spring: 

Lm Δ∝                                                                                       (46) 

or, after reformulation to the known Hooke’s law: 

LKgmF Δ==                                                                          (47) 
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with g the earth gravity, and K the spring constant. While Hooke 

found different spring constants for different springs, he never made 

the observation that for a given material, K was inversely proportional 

to the spring’s length, and proportional to its cross section a. 

Designating ΔL/L as the strain ε, Eq. (47) would be written today as: 

εσ E
L
LE

a
F

=
Δ

==                                                                 (48) 

where we recognize E as the Young’s modulus of a material under 

tensile extension. More importantly, perhaps, Hooke totally failed to 

note non-linear behaviour in his spring experiments. If he were to 

work with rubber at moderate strains, for instance, he’d observe a 

more general relation of the form [61]: 

)( 2−−= αασ G                                                                           (49) 

 With α = (L+ΔL)/L = 1 + ε, and G the elastic modulus. Expanding α 

for small values of ε, we find  

εεεεσ GG 3..))321(1( 2 ≈−+−−+=                                      (50) 

The elastic modulus G also serves as the proportionality constant in 

the linear regime of shear deformation: 

γσ G=                                                                                        (51) 
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with γ, the usual symbol for strain in shear deformation, equal to ΔL/h, 

cf. figure 3. We see that the elastic modulus G is 1/3 of the linear 

regime Young’s constant E, a well-known result [61]. 

Relating the stress to the strain as in Eq. (49) requires writing in 

thermodynamic terms an energy-function of the material. The 

undertaking of such a task requires a structural model interpreted 

within the frame of elasticity theory. For illustrations of the concept, 

see Ref. [61]. Reporting quantities such as E or G (Eqs. (48) and (51)) 

makes for easier comparisons between materials tested in the linear 

regime. Materials for which the stress increases more strongly than 

linearly with the strain beyond the linear regime are said to exhibit 

strain-hardening, while strain softening is the term applied if the 

increase in stress is less strong than linear with strain. 

Liquids 
As opposed to solids, a liquid cannot sustain stress at rest. This means 

that the elastic (instantaneous) response we are familiar with from 

springs is replaced with continuous flow in the case of liquids. An 

ironic sign of his rivalry with (and animosity towards) Hooke, it was 

none other than Sir Isaac Newton who first formulated quantitatively 

the relation between stress and a liquid’s flow, given with: 

.
γηγησ ==

dt
d                                                                             (52) 
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Looking back at the shearing experiment in figure 3, we can 

understand the time-derivative of the strain, or the shear rate 

(designated
.
γ ) as the gradient in fluid velocity, normal to the applied 

stress.  

Liquids following Eq. (52) are said to be Newtonian. More generally, 

though, materials show a rate-dependent behaviour, the most general 

of these is the simple power-law [62]:  

n
K

.
γσ =                                                                                     (53) 

with K a constant (with unit Pa.sn). Materials for which n > 1 are said 

to exhibit rheological dilatancy, or more commonly shear thickening. 

The viscosity of these materials increases with increasing shear-rate. 

Common examples are wet sand (mud) and dough. Materials for 

which n < 1 are said to exhibit pseudoplasticity, or more commonly 

shear thinning. Shear thinning is more common than shear thickening, 

and is observed for many polymer solutions. It is invariably observed 

for solutions of anisomeric particles, since their inclination to orient in 

the direction of the flow lowers the viscosity.  

Time-dependence of the shear rate  
The terms thixotropy and anti-thixotropy (or rheopexy) are applied to 

materials which exhibit respectively an increasing or decreasing flow-

rate with time under a constant stress. The terms are ambiguous, since 

they are usually used to signify a decrease (thixotropy) or increase 
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(rheopexy) in viscosity with time, which are often interpreted in terms 

of fracture or formation of a net-work under shear. Viscosity is, 

however, a steady-state attribute; an increase in apparent viscosity 

(owing to a decrease in flow-rate) is seen for instance for metals 

during application of stresses below the yield-stress. This increase in 

apparent viscosity does not, in any way, reflect a formation of an 

elastic network under the constant stress; the metal is being deformed 

under the stress up to fracture (after which the shear rate increases to a 

constant value). The use of the terms thixotropy and rheopexy can 

therefore be misleading. 

In this context it is worth to mention again the responses of Newtonian 

liquids and ideal solids to constant stresses. An ideal solid shows an 

elastic response, i.e. an instantaneous deformation which then totally 

stops. A liquid flows independently of time with a constant flow rate, 

which we may simply call flow. Viscoelastic materials can show an 

intermediate response, where the deformation is not independent of 

time (solids), nor is the shear rate independent of time (liquids) under 

constant stress. A response where the deformation depends on time 

less strongly than linearly is sometimes referred to as creep, and can 

be indicative of different changes in the material, either destructive or 

formative. It is therefore that it is stressed again that the terms 

thixotropy and rheopexy are not descriptive for the behaviour of many 

systems under constant stresses.   
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Modeling visco-elastic materials. Dashpots and springs models. 
Visco-elastic behaviour can be understood quite intuitively without 

resorting to such specialized terms as G' and G'' (see below). We have 

all seen materials which yield with time, but response elastically at 

short time-scales. Silly-putty may be the most often cited example; it 

bounces when dropped, but loses its shape and flows when left 

standing for extended periods. 

 

Figure 4. Left: a dashpot, right: a spring. 

The most common way to represent visco-elastic materials is the 

dashpots and springs diagram. The spring designates an elastic part of 

the material, while a dashpot signifies a viscous part. To solve the 

behaviour of the system under application of stress the next 4 rules are 

applied: 

1.  The stress on any element in a series is equal to the externally 

applied stress. 

2.  The total stress on an element in a series is equal to the sum of 

stresses on all its parallel-connected elements. 

3.  The strain on all parallel-connected elements of a single element in 

a series is equal. 
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4.  The total strain is equal to the sum of strains on all elements in a 

series. 

To illustrate how this works, we can show the solution of the creep 

function a under constant stress for one system, a spring connected in 

series to a Voigt body, which is a parallel arrangement of a spring and 

a dashpot. 
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In this set of equations, A is a constant to be determined from the 

boundary conditions which are given in the last line. The first yields A 

≤ 0, as does the third. The second boundary condition yields A ≥ -σ/G2, 

which leaves in effect only to determine the strain at time zero. Here 

we use the fact that a dashpot cannot respond elastically (i.e., with a 

step function); this leads to using the equality sign in the second 

boundary condition for t = 0, which yields A = -σ/G2.  

The solution in this case is therefore a rise to a maximum: 
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This solution is illustrated in figure 5. 

 
Figure 5. A schematic representation of a spring connected in series to a Voigt body 

(top),  and the corresponding creep function under a constant stress σ (bottom); here, 

σ/G1 = 3 and σ/G2 = 5. The green arrow shows the elastic part of the response. Note 

τ = η/G2. 
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General visco-elastic responses 
The strain and the stress are related in a general way through the 

modulus memory function, G(t): 

∫ −=
t

dtGt
0

.
)()()( ττγτσ                                                            (54) 

We can now use Eq. (54) to show how the modulus G may be 

interpreted in terms of 2 components, one relating to the material’s 

tendency to deform instantly in a reversible manner (elastically), the 

other referring to its tendency to dissipate energy. Let’s assume we 

now submit a material to an oscillating strain with frequency, ω so 

that: 

( )tωγγ sin
0

=                                                                           (55) 

where γ0 is the maximum strain. We see that  

( )tωωγγ cos
0.

=                                                                       (56) 

Putting  Eq. (56) into (54) we get 

[ ]∫ =−=
t

dtGt
0

0 )(cos)()( ψψωωγψσ                                       

( ) ψωωψωωψψωγ dttG
t

)cos()cos()sin()sin()(
0

0 +∫  

(57) 
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where ψ = t-τ. We now make a bold assumption: σ(t) responds in a 

sinusoidal manner: σ(t) = σ0sin(ωt-δ). This can only happen if G is 

independent of γ, i.e. γ0 is still in the linear regime! Now we can 

obtain a solution of Eq. (57), where G is independent of t and is only a 

function of ω- we’re left with 2 harmonics (out of phase with each 

other) on the right-hand side, and a single harmonic on the left-hand 

side. We divide the solution into 2 constants: 

''sinsin)cos()(

'coscos)sin()(
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and write eventually: 

( ) ( )( )tGtGt ωωγσ cos''sin')(
0

+=                                       (59) 

Now G' describes that part of the stress that is in phase with the strain. 

It is called the storage modulus. G'' describes that part of the stress 

that is 90° out of phase with the strain; it is referred to as the loss 

modulus. G* is the complex modulus: G* = (G'2+G''2)1/2. 
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Results  

I Purified cod myosin  
Cod myosin is a highly unstable molecule [63, 64], markedly more so 

than myosin from fish of more temperate habitat or land-animals [64-

69]. In accordance with this instability, we have found isolation of 

monomeric cod myosin to not be possible, at least as measured using 

light-scattering [6]. The 2 isolation methods used in the current study 

to obtain purified myosin from cod muscle are explained in detail in 

Ref. [6]. Both methods lead to purified myosin, present as aggregates 

with an aggregation number Nagg in the range 8-20 (given by 

Mw(agg)/Mw(myosin)), as measured using SLS. No monomeric 

myosin was observed from the auto-correlation functions of purified 

myosin; given the relatively small aggregation number of the 

aggregates, the fact that they completely dominate the light-scattering 

intensity suggests that they also dominate the size-distribution of 

myosin. The Laplace inversion of auto-correlation functions of myosin 

yielded monomodal distributions of hydrodynamic radii, see figure 6, 

which did not extend down to the value obtained experimentally for 

individual myosin molecules, 17nm [70]. The latter agrees with the 

calculated value of 18nm based on known structure of myosin [71]. 
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Figure 6. Size-distribution function of purified cod myosin at pH 8. 

Despite the variance found in Nagg between different preparations, 

values of Rg (70-90nm) and Rh (90-120nm) were always similar. This 

suggests the presence of star-like myosin aggregates for which the 

dependence of Rg on the number of arms is very weak [72]. Since 

microscopy has shown that star-like aggregates consisted of globular 

masses up to 60nm in diameter, which are the collapsed myosin heads 

[29, 42], with  the tails radiating out, we can compare this value of Rg 

to that expected from such a geometry. The upper limit for a many-

armed star with a dense core of radius r and arms of length L can be 

calculated as follows. We first assume a total mass M, a mass Mr of 
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the core and ML for the combined mass of the arms. Next, we 

designate fL as the fraction of mass in the arms (fL = ML/M). 

Assuming L>>r, which is a good approximation for the myosin stars, 

Rg≈(fL/3)1/2.(r+L). Using 0.5 for fL, 15-30nm for r (a diameter of 30-

60nm) and 140-155nm for L [29, 42], Rg is in the range 64-76nm, 

which agrees with our findings. The assumption that one half of the 

mass of each myosin molecule is in the tail fraction corresponds to the 

known molecular weights of myosin head, tail and light chains [27], 

and taking into account that 60-70% of the light chains dissociate from 

the heads during heating  [29, 43]. 

Star-like aggregates of the native myosin molecule were observed 

using electron microscopy for rabbit myosin [29, 41, 42], carp myosin 

[40], and finally for dog cardiac myosin [39]. Electron-microscopy 

showed shortening of the myosin tails after heating [29, 41, 42], which 

is attributed to a helix-to-coil transition. Optical rotation and CD 

studies have also indicated the helix-to-coil transition in the tail of 

myosin. For cod, the helical content of the tail was reported to 

decrease monotonously with increasing temperature in the range 25-

65°C [46].  Similar findings have been reported for walleye pollack 

LMM in the range 10-60°C [43], rabbit myosin rod in the range 20-

80°C [45], rabbit LMM in the range 20-80°C [44], carp rod in the 

range 20-70°C [7], and for myosin rod from Antarctic fish and scallop 

in the range 0-80°C [49]. 
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The star-like structure and the helix-to-coil transitions serve to explain 

our finding that Rg and Rh decreased during heating despite a weak 

heat-induced aggregation process, see figure 7. Decrease of the radius-

of-gyration was observed in Ref. [49], while in Ref. [52] a decrease 

was noted for the hydrodynamic radius of white croaker myosin 

during heating. The values reported in Ref. [52] imply that the 

measurements were made on aggregates, though this was not 

mentioned in the paper.  

The weak aggregation noted for cod myosin in the pH range 6.5-8.0 

during heating, as deducted from light scattering (figure 7a) and also 

turbidity measurements, see figure 8, coincides with that reported in 

earlier studies [67]. This increase is strong for the first 10mins, and 

then levels off though a very weak logarithmic increase continues. A 

similar increase of the turbidity which levels off very quickly was seen 

for rabbit myosin as well [73]. Though it is not straight-forward to 

conclusively determine the true extent of aggregation from in-situ 

light-scattering measurements during heating, for the concentrations 

used in figure 7, the effect of concentration is small and allows 

determination of Mw. From the data, it seems that only an increase in 

Nagg of the star-like primary aggregates is taking place during heating 

in this range of pH. Further aggregation in this pH range is only 

induced by cooling. It seems that at pH 6.0, however, further 

aggregation of the primary aggregates occurs during heating.  
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Figure 7. Molar mass Mw (a), radius of gyration Rg (b) and hydrodynamic radius Rh 

during heating of myosin solutions (1.5g/L) at 50°C. Different pH values are 

indicated in figure 7a. 

The reversibility of the decrease in helical content of myosin rod 

segments was observed in several studies [7, 44, 45]. Coupled with the 

observation of  extensive rod aggregation during cooling following 
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heating to 80°C, this led to the assumption that helices are reformed 

during cooling by finding other rod molecules and binding to them 

forming a super-helix [7]. Involvement of the tail portion of myosin in 

the network formation was also deduced [43] from the binding of 

LMM to the LMM portion of native myosin after formation of the 

primary aggregates. This agrees nicely with our finding that the 

myosin aggregate undergo a second step of thermo-reversible 

aggregation during cooling, at least in the pH range 6.5-8.0, which 

leads to a much stronger increase of both turbidity and light-scattering 

intensity than the first step of the aggregation. This is demonstrated in 

figure 9, where the turbidity increase of myosin solutions in the pH 

range 6.5-8.0 taking place during cooling after heating at 50°C is 

shown. It was reported [52] that a thermo-reversible increase of the 

hydrodynamic radius of myosin, as well as the storage modulus of 

myosin gels, takes place during cooling after heating to 65°C. 
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Figure 8. Dependence of the turbidity at λ=350nm on the heating time at 50°C for 

myosin solutions with C=5.0 g/L at different values of the pH.  

Figure 9. Effect of cooling and heating cycles on the turbidity of extensively heated 

myosin solutions with C=5.0 g/L at different values of the pH. 

 

The structure of myosin aggregates formed after the heating and 

cooling cycle was determined after dilution. 

8 9 
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Figure 10. q-dependence (fig. 10a) of Irel/Kc for highly diluted aggregate solutions 

obtained after heating at 70°C myosin solutions at different concentrations and pH. 

The solid line represents a power-law fit with exponent  -2.2.  The same data is 

shown (fig. 10b) after normalizing Irel/Kc with Mw and q with Rgz.  
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Aggregates with different sizes were formed depending on the pH and 

the concentration, see figure 10a. The fact that the structure factor of 

different systems was the same when plotted as a function of q.Rg, see 

fig.10b, demonstrates their self-similar structure. For q.Rg>>1 we 

found S(q)∝q-2.2 implying df=2.2. This value of df was consistent with 

the dependence of Mw on Rgz, see figure 11. The overall structure of 

the myosin aggregates is close to that of aggregates formed by 

globular proteins (Nicolai 2007). This suggests a certain degree of 

universality for protein aggregation processes which take place 

through very different mechanisms and with a different range of 

binding possibilities.  
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Figure 11. Mw dependence on Rgz for diluted aggregates obtained after heating of 

myosin at different concentrations and values of the pH. The solid line represents a 

power-law fit with an exponent 2.2.  
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II Fish protein isolate (FPI) from cod  
As already noted in the introduction, the preparation of fish protein 

isolates for this study imitates that employed on an industrial scale in 

Iceland at 2 different processing plants. Usually, cod was purchased at 

a local market and delivered to the lab on ice. The white muscle tissue 

was homogenized in 4–5 weight equivalents of distilled water, and the 

pH was adjusted to a value in the range 11.0–11.2. Solutions were 

centrifuged for 10 min at 15,000g, followed by filtration of the 

supernatant over two layers of gauze. The temperature was kept under 

15°C during the protein isolation. FPI solutions were stored at 4°C and 

used for gel preparation within 24h of extraction.  

Protein composition 
A typical electrophoretic pattern of the proteins extracted by this 

method is shown in figure 12. The electrograph shows that myosin 

(heavy chain 210 kDa, light chains 17–23 kDa), actin (43 kDa) and 

tropomyosin (38 kDa) are the most dominant proteins. Bands at higher 

molar mass than myosin heavy chain are tentatively assigned to titin 

and nebulin [26, 74]. Other weak bands may correspond to other 

structural proteins and proteolytic segments of the main myofibrillar 

proteins. The ill-separated bands between 160 and 185 kDa are 

thought to be proteolytic segments of myosin heavy chain [22]. The 

presence of these bands was reported earlier for FPI obtained through 

acidic and alkaline solubilization [19, 22], and for washed fish muscle 

post treatment with weak organic acids [75]. 
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Figure 12. Protein profile of FPI (lane 2) obtained by SDS-PAGE electrophoresis 

compared with protein standards of different molar mass (kDa) indicated in the 

figure (lane 1). Protein standards shown are as followed: rabbit muscle myosin, 

212kDa; MBP-β-galactosidase,158kDa; β-Galactosidase, 116kDa; Phosphorylase-b, 

97kDa; Serum albumin bovine 66.4kDa; Glutamic dehydrogenase, 55.6kDa; MBP2, 

42.7kDa; Thioredoxin reductase, 34.6kDa; Trypsin inhibitor, 20kDa. 

Perhaps the most important aspect of the isolation method as outlined 

above is its yield. It was found in the current study to be 60 ± 10%. 

While such a yield is similar to that seen in conventional surimi 

processing [20], reports from the Icelandic processing plants are that 

the alkaline solubilization is better suited for cut-offs compared to the 

time-consuming refining steps required for surimi production.  
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Gelation 
It was found that solutions with protein concentrations c=6g/L or 

higher a gel was obtained in the pH range 8.5-9.5 at temperatures 

below ~25°C. The thermo-reversible gelation observed for the FPI is 

perhaps its single most important feature. Figure 13 shows the storage 

and loss moduli of FPI at pH 9.0 during heating and subsequent 

cooling. At temperatures below 25°C G'>G'', an indication of the more 

elastic (gel-like) nature of the FPI at low temperatures. 

 

Figure 13. Temperature dependence of G' and G'' at 0.01 Hz during heating and 

cooling of a FPI solution at pH 9.0 and C = 20 g/L. 

The frequency (f) dependence of the loss and storage moduli of FPI at 

pH 9.0 and 5°C is shown in figure 14. It was found that preheating of 

the solutions before recooling led to a weaker dependence of the 

moduli on the shearing frequency.  
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Figure 14. Frequency dependence of G' (filled symbols) and G'' (open symbols) for 

FPI gels at pH 9.0 (C=25g/L, 5°C) before and after preheating at 60°C for 3 minutes.  

While no gel formation was found for FPI at pH > 9.5 after adjusting 

the pH and cooling to 5°C, gels were formed if the FPI solutions were 

first heated to 30°C or higher for short periods (3 mins or longer) and 

then cooled to 5°C. Figure 15 shows the frequency dependence of G' 

and G'' at for FPI (pH 11) at 5°C before and after preheating to 

different temperatures. Before the preheating procedure, the G'' is 

proportional to f, indicating the liquid like nature of the FPI. After 
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preheating, G'>G'' and both moduli are nearly frequency independent, 

indicating that a gel had formed. 

It is seen that while for gels produced at pH 11, the frequency 

dependence of G' and G'' is very weak below 1Hz, for pH 9 it is more 

important, especially for non-preheated FPI. However, above 1Hz the 

frequency dependence is much weaker even for pH 9, and a near 

plateau is reached. We will therefore refer hereon to G' measured at 

1Hz as G'0, the high-frequency plateau value. 
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Figure 15. Frequency dependence of G' (filled symbols) and G'' (open symbols) for 

FPI gels at pH 11.0 (C=25g/L, 5°C) before and after preheating for 3 minutes at 

30°C or 60°C. 
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Non-linear rheology  
The non-linear response to shear stress was investigated using 

oscillatory and continuous shear measurements at different values of 

the applied stress. Continuous stress sweeps of FPI showed an effect 

on the long-time response of the gels to weak stress When the stress 

was increased slowly the effective modulus G, which we define here 

as the ratio of stress to strain: G≡σ/γ, decreased slightly at moderate 

strains, see figure 16. But when the stress was increased very fast, G 

remained constant at the same strains. Applying weak oscillatory 

stress at f=0.1Hz or 1Hz did not show an effect on G', see figure 16. 

At low stresses, the value of G' obtained by oscillation at 1Hz is equal 

to the value of G obtained by continuous shear during the fastest rates 

(dσ/dt=2Pa/s) that was experimentally accessible (G'0=G0). 

At higher stresses strain hardening was seen followed by fracture at a 

critical stress value above which the systems started to flow properly, 

see below. The critical value decreased with decreasing rate of the 

stress ramp.  
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 Figure 16. Strain-stress curves of FPI gels at pH 11 (C=20g/L, G'0=4.8Pa, 5°C). The 

open symbols indicate continuous shear measurements at different initial flow rates 

(dγ/dt=(dσ/dt)/G'0) indicated in the figure, while the filled symbols indicate 

oscillatory measurements at f=1Hz. The solid line represents γ=σ/ G'0. A different 

representation of the same data is shown in figure 16b: G = σ/γ versus σ. 

b 
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The behaviour of FPI gels under constant stresses was determined and 

showed that creep is responsible for the rate-dependence of strain-

stress curves recorded using continuous shear ramps. Figure 17 shows 

the time dependence of the strain under different constant stresses, 

indicated in the figure, for FPI at pH 11 and 9. An elastic response is 

built up very quickly, followed by creep that can be approximated 

with a power law: 

( ) ⎟
⎠
⎞

⎜
⎝
⎛ +=

α
τγγ tt 1)( 0                                                                        (60) 

As shown in figure 17c, normalizing the strain with its elastic part γ0, 

which in all cases was close to σ/G0, leads to master curves of the data 

at each pH. The power-law exponent α was similar for the data 

presented, about 1/3, but the characteristic time τ was very different 

for pH 9 and pH 11: about 5000s for the former and 5s for the latter. 

While α was always close to 1/3 for pH 11, different FPI samples at 

pH 9 crept with power-law exponents in the range 0.3-0.7.  

Power-law creep is a known phenomenon for metals below their yield 

stress. Surprisingly, the strain in metals develops with the same 

exponent as presented here for FPI gels (1/3). For FPI, the period over 

which creep was observed at low stresses was very different for pH 11 

and 9. For pH 11, strains were found to follow Eq. (60) for up to 105s. 

For pH 9, on the other hand, the strain stagnated after similar periods, 

see figure 18. At higher stresses creep was followed by fracture and 

ordinary flow.   
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Figure 17. Strain as a function of time at different applied stresses indicated in the 

figures for preheated gels at pH 11 (C=20g/L, G0 = 5Pa) (a) and at pH 9 (C=20g/L, G0 

= 40Pa) (b). Figure 17c shows the same data in a different representation. The solid 

lines in fig. 17c have a slope of 0.3. 
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Figure 18. Strains of a FPI gel at pH 9 (G0 = 16Pa) under stresses of 1Pa (upper 

curve)  and 0.3Pa (lower curve). 

Steady-state viscosities were measured for fractured FPI systems as a 

function of the shear-rate, see figure 19. It turns out that for a wide 

range of shear-rates, the stress is roughly constant, though it fluctuates 

about its mean value. We may identify this stress as the yield stress 

above which the systems flow properly. At lower stresses the systems 

may creep, but probably always stops deforming after some time as 

illustrated in figure 18.
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Figure 19. Viscosity (figure 19a) and shear stress (figure 19b) obtained from flow 

experiments. FPI gels (c=20g/L) at 5°C were broken by quickly shearing at high 

frequency and the stress was recorded as a function of decreasing shear rate. Filled 

symbols: pH 9, open symbols: pH 11. 

Reproducible weak strain-hardening was seen for FPI at both pH 9 

and pH 11 when measured using oscillatory measurements at 0.1Hz or 
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1Hz, which coincided with continuous shear measurements, see figure 

16b. Figure 20 shows the dependence of G' on the strain for FPI gels 

at pH 9 and 11. After normalization of G' with G'0, master curves are 

obtained within the experimental noise for each pH. As shown in 

annex A, these curves can be fitted with the model suggested in Ref. 

[76] for affine strain-hardening of fractal gels. 

Above a critical strain the gels fractured and began to flow, but the gel 

reformed again at small stresses. This is consistent with the finding of 

a yield stress below which true flow is not possible, deduced from data 

such as that presented in figure 19.    

Figure 20. Strain dependence of the normalized elastic moduli of FPI gels at pH 9 

(filled symbols) and pH 11 (closed symbols) after preheating at 30°C (C=25g/L, 

5°C).  
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The strain at fracture, γf, was roughly independent of G0 and protein 

concentration for pH 9 and decreased weakly with increasing G0 for 

pH 11, see figure 21. A decrease of γf was reported in several 

investigations of protein gels in the literature, including β-

lactoglobulin at neutral pH [77], gelatin [78], and mixtures of whey 

proteins  [79-81]. It has been suggested [82] that if the force needed to 

break the any given link in protein blobs is concentration independent 

(or sufficiently weakly dependent), a decrease in fracture strain with 

increasing concentration would be observed, see also Appendix A.  

  

Figure 21. Strain at fracture  γf for FPI gels at pH 9 (filled symbols) and pH 11 (open 

symbols) as function of G'0.  
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Microscopic structure 
Visually, gels at both pH 9 and 11 were seen to exhibit syneresis 

within about a week or longer. The use of confocal scanning laser 

microscopy (CSLM) allowed visualizing what could be the first step 

in this macro-phase separation, i.e. the formation of protein poor areas 

in the otherwise homogenous matrix.. Those areas were formed after a 

time that fluctuated strongly between samples, but was typically 

between 1-5 days. Several typical images obtained using CSLM are 

shown in figure 22. No structure of the gel could be seen at the highest 

resolution available (about 300nm). However, large particles of high 

protein concentration were visible, typically several microns in size, 

randomly scattered in the system. These areas are present immediately 

after protein isolation at pH 11 in the liquid state, and are typically 4-6 

times denser than the matrix, i.e. about 150g/L which is close to that 

found for precipitates formed close to the iso-electric point. The 

presence of these large, dense protein aggregates precludes detailed 

and meaningful investigation of the gels using light-scattering, see 

also appendix A. 
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Figure 22. CSLM images of FPI. a: pH 11 at 5°C before preheating, b: pH 11 at 

5°C after preheating, c: pH 11 after 4 days at 5°C, d: pH 9 at 50°C, e: pH 9 at 5°C 

after preheating, f: pH 9 after 1 day at 5°C. The width of the images represents in 

all cases 160μm. Large protein aggregates are visible as white spots, while the 

arrows indicate protein poor domains in figures 22c and 22f.  
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The effect of adding NaCl 
The effect of NaCl, the most common salt in use in the food industry, 

on the gelation of FPI has been investigated as well. The finding was 

that added salt prevented gelation at the pH range 8.5-9.5, and shifted 

the pH range at which gelation was seen to lower values. At pH 9.0, 

for instance, gelation was virtually prevented by addition of 130mM 

NaCl, see figure 23. This effect will be noted again below in the 

section on current status of FPI use. 

Figure 23. G' at 1Hz and 5°C for FPI at pH 9 as a function of ionic strength. NaCl 

was added to adjust the ionic strength which is approximated as 50mM plus the 

concentration of added NaCl. 
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Current status of FPI use 
As noted in the introduction, two processing plants operate in Iceland 

currently which utilize similar techniques to that described herein to 

solubilise muscle proteins from cod cut-offs, as well as cut-offs of 

other fish. The estimate for the amount of cod cut-offs processed in 

the first processing plant is about 50 tonnes per year. Figure 24 is a 

drawing of the processing plant, with several of the machines 

designated with arrows. The cut-offs are first minced in the belt 

mincer, before NaOH is added and the pH adjusted in a buffer tank. 

Separation from insoluble material is obtained by means of 

centrifugation in the decanter. Next, the pH of the homogenate is 

lowered with a concomitant addition of NaCl, and it is then 

compressed at 20atm forming an opaque but macroscopically 

homogeneous liquid (figure 25). It has been verified that pressure 

treatment at 20atm does not affect the gelation properties of FPI at pH 

9 without added salt, see figure 26. 
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Figure 24. Drawing of the first processing plant opened in Iceland where a similar 

protein isolation process to that described herein is employed. Numbers in figure 

refer to the following equipment: 1. Belt mincer, 2. pH adjustment rack I (alkaline), 

3. Buffer tank I, 4. Decanter centrifuge, 5. pH adjustment rack II - addition of acid 

and salt, 6. Buffer tank II, 7. Cooling tank, 8. Homogenizer  
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Figure 25. Protein isolate from cod as prepared in the processing plant. 

 

Figure 26. Concentration dependence of G' at 1Hz for FPI at pH 9 and 5°C. Open 

symbols represent FPI treated at 20atm before cooling to 5°C, and filled symbols 

represent non-treated FPI. 

Though the pH of the isolate is below 9, gel formation is prevented 

since the ionic strength is nearly 250mM. After injection of the liquid 
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into cod fillets equilibration of the ionic strength takes place, with the 

ionic strength of muscle close to 150mM [26, 83, 84]. This leads to 

gelation and immobilization of the injected isolate in the muscle. So 

far, such fillets have been frozen within minutes of injection, and later 

sold frozen. The injected isolate is not visible in the injected fillet, see 

figure 27. 

 

Figure 27. Injected cod fillets in the first processing plant opened in Iceland. As seen 

from the cross-section (fillet in the background), no visible marks are left by the 

injection and the FPI cannot be distinguished from the meat. Unfortunately, no better 

quality images were made available for the current dissertation.    
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Appendix A. Does the fractal model correctly describe 
the structure and rheology of FPI gels? 

When a gel is assumed to be composed of monodisperse fractal 

spheres (blobs), geometry arguments give us a straight-forward 

relation of 2 fractal dimensions characterizing the gel with the 

concentration dependence of the elastic moduli. Following the 

arguments in Ref. [85], since we assume a space-filling network of 

monodisperse fractal spheres, it follows that: 

ANR
Mc 34

3
π

=
                                                                                   (61) 

with M the molar mass, R the sphere’s radius. It follows that c∝Rdf-3. 

For Eq. (61) to apply, all the percolating units (for instance, proteins) 

must belong to the percolating network, which is a safe assumption if 

the concentration is at least 2cg, with cg the critical concentration for 

percolating or gel formation [35]. If elasticity is purely enthalpic (i.e., 

we may neglect the kbT contribution of each blob), then each blob acts 

as an elastic spring with elastic constant K = K0Nb
-1R-2, assuming that 

each blob consists of Nb links with bending constant K0. It is further 

assumed that Nb∝Rdb, with db the fractal dimension of the stress 

baring backbone which is necessarily equal or smaller than df. Since G 

is inversely proportional to the number of blobs per unit length, it 

follows that G∝R-(3+db), and from there: 
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                                                                                       (62)  

It should be noted that in Ref. [85], a second limiting behaviour for the 

dependence of G on c is considered. If the links inside the blob are 

assumed to be of negligible strength compared to inter-blob links, then 

the blob may be approximated as a hard sphere, or a mere link in a 

chain. The elasticity now depends on the number of links (blobs) per 

chain length , i.e. G∝R-1 and G∝c1/(3-df). From a physical point of view, 

however, it makes no sense to distinguish between bonds inside the 

blob and between blobs, since the same bonding mechanisms are at 

work. Only Eq. (62) therefore applies (in theory) for protein gels. 

One further relation given in Ref. [85] will be discussed here. The 

elastic spring constant K of the blobs, as already noted, is proportional 

to R-(2+db). The force on the blob is equal to K times the absolute strain, 

which is proportional to R. The total force on the blob thus scales as 

R-(1+db). This force is equal to the force on the weakest links in the blob, 

which sustain the full force by themselves (singly connected 

junctions). If those weakest links rupture at a certain critical constant 

force, it follows that the first rupture occurs at a critical strain γ0 which 

scales as R1+db or c-(1+db)/(3-df). If no change in number of bonds is 

assumed, then the linear regime extends up to this γ0, and above this 

strain a monotonous strain-softening should be observed, as the bonds 

are gradually breaking. If these arguments for the existence of a 

limiting strain γ0 which defines the end of the linear regime were to 
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hold, then obviously no master-curve could be obtained for G'/G'0 

curves as a function of strain at different protein concentrations. It is 

also obvious that in such a case no strain-hardening would be 

observed, only strain softening following the linear regime. Though 

not discussed here, the starting point used as a physical argument in 

the derivation of the strain hardening model suggested in Ref. [76] is 

that the average number of bonds between blobs increases upon 

deformation. It seems, therefore, that the reasoning that the limit of the 

linear regime should depend on concentration do not hold for fractal 

gels. It is possible, though not at all straight-forward, that an argument 

could be made similar to that above, that strain-softening should 

follow the strain-hardening regime at a strain which would decrease 

with concentration, i.e. scale as c-(1+db)/(3-df), and therefore perhaps also 

the fracture strain should scale as c-(1+db)/(3-df). An attempt was made to 

replace γ0 with the fracture strain γf and it seemed that it decreased less 

strongly with increasing concentrations of whey protein isolate, 

leading to the speculation that the force needed to break a sufficient 

number of bonds in the blob to cause a macroscopic fracture increases 

with increasing concentration [82].  

df can be determined, in principle, from light scattering experiments. 

Figure 28 shows cross-correlation light scattering data of a FPI gel at 

5°C and pH 9.Though the multiple-scattering of the sample is non-

negligible (turbidity ~2 cm-1), its effect on the data is not large, as can 

be seen from the figure. The data seem to follow a power-law with a 

power-law exponent -1.55, so that we may be tempted to interpret  the 
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slope in the double-logarithmic representation in terms of the fractal 

dimension df. Herein lies a trap- according to the CSLM images  

shown in figure 22, the light scattered is no doubt dominated by the 

large (several microns) insoluble aggregates. The structure of the gel 

no doubt contributes to the scattering, since the large aggregates have 

a fractal dimension close to 2 (see also Ref. [8]), but in no way is it 

possible to refer to S(q) as determined in this fashion as S(q) of the 

gel! 

The strain dependence of G'/G'0 for gels at both pH could be fitted 

according to the strain-hardening model suggested in Ref. [76]. 

Examples are given in figure 29 for both pH 9 and 11. For pH 9, gels 

could be obtained for concentrations above 6g/L, and gels with c≥8g/L 

showed strain hardening which was similar when G' was normalized 

with G'0. The data could be fitted to the strain-hardening model 

suggested in Ref. [76] with db values in the range 1.22-1.32. A smaller 

range of this fit parameters was found for all samples with c=25g/L, 

see figure 29b, where db was always very close to 1.30. For pH 11 

(c=25g/L) the fit value was close to 2.0. It is important to note that the 

strain-hardening curve is not expected to follow the theoretical curve 

up to fracture, since microscopic fracture and a downward deviation 

from the curve precede the macroscopic fracture which is indicated by 

the very strong decrease of G' with a very small increase of γ. 
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Figure 28. Light scattering data for FPI at pH 9 and 5°C before (filled symbols) and 

after (open symbols) correcting for the effect of multiple scattering. The solid line 

represents a fit to a power-law with an exponent -1.55. 
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Figure 29. G'/G'0 as a function of strain for FPI gels at 5°C. Data for different 

concentrations (indicated in the figure) at pH 9 are shown in figure 29a. Figure 29b 

shows data for a single concentration, 25g/L, at pH 11 (open symbols) and pH 9 

(filled symbols). Fit parameters are indicated in figure 29a, while fits with db = 1.30 

(red solid line) and 2.0 (black solid line) are shown in figure 29b. 

The concentration dependence of G' could be described with a power-

law for c≥10g/L, as seen from figure 30. Assuming that the critical 

a 

b 
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concentration for gelation is 5g/L, this meets the requirement of 2Cg. 

The power-law exponent is 3.0, see figure 30. Lo and behold, Eq. (62) 

seems therefore to be fulfilled by FPI at pH 9, and the strain-hardening 

data (figure 29) combined with the light scattering data (figure 28) 

seem to predict correctly the concentration dependence of G'0 (figure 

30), since (3+1.3)/(3-1.55)=3.0. However, the warning about S(q) in 

figure 28 not corresponding to the gel structure still stands. The light 

scattering data is affected by the large insoluble aggregates, and 

cannot be thought of as a true measure of the gel structure. This is thus, 

perhaps, a wise word of caution applicable to any research: using 

knowledge of the systems investigated is more important than over-

interpreting data with models which do not necessarily apply to the 

system investigated. In particular, FPI gels have not been shown to 

have a fractal local structure, and it is therefore unwise to treat the data 

of figure 30 in terms of Eq. (62). 
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Figure 30. Concentration dependence of G'0 for FPI gels at pH 9 and 5°C. Open 

symbols: non preheated FPI, filled symbols: gels obtained after 5 minutes of 

preheating at 30°C. The solid line represents a power-law fit with exponent 3.0.  
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