
 
 
 

 
ABSTRACT 

STEVENSON, CLINTON DALE. Studies of Water Holding in Polyacrylamide and Heat-
Induced Protein Gels. (Under the direction of Tyre Lanier). 
 

Rheological (small strain, fracture) and water holding properties of myofibrillar 

protein gels derived from Alaska pollock (a poikilotherm) vs. breast meat of chicken (a 

homeotherm) were measured as affected by heating rate (0.5 vs. 90 ¡C/min) and time of 

isothermal holding (5-15 min) over a range of endpoint temperatures (45 - 90 ¡C). Properties 

of chicken gels were most affected by heating rate and endpoint temperature. Heating 

conditions could be optimized to produce gels from either species/meat such that the 

advantages of rapid heating technologies (e.g. reduced processing time, smaller equipment 

footprint and better energy efficiency) could be realized while producing gels with desirable 

water holding and rheological properties. 

Capillarity, according to the Young-Laplace equation, is the prevailing theory for 

explaining how gels hold water. Accordingly, water should be more tightly held in gels with 

smaller pore size, more hydrophilic network surface (small contact angle), and higher solvent 

surface tension.  Only qualitative evaluation of pore size has been studied by previous 

workers.  We endeavored to determine whether water holding in model polyacrylamide and 

protein (fish or chicken) gels could be related to quantitative measurements of pore size 

(quantified by image analysis of scanning electron microscopy micrographs) and contact 

angle (obtained by the captive bubble method).  Cook loss of fish gels correlated with larger 

mean pore size as expected, and smaller contact angle (greater surface hydrophilicity) also 

correlated with better water holding of these gel systems. However, expressible water of 



 
 
 

 
polyacrylamide and chicken gels was greater as pore size decreased, contrary to capillarity 

theory. 

The mobility of water in gels has been studied by low field time-domain nuclear 

magnetic resonance (NMR) T2 relaxation experiments. It has however been suggested that 

pore size imposes artifacts in the measurement such that T2 relaxation times do not reflect 

changes in water mobility alone. Thus, it is unclear whether the various water ÔpoolsÕ, 

associated with differing T2 relaxation times, obtained by processing the multi-exponential 

decay of water, represent discrete locales within gels where water is more or less mobile 

(structured). In the present work, longer T2 relaxation times correlated with larger pore 

diameters in some, but not all gels.  Relaxation times of gels immersed in increasing amounts 

of pure water did not relax on the same order of pure water alone until a critical amount of 

pure water was added, suggesting significant water structuring at the protein-water interface. 

Water holding properties of these gels exhibited some relationships with water pools when 

processed by the distributed continuous approach often used by other workers, and a two-

state model for water structure was used for explaining these associations. 
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CHAPTER 1.  LITERATURE REVIEW OF ASPECTS OF  

WATER HOLDING IN GELS  

 

INTRODUCTION: FOOD HYDROGELS 

In the simplest case, a gel may be defined as a two-component system of a dilute 

colloidal network dispersed in some sort of solvent.  In the case of food gels, the word ÔgelÕ 

is short for hydrogel, i.e. the solvent is water, and the network is formed from biological 

hydrocolloids, e.g. protein and/or carbohydrates (van der Linden and Foegeding, 2009).  

Common food protein gels such as hot dogs, surimi seafoods and gelatin desserts are 

typically comprised of 5-15% (w/w) protein, with the remainder of the gel system consisting 

of water containing solutes such as salts, sweeteners, flavors, and/or preservatives. This 

aqueous gel matrix may possibly entrap dispersed particles of lipid/fat and/or insoluble but 

swollen carbohydrates like starch.  

About 85-95% (w/w) of the ingredients in food gels are somehow physically held 

within a hydrocolloid network.  Actually just 1% (w/w) of certain synthetic polymers is 

capable of holding 99% water, with little to no syneresis (water leakage) (Zohuriaan-mehr 

and Kabiri, 2008; Omidian, Rocca and Park, 2005).  This water-holding ability of gel 

networks is quite remarkable.  How does such a dilute dispersed phase of hydrocolloids hold 

so much water? Hardly any water is lost when most food hydrogels are cut with a knife, and 

often even pressing or squeezing fails to exude much water.  

It is true however that some gels hold their water less strongly than others.  

Understanding the water-holding properties of food gels clearly has major economic (cook 
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loss and syneresis), sensory (juiciness and succulence), and safety (retention of preservative 

ingredients) implications. 

This dissertation is largely an investigation of the mechanism of water holding in food 

gels.  The aim of the first chapter is to build a framework of principles, theories, conundrums, 

and methodologies related to the water holding mechanism.  Subsequent chapters document 

different investigations aimed at understanding the nature of both water and protein networks 

in gel systems, and shedding light on how water is held in protein food gels. 

 

PREVAILING THEORIES OF THE WATER -HOLDING MECHANISM IN 

HYDROGELS 

There is an ancient Indian parable about blind men and an elephant that perhaps best 

illustrates the problem with scientific inquiry. Several blind men are positioned around an 

elephant, and each attempts to describe what he encounters.  The man leaning against the 

side of the elephant perceives that it is Ôlike a wallÕ. The man holding the tail thinks it is very 

Ôlike a ropeÕ.  Another near the tusk says it is Ôlike a spearÕ, while the man near the leg things 

it surely is Ôlike a tree trunkÕ.  So each man is right in his own accord, though each has yet to 

accurately describe the entire beast.  This begs the question why the blind men should not 

work together to determine the full nature of what they have touched, through a collective 

and open dialogue based on personal experience plus reason and logic.  Perhaps this is the 

only means by which they could arrive at the correct answer, exclaiming, ÒWhy, this is an 

elephant!Ó  
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This chapter explains three prevailing mechanisms for water-holding (WH) in food 

gels: capillarity, swelling, and long-range water structuring.  Perhaps there is overlap 

between them, or at least the need to consider that each may add some understanding to the 

overall phenomenon. 

 

CAPILLARITY AS AN EXPLANATION OF GEL WH  

Laplace and Capillary Pressures 

Pressure is defined as the force per unit area applied in a direction perpendicular to the 

surface of an object.  For example, the tubes of a road bicycle are typically inflated 

superfluous to about 120 pounds per square inch (psi), in which case every square inch of the 

tube experiences a force of 120 pounds acting against it.  The metric unit for pressure is the 

Pascal (Pa), which is one Newton force per square meter.  For example, 120 psi is equal to 

about 6.9 kPa.  This pressure is induced by air molecules inside the tube colliding against the 

wall of the tube: the greater the number of collisions against the wall, the greater the 

pressure.  It is a positive pressure with respect to the atmospheric pressure since it exceeds 

the latter. 

Systems in nature may also display negative pressures with respect to the atmosphere.  

In a spherical water droplet exposed to air, the water-water interactions are more favorable 

than water-air interactions.  The net direction of the interaction forces of the water molecules 

at the interface is towards the inside of the droplet.  These water molecules exert a cohesive 

tensile force at the interface with air; hence the pressure inside the droplet is less than that of 

the air and is negative with respect to atmospheric pressure.   
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The pressure difference across this interface of air and water is balanced by the surface 

tension and the radius of the droplet, as described by the Laplace pressure: 

!  

" P = Pinside # Poutside =
2$
R  

where 

!  

"  is surface tension and R is the radius of a perfect sphere. Surface tension is the 

cohesive tensile force amongst the water molecules per unit length at the interface.  This is 

the liquid-vapor surface tension, and for pure water it is 72.7 Nm-1.   

When the water droplet and air are in contact with some sort of solid surface, two 

more interfaces are present: the solid-liquid and the solid-vapor interfaces.  Each of these has 

a unique surface tension (Figure 1).  The Young equation relates these via the resulting 

contact angle of the water droplet and the surface: 

 

€ 

γWV cosθ = γSV −γSL 

In this case, the apparent radius of the droplet, a, may or may not be that of a perfect sphere.  

As illustrated in Figure 2, the spherical radius, R, can be derived from geometry: 

 

!  

R =
a

cos"
 

Thus the Laplace pressure becomes dependent not only on surface tension but also contact 

angle and the apparent radius of the droplet: 

!  

" P =
2#cos$

a
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Also, gravity imposes a pressure gradient at different depths within liquid, whether it 

is a droplet on a surface or a volume contained inside some sort of tube.  The pressure 

difference between water at a depth of  and the pressure at the air interface is influenced by 

gravity and given by the formula for hydrostatic pressure:  

 

!  

" P = Ph # Psurface = $gh 

Laplace pressure is also called capillary pressure because this relation is used to predict the 

phenomenon of water rise in capillary tubes of sufficiently small diameter and composition 

(hydrophilic inner surface) such that they imbibe water upwards from a beaker: 

 

!  

" P = #gh =
2$cos%

a
 

where rearranging to determine  gives the height traveled up the tube, and is referred to the 

Jurin rule (Figure 3): 

 h =
2! cos"

a#g
 

If a capillary tube is taken out the beaker in which it was immersed, a volume of 

water of approximately 

!  

" r 2h will remain in the tube.  The highest pressure within the 

column of water, the hydrostatic pressure, occurs at the bottom, but it is still less (ÔnegativeÕ) 

with respect to that of the air below it.  At equilibrium, the negative pressure created by 

surface tension at the meniscus balances the hydrostatic force created by the weight of the 

column: 

!  

" r 2h#wg = 2" a$ 

This maximum amount of water a particular capillary tube can hold (

!  

" r 2hmax) can be thought 

of as relating to the tubeÕs water holding capacity (WHC). 
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Capillary pressure in gels 

The microstructure of gels may be envisioned as a three dimensional honeycombed 

network of interconnected tunnels with diameters ranging 1-100 "m (Zohuriaan-mehr & 

Kabiri, 2008) that somehow holds hundreds of thousands of water molecules.  It has become 

common to consider these interconnected tunnels as interconnected capillary tubes 

(Hermansson, 1986; Offer and Knight, 1988; Tornberg, 2005; Han and others, 2009) to 

explain the WH properties of gels.  The determining factors, or predictors, of WH in gels 

thus are surface tension of water, contact angle at the water-polymer strand interface, and 

pore size. The conccept 

€ 

WH ∝ h  is common throughout the literature, however perhaps 

!  

WH " #P  should be considered instead since it is more intuitive to consider the pressure of 

water as opposed to height traveled inside the gel network.  This Ôcapillarity theoryÕ for WH 

in gels has not yet been fully verified however (Puolanne and Halonen, 2010).   

Capillary pressures in gels are reported as pressures relative to atmospheric pressure, 

and capillary pressures ranging from 1 to 10 MPa have been measured in porous non-food 

materials such as concrete, trees, and synthetic gels (Scherer, 1999; Wheeler and Stroock, 

2008).  By arbitrarily assuming a contact angle of zero degrees (perfectly hydrophilic pore 

inner surface) for a pore typical in radius for many food gels such as 10 "m , the capillary 

pressure would be expected to be on the order of 1-10 MPa (Table 1).  Labuza and Lewicki 

(1978) reported capillary pressures of only 1-5 Pa (much lower than expected) in gelatin gels 

of varying concentrations.  The reason for these small values is unclear, however perhaps it is 

because these pressures were predicted values rather than direct measurements. 
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Predictors of capillary pressure in gels 

Pore size 

 Drawing upon the capillary explanation of WH in food gels, several groups have 

chosen to focus upon the effect of pore size distribution on WH in food gels.  Gel 

microstructures as revealed by various microscopic techniques show apparent variation in 

pore size distribution between Ôfine-strandedÕ gels of high WH and Ôcoarse-strandedÕ gels 

which synerese more readily: examples include gels made from casein (Lucy and others, 

1997; Aichinger and others, 2003; and Macedo and others, 2010), myofibrillar (meat) 

proteins (Han and others, 2009), and blood plasma (Hermansson and Lucisano, 1982). These 

reports have been qualitative associations rather than attempts to quantify the pore size 

distribution in these gels. Typically, scanning electron microscopy (SEM) seems the 

analytical method of choice, though the preparation methods employed vary from chemical 

fixation (Hermansson and Lucisano, 1982) to cryogenic methods (Barbut, Gordon and Smith, 

1996).  Specimen preparation protocols often result in dryingÐinduced artifacts, and an 

objective method of image analysis has not been agreed upon nor often used. Often it is 

unclear whether images reported in the literature represent a large number of observations or 

if they may have been selected in a biased nature to support the authorsÕ ideas.  

 

Contact angle 

Contact angle at the gel-water interface has never been studied directly in the realm of 

food gels (Karbowiak, Debeaufort, and Voilley, 2006), however the water-surface contact 
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angle could be approximated by borrowing methodology from other disciplines.  The captive 

bubble method for measuring the contact angles of different fluids such as water on the 

different materials has been used in studies of contact lenses (Read and others, 2011) and 

also pulmonary surfactant layers on lung tissues (Banerjee, 2002; Zuo and others, 2008).  In 

this method, gels are equilibrated with water and then immersed in a cell containing water.  

Gas bubbles (typically atmospheric air) are then injected underneath the gel and a drop shape 

image analysis program is used to measure the contact angle at the surface-liquid-gas 

interface (Figure 4).  For example, the contact angles of poly(hydroxyethyl methacrylate), 

poly(methyl acrylate), and poly (methyl methacrylate) gels range from 13 to 67 degrees 

(Andrade and others, 1979).  Since the air bubble is considered as a hydrophobic phase (van 

der Waals interactions at the liquid-gas interface are minimal), materials with lesser surface 

area in contact with the bubble are considered more hydrophilic.  Hence, surfaces that are 

more hydrophilic are inferred from smaller measured contact angles. 

Unfortunately, studies in the literature that have employed this method have not been 

concerned with the water holding properties of gels, and so contact angle effects on WH are 

unknown. 

 

Surface tension 

Surface tension effects on capillary pressure within gels also have never been studied.  

According to capillary theory, treatments that increase the surface tension of water within 

gels should increase the capillary pressure and thus improve WH.  The surface tension of 

pure water is 72.86 mN m-1 at 20 ¡C.  The addition of solutes may change this surface 
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tension, for example sucrose and ethanol have increasing and decreasing effects, 

respectively.  Likewise, the ions of the Hofmeister series are known to increase or decrease 

surface tension (Kunza, Lo Nostro, and Ninham, 2004).  It should be noted that gel formation 

also is affected by such solutes, and so solute effects on WH are probably not solely due to 

surface tension alone.  For this reason, studies of surface tension effects on WH should entail 

manipulating the surface tension of fully formed gels by some sort of technique such as 

osmotic equilibration of a given gel with different solutions. 

 

SWELLING OF  GELS AS EXPLAINING WH OF GELS  

Radius of gyration 

The radius of gyration is the mass weighted root-mean-square average of the distance 

between outer edge of a polymer in solution and its center of mass, i.e. the extent to which 

the polymer is extended (Rudin, 1999).  The solvent and solutes the polymer is dispersed in, 

and also the temperature, can affect this property.  For example, a polymer will be fully 

extended if it has a high affinity for the solvent.  If on the other hand the polymer has a low 

affinity for solvent, it will favor polymer-polymer interactions over polymer-solvent 

interactions and thus collapse.  This is the difference between a ÔgoodÕ solvent and a ÔpoorÕ 

solvent: the polymer conformation is extended (large radius of gyration) in a good solvent, 

and compacted (small radius of gyration) in a bad solvent.  

For proteins the Osbourne classification is helpful to conceptualize this point; e.g. 

Ôwater-solubleÕ proteins (albumins) will swell the greatest in a plain water solvent, and Ôsalt-
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solubleÕ proteins (globulins) will swell the greatest in a dilute salt solution.  In both cases, the 

radius of gyration is theoretically large. 

 

Flory-Huggins interaction parameter 

Solvent effects on the radius of gyration can be characterized by the free energy of 

mixing.  When a polymer is mixed with a solvent such as water (e.g. hydration of 

macromolecule) at constant temperature and pressure the thermodynamics are given by 

.  In classic thermodynamics, the energy of mixing is expressed in 

terms of chemical potential of the solute by the equation 

 

where  is chemical potential of phase  which is a partial molar derivative  of the 

Gibbs free energy  and  is temperature,  is pressure and  is number of moles of 

the other phase .  In other words, chemical potential of substance  is the energy, in Joules 

per mole, obtained from this substance in a closed thermodynamic system with temperature 

and also either pressure or volume held constant (Job and Herrmann, 2006). 

The problem with this approach is that this mixing entropy only accounts for the 

translation freedom of the solute, and in polymer systems configuration freedom is also 

present owing to varying spatial arrangements and radii of gyration of side chains on the 

polymer and also varying polymer molecular sizes.  For this, Flory (Flory, 1941) and 

Huggins (Huggins, 1941) put forth their solution theory which is based on statistical 

thermodynamics.  In their result,  
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the Gibbs free energy of mixing is a function of the number of moles of solvent  and 

polymer  and their respective mole fractions  and .   

The Flory-Huggins interaction parameter 

€ 

χ characterizes the interaction energy of 

polymer and solvent and is commonly used in polymer science to characterize solvent 

quality.  This is a dimensionless number that quantifies polymer or polymer blend 

compatibility in a given solvent; ÒgoodÓ and ÒpoorÓ solvents are branded by # approaching 

zero and unity, respectively.  This interaction term may be obtained by osmotic pressure, 

vapor sorption, solubility or inverse gas chromatography experiments (Orwoll and Arnold, 

2007) in polymer suspensions.  Also, the equation may be extended to characterize the 

compatibility of mixed polymer systems (Polyakov, Grinberg and Tolstoguzov, 1997; Wang 

and Zieglar, 2009).   

Therefore, the radius of gyration of a given polymer, or the extent to which it expands 

or contracts can be characterized by the Flory-Huggins interaction parameter (Li and Tanaka, 

1992):  

€ 

RF =
1
2
− χ

$ 

% 
& 

' 

( 
) 
1/ 5

N 3 / 5a 

Fully expanded polymers are found in solvents in which the Flory-Huggins 

interaction parameter is near zero.  Likewise, collapsed polymers are found in solvents in 

which the Flory-Huggins interaction parameter approaches unity. 

This interaction parameter has been hardly reported in food science literature.  

Although Polaykov and others (1979, 1985, 1997) have measured 

€ 

χ of food proteins in 
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solution, only Labuza and others (1979) have related 

€ 

χ with water holding properties in gels.  

In their study, however, 

€ 

χ was estimated by way of the Kelvin equation and capillary suction 

measurements.  Water activity was estimated using the Kelvin equation: 

  

where  is solvent water activity,  is capillary pressure,  is density of vapor,  is 

density of liquid water and  is vapor pressure of pure water.  Then the Flory Huggins 

interaction parameter was obtained using: 

  

where  is volume fraction of solvent,  is volume fraction of solute,  is volume fraction 

of solvent and  is volume fraction of solute (reference values were used for molecular 

weight and volume data).  In this study the lower 

€ 

χ values in various gels (carrageenan, agar, 

gelatin, and starch) were associated with higher capillary pressures. 

 

Chemical potential and osmotic pressure 

Chemical potential may be defined as the potential a substance has to produce some 

sort of chemical or physical change in a system.  Consider an isolated physical system in 

which vapor, liquid and some sort of solid surface are in contact with one another.  

According to the second law of thermodynamics, over time the differences in chemical 

potential amongst these three phases will equalize (equilibrate).  However, until this 

equilibrium is established, an excess energy that can be used for work exists.  For example, 

in the case of an aqueous polymer solution separated from a solution of pure water by a semi-
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permeable membrane in a sealed contained (see Figure 5), the chemical potential of the 

polymer solution, 

€ 

µs, will be less than that of pure water,   

!  

µs
! .  This is because the polymers 

in solution immobilize a portion of the water molecules and thus lower entropy of the system.  

In this case the useful work term that makes up for this difference in chemical potentials is 

that of osmotic pressure (Heimenz and Rajagopalan, 1997): 

  

!  

µs
! = µs " #Vs  (Vs is volume of the solute) 

The osmotic pressure of the polymer solution is illustrated as the differential in height of the 

liquid column above the polymer solution, caused by pure water flowing across the 

membrane into the polymer solution in an attempt to equalize the chemical potential. If 

however a positive pressure equivalent to this negative osmotic pressure were to be applied 

to the side of the aqueous polymer solution, its chemical potential would become the same as 

that of pure water, and the column heights above the solutions would become the same.  

The osmotic pressure may be further described by both the Flory-Huggins interaction 

parameter and the extent of swelling (Flory, 1953): 

  

 where  is the extent of swelling,  is the specific volume of the solvent,  is the 

gas constant and  is the absolute temperature; hence, swelling is greatest in the case of 

 (ideal solvents).  
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Elastic pressure 

Next consider the same scenario described above (Figure 5), but now the polymers 

are cross-linked to form a gel instead of being merely a suspension or solution.  As this 

polymer network is wetted and begins to expand, the polymers will be extended into a less 

probable state such that the conformational entropy will be reduced (the number of available 

conformations will be lesser).  Since thermodynamic equilibrium is attained by higher 

entropy, the network will have a tendency to resist this expansion, and this is called the 

elastic pressure  (Flory, 1953): 

 

where ve is the number of moles of cross-linked units in the unswollen volume V0. When this 

elastic pressure is at equilibrium with the osmotic pressure, the degree of swelling can be 

given after some rearranging as: 

 

The degree of swelling thus is dependent essentially on two factors: the density of the cross-

links and the Flory-Huggins interaction parameter (Offer and Knight, 1988).   

 
Swelling and water holding in intact meat vs. gels. 

Food gels and intact meats are sometimes regarded differently in the context of water 

holding, however in this discussion they are regarded as essentially the same since both may 

be described as a crosslinked colloidal networks (albeit one is much more highly organized 

than the other) containing water as a swelling solvent (lean meat naturally contains about 
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75% water).  The complex structure of muscle has been described elsewhere and different 

solvent factors can alter this structure (Offer and Knight, 1988).  Generally, protein 

denaturation (unfolding), induced by heat or other stresses imposed on the meat, coincides 

with both shrinkage and water loss (Offer and Knight, 1988).  For example, concurrent 

shrinkage and dripping of water is common in pale, soft and exudative (PSE) meat, this being 

a result of protein denaturation induced by a rapid drop in pH caused by glycolysis while the 

meat is still warm, immediately post slaughter.  

Offer and Knight (1988) maintained that swelling and de-swelling are primarily 

accompanied by changes in the spacing of the filaments in the myofibrils of muscle/meat 

since they occupy about 80% of the volume of living muscle fibers (Figure 6).   Such spacing 

is supposedly determined by (a) long-range electrostatic repulsive forces between the 

charged filaments (especially the thick filaments), (b) the restraining forces exerted by the M-

line, Z-disc, and cross-bridges, and (c) the osmotic pressure exerted by dissolved solutes such 

as soluble proteins.  The authors described how each these factors are affected during 

processing.  For example, swelling is induced when the pH is above the pI since this favors 

greater long-range electrostatic repulsive forces.  Addition of NaCl and polyphosphates 

supposedly results in depolymerization (solubilization) of muscle proteins, thereby reducing 

the restraining forces that keep the filament structures rigid and allowing for greater 

repulsion. Injecting intact meat with solutions of NaCl, or NaCl together with 

polyphosphates, thus allows it to retain the added water of the injected solution due to 

swelling of the meat structure.  As proteins are extracted, they become solutes that also exert 

added osmotic pressure. 
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Clearly this explanation of how water holding properties of intact meat relates to 

swelling ability of its structure should have parallels in minced protein gels.  This has been 

demonstrated in non-food gels, for example, Salerno, Borzacchiello, and Netti (2011) 

reported greater extents of swelling in sodium methacrylate-agarose gels as a result of 

increasing proportions of agarose, and this was also observed in gels with higher NaCl ionic 

strengths. These authors also reported that gels with higher extents of swelling appeared to be 

evidenced by larger pore sizes as observed by scanning electron microscopy micrographs.  

Also, Kokufuta, Sato and Kokufuta (2011) reported greater extents of swelling at lower pH 

values in chemically cross-linked polypeptide gels from different poly(lysine) isoforms.  In 

food gels however, factors affecting the degree of swelling of the gel matrix, the swelling 

pressure under different conditions, and the associated Flory-Huggins interaction parameters 

remain to be explored. 

 

OVERLAPPING CONCEPTS IN CAPILLARITY AND SWELLING  

Both capillarity and osmotic swelling phenomena are governed by seemingly 

identical parameters: the nature of the gel microstructure and the surface-water interaction 

energy (Table 2).  Gel microstructure is described in terms of pore size (diameter) and 

density of the cross-links in capillarity and swelling, respectively.  The surface-water 

interaction energy is described by the YoungÕs equation and the Flory-Huggins interaction 

parameter in capillarity and swelling, respectively, and both of these are dependent on 

chemical potential of the surface (or polymer) vs. that of the solvent.  Beyond these 

semantics, it is interesting that the factors contact angle and Flory-Huggins interaction 
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parameter are apparently similar in that they describe the affinity of the polymer/gel for 

water.  As well, it seems that there might be a relationship of smaller pores sizes with higher 

cross-link densities. 

Another unifying concept between the swelling and capillarity models is that the 

WHC is fully realized only if sufficient water is provided to fill the system; i.e., achieve the 

full ÔJurin heightÕ possible for a capillary or the full state of swelling.  This is the point at 

which adding more water will not result in further swelling of the gel volume nor in 

additional water retention.  The maximum amount of water the capillary tube can hold (!r 2h) 

can be thought of as relating to the WHC of the capillary.  If some of the water were to be 

removed from the capillary tube via a syringe, the magnitude of the hydrostatic pressure at its 

base would be reduced, but its WHC would not: this tube is still capable of holding 

additional water before water would begin to exit the base. 

 A difference in assumptions is that while capillarity is usually discussed as if the 

structures are completely rigid, the polymer networks in osmotic swelling are considered to 

be deformable.  Since almost no food gels are completely rigid (most are viscoelastic), some 

consideration of how capillarity might operate in a deformable network should be given.  For 

example, if a gel that is fully filled with water is compressed, due to some sort of applied 

force such as pressing, mastication or centrifugation, some water will be expressed from the 

gel since the decrease in gel volume will leave no more room for the water inside the gel.  

This expression of water will thus have nothing to do with capillarity; rather, it will be due to 

contraction of the gel network. 
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THE GAP IN EXPLAINING WH BY CAPILLARITY AND/OR SWELLING 

THEORY  

 While it is understood that water-water interactions are at play in such parameters as 

contact angle and surface tension, there has been little inquiry as to exactly why water 

displays seemingly strong cohesion across large pore diameters.  Recently there has been 

considerable effort put forth by a few pioneering researchers to gain more insight into this 

question, and this is presented below. 

 

THE NATUR E OF WATER 

Whether the greater proportion of water held in a [food] gel matrix exhibits 

structuring and limited mobility is a question widely debated for 50+-year-old by two 

opposing schools of thought. The classic view is that only about 5% of the water in gels 

possesses limited mobility, termed the water of hydration. This small percentage of water is 

tightly bound to the polymer surface and is of measurably low mobility. Bound water is thus 

assumed to occupy just one or two molecular layers on the entire exposed hydrophilic surface 

of the polymer network.  This is inferred from water sorption isotherm models such as the 

Brunauer, Emmett, and Teller (BET) or Guggenheim, Anderson, and DeBoer (GAB) model.  

Up to this low moisture content, water behaves as part of the solid as it is not freezable, does 

not dissolve solutes, and does not have a plasticizing effect.  In a lysozyme solution, this 

corresponds to 0.58 gram of water per gram of dry protein (and a water activity of ~0.85) in 

which case 300 moles of water occupy all first-layer sites and, past this, any more added 
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water supposedly exhibits properties similar to bulk water (Damodaran, 1996).  Figure 7 

illustrates this for the case of hydrated beta-lactoglobulin.   

The remaining 95% in gels is thus assumed to have the properties of bulk water.  This 

understanding is corroborated from observations that most of the water in food hydrogels is 

freezable, acts as a solvent, and supports microbial growth.  

In this perspective hydration water is handled microscopically while bulk water is 

viewed on a more macroscopic basis.  The assumption is made that none of the non-

hydration water in a gel differs significantly from pure bulk water, such that it might have 

any more organized order that is different from bulk water in a large container.  

An opposing view, the association-induction hypothesis of water structuring by 

polymer surfaces, was first put forth by Gilbert Ling (Ling, 1965; Ling, 1968) and advanced 

in recent years originally by Gerald Pollack as the Òpolarizing multi-layerÓ model of water 

structuring (Pollack, 2001) .  It suggests that hydrophilic surfaces can induce hindered water 

mobility for hundreds or thousands of layers away from a charged polymer surface.  

Alternating dipoles, e.g. carboxyl and amino groups in the case of proteins, or alternating 

charged groups, on a macromolecule supposedly induce a polarized layer of water molecules 

which has a strong enough electrical field to induce a dipole in a second layer of water 

molecules and so on, collectively forming a liquid crystal lattice with decreasing energy at 

distances farthest from the macromolecule.  Recent experiments, discussed below, indicate 

that this structured water system may extend up to hundreds of "m from the polymer surface,  

carries a net negative charge, has a higher viscosity than ordinary water, and exclude solutes.  
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The timing of LingÕs publication of this hypothesis was perhaps unfortunate.  The 

scientific community had recently declared the existence of structured ÔpolywaterÕ in 

capillaries, suggested by Boris DerjaguinÕs research group in Russia, to be a pathological 

science (Derjaguin, 1971; Derjaguin and Churaev, 1973; Lippincott and others, 1969).  The 

Russian group had reported that pure water contained within glass capillaries was 

extraordinarily difficult to freeze or boil and seemed more dense and viscous as compared to 

ordinary bulk water; it was hypothesized that this water exhibited a polymeric type of 

structure, thus ÔpolywaterÕ.  Because of the strong publicity that this received from a 

misunderstanding popular press, in the age of Sputnik and high competitiveness across the 

Iron Curtain, there was considerable doubt cast on this theory by American scientists.  It was 

subsequently suggested that the water in these experiments had trace contaminants, such that 

the legitimacy of the findings was dismissed (though actually the observations of the Russian 

group were never convincingly disproved).  This created a poor environment for open 

discussion of LingÕs related hypothesis that long-range order in water is induced by 

biological structures. Thus the Ling hypothesis was from the beginning treated as a fringe 

science.   

 

Experimental observations of water structure 

Exclusion zones 

In a seminal publication by (Zheng and others, 2006), large zones of water near 

various polymer-water interfaces were shown to exclude solutes.  The authors placed 1-2 µm 

diameter carboxylate microspheres in water near the surfaces of a polyacrylic acid gel, 
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muscle tissue, an optical fiber, Nafion (sulfonated Teflon), and stainless steel.  After a period 

of a few minutes, a zone from which the microspheres were excluded was observed with an 

optical microscope. This exclusion zone spanned about 250 and 360 µm for the polyacrylic 

acid gel and muscle, respectively (the exclusion zone reached 600 µm in the case of Nafion).  

The authors found that hydrophobic surfaces did not induce such solute exclusion.  Such an 

exclusion phenomenon was also observed for a variety of other solutes, including both 

carboxlate- and amidine-functionalized microspheres and also larger solutes such as serum 

albumen and sodium fluorescein. 

After discovering these exclusion zones, the authors measured their physical 

properties.  First, they used a microelectrode to measure the electrostatic potential gradient in 

different zones of water near and far from hydrophilic surfaces.  While no potential gradient 

was measured outside the exclusion zone, a negative potential up to 160 mV was measured 

near the gel surface, and negative potentials were measured at distances up to 200 µm and 1 

mm in the cases of polyacrylic acid gel and Nafion, respectively.  The authors next measured 

an absorption peak at 270 nm in this exclusion zone, not typical of bulk water.   Infrared 

emission revealed that the exclusion zone was a distinctly darker, non-radiating region 

indicative of stable structures as opposed to regions outside the exclusion zone and magnetic 

resonance imaging (MRI) indicated that both mobility and diffusion of water both inside the 

gel and in the exclusion zone was more restricted than bulk water.  Finally, a birefringence 

nature of this water was illustrated by polarizing microscopy experiment.  These findings 

suggest significant structuring of water near hydrophilic surfaces in which the exclusion zone 
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possesses a negative charge and possibly exists in a liquid crystalline state extending quite 

distant from the surface. 

 

Fully extended proteins 

Compared to other common food protein gels, gelatin gels imbibe extraordinary 

amounts of water.  While a typical dessert gelatin gel contains just 1% (w/w) gelatin, other 

protein gels such as egg white, whey, or frankfurter gels contain 10% (w/w) or more of 

protein. Interestingly, the pore size of such gelatin gels is remarkably larger than that of these 

other gels: a 5% (w/w) gelatin gel has pores of diameter on the order of 100 "m (Liu and Ma 

2009) whereas pore diameter of these other protein gels is more typically near 20 "m.  If 

capillary pressure is the governing mechanism of waterholding in food hydrogels, this would 

seem to be counterintuitive. 

Most proteins possess some significant secondary structure in which NH and CO 

groups from peptide bonds participate in intramolecular hydrogen bonding (e.g. alpha helix 

or beta sheet secondary structures). However, a large portion of the gelatin molecule is in a 

fully extended conformation, due to more than half of its amino acids being comprised of 

proline, hydroxyproline and glycine, which sterically inhibit higher orders of structure.  

Accordingly, much more of a gelatin molecule, as compared to proteins with significant 

secondary structures, is readily available to form hydrogen bonds between its CO or NH 

groups with impinging water molecules.  

The production of superabsorbent polymers (SAP) for hygiene products, diapers, 

napkins, etc. depends upon attaining a similar macromolecular conformation.  Common 
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SAPs such as polyacrylate, polyacrylonitrile, and polyacrylamide copolymer are fully 

extended polymers with regularly repeating CO, COO, or CN groups that can retain up to 

500 times their own weight.  Although SAPs are free, non-cross-linked polymers, and not 

gels, this property is noteworthy.  Similarly, antifreeze proteins (AFP) are extended proteins 

that inhibit ice formation and growth by lowering the freezing point of solutions 

noncolligatively (Wang, Agyare and Damodaran, 2009; Ebbinghaus and others, 2010).  It 

seems that fully extended macromolecules and the extended portions of other 

macromolecules may serve as ideal scaffolding for the ordering of water. 

 

Viscosity 

One of the most compelling assertions of water structuring is that PM water has 

enhanced viscosity as a result of being organized into a Ôliquid crystallineÕ state.  

Israelachvili (1988) reported that the force required to separate two parallel mica surfaces 

sandwiching water was much higher than expected and did not decrease monotonically as a 

function of mica surface separation distance. This experiment essentially quantitatively 

analyzed the well-recognized anomaly that extraordinary force is required to separate two 

glass cover slips sandwiching water.  The development of atomic force microscopy has 

enabled measurements of the viscosity of water in the first six layers on SiO2-OH (Goertz, 

Houston and Zhu, 2007) and carboxylic acid (Hu and Bard, 1997) surfaces that is 6-7 orders 

of magnitude greater than that of bulk water.  Though it may be argued that this is simply the 

viscosity of bound water, the distance that such extraordinary viscosity extends from the 

surface has been a matter of debate owing to observations of viscosity of water across larger 
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distances from the surface.  For example, in 20 "m wide silica glass channels with heights of 

50 and 150 nm, the apparent viscosity has been shown to be 23 and 7% higher, respectively, 

than that of bulk by capillary flow experiments (Tas and others, 2004).   Time-resolved 

fluorescence measurements of rhodamine in aqueous solutions introduced into silica channels 

have also indicated that water has increased viscosity as compared to ordinary bulk water in 

nano-capillaries with spacings of 330-850 nm (Hibara and others, 2002).  Also, PollackÕs 

group noted that falling microspheres (falling ball viscometry) more slowly penetrated a 200 

"m thick layer of water above a horizontal submerged surface of Nafion, indicating the 

presence of a macroscopically thick layer of more viscous interfacial water. 

 

Confined water 

Recently there has been considerable progress in characterizing metastable water 

structures in confined spaces.  As has been pointed out by Phillip Ball (Ball, 2008a; Ball, 

2008b), Òthe cell is a crowded place,Ó wherein macromolecules comprise 5-40% of the total 

volume (Ellis and Minton, 2003) and are separated only by 1-2 nm (see Figure 8).  Since the 

molecular diameter of a single water molecule is about 2.75•, this leaves room for only three 

to seven water molecules between cell constituents on average. Both translational and 

rotation water motions have been shown to be inhibited in nano-pores up to 1 nm using ultra 

fast optical Kerr spectroscopy (Farrer and Fourkas, 2003).  Though this may simply 

characterize the properties of bound water, the development of lithography at the nano scale 

over the last 10 years has provided the ability to fabricate materials with Ònano-poresÓ or 

ÒmesoporesÓ in which the confining surfaces, typically made of silica glass, are more distant, 
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typically 10-2000 nm apart.  The rotational motion of water in pores ranging 295-5,000 nm 

has been reported to be lesser than bulk water (measured by NMR) and possess a four-

coordinated hydrogen bonded structure (as opposed to more than four in bulk water), 

suggestive of some sort of liquid crystalline structure (Tsukahara and others, 2009).  

Similarly, molecular dynamics simulations have shown that the average number of hydrogen 

bonds per water molecule decreased with decreasing pore diameter and that water nearest the 

surface had lower density (Kocherbitov, 2008, Zhang, Chan and Quirke, 2009).   

 

Surface tension, the Hofmeister series and implications for water structuring  

Surfactants, i.e. surface-active agents, are ionic or nonionic amphiphilic molecules 

that reduce surface tension by adsorbing at water-oil or water-gas interfaces.  Ions also have 

an effect; in pure water surface tension increases linearly with ion concentration and the 

magnitude of this effect is greatest for ions with greater charge density and in general lesser 

for cations than anions (Jones and Ray, 1937a; Jones and Ray, 1937b; Jones and Ray, 1941).  

The Hofmeister series was originated by Franz Hofmeister in the late 19th century  

from a ranking of the ability of various ions to precipitate a mixture of hen egg white proteins  

(Hofmeister, 1888).  Although Hofmeister only ranked salts, a ranking of ions was later 

developed , starting with greatest tendency to cause precipitation, as listed below.  The 

effective concentrations for these salts are typically low and in the range of 0.01-1 M (Collins 

and Washabaugh, 1985). 

SO2
4- > HPO4- > acetate > Cl- > NO3

- > Br- > ClO3
- > I- > ClO4

- > SCN-  

NH4
+ > K+ > Na+ > Li+ > Mg2+ > Ca2

+ > urea      
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 There has been considerable debate regarding the exact mechanism by which 

different ions affect polymer solution stability (Cacace, Landau and Ramsden, 1997; Petersen 

and Saykally, 2006; Jungwirth, 2008; Kunz, 2010).  The argument is concerned with the 

extent by which ions change the hydrogen bonding behavior of water (Collins, Neilson and 

Enderby 2007; Nucci and Vanderkooi 2008) and the mechanism by which different ions 

change hydrophobic interactions  (Pegram and Record, 2008; Zangi, 2010).   

It has been suggested that that ions affect protein solubility by either directly 

interacting with protein functional groups or by affecting the solvent accessible surface area 

by ion effects on interfacial water (Zhang and Cremer, 2006).  Accordingly, the presence of 

strongly hydrated ions (those towards the right in the Hofmeister series) at the interface 

causes proteins to minimize surface area because of minimal hydrogen bonding between 

interfacial water and the hydrated ion, and that the opposite effect is caused by weakly 

hydrated ions. 

The contrary explanation proposes that salting out is an entropy-driven process in 

which ions with higher charge densities, the so-called kosmotropic Òwater structure makerÓ 

compounds to the left side of the Hofmeister ranking, are more hydrated and thus through an 

osmotic effect this concentrates macromolecules and their hydrophobic surfaces within the 

remaining bulk phase.  Ions with low charge density, the so-called chaotropic Òwater 

structure breakerÓ compounds on the right side of the Hofmeister ranking, supposedly 

preferentially associate with hydrophobic surfaces, and thereby reduce surface tension and 

enhance polymer-water interactions.  Thus it has been suggested that kosmotrope-water 
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interactions induce long range polarizing water structure thereby enhancing the 

osmotic/entropic effect (Marcus, 1994, Nucci and Vanderkooi, 2008). 

 

Measurement of water mobility  

Principles of NMR 

Nuclear magnetic resonance (NMR) can be used to probe the state of water due to the 

magnetic momentum of the 1H nucleus which has a non-zero spin quantum number (I = 1/2).  

Nuclei with a non-zero spin quantum number (i.e. 1H, 13C, 17O, 23N, 31P) spin about an axis 

with an angular momentum and this motion creates a magnetic moment.  When the nucleus is 

placed in a static magnetic field B0, it will align with the field which forms a magnetic dipole 

and spin (precess) about the magnetic field at the Larmor frequency, which is given by $=%!0 

where % is the gyromagnetic ratio (for 1H, % = 42.6 MHz/Tesla) and !0 represents the static 

magnetic field strength (Figure 9).  This energy is quantized by E= -µ! 0 where µ represents 

the nuclear magnetic moment µ=mI%& and & is PlanckÕs constant divided by 2' and mI is +1/2 

or -1/2 for protons aligned parallel or antiparallel with !0 magnetic field, respectively.  In an 

NMR experiment, nuclei absorb or emit energy from upon being subjected to an RF pulse(s) 

equal to the Larmor frequency and the energy difference between absorbed and emitted 

nuclei is given by (E=)v where ) is PlanckÕs constant and v is the resonance frequency. 

The magnet field in NMR spectrometers ranges from 10 to 500 MHz or higher.  

Typically higher power magnets (500 Mhz and higher) are used for frequency-domain 

experiments in which the difference between the resonance frequency of the sample and the 

operating frequency of the spectrometer is expressed as chemical shift.  Magnets in the 10-20 
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MHz range are used for time-domain experiments in which the change in frequency over 

time is analyzed.  These experiments are called either TD-NMR or low field (LF) NMR 

experiments. 

In NMR relaxometry experiments, RF pulses are applied at angles nonparallel with 

the static magnetic field ! 0 which is along the +z-axis.  Two types of relaxation processes 

occur: (1) spin-lattice relaxation is the interaction of nuclear spin dipoles with nearby solute 

and solvent dipoles that share the resonance frequency and is indicated by T1, and (2) spin-

spin relaxation is the exchange of spin states by two neighboring spins and is characterized 

by T2.  Dipole-dipole coupling (the interaction between magnetic dipoles of two nuclei) is 

typically the most dominate spin-spin relaxation mechanism.  Spin-spin relaxation is 

quantized by applying a pulse perpendicular (90¡) to the static magnetic field ! 0 (which 

places the magnetization along the x,y plane) and then detecting the decay (as the dipoles 

relax towards the z axis).  The decay is coined free-induction-decay (FID) and is in 

exponential form: 

!  

Mxy = M0 exp" t /T2
!

From this equation, 1/T2 describes the rate constant of the decay.  Unfortunately, the 

observed decay typically is more rapid than what the equation predicts due to inhomogeneity  

In the magnetic field.  Thus, the decay is modeled by the equation 

!  

1
T2

0 =
1
T2

+
1

T2
m , where 

1/T2
0 and 1/T2

m represent the actual and inhomogeneity-related components, respectively. 

Since it is difficult to determine 1/T2m with 90¡ pulses, pulse sequences can be used to 

determine the true T2.  The CarrÐPurcell-MeiboomÐGill (CPMG) pulse sequence is the most 

common sequence used for T2 relaxometry.  In CPMG experiments, (prior to beginning spins 
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are aligned along the +z-axis) a 90¡ pulse is applied along the +x-axis at time zero and spins 

align along the +x-axis (Figure 10).  Then, during a pause time *, the spins lose phase 

coherence due to field inhomogeneity and consequently fan out along the xy plane.  Next, at 

time *, a 180¡ pulse is applied along the +y-axis and the spins align along the y-axis.  

Thereafter, the experiment consists of repetition of a pause time * in which spins fan out 

along the xy plane and 180¡ pulses along the +y-axis at time 3*, 5*, 7*, and so on.  The 

resultant decay is recorded by a detector that plots the peak intensities over time *.   

 The FID curve mentioned above pertains to mono-exponential decay in which there is 

one nuclei species relaxing towards equilibrium.  However, the decay data obtained from 

food gels typically do not produce a straight line when Mxy is plotted against time * (Figure 

11).  This indicates that decay is multi-exponential, and this has been interpreted to mean that 

there are multiple phases, or ÔpoolsÕ of water, each possessing different relaxation rates 

(Ruan and Chen, 1997).  The challenge then is to determine the relaxation rate () of each 

of these exponentials/pools and also their relative abundance of the total relaxation..   

A survey of the literature indicates that there are several mathematical methods used 

to resolve relaxation curves and the new models are continually being reported. 

Mathematical algorithms used to resolve relaxation curves can be categorized into unbiased 

and biased models.  The CONTIN program is the most common unbiased model and it 

operates on a non-negative least-squares (NNLS) algorithm (Ruan and Chen, 1997), and 

resolves data obtained from heterogeneous systems into continuous spectra of water pools in 

which each water pool is evidenced by a range of particular range of relaxation times that are 

plotted according to their relative intensity/abundance.  Biased models operate under the 

! 

T2
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assumption that there are two, three or more water pools and thus resolve exponential decay 

into corresponding spectra, which may be discrete (Ruan and Chen, 1997) or continuous 

(Whittall and MacKay, 1989; Menon and Allen, 1991).  In these models, relaxation data are 

essentially forced into some arbitrary number of water pools. 

 

NMR studies of water mobility in gels 

Biopolymer gels analyzed by TD-NMR and unbiased model data processing typically 

contain three water pools.  An example of a typical continuous spectrum obtained from food 

gels is illustrated in Figure 11 (Ruan and Chen, 1988).  Since traditional teaching supposes 

that there are essentially only two states of water in gels (ÒboundÓ and ÒbulkÓ), this has 

sparked debate concerning the labeling of the three water pools T21, T22, and T23 (or T2A, T2B, 

and T2C).  By principle, spectra at shorter relaxation times represent protons on water 

molecules that are most hindered in terms of rotational mobility and thus it is commonly 

agreed that the first water pool T21 represents some form of ÒboundÓ water. 

 There exists some controversy on what T22 and T23 represent in the sense of being 

different Ôwater poolsÕ.  One interpretation is that the slowest decaying component T23 

probably represents ÒbulkÓ water and that T22 represents water in exchange between T21 and 

T23 (Vackier and others, 1999).  Alternatively, Bertram and others (2001) suggested that T21 

represents ÒboundÓ water, T22 represents interfacial water near highly organized 

macromolecule structures (e.g. protein secondary structures), and T23 represents free bulk 

water .  Accordingly, the former interpretation supports the classical view of bound vs. bulk 
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water and the latter interpretation implies some sort of spatial water structuring around 

macromolecule surfaces.  

 Another problem in interpreting T2 relaxation experiments is describing why, since 

T23 supposedly represents bulk water, does the T23 component in gels relax on a shorter time 

scale (typically 100-500 ms) than that of pure water in an NMR tube (1,000-2,000 ms).  

Lillford and others (1980) suggested that since the root-mean-square diffusion distance of 

water is about 100 µm ( ; pure water diffusion constant, D, is 10-5 cm-2 sec-1, and 

the diffusion relaxation time is about 2 s), and protein gels typically contain pore diameters 

on the order of just 10 µm, TD-NMR T2 spectra are merely an indication of pore size rather 

than water mobility.  According to LillfordÕs reasoning, water molecules far from the surface 

must either relax at the rate of pure bulk water or diffuse towards the surface so far that its 

relaxation is affected by its proximity near the surface.  This is similar to BertramÕs reasoning 

that the T2B and T2C water pools often observed in meat systems represent water located at 

interstitial areas of different gel strand densities, i.e. they represent water confined within 

differently sized pores.   

However, it is unclear whether this is reasonable since the pore size distribution, or 

the gel strand density distribution, in many gels appear somewhat homogeneous (Lillford, 

1980).  Also, it has been shown that mincing muscle tissue does not significantly affect the 

relative abundance of the T2B and T2C water pools (Bertram and others, 2001).  Presumably, 

this mincing action should alter the pore size distribution in meat and, according to this 

supposition, thus somewhat drastically change the relaxation spectra.  Thus, it is unclear 

σ = 6Dt
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whether this is truly an artifact of gel structure or evidence of some sort of water structuring 

of a significant amount of water inside gels. 

 

Models concerning liquid water structure 

As most textbooks acknowledge, water is an unusual liquid.  It is a liquid over an 

extraordinary range of temperatures as compared to other liquids.  Whereas other hydrides of 

Group 6 of the periodic table (e.g. H2S, H2Se, and H2Te) are liquid over a range of 15-47 ¡C, 

liquid H2O, of course exists over a range of 100 ¡C.  Water does not conform to the 

continuous change of melting and boiling points from high to low molecular weights within 

Group 6 hydrides; according to this trend, water should freeze between -90 and -100 ¡C and 

boil between -60 and -70 ¡C.  Water is liquid at ambient temperatures; other hydrides and 

oxides such as H2S, H2Se, and H2Te are gases at ambient temperatures.  Whereas most 

liquids become denser when frozen into a solid, water does just the opposite.  Most liquids 

decrease monotonically in density with increasing temperature; H2O has a temperature of 

maximum density at 4 ¡C.  These anomalies represent just the few archetypes of the 

multitude of anomalies that have been described (Ludwig, 2001; Ball, 2008a; Ball, 2008b).   

A review of common molecular models of water hydrogen bonding networks is in 

order.  To begin, H2O comprises two hydrogen atoms covalently bonded to an oxygen atom 

in a tetrahedral arrangement.  Oxygen is the central atom and it shares two of its six valence 

electrons to form such covalent bonds with the hydrogen atoms, which leaves four valence 

electrons that form two lone pairs of electrons that repel each other.  The result is a near-

tetrahedral arrangement in which two corners are hydrogen atoms with partial positive 
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charges and two corners are lone pairs of electrons with partial negative charges, in other 

words a very dipolar molecule.  That is, water molecules behave as tiny magnets; the 

hydrogen atoms of one water molecule form attractive hydrogen bonds with lone pair 

electrons of another water molecule.  When such attractions are oriented in a perfectly 

repeating conformation this results in long-range three-dimensional order in the form of a 

crystal, i.e. ice.  This is the most notable feature of water to keep in mind within the context 

of this manuscript; whereas other liquids such as NH3 and HF also form intermolecular 

hydrogen bonds, water is the only liquid that can form intermolecular hydrogen bonds in 

three-dimensional arrays.  So then, to what extent do such three-dimensional arrays of water 

exist in the liquid state? 

Since the composition of the water molecule was discovered in the 18th century and 

its dipolar nature was discovered in the early 19th century (Miller, 2003, Ludwig 2001, 

Chaplin 2006), there have been numerous attempts to describe the molecular nature of pure 

liquid water hydrogen bonding.  Many of these models have been proposed in effort to at 

least partially explain some of waterÕs many anomalies and they involve ab initio computer 

simulations, molecular dynamics or high-resolution spectroscopy experiments (Wiggin, 

1995; Ludwig, 2001; Ball, 2008; Wiggins, 2008).  These models generally fall into one of 

two categories: mixture or continuum models which both have been well summarized 

(Bertoluzza and others, 1993; Chaplin, 1999; Ludwig, 2001).  Whereas it is generally agreed 

that liquid water is comprised of a three-dimensional network of fluctuating hydrogen bonds, 

the coordination and lifetimes of such hydrogen bonds have been the topics of debate.   
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Continuum models 

Continuum models suggest that liquid water is an infinite network of disordered 

tetrahedral water.  They are built upon the assumptions that water molecules each have three 

or four discrete charges and they are separated by differing intramolecular distances 

(Stillinger, 1974; Mountain, 1989; Cummings and others, 1991).  Accordingly, water exists 

as a continuum of water-water hydrogen bonds ranging from ideal, wherein each water 

molecule has four nearest neighbors (i.e. similar to ice structures) and thus has minimum 

density, to least ideal, wherein each water molecule has greater than four nearest neighbors 

and thus has greater density.  The spatial location of these different ends of the spectrum of 

water density relative to surfaces and solutes in a given system varies throughout the 

literature.  A main criticism is that continuum models neglect the directional dipolar 

character of water-water bonding.  However, computer simulations of continuum models 

have successfully reproduced several measured properties of water.   

 

Mixture models 

Mixture models have gained more popularity over the last ten years as they have been 

characterized by advances in instrumental capabilities such as X-ray absorption spectroscopy 

(Cavalleri and others, 2002; Wernet and others, 2004), X-ray emission spectroscopy 

(Tokushima and others, 2008) and small angle X-ray scattering (Huang and others, 2009).  

These models imply a mixture of two or more water pools in equilibrium with each other 

wherein the intra-molecular hydrogen bonding within each pool differs.  ÒLow densityÓ 

water (LDW) clusters are formed by strong intact hydrogen bonds and/or Òhigh densityÓ 
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water (HDW) clusters or bulk water is comprised of bent or broken hydrogen bonds between 

water molecules.  Here it should be mentioned that such microdomains actually exist in ice; 

high and low density amorphous ices have densities of about 0.91 g/ml and 1.2 g/ml, 

respectively.  As for liquid water, in the 1950Õs Òflickering clusterÓ models were first 

proposed (Frank and Wen, 1957) in which such cluster associations could be represented as 

(H2O)n, where n is the number of water molecules included (hydrogen bonded) in an 

aggregate cluster.  The lifetimes of such clusters are very short (10-10-10-11 s) and so such 

clustering is quite dynamic.   

Aggregates of 30-40 molecules can exist at 20 ¡C and normal atmospheric pressure, 

and the number of molecules involved in aggregates varies with temperature, ranging from 

53% at 0 ¡C to 35% at 100 ¡C.  The most renowned cluster model is the (H2O)280 icosahedral 

cluster proposed by Martin Chaplin (Chaplin 2000) in the 1990Õs, as it supposedly explains 

many of waterÕs  anomalous properties and has been independently detected by X-ray 

diffraction (Oleinikova and others, 2007).  The nature of HDW and LDW has been the focus 

of a multitude of theoretical and experimental works and Phillippa Wiggins has been a leader 

in this field (Wiggins, 1996, 1997, 2001, 2002, 2008). 

 

The two-state mixture model 

In WigginsÕs recent publication ÒLife depends upon two kinds of waterÓ (Wiggins, 

2008) it is proposed that there are three components of solute hydration: (1) water-water 

hydrogen bonds must be broken to make a hole into which the solute fits; (2) water 

immediately adjacent to the solute molecule must reorient itself as it interacts with the solute 
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molecule; and (3) the HDW/LDW equilibrium must shift so that water in adjoining 

microdomains is restored to equilibrium.  WigginsÕs two state model is founded on the basis 

of the chaotropic and kosmotropic effects of different solutes and macromolecule moieties: 

chaotropic solutes (e.g. K+, I- and Cl-) and moieties (-OH, NH2, COOH) induce LDW and 

kosmotropic solutes (e.g. Na+, H+) and moieties (e.g. C, CH, CH2 in aliphatic and aromatic 

molecules) induce HDW.  Accordingly, proteins comprised of mainly kosmotropic moieties 

tend to precipitate and proteins comprised of mainly chaotropic moieties are strongly 

hydrated.  In this sense, protein surfaces, as in the case of gels, are similar to solutes.  

However in a gel the situation is more complex because zones of water immediately adjacent 

to the surface (ÒboundÓ water) have a lower activity than water in the bulk.  This causes an 

osmotic pressure gradient, which, according to classical osmotic theory, must be 

accompanied by a pressure gradient.  In result, the pressure gradient is directed inward 

toward the surface such that positive pressure acts on surface water and negative water acts 

towards bulk water.   

Wiggins proposed that this pressure gradient displaces the water equilibrium such that 

HDW and LDW are induced where the pressure is positive and/or negative, respectfully.  

The result is a double layers that may be relatively thin or thick, depending on the surface 

composition and solutes in the system.  It is expected that the layer nearest the surface is 

HDW (see Figure 12).  In fact, a recent study using laser scattering supported this hypothesis 

(Bunkin, Shkirin, and Artem, 2010).   
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ASSESSING WATER HOLDING PROPERTIES 

The topic of measuring WH properties has been reviewed elsewhere (Hamm, 1986; 

Kauffman and others, 1986; Trout; 1988; Kneifel and others, 1991; Van Oeckel, Warnants 

and Boucque, 1999).  It is common practice to apply some sort of pressure or force such as 

centrifugation or weight to the gel in question and measure the expressed moisture.  This 

expressed moisture is usually expressed as a percentage of the original gel weight.  If the 

force applied to the gel is isostatic and the gel is incompressible, then the minimal force 

required to express moisture from the gel supposedly may be approximated as the capillary 

pressure (Labuza, 1977; Hermansson, 1986).  This is not usually the case however because 

gels deform during such testing (Kocher and Foegeding, 1993).   

It is important to realize that since compression of the gel during testing will result in 

lesser volume for the water to occupy, the amount of expressed water is not dependent on the 

water holding propensity of the gel alone: it will also depend on the rigidity of the gel.  

Hence, water expression during such testing is perhaps analogous to de-swelling theory since 

it depends on the elastic pressure of the gel network.  Furthermore, it is perhaps not entirely 

appropriate to explain differences in expressed moisture between different gels by invoking 

capillarity theory with regard to pore size differences observed in the gels prior to testing 

since it is possible that the pore size of each gel will decrease to different extents during 

testing and this will have an effect on the amount of water expressed.   

It is therefore ideal in studies of WH properties to employ a technique void of these 

problems.  Labuza and Lewicki (1978) put forth one solution for this dilemma.  Termed the 

capillary suction method, this simple technique involves wicking moisture from gels with 
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Whatman filter papers in a closed chamber.  DarcyÕs law may explain expression of water 

from the gel onto the filter paper in that water flow over time is dependent on permeability of 

the gel, the viscosity of water inside the gel, the pressure difference between water inside the 

gel and the in the filter paper, and the length and cross-sectional area of the gel.  Labuza and 

Lewicki (1978) reported that it took up to three or four days wetting of water onto the filter 

paper to cease, this may be thought of the time required for the pressure drop between water 

inside the gel and water in the filter paper to reach equilibrium.  Also noteworthy, care 

should be taken when using this method to prepare gel specimens that are roughly identical 

in dimensions since discharge of water from the gel onto the filter paper depends on the 

cross-sectional area and length of the gels (according to DarcyÕs law).  Despite the obvious 

advantage of the capillary suction method for assessing water holding properties of gels, no 

authors have reported this method elsewhere in the literature, and the reason for this is 

unclear.   

 

Water binding capacity: a dissimilar characterization of water holding 

The term water binding capacity (WBC) is commonly found in food science literature 

with reference to water holding in gels. This term describes the extent to which a given solute 

is solvated by water, i.e. hydrated, and thus it is sometimes called hydration capacity.  The 

molecular diameter of a hydrogen-bonded water molecule is approximately 2.8 •, or 0.28 nm 

(Graziano, 2004), and so WBC characterizes the short-range order of water on the nanoscale 

and should not be confused with water holding in gels, which characterizes the long-range 
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order of hundreds of thousands of water molecules spanning multiple length scales between 

network strands that are micrometers apart.   

Water has a strong dipole moment; consequently hydration involves attractive forces 

between water and other dipoles, as well as ions, along with the negative solvation of 

nonpolar (hydrophobic) groups (Walstra, 2003).  As bio-macromolecules are comprised of a 

mosaic of such functional groups with varying hydrophilicities, WBC is the overall hydration 

arising from these forces, and it is defined as grams of water bound per gram of protein 

(polymer).  Typical values range from 0.20 to 0.90, corresponding to molar values in the 

hundreds (Damodaran, 1996).  The term WBC is convoluted by the several methods that are 

used to quantify WBC (e.g. absorption isotherms, calorimetry, dielectric relaxation, NMR, 

infrared and x-ray scattering), as these methods each involve some sort of assumption, 

measure different physical properties and possess a wide range of temporal resolutions 

(Cooke and Kuntz, 1974).  

Nonetheless, the term WBC is useful for characterizing how hydrophilic certain 

polymers or polymer networks are.  Perhaps this term then is related to the Flory-Huggins 

interaction parameter of swelling and the contact angle considered in capillarity. Presumably, 

systems with a higher WBC correspond with a small Flory-Huggins interaction parameter 

and a smaller contact angle. 

 

SUMMARY  

This chapter began with the presupposition that perhaps there is a unifying theory 

describing the nature by which gels hold water.  As the Indian parable of the blind men and 
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the elephant teaches us, each perspective may be right in its own accord, however a complete 

picture is most important.  Progress and gaps in research on capillarity and swelling theories 

were discussed, as well as commonalities and differences between these two perspectives.  It 

was suggested that the missing perspective in both of these models was a picture of the 

nature, or chemistry, of water inside gels.  Then a review of historical and recent literature on 

the nature of water at interfaces and inside gels was provided, and this discussion debated 

whether water has long-range structure inside gels. 

Both capillarity and osmotic swelling phenomena are described in terms of gel 

structure and the surface-water interaction energy.  The surface-water interaction energy is 

described by the YoungÕs equation or the Flory-Huggins interaction parameter.  Both of these 

describe the structure of water as affected by both the presence of solutes and the surfaces 

inside gels, and the parameter of gel microstructure is complicated by how these factors 

affect the type of microstructure that is developed during the production of gels.   

The question remains whether the water inside gels does indeed exhibit long range 

structuring, and whether this reinforces the capillarity and swelling models by describing 

how viscosity, mobility, exclusion effects, and Hofmeister effects play into the parameters of 

pore size, network cross linking, contact angle, surface tension, and the Flory-Huggins 

interaction parameter.  It is conceivable that small contact angles and high surface tension 

values are described by a high degree of water structuring near hydrophilic surfaces and 

kosmotropic solutes, respectively.  Also, perhaps the degree of swelling, as described by 

extended cross-linked polymers and low Flory-Huggins interaction parameters, depends on 

the degree of water structuring.  Perhaps the difference between this structured water and 
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ordinary bulk water is explained simply by density differences.  However, the chemical 

structure of structured water, and whether this water is in the form of LDW or HDW is yet 

unclear.   

For now, the full picture of water holding in gels has yet to be put forth.  Much work 

remains in the areas of validating capillarity and/or swelling theory and characterizing the 

extent of and chemistry of water structuring inside gels.  
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FIGURES 

 

 

 

 

 

 

Figure 1.  Schematic representation of a liquid water droplet on a surface and surface 

tensions at the water-vapor, surface-water, and surface-vapor interfaces (Adopted from 

www.RameHart.com) 

 
 
 
 

 
Figure 2.  Schematic representation of a water droplet on a surface.  The white portion of the 

sphere represents the water droplet, with radius a, and R represents the spherical radius of the 

imaginary sphere. 
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Figure  3. Schematic representation of capillary pressure.  In this example, contact angle is 

assumed to be zero.  Adopted from Walstra (2003). 

 

 

 

 

Figure  4.  Schematic representation of the captive bubble technique for measuring contact 

angles.  Adopted from Nakamura and others (1996). 
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Figure 5.   Left: Schematic representation of an osmotic gradient.  Right: Schematic 

representation of a membrane osmometry experiment.  Polymer solution is placed in a tube 

with a cap and semipermeable membrane at the bottom (1), the polymer solution swells and 

rises (2), and the osmotic pressure is measured as the force required to bring the two fluids to 

the same level per area at the interface (3). 

 

 

Figure 6.  Schematic representation of myofibril swelling and shrinking.  Adopted from Offer 

and Knight (1988). 
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Figure 7.  Computer simulation of beta-lactoglubulin solvated by 740 water molecules.  

Adopted from Qvist and others (2009). 

 

Figure 8.  Drawing of molecular crowding in Eschericoli coli.  Adopted from Goodsell 1993. 
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Figure 9.  Left: Magnetic moment precession about a bulk magnetic field !0. Right:  RF 

energy pulse at the Larmor frequency imposes a second magnetic field !1 that nuclei precess 

about. 

 

 

 

Figure 10.  CPMG pulse sequence for T2 relaxometry. 
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Figure 11.  Left: Multiexponential decay. Right: and continuous spectra of water pools 

obtained from the NNLS computer algorithm. Adopted from Ruan and Chen (1988). 

 

 

Figure 12.  Expectations of two state water near surfaces.  Adopted from Wiggins (1995). 
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TABLES 

 
Table 1.  Effect of capillary radius on capillary pressure assuming a contact angle of zero 

degrees.  Adopted from Labuza (1977). 
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Table 2.  Determining parameters of capillarity and osmotic swelling. 
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ABSTRACT 

Comminuted gelled products such as frankfurters, made from avian or mammalian 

meats, are typically cooked at relatively slow heating rates (0.5 Ð 1.0 ¡C/min) to an endpoint 

of only 70-75¡C as this is believed to optimize water holding (WH) properties. However, 

certain surimi seafood (gel) products are rapidly cooked (>100 ¡C/min) to endpoint 

temperatures above 90 ¡C and yet are known to exhibit minimal cook loss (CL) and possess 

remarkably low expressible water (EW) of cooked gels. This study measured the water 

holding properties of pastes prepared from washed minces of chicken breast vs. Alaska 

pollack (fish) both during and following their cooking by rapid (microwave; MW) vs slow 

(waterbath, WB) heating.  Gel pore diameters, which should strongly influence capillary 

pressure and thereby affect WH, were measured using scanning electron microscopy and 

image analysis.  Water mobility within gels was examined by time domain NMR (TD-NMR) 

T2 relaxation.   

 Chicken gels exhibited higher CL and EW than fish gels when slowly cooked by WB 

to a 90¡C endpoint. EW, but not CL, of chicken gels rapidly MW cooked to 90¡C and held 5-

15 min was also higher than for fish gels cooked this way; thus chicken proved more 

sensitive to high temperature cooking.  For endpoint temperatures of 65-80¡C, gels of both 

species exhibited similar WH properties (<3% CL, 20-30% EW), whether rapidly MW 

heated and held 5-15 min or when cooked slowly just to 70¡C and immediately cooled. 

Reduced CL and EW correlated with larger and smaller amplitudes of T21 and T22 water 

pools, respectively.  



 
 
 

 

61 

INTRODUCTION  

There is ever-increasing interest in reducing energy costs associated with food 

processing. Rapid heating technologies such as electromagnetic radiation (i.e. microwave 

heating and radio frequency heating) have yet to be implemented in the production of 

comminuted meat gels such as frankfurters and deli meats, which are instead heated slowly at 

a rate of about 1 ¡C/min in ÔsmokehouseÕ equipment.  Several reports suggest that slow 

heating processes such as this result in optimum texture development and water and fat 

stability of such products (Camou and others 1989; Barbut and Mittal 1990; Arntfield and 

Murray 1992; Yoon and Park 2001).  However, Riemann and others (2004) reported that 

rapidly heated (20 and 98 ¡C/min) fish surimi and turkey meat pastes, if held for a few 

minutes at the endpoint temperature of 70 ¡C, displayed similar fracture and cook loss values 

as their counterparts heated at 1 ¡C/min to the same temperature.  This suggests that 

application of rapid heating technologies to such products may be feasible. 

Many surimi seafoods (e.g. shellfish analog products) are typically rapidly heated to 

90 ¡C or higher and yet still possess firm gel texture and exceptional water holding (WH) 

properties.  Surimi is a refined, largely myofibrillar protein manufactured from meats of 

poikilotherm (cold blooded) fish species such as Alaska pollock and Pacific whiting.  It is not 

obvious whether the difference in water holding between such surimi seafood gels and those 

made from homeotherm (warmblooded) land animal species, such as frankfurters, is due to 

species differences in protein composition, muscle fiber differences, the presence of the 

sarcoplasmic fraction in homeotherm meat gels (removed by surimi processing), and/or the 

presence of cryoprotectants typically added to surimi.  Better understanding of the causes for 
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such a difference in species gelling performance could lead to improving the WH properties 

of rapidly heated comminuted meat gels (Liu and others, 2010; Liu and others, 2011). 

Similar benefits would accrue from better understanding the mechanisms of WH 

properties, and the nature of water, in muscle food gels.  Capillarity is the prevailing 

hypothesis for explaining how water is held in gels (Hermansson 1986; Hermansson 2008).  

The three-dimensional network of the gel system has been compared to narrow capillary 

tubes that imbibe water and hold it against gravity.  The water inside these tubes possesses a 

capillary pressure according to the Young-Laplace equation: 

 

!  

" P =
2#cos$

r
 

where 

!  

" P is the capillary pressure, 

!  

"  is the liquid-gas surface tension, 

!  

"  is contact angle at 

the liquid-surface interface, and 

!  

r  is radius of the tube.   

Several workers have used low field time-domain nuclear magnetic resonance (TD-

NMR) spectrometry to monitor changes in foods associated with the mobility of water as 

affected by the food microstructure (Ruan and Chen, 1997; Farhat, Belton and Webb, 2007: 

Mariette, 2009) and it lower T2 relaxation times have been associated with better water 

holding properties and smaller pore sizes (Han and others, 2009). 

The objectives of this research were therefore to (1) compare the WH properties of 

myofibrillar protein gels derived from representative cold- vs warm-blooded animals (Alaska 

pollock vs chicken), heated by slow ramp vs rapid (square-wave) heating; and (2) investigate 

the water holding mechanism(s) associated with differences in water mobility and matrix 

structure amongst these gels.   
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MATERIALS AND METHODS  

Myofibrillar protein (s urimi ) paste preparation 

Commercial Alaskan pollock (fish) surimi (refined myofibrils), obtained from Trident 

Fisheries (Seattle, Wash., U.S.A.) was compared to a washed mince prepared, by a similar 

process as is used for making fish surimi, from fresh chicken breasts obtained from PilgrimÕs 

Pride (Sanford, NC).  Visible connective tissue and fat were removed prior to comminution 

in a Stephan mixer-cutter with three parts water. The resulting slurry was passed through a 

screw-fed strainer (Bibun Machine Construction, Hiroshima, Japan) having a 5.0 mm 

diameter mesh. Organza cloth was then used to separate loose water from the myofibril 

extract and the washing process was repeated twice more.  NaCl (0.5% w/v) was added to the 

last wash to facilitate subsequent water removal.  This refined myofibril preparation was then 

adjusted to contain the same protein (12% w/w) and cryoprotectant (4% sucrose, 4% sorbitol, 

0.3% tripolyphosphate, w/w) concentrations as the commercial fish surimi.   

Pastes were prepared from each species by combining surimi and water plus other 

ingredients sufficient to achieve final concentrations of 78% (w/w) water, 2% (w/w) NaCl, 

and 2% (w/w) porcine plasma (to inhibit possible endogenous protease activity; Hamann and 

others 1990) and then comminuting at 5-10 ¡C for 10-12 mins at 2500 rpm in a Stephan 

cutter-mixer under vacuum.  The pH of chicken surimi paste (initial pH 6.3) was adjusted 

with NaHCO3 to that of the pollock surimi paste (pH 6.75).  Pastes were vacuum-packaged 

with a Multivac 8941 to remove as much air as possible.  A corner of the evacuated bag 

containing the paste was cut before placing in a manually operated sausage stuffer for 

extrusion of the paste into Teflon (for microwave heating) or stainless-steel (for water bath 
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heating) tubes, 1.9 cm inner diameter and 17.8 cm long.  Tubes were sealed at both ends with 

threaded end caps before heating.   

The pastes of neither species exhibited endogenous transglutaminase activity (cold 

setting) under the conditions of testing as determined by preliminary timed rheological 

experiments. The heat-induced gelling properties of the two species should not have been 

influenced by enzymatically-induced crosslinking or proteolytic action; thus the gelling 

properties of the myofibrillar proteins alone should be comparable. 

 

Heat processing of gels   

The filled tubes were heated one of two ways: (a) ramp heated in a programmable 

(heating rate) water bath at 0.5 ¡C/min to simulate conventional smokehouse process heating 

rates to an endpoint temperature of 70 ¡C or 90 ¡C, or (b) rapidly microwave heated at 100 

¡C/min (at 2,450 MHz and 300 watts) in an Industrial Microwave Systems (IMS) focused 

(equal energy distribution) chamber to an endpoint temperature of 65, 70, 80, or 90 ¡C and 

isothermally held at this temperature in a water bath for 5, 10, or 15 min.  After heating, all 

gels were immediately placed in Ziploc¨  plastic bags which were pressed to remove 

headspace air prior to sealing and then cooled in an ice water bath. 

 

Gel cook loss (CL) and expressible water (EW) 

Loss of moisture during cooking of gels (CL) by microwave or water bath heating 

was measured in triplicate by subtracting the post-cooked weight of gels from the pre-cooked 

weight of the paste, expressed as a percentage of pre-cooked paste weight.  Specimens were 
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blotted with paper tissues before weighing and ice-bath cooling.  The EW of each gel was 

measured in triplicate using the microcentrifuge-based method of Kocher and Foegeding 

(1993).  The center of each gel was cut into 10 x 4.8 mm cylinder specimens using a cork 

borer and these specimens were placed into the microcentrifuge filtration unit which was 

comprised of a 2.0 mL microcentrifuge tube (Beckman Instruments, Inc., Palo Alto, 

California, U.S.A.) that collected moisture released through the bottom mesh of an inner tube 

containing the specimen.  Specimens were centrifuged at 10,000 x g for 10 mins.  EW was 

calculated by subtracting the water expressed during centrifugation from the specimen 

weight, expressed as a percentage of the pre-centrifuged specimen weight. 

 

Time-domain (TD)-NMR 

TD-NMR T2 relaxation measurements were performed using a pulsed 1H time-

domain nuclear magnetic resonance spectrometer  (Minispec mq-20, Bruker Corp., Billerica, 

MA) with magnetic field strength of 0.47 Tesla corresponding to a proton resonance 

frequency of 20 MHz.  The instrument was equipped with a 10 mm probe. All hydrogen 

nuclei were excited by the Carr-Purcell-Meiboom-Gill radio-frequency pulse sequence 

(CPMG).  These nuclei relaxed to their original state once the pulse is stopped, inducing 

voltage to the instrument receiver coil and observed as the NMR signal.  All  T2 

measurements were performed with a 40 µs time delay between the 90o and 180o pulses, a 

total of four scans, and a recycle delay of 15 seconds.  

Core sample of gels were placed in NMR tubes that were capped and equilibrated at 5 

¡C in a dry air bath for 30-60 minutes.  All experiments were performed at this temperature.  
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Three aliquots of each gel type were analyzed to account for batch variation.  The intensities 

and relaxation times of water pools were determined by analyzing the NMR relaxation data 

using the unbiased inverse Laplace transform with the CONTIN algorithm (Provencher, 

1982).  

 

Scanning electron microscopy (SEM) 

The center of each gel was cut out and shaped into a rectangular prism ca. 0.2 x 0.2 x 

0.5 mm.  These specimens were frozen in liquid nitrogen, quickly taken out and fractured 

with a chilled stainless steel scalpel knife and transferred to a Labconco ¨ freeze dryer.  

Samples were freeze dried at -100 ¡C or lower and 1,000 mm Hg for 24 hours.  These were 

then mounted on specimen stubs with colloidal silver, sputter-coated with gold-palladium 

and imaged with a scanning electron microscope. 

 Pore diameters were measured using ImageJ image analysis freeware (Abramoff and 

others, 2004).  To minimize human bias while selecting pores for measurements, a 10 x 10 

µm grid was overlaid on top of each micrograph and only the pores situated at grid 

intersections were selected and measured.  Pores were identified as circular interstitial spaces 

between protein strands and care was taken to not measure pores that appeared to be slanted 

along the z-axis.  This procedure was repeated in three or four micrographs taken from 

separate fields for each gel; a total of 7-42 pores were identified in each micrograph, 

summating to a total of about 50-150 pores per gel. 
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Statistical analysis of data 

 Statistical analyses were performed using SigmaPlot v. 11.0 (Systat Software, Inc., 

Erkratch, Germany).  Correlations were computed using the Pearson product moment 

correlation.  Differences between interaction means were analyzed by individual, pre-planned 

t tests.  Simple linear regression was also computed using SigmaPlot. 

 

RESULTS AND DISCUSSION 

Microstructur e 

Mean pore diameter of chicken gels rapidly heated to an endpoint temperature of 90 

¡C, regardless of heating regime, was larger than those heated to 70 ¡C. (both P < 0.001; 

Figs. 1, 2).  A similar temperature effect was reported by Hermansson and Lucisano (1982) 

who reported increased coarseness of blood plasma gel structure when heated to 92 ¡C as 

compared to only 77 ¡C.  Contrary to this, smaller pores were produced in fish gels at the 

higher heating temperatures, regardless of heating regime (Figs. 1, 2). Park and others (2008) 

reported that increases in pore size during heating of fish surimi gels during water bath 

heating to an endpoint temperature of 90 ¡C; however, their assessment of pore size was 

qualitative and performed on light micrographs.  For both species, the slow heating regime 

appeared to produce gels with slightly larger pores than those heated rapidly to the same 

endpoint temperature (each P < 0.001).   

Regarding isothermal holding time effects, there were no significant trends in mean 

pore size of chicken gels at either holding temperature (both P  > 0.05).   However, mean 
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pore size of fish gels increased and decreased during isothermal holding at 70 and 90 ¡C, 

respectively (both P < 0.001).   

Barbut (1996) reported that raw meat batters have an organized gel structure at room 

temperature, and that this structure is reinforced (thickened) by protein cross linking induced 

during heating, resulting in apparent changes in pore size of gels during heating.  While 

heating at 0.75 ¡C/min, protein strand thickness and the number of junction zones between 

strands increased in turkey meat batters from 10 to 70 ¡C, resulting in an apparent decrease in 

pore diameter.  Gels did not exceed 70 ¡C in their heating protocol, nor were rapid heating 

treatments used, nor were water holding properties measured.  Image analysis was not 

employed to determine pore size in this or similar reported studies of pore size in protein gels 

(Partanen and others, 2008; Han and others; 2009; Speroni and others, 2009; Macedo and 

others, 2010).  

 

Water Holding Properties 

Cook Loss (CL) 

Comparing endpoint temperatures of 70 ¡ and 90 ¡C, rapidly heated and isothermally 

held fish gels exhibited lower CL (both P < 0.05; Fig. 3) than those ramp heated slowly.  CL 

was also lower in the more rapidly heated chicken gels at the 90 ¡C endpoint temperature (P 

< 0.001), but similar at 70 ¡C when held for 5-15 mins (P > 0.05).  Higher endpoint 

temperatures during slow ramp heating resulted in higher CL, as was also reported in chicken 

surimi gels in the 50-90 ¡C range by Stangierski and Kijowski (2002).  Increasing endpoint 

temperatures correlated with increased CL only at the 5 min holding time for rapidly heated 
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gels from chicken and fish (both P < 0.05; chicken r = 0.524; fish r = 0.442).  No significant 

endpoint temperature effects on CL were observed in rapidly heated chicken and/or fish gels 

when holding times were factored altogether (5, 10 and 15 mins) however. 

Interestingly, while CL in rapidly heated gels of both species was within a similar 

range, in the case of slow ramp heated gels the CL for chicken gels was markedly lower and 

higher than their fish counterparts when cooked to 70 ¡C and 90 ¡C, respectively (Fig. 3).  

This indicates a greater sensitivity of this chicken protein gelation to effects of endpoint 

temperature as compared to pollock (fish) protein gelation in this temperature range. 

Overall, longer holding times after rapid cooking slightly correlated with increased 

CL from gels of both species (P < 0.12; r = 0.409), as was similarly reported by Riemann and 

others (2004) for comminuted turkey breast meat gels.   

Lesser CL only slightly correlated with smaller mean pore diameters for all gels 

(Figure 4; P = 0.12; r = 0.717). This relationship between pore size and CL was not 

statistically significant when analyzed by species or heating rate however.  

 

Expressible water (EW) 

No clear statistical relationships between EW and mean pore size of gels were 

evident, probably because of the variable cook losses sustained by the gels (not all cooked 

gels had the same moisture content prior to EW testing).  Only in chicken gels rapidly heated 

to 70 and 90 ¡C was higher EW associated with larger pore size. 

Nonetheless, EW was remarkably higher for chicken gels rapidly heated to 90 ¡C and 

held 5-15 min, especially those held 15 mins (Figure 5). The EW of fish gels was, by 
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contrast, relatively insensitive to effects of heating rate, endpoint temperature or holding 

time, and in general they held water more strongly than chicken gels.  With the exception of 

chicken gels rapidly heated to 90 ¡C, no holding time effects on EW were evidenced for gels 

of either species.  Gels of both species slowly (ramp) heated to 90 ¡C expressed less water 

during centrifugation than those slowly heated to 70 ¡C.  However these gels had greater CL. 

 

Species effects 

Differential scanning calorimetry (DSC) thermograms of purified myosin reveal 2-4 different 

unfolding events in the 20-60 ¡C range, depending on the solvent conditions, heating rate and 

species (Togashi and others 2002, Smyth and others 1996, Riebroy and others 2009, Ahmad 

and others 2007). Most fish muscle proteins are relatively more thermally labile as compared 

to that of most muscles from homeotherms (Liu and others 2007), owing to their lower 

average body temperature (Togashi and others 2000, 2002, Yoon and others 2000, 

Fukushima, Yoon and Watabe 2003).   

Interestingly, however, in the present study it appeared that gelation of chicken breast 

myofibrillar protein was more sensitive to endpoint temperature effects than that of Alaska 

pollock.  Higher cooking temperatures seemed to result in gels of larger mean pore diameter 

and correspondingly higher CL and EW (in slowly- and rapidly heated gels, respectively).  

By contrast higher cooking temperatures resulted in fish gels exhibiting pores of smaller 

diameter and less differences in CL and EW.  Since conditions of protein concentration, ionic 

strength, and pH were held constant between these two species, these differences in gelling 

behavior may likely then be attributed to species differences in myosin isoforms, however it 
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should be noted that muscle fiber differences may have been apparent if different materials 

(e.g. chicken thigh instead of breast) were used (Aamato and others, 1989; Daum-Thunberg, 

Foegeding and Ball, 1992).  Changes in gel microstructure were not as wide ranging in fish 

gels as in chicken gels, perhaps because the gelation events occurred sooner and/or at a lower 

temperature range (Stevenson, Liu and Lanier; 2012).  It is also possible that the myosin 

isoform of the poikilotherm species used (Alaska pollock) is relatively more hydrophilic than 

that of the homeotherm species (chicken breast), which would lead to a higher capillary 

pressure within the gels. 

 

TD-NMR indications of water mobility   

 Water pools in TD-NMR relaxation experiments are characterized by their relaxation 

times and also the relative amount of relaxation each water pools represents as a percentage 

of total relaxation.   

No significant species, temperature or time effects were evident on parameters 

measured by TD-NMR.  No significant relationships between TD-NMR data and pore size 

were observed.   

When analyzed by distributed continuous curve fitting, each gel exhibited three water 

pools, T2B, T21 and T22, corresponding to relaxation times of about 10, 100 and 300 ms, 

respectively (Figure 6).  EW overall only correlated with shorter T22 relaxation times (P < 

0.05; r = 0.614).  However, this trend did not hold in a comparison of the T22 relaxation times 

during isothermal holding (comparing Table 1 and Figure 5); thus it is unclear whether this 

correlation is meaningful.  As mentioned above, the EW of all gels spanned a relatively 



 
 
 

 

72 

narrow range with exception to chicken gels rapidly heated to 90 ¡C and their differences 

were confounded by different initial (cooked gel) moisture contents prior to testing, reducing 

the likelihood for meaningful correlations.  However, within each heating regime and 

temperature (e.g. ramp heating or isothermal holding at 70 ¡C and 90 ¡C), there was a 

consistent relationship between EW and both relaxation time and water pool distribution: 

gels that expressed more water (Figure 5) had relatively smaller T21 water pools and larger 

T22 water pools (Table 1). 

Gels that evidenced higher CL slightly correlated with increased and decreased values 

for the T21 (r = 0.56) and T22 (r = -0.55) water pools, respectively (both P = 0.06) (Table 2).  

Chicken gels isothermally held at 70 ¡C are provided in Figure 5 for example.  CL correlated 

with a reduction in T21 relaxation times (P < 0.05; r = 0.59), however no significant effects 

were observed with respect to T22 relaxation times. 

Erikson and others (2008) noted that different water populations within a food, 

delineated by temporally distinct peaks in TD-NMR data analysis, are commonly referred to 

as distinct Ôwater poolsÕ.  Continuous distributed exponential curve fitting produces a 

nonbiased spectrum of relaxation components; by this approach, three separate water pools 

are generally reported for meat gels (Bertram and others, 2001; Webb 2001).  Bertram and 

others (2002) demonstrated that continuous distribution curve fitting explained much more 

variation in EW of pork meat as compared to bi-exponential curve fitting (72% vs. 36-56%, 

respectively).  

Based on a series of structure-relaxation experiments, Bertram and others (2001) 

proposed the following origins of these water pools:  the first peak, T2B (~1-10 ms) represents 
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water immobilized (bound) at the protein surface, T21 (~50-100 ms) represents a second layer 

of water around densely packed proteins, and T22  (~300-400 ms) represents a third layer of 

water which is more free in mobility and resides between protein fibers.  However, Bertram 

and others (2001) provided a vague description of the structure of the water Ôaround densely 

packed proteinsÕ (the T21 water pool) and did not explain why it should be temporally distinct 

from the other water pools. 

The relaxation of all water pools in gels is reported to be more rapid than that of 

unconfined water, and therefore it would seem logical to conclude that all water in gels is 

more structured/immobilized than free water.  However, Lillford ( 1980) noted that the root-

mean-square diffusion distance of water is about 100 µm ( ; pure water diffusion 

constant, D, is 10-5 cm-2 sec-1, the diffusion relaxation time is about 2 s) and yet pore 

diameters in protein gels are typically on the order of just 10 µm.  This means that before a 

ÔfreeÕ water molecule completely relaxes it should deflect off the pore walls several times, 

thus encountering the largely immobilized water layer next to pore surfaces.  Therefore 

Lillford asserted that the varying Ôwater poolsÕ detectable in TD-NMR T2 spectra, rather than 

indicating water populations varying in mobility (degree of water structuring) merely reflect 

differences in mean pore diameter. By this reasoning, a continuous distribution of relaxation 

times, rather than temporally distinct water populations, should be expected for meat gels 

since pore sizes vary considerably within any gel.  

Wiggins (1995, 2008), in studying solute partitioning by micro osmosis, suggested 

that two types of water actually exist in gels: high density water (HDW), which resides at the 

hydrophilic surface/water interface owing to tensile forces exerted by the hydrophilic surface 

σ = 6Dt
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that effectively increases the density of the water, and a lower density water (LDW) which is 

found at the center of capillaries.  Lippincott and others (1969), based on Raman spectra, 

suggested that liquid water molecules in hydrophilic capillaries can form a hydrogen bonded 

crystalline network that is less stable than ice but more stable than bulk water.   Pollack’s 

group (Zheng and Pollack, 2003; Zheng and others, 2006) offered evidence that this more 

crystalline water originates at hydrophilic surfaces and extends far toward the center of gel 

capillaries.  His and others’ evidence (Yoo and others, 2011; Bunkin, 2011) also suggests 

that this ‘structured’ water has a higher density, higher viscosity, and lower mobility than 

bulk water, and excludes solutes, owing to the nature of hydrogen bond-coordinated packing 

between lattices.      

If water can indeed become structured within the pores of hydrogels, this would 

clearly represent an additional consideration to capillary pressure as the primary mechanism 

of WH in such gels.  The water pools T21 and T22  derived from TD-NMR of meat protein 

gels could represent HDW and LDW, respectively, and the more structured water pool, 

HDW, would likely constitute a majority of the water in such gels (Yoo and others, 2011).   

In the present study, TD-NMR T2 relaxation experiments were performed both before 

and after cooking, which thermo-irreversibly gels meat pastes and induces CL, as well as also 

after centrifugation of the cooked gels in order to measure EW.  The LDW (T22) water pool, 

being less structured and viscous, might be expected to be more loosely-held than the HDW 

water fraction, ignoring capillary pressure effects. Thus gels that exhibit higher CL might be 

expected to preferentially lose LDW such that the T22 pool would decrease proportionately 

during cooking.  In our data, increased CL did slightly correlate with a decrease in the 
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percentage of the T22 water pool in the case of distributed continuous curve fitting and to a 

lesser extent with bi-exponential curve fitting (Table 2).   Higher CL correlated with mean 

pore diameter, however this relationship was especially positive; nonetheless, perhaps larger 

pores contained a higher proportion of LDW just prior to most CL occurring during cooking.  

By similar logic, cooked gels having a higher proportion of LDW (T22 water pool) 

prior to centrifugation might be expected to evidence higher EW.  This also was observed in 

our data (Table 2) wherein prior to EW testing the T21 water pool represented 95-99% of 

relaxation.  Similarly, Bertram and others (2002) and Han and others (2009) reported that the 

amount of water expressed as gravity-induced drip over time correlated with a higher 

proportion of the T22 water pools prior to this gravimetric testing of water loss.   

As expected, the T2B water pool did not relate to any WH properties in this study, 

since it likely represents the most tightly bound water, closest to the gel network surface 

(Bertram and others, 2002).  It is conceivable that water structuring can be interpreted from 

data in both cases.  This is supported by the NMR-WH relations presented here, which have 

also been reported by Bertram and others (2002). 

The argument of Lillford (1980) against interpretation of TD-NMR data as supporting 

structuring of water in gels, though logical in its presentation, has not been experimentally 

validated.  While the diffusion coefficient of water is known (D = 10-5 cm-2 sec-1), it is 

unclear what the diffusion coefficients of the T21 vs. T22 (or, HDW vs. LDW) water pools are 

and hence it is unclear whether the root-mean-square diffusion distances of either of these 

water pools is less than the distance between protein strands in gels.  In this study it was 

expected that the gels with larger mean pore diameter which experienced higher CL would 
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also have slower T22 relaxation times, however this was not observed in the case of either 

curve fitting protocol.   

 

CONCLUSIONS 

Species likely did significantly impact the thermal response of both CL and EW in 

comminuted meat gels, and thus may explain the differences noted commercially in water 

stability of gels made at high temperature (>90 ¡C) from fish (poikilotherm) surimi versus 

those made from meat of homeothermic land animal species; however it was noted that these 

differences may have been affected by muscle fiber type.  For muscle from both chicken 

breast and Alaskan pollock, rapid heating by microwave, with short holding times at the 

endpoint temperature, produced gels with similar or better water stability as compared to 

their slow ramp heated counterparts heated just to the endpoint temperature.  Endpoint 

temperature mainly affected WH of chicken gels cooked at 90¡C.  No strong evidence for 

smaller pore size corresponding to with better WH (lower CL or EW) was obtained.  

Population densities of the T21 and T22 water pools in low field TD-NMR experiments 

correlated with differences in water expressed during both cooking (CL) and subsequent 

centrifugation (EW); this supports earlier assertions that T21 and T22 water pools represent 

water tightly and loosely held between protein fibers, respectively.   The rapid relaxation 

times of both water pools (and especially that of T21)  relative to unconfined water would 

support a hypothesis of water structuring within meat gels induced by charged protein 

surfaces. 
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Figure 1.  Scanning electron micrographs (1,000 X) of (a-d; left column) chicken and (e-h; 

right column) fish surimi gels slowly ramp heated from 5 ¡C to (a, e) 70 ¡C or (b, f) 90 ¡C,  

or rapidly heated from 5 ¡C to (c, g) 70 ¡C or (d, h) 90 ¡C and held for 5 min.  Scale bars are 

10 µm long.  
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Figure 2.  Average pore diameters of fish and chicken surimi gels (after cooling to 25 ¡C) 

either rapidly heated to, and held isothermally at, 70 or  90 ¡C for 5, 10 or 15 mins, or ramp 

heated (0.5 ¡C/min, starting at 5-10 ¡C) just to 70 or 90 ¡C.  Bars represent standard errors. 
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Figure 3.  CL from fish and chicken surimi gels (after cooling to 25 ¡C) either rapidly heated 

to, and held isothermally at, the indicated temperatures for 5, 10 or 15 mins, or ramp heated 

(0.5 ¡C/min, starting at 5-10 ¡C) just to 70 or 90 ¡C. Bars represent standard errors. 
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Figure 4.  Effect of mean pore size on CL of both chicken and fish gels (P = 0.12; R2 = 

0.717)..  Data include both rapidly and slowly heated gels.  
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Figure 5.  EW from fish and chicken surimi gels (after cooling to 25 ¡C) either rapidly heated 

to, and held isothermally at, the indicated temperatures for 5, 10 or 15 mins, or ramp heated 

(0.5 ¡C/min, starting at 5-10 ¡C) just to 70 or 90 ¡C.  Bars represent standard errors.  
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Figure 6.  T2 distribution as computed by the CONTIN algorithm of chicken gels rapidly 

heated to 70 ¡C and isothermally held for the indicated times. 
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TABLES 

Table 1.  T2 relaxation times and water pool populations of chicken and fish gels as 

computed by the CONTIN algorithm. 

  T2B (%) T21 (%) T22 (%) T2B (ms) T21 (ms) T22 (ms) 
Chicken       
70 ¡C ramp 0.09 87 12 5 75 450 
90 ¡C ramp 0.13 96 4 10 68 400 
70 ¡C 5 mins 0.20 85 15 15 80 410 
70 ¡C 10 mins 0.13 85 15 8 79 440 
70 ¡C 15 mins 0.14 90 10 8 67 380 
90 ¡C 5 mins 0.21 92 8 13 70 370 
90 ¡C 10 mins 0.16 93 6 8 72 400 
90 ¡C 15 mins 0.15 86 14 10 74 310 
Fish       
70 ¡C ramp 0.19 79 20 0.11 77 600 
90 ¡C ramp 0.18 90 10 0.13 74 480 
70 ¡C 15 mins 0.1 77 23 0.12 71 590 
90 ¡C 15 mins 0.25 86 14 0.11 74 400 
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Table 2. Correlation coefficients and levels of significance for the correlations between either 

EW or CL and T2 time constants and corresponding integrals (areas), found by either bi-

exponential fitting or continuous distribution analysis. 

 
T2 
parameter 

Variable Correlation 
coefficient 

Level of 
significance 

T2B (ms) EW (%) 0.52 N.S. 
T21 (ms) EW (%) 0.03 N.S. 
T22 (ms) EW (%) -0.61 P < 0.05 
Area T2B EW (%) -0.01 N.S. 
Area T21 EW (%) 0.12 N.S. 
Area T22 EW (%) -0.12 N.S. 
    
T2B (ms) CL (%) -0.07 N.S. 
T21 (ms) CL (%) -0.59 P < 0.05 
T22 (ms) CL (%) -0.09 N.S. 
Area T2B CL (%) -0.03 N.S. 
Area T21 CL (%) 0.56 P = 0.06 
Area T22 CL (%) -0.55 P = 0.06 
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ABSTRACT 

   The ability of food gels to hold water affects product yield and organoleptic quality.  

Most workers believe water is held by capillarity, such that gels having smaller mean pore 

diameter and a more hydrophilic surface hold water more tightly.  To date however only 

qualitative evidence relating pore size to water holding (WH) properties has been provided. 

We sought to provide quantitative confirmation of this hypothesis, using scanning electron 

microscopy coupled with image analysis to measure pore size, and measuring contact angles 

by the captive bubble method, in both model polyacrylamide gels and heat-induced protein 

(minced chicken breast) gels.  WH was assessed as water lost during cooking (cook loss, CL, 

of meat gels) or upon centrifugation (expressible water, EW) or capillary suction (CSL) for 

all prepared gels.  As predicted by the capillarity hypothesis, gels with lower water losses 

exhibited a more hydrophilic surface (smaller contact angle). Yet greater CL and EW 

correlated with smaller, not larger mean pore diameter of gels. The capillary suction method 

proved more sensitive to measuring small differences in WH of prepared gels.  

Keywords:  

Water holding capacity (WHC), capillarity, gel, pore size, captive bubble, polyacrylamide, 

hydrogel 

 

INTRODUCTION  

The microstructure of hydrogels (ÔgelsÕ) may be considered as a three-dimensional 

honeycombed network of interconnected capillary tubes with diameters ranging 1-100 "m; 

thus capillarity is the prevailing hypothesis for explaining how water is held in gels 
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(Hermansson 1986; Hermansson 2008; Offer and Trinick, 1983; Tornberg, 2005).  Water 

inside capillary tubes possesses a capillary pressure according to the Young-Laplace 

equation: 

  

where  is the capillary pressure,  is the liquid-gas surface tension,  is contact angle at 

the liquid-surface interface, and  is radius of the tube.  

Thus most believe that water holding (WH) properties of gels, defined as the ability 

of a gel to hold water against any force acting to dispel the water from the matrix, is in some 

way proportional to capillary pressure (

!  

WH " #P ).  

Though seemingly logical, this hypothesis has not yet been confirmed by quantitative 

measurements (Puolanne and Halonen, 2010). To date only qualitative evidence relating pore 

size to water holding (WH) properties has been provided, in the form of scanning electron 

micrographs (SEM) not evaluated by image analysis software. The captive bubble method 

employed by workers in materials science (Andrade and others, 1979; Nakamura and others, 

1996) could enable measurement of contact angle at the gel/water interface, and thus the 

relative hydrophilicity of the pore surfaces in contact with entrained water.   

Cook losses during heat-induced gelation of proteins are considered to be one 

measure of the WH properties of such gels (Hermansson, 1986). Most workers measure WH 

of prepared gels by monitoring loss of water over time under the influence of gravity, or they 

seek to speed up such testing by employing compression or centrifugation (Trout, 1988). The 

latter approach typically employs gravitational forces ranging from 100 to 2500 x g, and has 

it has not been uncommon to apply extremely high gravitational forces (5,000 Ð 10,000 xG) 

! 

" P =
2#cos$

r

! 

" P

! 

"
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"
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(Han and others, 2009, Gu and others, 2011).  Kocher and Foegeding (1993) however 

recognized that such approaches can fracture the gels, thus changing their capillarity, and 

certainly act to compress the gel volume to exclude water.   They thus advised that care 

should be taken to minimize the extent of gel compression when evaluating WH by 

centrifugation:  gels centrifuged at 150 vs 2,500 xG resulted in gels being compressed to 79 

and 56% of their original volumes and heights, respectively, and it was illustrated that 

expressible water (EW) was overestimated in gels centrifuged at 2,500 xG since these gels 

were extensively damaged.  Thus measurement of WH by compression or centrifugal 

methods is affected by the deformability (rigidity) and strength of the gel matrix, a fact never 

mentioned by workers employing such methods.   

A capillary suction method proposed by Labuza and Lewicki (1978) is perhaps a 

more appropriate for assessing WH of gels since this technique should minimize or avoid 

artifacts arising from differences in gel matrix deformability or strength.  Water is drawn 

from gels by placing a layer of filter paper on one surface of a gel held in a closed chamber 

and measuring the amounts of water wicked onto the filter papers after a period of time.  

Hence, no force deforms or compresses gels in this method.   

The objectives of this study were to seek quantitative evidence (matrix pore size and 

water/gel contact angle) supporting a hypothesized relationship between capillary (negative) 

pressure and WH of gels. Gels were prepared from chicken protein (heat-induced) or 

polyacrylamide (chemically induced), and WH was measured as CL (during heat-induced 

gelation of protein gels) and by centrifugation or capillary suction methods for prepared gels 

of either composition.  



 
 
 

 

94 

MATERIALS AND METHODS  

Polyacrylamide gels 

Model polyacrylamide gels were prepared from 2.5, 5.0, or 7.5% (w/v) bis-acrylamide (% 

C), as acrylamide  crosslinker, and 10, 15, or 20% (w/v) total solids (% TS), calculated as: 

% TS = [g (acrylamide + bis-acrylamide) / 100ml mixture] 100 

% C = [g (bis-acrylamide) / g (acrylamide + bis-acrylamide)] 100 

Acrylamide and bis-acrylamide were first dissolved and mixed in deionized water at 20 ¡C.  

Polymerization was initiated by incorporating 0.1% (w/v) ammonium persulfate (APS) and 

catalyzed by incorporating 0.1% (w/v) N,N,NÕ,NÕ-tetramethylethylenediamine (TEMED).  

All gels were prepared in cylindrical 30 x 115 mm polypropylene tubes.  Immediately after 

incorporating APS and TEMED, the tubes were capped and inverted five times.  Gels were 

left at 20 ¡C for 3-4 days to allow for complete polymerization. 

Stellwagen (1998) reported smaller pores in polyacrylamide gels treated with higher 

bis-acrylamide:acrylamide ratios.   

 

Meat gels 

Preparation: Fresh chicken breasts were obtained from PilgrimÕs Pride (Sanford, NC).  

Visible connective tissue and fat were removed prior to comminution in a Stephan mixer-

cutter at 5-10 ¡C for 10-12 mins at 2500 rpm, during which NaCl was added to comprise 

2.5% (w/w) of the total paste weight.  Chilled water also was added during mixing to result 

in a moisture content of 78% (w/w).  Pastes were vacuum-packaged with a Multivac 8941 to 

remove as much air as possible.  A corner of the evacuated bag containing the paste was cut 
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before placing in a manually operated sausage stuffer for extrusion of the paste into stainless-

steel tubes, 1.9 cm inner diameter and 17.8 cm long.  Tubes were sealed at both ends with 

threaded end caps before high pressure processing and/or heating.   

Filled tubes were either (a) ramp heated in a programmable (heating rate) water bath 

at 0.5 ¡C/min to simulate conventional smokehouse process heating rates to an endpoint 

temperature of 70 ¡C,  or  (b) placed in a 50 ¡C water bath and isothermally held for 60 min. 

After heating, all gels were immediately placed in plastic (Ziploc¨ ) bags, pressed to remove 

headspace air,  and then cooled in an ice water bath.   

Barbut and others (1996) reported apparently smaller pore size in minced meat gels 

heated to an endpoint temperature of 70 ¡C as compared to 55 ¡C but did not measure CL 

unfortunately.   

 

Addition of transglutaminase (TG): Pastes with TG added (Activa¨ TI microbial TG; 100 

U/gram, Ajinomoto Food Ingredients LLC,Ames, IA) were prepared to possess an enzyme 

activity of 5 U/gram; this required incorporation of 1% (w/w) of Activa¨ TI and resulted in a 

moisture content of 77% (w/w).  Han and others (2009) reported that TG incorporation 

appeared to result in smaller pores upon heating (50 ¡C for 60 mins) of minced pork meat 

batters. 

 

High pressure processing (HPP): Pastes that received HPP treatments were subjected to 300 

MPa for 30 mins at 20 ¡C prior to heat treatment.  Pastes were heat sealed in plastic bags and 

HPP treatments were conducted in an Autoclave Engineers (Erie, PA) CIP 2-22-60 isostatic 
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press filled with a pressure-transmitting fluid.  Speroni and others (2009) reported that HPP 

(300 MPa) treatment prior to heating appeared to result in thinner network strands and larger 

pores in soy protein gels. Trespalacios and Pla (2007) reported that minced chicken meat gels 

containing TG and treated with HPP prior to heating appeared to exhibit a gel microstructure 

with smaller pores.  

 

Water holding (WH) properties  

Cook loss (CL) of meat gels was calculated as water lost during cooking of meat gels 

divided by the original paste weight, expressed as a percentage. 

WH of cooked, cooled meat gels was determined by measuring water lost by capillary 

suction (CSL; Labuza and Lewicki 1978).  Slices were cut from each gel (ca. 0.8 grams and 

1.0 x 1.0 x 0.25 mm) and placed at the bottom of polypropylene tubes having a diameter of 

2.0 mm and height of 1.5 mm. Whatman No. 1 filter papers (2.0 mm diameter) were placed 

on top of each gel to achieve a ratio of gel solids content to filter paper of 0.2:1.  This gel dry 

mass to filter mass was chosen arbitrarily; a lower or higher ratio may permit faster or slower 

equilibration times.  Rubber stoppers sealed the tubes which were then equilibrated at 20 ¡C 

for 5 days.  Six replicates were recorded for each gel sample.  CSL was calculated as the 

weight of water absorbed onto filter papers divided by the original gel weight, expressed as a 

percentage. 

Polyacrylamide gels were used to compare this capillary suction method with the 

more common WH measurement of expressible water after centrifugation (EW; Kocher and 

Foegeding, 1993). To measure EW, the center of each gel was cut into 10 x 4.8 mm cylinder 
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specimens using a cork borer.  These were placed into a microcentrifuge filtration unit w 

comprised of a 2.0 mL microcentrifuge tube (Beckman Instruments, Inc., Palo Alto, 

California, U.S.A.) that collected moisture released through the bottom mesh of an inner tube 

containing the specimen.   

To determine the effect of centrifugation speed on this measurement, six replicated 

specimens from each of the three polyacrylamide gel treatments were centrifuged at 100, 300 

or 500 xG for 45 mins. This centrifugation time was chosen to remove time effects in WH 

testing; preliminary experiments indicated moisture loss was complete prior to 45 mins at 

each centrifugation speed.  Forces exceeding 500 x g were not trialed since this was observed 

to result in gel breakage (of both polyacrylamide and meat gels; Kocher and Foegeding, 

1993).  EW was calculated as the weight loss expressed as a percentage of the pre-

centrifuged specimen weight.   

 

Scanning electron microscopy (SEM) 

The center of each gel was cut out and shaped into a rectangular prism ca. 0.2 x 0.2 x 

0.5 mm.  These specimens were frozen in liquid nitrogen, quickly taken out and fractured 

with a chilled stainless steel scalpel knife and transferred to a Labconco ¨  freeze dryer.  

Samples were freeze dried at -100 ¡C or lower and 1,000 mm Hg for 24 hours.  These were 

then mounted on specimen stubs with colloidal silver, sputter-coated with gold-palladium 

and imaged with a scanning electron microscope.  Polyacrylamide and meat gels were 

observed at 500 and 1,000x magnification, respectively. 
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 Pore diameter size was measured using ImageJ image analysis freeware (Abramoff 

and others, 2004).  To minimize human bias while selecting pores for measurements, a 10 x 

10 µm grid was overlaid on top of each micrograph and only the pores situated at grid 

intersections were selected and measured.  Pores were identified as circular interstitial spaces 

between protein strands and care was taken to not measure pores that appeared to be slanted 

along the z-axis.  This procedure was repeated in three or four micrographs taken from 

separate fields for each gel; a total of 7-42 pores were identified in each micrograph, 

summating to a total of about 50-150 pores per gel. 

 

Contact angle measurement 

Contact angles were measured using the captive bubble method at 20 ¡C (Figure 1; 

Andrade and others, 1979; Nakamura and others, 1996).  Cylindrical gels samples 0.3 mm in 

height were carefully sliced with a surgical knife to obtain flat and abrasion-free cuts and 

glued to microscope slides.  After immersing these specimens into a quartz cell containing 

HPLC-grade water, a RamŽ-Hart Model 260 goniometer with DROPimage software was 

used to inject an atmospheric air bubble of 5 uL directly underneath each gel (Figure 1).  

Image analysis was used to measure the left and right contact angles and the mean of these 

measurements was reported.  Since the air bubble is considered as a hydrophobic phase (van 

der Waals interactions at the liquid-gas interface are minimal), materials with lesser bubble-

material surface interfacial areas are considered more hydrophilic in this method.  Hence, 

surfaces that are more hydrophilic are inferred from smaller measured contact angles. 
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Statistical analysis of data 

 Statistical analyses were performed using JMP v. 7 (SAS Institute Inc., Cary, NC).  

Correlations were computed using the Pearson product moment correlation.  Differences 

between interaction means were analyzed by individual, pre-planned t tests.  Simple linear 

regression was also computed using JMP. 

 

RESULTS AND DISCUSSION 

Polyacrylamide gels 

EW vs CSL.  Higher gravitational force in centrifugation testing resulted in increasingly 

greater EW for polyacrylamide gels (Figure 2).  Increasing bis-acrylamide level had no 

significant effect on EW measurements at any gravitational force of centrifugation, but 

resulted in increasing higher water loss by capillary suction testing (higher CSL). Variability 

of CSL data was less than for EW testing. 

Polyacrylamide gels (and meat gels) were only strong enough to withstand 

centrifugation forces of about 500 xG or below without apparent fracture. Yet no significant 

differences in EW were detectable under these conditions (Figure 2). Indeed, this is likely 

why most workers employ gravitational forces in the 1,000 to 5,000 x g range to observe 

measurable differences in EW of meat gels (Han and others, 2009, Gu and others, 2011).   

Thus, for purposes of investigating whether factors in gels contributing to capillary 

pressure also possibly affect WH properties, the EW test seems ill suited for the latter 

measurement.  Indeed, even if differences in EW could be demonstrated without apparent 

fracture of gel samples (Kocher and Foegeding, 1993) it is clear that the sample has been 
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considerably deformed during centrifugation.  The Young-Laplace equation assumes a rigid 

capillary as variables in the equation (including g) are changed; yet under these conditions 

the deformable capillary system of hydrogels may be squeezed (reduced in volume), 

artificially inducing loss of water from a system which, if rigid, might yet have retained more 

water.  

The capillary suction method is however able to measure WH properties of prepared 

gels without deforming the samples, and significant differences were detected between 

polyacrylamide gels of varying pore size (Figure 2). Labuza and Lewicki (1978), who 

developed this method to compare properties of 5, 10 and 22% gelatin gels, reported that 

reproducibility of the method was better at higher gel concentrations.  In this and subsequent 

studies (Labuza and others, 1978; Labuza and Busk, 1979) they demonstrated that capillary 

suction potentials could be estimated via the Kelvin equation by combining filter paper 

sorption isotherm experimental data with measurements using a pressure cell to determine 

the pressure required to expel water from the wetted filter paper. 

 

Pore size, contact angle: Higher levels of bis-acrylamide resulted in gels with smaller mean 

pore diameter (P < 0.001; Figures 3 and 5). Pore diameter differences due to increasing bis-

acrylamide content were congruent with published values (Holmes and Stellwagen 1991). 

Contact angles ranged 35 to 55 degrees in polyacrylamide gels and larger contact angles (less 

hydrophilic surfaces) were observed in polyacrylamide gels with higher levels of bis-

acrylamide (P < 0.05; Figure 6). 
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Meat gels  

Pore diameter:  Micrographs and resulting mean pore diameter sizes of meat gels are 

provided in Figures 4 and 5, respectively.  As expected (Barbut and others, 1996) ramp 

heating of meat gels at 0.5 ¡C/min to 70 ¡C resulted in smaller mean pore diameter than 

isothermal heating at 50 ¡C for 60 mins (P < 0.05).  However neither TG nor HPP 

treatments, alone or combined, significantly affected the mean pore diameter of gels made by 

either heating protocol. This was unexpected based on previous reports (Han and others, 

2009; Speroni and others, 2009; Macedo and others, 2010; Partanen and others, 2008); 

perhaps those qualitative interpretations of pore size were inaccurate, or the effects they 

noted were not observed in the present study owing to some difference in the experimental 

procedure.   

 

Contact angle: Contact angles ranged from 39 to 50 degrees in meat gels; however contact 

angle was not significantly affected by heat treatment protocol, +/- TG and/or HPP treatment 

(Figure 6) 

 

CSL: CSL of cooled meat gels was not affected by prior heat treatment, TG addition or HPP 

pretreatment however (Figure 7). Several workers found that TG addition decreased EW in 

various meat and milk protein gels (Trespalacios and Pla, 2007; Partanen and others, 2008; 

Ionescu and others, 2008; Han and others, 2009; Macedo and others, 2010; Cardoso and 

others, 2011).  However, others reported that TG addition did not affect EW of meat gels 

(Castro-Briones and others, 2007), or even led to increased EW of chicken and fish gels 
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(Lantto and others, 2007; Chanaret and others, 2011; Cardoso and others, 2009). HPP 

provided no improvement of EW (measured by centrifugation) in either porcine blood 

plasma gels (Pares and Ledward, 2001) or fish mince protein gels (Cardoso and others, 

2010).  

 

CL:  Ramp heating of meat gels at 0.5 ¡C/min to 70 ¡C resulted in greater CL than did 

isothermal heating at 50 ¡C for 60 mins (P < 0.05) in agreement with Liu and Lanier (2012) 

(Figure 8).  TG addition seemed to increase CL, similar to the results of Ahmed and others 

(2009) in chicken skeletal muscle gels.  HPP pretreatment was associated with decreased CL, 

as has been similarly reported in comminuted beef patties (Macfarlane and others, 1984) and 

comminuted pork meat patties (Iwasaki and others, 2006).   

 

Pore size and contact angle correlation with WH measurements  

Contact angle and WH properties. Polyacrylamide gels exhibiting smaller contact angles 

(more hydrophilic pore surface) also showed lower CSL (Figure 9; R2 = 0.99).  For meat 

gels, smaller contact angle also correlated with lower CSL (Figure 9; R2 = 0.82); despite that 

no statistical differences had been measured amongst the different meat gels in measured 

contact angle or CSL values, this relationship is still worth mentioning.  There was no 

significant correlation between contact angle of meat gels and CL.  

Whereas pore size effects on WH properties did not support our hypothesis that (

) according to the Young-Laplace equation, contact angle effects did so 

! 

WH " #P
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seemingly, since smaller contact angles (indicative of more hydrophilic surfaces) were 

associated with gels that expressed lesser amounts of water during capillary suction testing. 

 

Pore size and WH properties. Polyacrylamide gels exhibiting larger pore diameters also 

exhibited lower CSL (Figure 10; R2 = 0.99). Similarly, a slight correlation of increasing pore 

size with lower CL values (R2 = 0.44) was apparent in meat gels; however, no correlation of 

pore size with CSL was noted for these gels (Figure 11).   

These data were unexpected based on the hypothesis that (

! 

WH " #P) according to 

the Young-Laplace equation.    Several explanations are possible however.  Only one narrow 

range of magnification was used for microscopy in this study; it is conceivable that lower 

levels of magnification could have revealed larger voids responsible for the lower WH 

properties (Liu; 2011). Yet this explanation seems unlikely for the polyacrylamide gels.  

 

Calculation of capillary pressures.  We assumed the standard surface tension of water at 20 

¡C (72.86 mN/m) for calculation of capillary pressure using the Young-Laplace equation. As 

noted previously, pore size effects were opposite of that expected by our hypothesis, (

! 

WH " #P).  Despite that contact angle effects on WH favored this hypothesized 

relationship, calculated capillary pressures varied strongly opposite to that expected by our 

hypothesis with respect to CSL of polyacrylamide gels (Figure 12; R2 = -0.99) and more 

weakly opposite to our hypothesis with respect to CL or CSL measurements of minced 

chicken breast meat gels in meat gels (Figure 13; R2 = -0.38 and -0.20, respectively). 
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The actual surface tension of water inside gels is affected by solutes such as salts, 

sugars and preservatives, and also by some amount of protein or polymer which remains 

soluble after gel formation. Surface tension effects were not evaluated in the present 

experiments owing to experimental limitations.  Attention was given to maintaining the same 

solvent chemistry in all gels compared, however it is recommended in future studies to 

measure the surface tension of water expressed during EW testing.  Perhaps a more extensive 

survey of hydrogels which vary more widely in each of the three variable properties (pore 

size, contact angle, liquid surface tension) may reveal why the present data failed to support a 

direct relationship between capillary pressure of gels and their water holding properties; a 

hypothesis that so many workers assume holds true. 

 

CONCLUSIONS 

As compared to more commonly used methods for WH determination of gels based 

upon sample deformation, the capillary suction method appears to be both more sensitive, 

and more appropriate, for measuring and relating WH to measured/calculated capillary 

pressure.  CL may also be included as a measure of WH for the same purpose when studying 

heat-induced gels.   As expected by the hypothesized relationship between WH properties 

and capillary pressure, both polyacrylamide and meat gels displaying lower contact angles 

(more hydrophilic surface) also showed higher WH values (low CSL and/or CL).  However 

larger, not smaller (as expected) pore diameters corresponded with higher WH (lower CSL 

and/or CL) in polyacrylamide and meat gels. Further study of hydrogels ranging more widely 
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in pore size, contact angle, and solvent surface tension is needed to more thoroughly evaluate 

whether capillary pressure indeed explains the waterholding properties of hydrogels.  
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FIGURES 

 

 

Figure 1.  Schematic representation of the captive bubble method.  Gel on the left side 

introduces a smaller contact angle with air bubble droplet and is thus more hydrophilic, 

assuming the air droplet is hydrophobic in nature. 
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Figure 2.  Comparison of WH of polyacrylamide gels with varying levels of bis-acrylamide 

assessed by both centrifugation (EW) and capillary suction (CSL) testing.  Error bars 

represent standard errors.  No significant differences between gels were detected in 

centrifugation testing.  Differences detected by capillary suction testing are annotated by 

letters on graph. 
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Figure 3.  Micrographs obtained by SEM of polyacrylamide gels prepared with (A) 2.5%, (B) 

5.0%, and (C) 7.5% bis-acrylamide. 
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Figure 4.  Micrographs obtained by SEM of minced chicken breast gels heated isothermally 

at  (D, E) 50 ¼C for 60 mins or ramp heated to (F-I) 70 ¼C (0.5 ¼C/min) and treated with TG 

(5 U/ g gel protein; E, I), HPP (300 MPa for 30 mins; G), or (H) HPP +  TG.  Gels 

represented in micrographs D and F were not treated by TG nor HPP.
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Figure 5.  Mean pore diameters of polyacrylamide and minced chicken breast gels 

determined by SEM and image analysis.  Error bars represent standard errors.  Uppercase and 

lowercase letters denote significant differences within polyacrylamide and minced chicken 

breast gels, respectively. 
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Figure 6. Mean contact angles of polyacrylamide and minced chicken breast gels determined 

by captive bubble method.  Error bars represent standard errors.  Uppercase and lowercase 

letters denote significant differences within polyacrylamide and minced chicken breast gels, 

respectively. 
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Figure 7. Mean capillary suction loss (CSL) of polyacrylamide and minced chicken breast 

gels determined by capillary suction method.  Error bars represent standard errors.  

Uppercase and lowercase letters denote significant differences within polyacrylamide and 

minced chicken breast gels, respectively. 
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Figure 8.  Mean cook loss (CL) of minced chicken breast gels. Error bars represent standard 

errors.  Letters denote significant differences. 
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Figure 9.  Relationship between mean contact angle and capillary suction loss (CSL) 

determined by capillary suction method in polyacrylamide gels (dashed line; R2 = 0.99) and 

minced chicken breast protein gels (solid line; R2 = 0.82). 
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Figure 10.  Relationship between mean pore diameter and capillary suction loss (CSL) of 

polyacrylamide gels (R2 = 0.99) 
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Figure 11.  Relationship between mean pore diameter and (A) cook loss (CL) and (B) 

capillary suction loss (CSL) in minced chicken breast gels determined (left; R2 = 0.44) and 

capillary suction method (R2 = 0.09). 
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Figure 12.  Relationship between calculated capillary pressure and capillary suction loss 

(CSL) of polyacrylamide gels (R2 = -0.99) 
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Figure 13.  Relationship between calculated capillary pressure and cook loss (CL; solid line; 

R2 = -0.38) or capillary suction loss (CSL; dashed line; R2 = -0.20) in minced chicken breast 

meat gels.  
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ABSTRACT 

    The use of time-domain NMR (TD-NMR) T2 relaxometery experiments for 

analyzing the water mobility in hydrogels has not been widely adopted and interpretation of 

the multi-exponential decay during T2 experiments has yet to be agreed upon.  The T2 

relaxation times of water inside gels is less than that of water in the bulk, and it is unclear 

whether this suggests that water inside gels overall possesses significant structuring as 

opposed to water in the bulk.  It has been suggested that T2 relaxation times possess an 

artifact of pore size owing to the root-mean-square diffusion distance of water and the typical 

pore sizes found in gels.   

Polyacrylamide gels were prepared with varying total solids concentrations and 

crosslinker bis-acrylamide concentrations to manipulate pore size.  Relaxation experiments 

were performed on these gels both alone and with varying amounts of water added on top of 

them.  Shorter relaxation times were measured in gels with smaller pore sizes, however the 

relaxation times of water added on top of gels did not reach that of pure water alone.  These 

results indicate that T2 relaxation times in TD-NMR experiments are complicated by network 

spacing and also suggest that significant amounts of interfacial water might possess lower 

mobility than pure water alone. 

 

Keywords:  

Water mobility, TD-NMR, gel, pore size, polyacrylamide 
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INTRODUCTION  

Some hydrogels comprised of just 1% macromolecule are able to hold 99% water.  

Common food protein gels comprised of 5-15% protein have the capacity to retain 85-95% 

water.  The microstructure of hydrogels may be described as a three dimensional 

interconnected network of  tunnels with diameter ranging 10-100 "m (Aguilera, 1999). 

Under food storage conditions very little water leaks from these gels upon standing; when the 

gel microstructure is ruptured by slicing very little water is lost through the exposed surface.   

 Two, seemingly opposing, hypotheses have been suggested to explain why water is 

confined so well within a gel matrix.  Capillary pressure is most often cited in studies of food 

gels and their water holding properties. Thus the interconnected tunnels of the gel matrix are 

considered to be capillaries, and gels with better water holding are predicted to possess 

higher capillary pressures, according to the Young-Laplace equation (Labuza, 1977, 

Hermansson, 1986, Hermansson, 2008): 

 

€ 

ΔP =
2γ cosθ

r
 

where 

! 

" Pis capillary pressure, # is surface tension, 

! 

"  is contact angle, and 

€ 

r  is capillary 

tube radius.  Of these variables, only the pore size of the gel matrix has received attention 

and that only by qualitative comparison of scanning electron micrographs. 

Alternatively, Pollack (Pollack, 2001) as well as others (Wiggins, 1995; Israelachvili 

and Wennerstrom, 1996; Zheng and others, 2006; Chaplin, 2010; Fan and Gao, 2010; 

Bunkin, 2011), have presented evidence that much of the water confined within gels (and 

living cells) behaves as structured, liquid crystalline multilayers, such structure originating at 

the gel matrix surface and extending outward for possibly thousands of layers.  This water 
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was demonstrated to exhibit higher viscosity, lower water mobility, and higher density than 

unconfined water (Wiggins, 1995; Zheng and others, 2006; Bunkin, 2011). 

The Kelvin equation is often invoked in explaining effects of capillarity: 

  
RT

V

rp
p m!=

"2
ln

0  
where p is the liquid vapor pressure, p0 is capillary vapor pressure, # is surface tension, r is 

pore radius, Vm is mole volume of liquid, R is gas constant, and T is absolute temperature.  In 

a porous medium the relative vapor pressure is reduced as the pore size diminishes.  However 

most macromolecular gel systems apparently do not behave according to the Kelvin equation 

(Labuza, 1977).  They do however retain considerable water as the relative vapor pressure.  

For such cases, the Flory-Huggins equation may be used to calculate the relative vapor 

pressure lowering effects: 

 

!  

lnaw =1n" 1 + 1#
V1

V2

$ 

% 
& 

'  

( 
) " 2 + *" 2

2 

where V1 is molar volume of solvent, V2 is molar volume of macromolecule, $1 is volume 

fraction of solvent, $2 is volume fraction of macromolecule, and % is an interaction parameter. 

Labuza and others (1979) used the interaction parameter # to calculate the long range forces 

that entrap the water in gels. They suggested that polymer gels are not static networks but 

instead may be described as systems of macromolecules that structure water by hydrogen 

bonds and ionic interactions.  While these authors suggested there is no need to postulate 

long range formation of multilayers of water in gel systems, they did not specifically 

disprove this possibility.  

 Low field, or time-domain nuclear magnetic resonance (TD-NMR) is considered 

useful for measuring water mobility by spin-spin relaxation experiments.  Typical free 
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induction decay (FID) curves in gel systems are multiexponential, possibly indicating the 

existence of several populations, or ÒpoolsÓ, of liquid water varying in mobility (Ruan and 

Chen, 1997).  Mathematical models may resolve the intensities and mobilities of such water 

pools.  

While this approach possibly directly evaluates long range structuring of water in gel 

systems, Lillford and others (1980) suggested that since the root-mean-square diffusion 

distance of water is about 100 µm ( ; pure water diffusion constant, D, is 10-5 cm-2 

sec-1, and the diffusion relaxation time is about 2 ms), and food (protein) gels typically 

contain pore diameters on the order of just 10 µm, TD-NMR T2 spectra are merely an 

indication of pore size rather than water mobility.  According to LillfordÕs reasoning, 

different apparent water pools within the same gel system (e.g. T2A = 10 ms as compared to 

T2B = 100 ms) are distinguished only because they represent water confined within 

differently sized pores (i.e. the pore size indicated by the T2A water pool is so much smaller 

than that of the T2B water pool that it markedly lowers the average relaxation time).  Bertram 

and others (2001) noted three water pools in minced meat gels and similarly proposed that 

the fastest component, T2A (~1-10 ms) represented water immobilized (bound) at the protein 

surface, T2B (~50-100 ms) represented a second layer of water around densely packed 

proteins within meat fibers which is in fast exchange between both bound and free water 

pools, and T2C  (~300-400 ms) represented a third layer of ÔfreeÕ water (though much lower 

in relaxation time than bulk water; 2 s; Lillford, 1980) which resides between protein fibers.  

Though this origin for the T2B pool followed the interpretation of Lillford and others (1980), 

it was not explained why this water pool should appear temporally distinct, and is of an 

σ = 6Dt
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intermediate relaxation time.  It is yet unclear whether this, or any other water pools 

identified by multi-exponential analysis, may represent the long-range-ordered interfacial 

water as described by others (Ludwig, 2001; Pollack, 2001; Raschke, 2006). 

The present research utilized TD-NMR relaxometry to compare hydrogels varying 

regularly in pore size in order to obtain possible evidence for long range structuring of water 

within such gels. A model polyacrylamide gel system was chosen because gels with wide 

ranging pore sizes could be produced by varying either the crosslinker bis-acrylamide 

concentration or the total solids concentrations; we assumed also that results could be 

extrapolated to common food gel systems. 

  

MATERIALS AND METHODS  

Polyacrylamide gels 

 Model polyacrylamide gels were prepared from 2.5, 5.0, or 7.5% (w/v) acrylamide 

crosslinker bis-acrylamide (% C) at 10% (w/v) total solids (% TS), plus 10, 15 and 20% TS 

at 2.5% C, calculated as: 

% TS = {g(acrylamide + bis-acrylamide) / 100ml} 100 

% C = {g(bis-acrylamide) / g(acrylamide + bis-acrylamide)}  100 

Acrylamide and bis-acrylamide were first dissolved and mixed in deionized water at 20 ¡C.  

Polymerization was initiated by incorporating 0.1% (w/v) ammonium persulfate (APS) and 

catalyzed by incorporating 0.1% (w/v) N,N,NÕ,NÕ-tetramethylethylenediamine (TEMED).  

All gels were prepared in cylindrical 30 x 115 mm polypropylene tubes.  Immediately after 
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incorporating APS and TEMED, the tubes were capped and inverted five times.  Gels were 

left at 20 ¡C for 3-4 days to allow for complete polymerization. 

 

SEM and image analysis 

 The center of each gel was cut out and shaped into a rectangular prism ca. 0.2 x 0.2 x 

0.5 mm.  These specimens were frozen in liquid nitrogen, rapidly taken out and fractured 

with a chilled stainless steel scalpel knife and transferred to a Labconco ¨ freeze dryer.  

Samples were freeze dried at -100 ¡C or lower and 1,000 mm Hg for 24 hours.  Finally, they 

were mounted on specimen stubs with colloidal silver, sputter-coated with gold-palladium 

and examined with a scanning electron microscopy (SEM). 

 Pore diameter size was determined using ImageJ (Abramoff and others 2004).  

Polyacrylamide gels served as a good model system because of their relatively homogenous 

pore size distribution as opposed to gels prepared from biological polymers.  The average of 

10-20 pore diameters was calculated as the pore size for each gel. 

 

NMR relaxometry 

 TD-NMR T2 relaxation measurements were performed using a pulsed 1H time-

domain nuclear magnetic resonance spectrometer  (Minispec mq-20, Bruker Corp., Billerica, 

MA) with magnetic field strength of 0.47 Tesla corresponding to a proton resonance 

frequency of 20 MHz.  The instrument was equipped with a 10 mm probe. All hydrogen 

nuclei were excited by the Carr-Purcell-Meiboom-Gill radio-frequency pulse sequence 

(CPMG).  These nuclei relaxed to their original state once the pulse is stopped, inducing 
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voltage to the instrument receiver coil and observed as the NMR signal.  All  T2 

measurements were performed with a 40 µs time delay between the 90o and 180o pulses, a 

total of four scans, and a recycle delay of 15 seconds.  

Core sample of gels were placed in NMR tubes that were capped and equilibrated at 5 

¡C in a dry air bath for 30-60 minutes.  All experiments were performed at this temperature.  

Three aliquots of each gel type were analyzed to account for batch variation.  The intensities 

and relaxation times of water pools were determined by analyzing the NMR relaxation data 

using the unbiased inverse Laplace transform with the CONTIN algorithm (Provencher 

1982). 

 

Added surface water 

NMR relaxometry was used to evaluate whether water added to the surface of a gel 

might exhibit reduced mobility, possibly indicating the development of long range 

structuring of water by a gel surface  (Zheng and others, 2006). 20, 50 or 100% (w/w) 

deionized water was added to the surface of gels made at 2.5% C and 10% TS.  This 

experiment was carried out 24 hours after the pore size relaxation experiments, as explained 

previously, were performed. 

 

RESULTS 

Increase in bis-acrylamide concentration resulted in mean pore diameter reduction 

from 20.0 to 7.3 "m while increase in total solids concentration resulted in a reduction from 

20.0 to 3.6 "m (Figures 1-3).  Plots of the natural logarithm of relaxation amplitude versus 
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time indicated the water in all gels exhibited multiexponential decay (Figures 3 and 4).  

Reduction in mean pore diameter corresponded to a reduction of the T2C relaxation time, for 

both the % C and % TS series (Figures 5 and 6).  No clear trends were observed within the T-

2A (1-10 ms) or T2B (10-100 ms) time scale data/water pools.  

TD-NMR of pure (unrestricted bulk, ÒfreeÓ) deionized water was evaluated for 

comparative purposes; it relaxed predominately (99.5% of the total relaxation) at 1,426 ms 

(Figure 7A).  A small fraction of pure water relaxed at 30 ms (0.2%) and 260 ms (0.3%); this 

probably represents water structured at the surface of the NMR tube.   

Slight syneresis was observed in all gels after overnight holding.  Subsequent NMR 

testing revealed emergence of a new water pool (denoted T2D; see Figure 7A) in the same 

relaxation time range as pure water (~1,500 ms; Lillford, 1980), as well as convergence of 

water pools T2A and T2B to a relaxation time of T2AB ~ 15 ms (Figure 7A; 2.5% C, 10% TS 

gel).  Likely this T2D water pool is associated with liquid that syneresed to the surface during 

overnight holding.  The T2C water pool remained the major water pool, however, representing 

91% of the total relaxation. 

As increasing amounts of deionized water were added to the surface of the gel that 

syneresed, a relative preponderance of T2D water was observed in the TD-NMR spectra 

(Figure 7B, 7C and 7D).  However, the T2D water pool relaxation time did not approach that 

of pure water until water equivalent to 100% (w/w) of the gel weight was added at its 

surface. 
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DISCUSSION 

It has long been regarded that about 5% of water in gels is ÒboundÓ or immobilized, 

by hydrogen bonding to the macromolecular surface, while the remaining water was thought 

to behave as ÒfreeÓ bulk water, albeit held tightly within the three-dimensional polymer 

network by capillary pressure (Labuza, 1977; Hermansson, 1986).  This perception was 

refined to differentiate three dynamically different pools of water (Packer 1977), as 

summarized by Belton and Ratcliff (1985): 

(1) ÒWater structurally integrated with the macromolecule or particle and not 

exchanging with any other water. 

(2) A layer of water about two monolayers thick whose rotational motion is 

anisotropic.  This water is in exchange with class 3 water and with labile protons 

on the macromolecule or particle (Woessner, 1970; Halle 1981). 

(3) Bulk water more than two monolayers away from the macromolecule or surface 

and unaffected by it but in fast exchange with it.Ó 

The Bertram group (Bertram and others, 2001) reported that the T2B and T2C water 

pools often observed in meat-derived pastes and gels represent water located at interstitial 

areas of different gel strand densities.  However, it is unclear whether this is reasonable since 

the pore size distribution, or the gel strand density distribution, in many gels appears rather 

homogeneous (Aguilera, 1999).  Also, it has been shown that mincing muscle tissue does not 

significantly affect the relative abundance of the T2B and T2C water pools (Bertram and others 
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2001).  Presumably, this mincing action should alter the pore size distribution in meat and, 

according to their supposition, significantly effect change in the relaxation spectra.  

The present results, wherein longer T2C relaxation times were associated with gels 

exhibiting larger mean pore diameter, would seem to bolster the assertion by Lillford (1980), 

echoed by Bertram and others (2001), that TD-NMR relaxation times and associated water 

ÔpoolsÕ identified by multiexponential analysis, merely reflect variation in pore size, not 

structuring (reduced mobility) of a large fraction of the water contained in gels.  LillfordÕs 

(1980) explanation does not however indicate whether that more structured/less mobile water 

at the gel surfaces extends for more than only the two monolayers attributed to class 2 water 

in the above classification, or whether it might instead represent many more structured 

multilayers of water as proposed by others (Ling, 1968; Wiggins, 1995; Pollack, 2001; Zheng 

and others, 2006).  

As we added increasing amounts of water to the surface of a polyacrylamide gel, for 

amounts of water equal to 20% of gel weight, or greater, the distance of most of this water 

from the surface of the gel was far greater than 100 "m , the root-mean-square diffusion 

distance of water.  This then would not meet the criteria that the relaxation time of such water 

could be affected by water immobilized at the gel surface (Lillford, 1980). Yet the T2D 

relaxation time was far more rapid than that for pure water until an amount equivalent to 

100% of the gel weight (w/w) water was added to the gel surface.  This would suggest that a 

large percentage of this added water indeed may be lowered in mobility by long range 

ordering originating at the gel surface, in agreement with corroborating experimental data by 

Zheng and others (2006) and You, Paranji and Pollack (2011). 
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If this is the correct inference from these data, certainly it is reasonable to also assume 

that water confined within the porous matrix of the gel is also structured to some degree, and 

that the various water ÔpoolsÕ identified by multiexponential analysis of TD-NMR data 

indeed may reflect reduced mobility of a large percentage of water entrapped by the gel 

matrix.  It is generally agreed that the T2A water pool represents water that is highly restricted 

by its association with the surface (i.e. ÒboundÓ water, or class 1 according to Belton and 

Ratcliff, 1985).  Bertram and others (2001), who examined several different muscle tissue 

preparations by TD-NMR, concluded that T2B represents water within highly organized 

polymer structures (e.g. protein secondary structures, or nanopores), while the T2C water pool 

likely represents water held more loosely between polymer strands (micropores).  

 

CONCLUSIONS 

Water mobility of polyacrylamide gels was found to decrease with decreasing pore 

sizes induced by increasing either the percentage of crosslinking bis-acrylamide or by 

holding this constant while increase the total solids content of gels.  Successive addition of 

water to the surface of the gel demonstrated that such a deep layer of water nonetheless 

evidenced much lower mobility than bulk water.  These data would suggest that significant 

ordering of water molecules may extend far from the surface of a gel, and likely that such 

order also exists in water confined within the microstructure of these gels. 
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Figure 1.  SEM micrographs of polyacrylamide gels with 10% total solids and (A) 7.5, (B) 

5.0, and (C) 2.5% (w/w) bis-acrylamide contents and also gels with (E) 15% and (F) 20% 

total solids prepared with 2.5% bis-acrylamide.  White bars in upper right corners represent 

10 µm. 
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Figure 2.  Effect of (A) bis-acrylamide and (B) total solids on mean pore diameters in 

polyacrylamide gels.  Error bars represent standard errors. 
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Figure 3.  Effect of pore size on water pools in polyacrylamide gels varying in bis-acrylamide 

content (%C) at 10% total solids.  Insert: magnification of water pools in the 1-100 ms time 

scale.  
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Figure 4.  Effect of % total solids (TS) on relaxation time of water pools in polyacrylamide 

gels containing 2.5% bis-acrylamide.   
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Figure 5.  Effect of mean pore diameter on T2C relaxation times for gels varying in bis-

acrylamide content at 10% TS content. Error bars represent standard errors. 
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Figure 6.  Effect of mean pore diameter on T2C relaxation times for gels varying in TS 

content at 2.5% bis-acrylamide content.  
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Figure 7.  Effect of added surface water on spin-spin relaxation in a polyacrylamide gel 

(2.5% C, 10% TS).  ÔWaterÕ is data obtained on pure water sample not in contact with gel, 

shown for comparison. (A) Before and after overnight syneresis; (B) Effect of water added to 

gel surface (as a % of total gel weight); (C) T2 relaxation times as a function of %water 

added to the gel surface; (D) T2 water pool distributions as a function of water added to the 

gel surface.  
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ABSTRACT 

Surimi seafoods in the USA are typically cooked rapidly to 90+ ¡C, while comminuted 

meat products made from land animals (frankfurters, sandwich meats, etc) are cooked much 

more slowly, and to lower endpoint temperatures (near 70 ¡C). We studied heating rate (0.5, 

25, or 90 ¡C/min) and endpoint temperature (45 - 90 ¡C) effects on rheological properties 

(small strain, fracture) of gels made from myofibrillar proteins (ÔsurimiÕ) derived from fish 

(Alaska Pollock) vs chicken breast. Fish gels produced by rapid heating plus isothermal 

holding at 90 ¡C had similar fracture stress/strain as those obtained by slow, ramp heating to 

the same endpoint temperature (both P>0.05), whereas chicken gels produced by slow ramp 

heating were generally stronger than those produced by rapid heating/holding. Small strain 

rheological measurements of chicken gels were more dynamic than for fish gels during 

heating, and required longer holding time at the endpoint temperature to maximize gel 

rigidity. While slow heating seemingly produced more rigid gels (measured at the endpoint 

temperature), especially for chicken gels, upon cooling there was less difference in rigidity 

between rapidly- and slowly-heated gels for either species.  These results reveal that while 

meat species does influence gelation kinetics, the heating conditions can be optimized to 

produce gels having the particular rheological properties desired, regardless of species. 

 

Keywords: Gelation, isothermal heating, species, myofibrillar protein, viscoelasticity 
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INTRODUCTION  

 
Most comminuted meat and poultry products (frankfurters, sandwich meats) are heated 

relatively slowly during cooking, typically requiring 1-2 hr to reach a desired endpoint 

temperature of only 70-72¡C (Zayas, 1997).  The relatively low endpoint temperature is 

chosen to enhance product yields and texture (Komarick and others, 1974) while the 

relatively slow rate of cooking partly derives from the historical use of steam and dry heat in 

smokehouses, which apply heat only to the product surface.  By contrast, most western-style 

surimi seafood products (e.g. crab analog) are very rapidly heated to 90 ¡C or higher and yet 

possess strong and deformable gel texture.   

Surimi is the refined myofibrillar protein fraction of meat typically processed from 

poikilotherm (cold blooded) fish species such as Alaska pollock and Pacific whiting.  Such 

apparent differences in heating rate and/or endpoint temperature effects may derive from 

species-related differences in muscle protein composition, and/or the absence of the 

sarcoplasmic fraction in surimi as compared to minced whole meat, and/or the presence of 

added cryoprotectants in fish surimi (typically sucrose and sorbitol, 8-10% of finished wet 

weight).   

The myofibrillar protein fraction is primarily responsible for gelation of comminuted 

meat products. Thus most studies of meat protein gelation kinetics have used rather dilute 

(0.1 Ð 3% w/w) suspensions of purified myosin, actin and/or actomyosin (Xiong and Brekke 

1991; Lavelle and Foegeding 1993)(Samejima and others 1969; Yasui and others 1980; 

Asghar and others 1984; Fretheim and others 1986; Sano and others 1989; Wu and others 

1991; Egelandsdal and others 1994; Lan and others 1995).  These simplified systems are 
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convenient as models of the whole meat system.  But it has been reported that meat gel 

rheological properties vary with protein concentration (Lan and others 1995a) and 

composition (Samejima and others 1969; Sano and others 1989; Yasui and others 1980).  

Thus inference from data obtained using dilute and/or purified systems to industrial practices 

is not obvious.  

Thus this study was conducted to examine the meat species (fish vs chicken) response to 

slow vs. rapid heating rate effects on gel texture development, wherein both meats were 

evaluated in the surimi form (myofribrillar protein-rich fraction, cryoprotected) to minimize 

effects of differing protein composition. All gels were also prepared at a protein 

concentration comparable to most commercial comminuted meat products. Gelation kinetics 

were measured rheologically by both fracture and small strain methods.  

 
MATERIALS AND METHODS  

Surimi paste preparation 

 
Commercial Alaskan pollock surimi (refined myofibrillar fraction of lean meat) was 

obtained from Trident Seafoods (Seattle, Wash., U.S.A.). Chicken surimi of similar 

composition was prepared in the lab from fresh chicken breasts obtained from PilgrimÕs 

Pride (Sanford, NC, U.S.A.).  Visible connective tissue and fat were removed prior to 

chopping in a Stephan mixer-cutter. This chopped meat was combined with three parts water, 

stirred, and fed through a Bibun strainer (Bibun Machine, Hiroshima, Japan) with 2.5 mm 

diameter mesh. Loose water was then separated from the myofibril extract each time with 

organza cloth. All but the straining step was repeated two more times, but the last water wash 
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contained 0.5% (w/v) NaCl to facilitate dewatering.  This washed myofibril-rich fraction was 

then prepared to contain approximately equal protein (16-17% w/w) and cryoprotectant 

contents (4% sucrose, 4% sorbitol, 0.3% tripolyphosphate, w/w) as the commercial fish 

surimi. Straining of the chicken surimi facilitated lowering its collagen content to a level 

similar to that of the fish surimi (<1%, as analyzed by the method of Hydroxyproline 

determination, AOAC 990.26 CAL).  

Pastes were prepared from each species by combining and chopping surimi with 

sufficient water, NaCl, and porcine plasma (the latter to inhibit endogenous protease activity; 

(Hamann and others 1990) to achieve finished contents of 78% (w/w), 2% (w/w), and 2% 

(w/w), respectively. The mixtures were chopped at 5-10 ¡C for 10-12 mins at 2500 rpm in a 

Stephan cutter-mixer under vacuum.  The pH of chicken surimi paste (initial pH 6.3) was 

adjusted with NaHCO3 to match that of the pollock surimi paste (pH 6.75).  Pastes were 

vacuum-packaged with a Multivac 8941 to remove large air bubbles.  A corner of the bag 

was cut before placing in a manually operated sausage stuffer for extrusion of the paste into 

Teflon (for microwave heating) or stainless-steel (for water bath heating) cooking tubes, 1.9 

cm inner diameter and 17.8 cm long.  Tubes were sealed at both ends with threaded end caps 

before heating.  The pastes of neither species exhibited endogenous transglutaminase activity 

(cold setting) under the conditions of testing as determined by preliminary timed rheological 

experiments (Lanier and others 2005).  

 



 
 
 

 

154 

Heat processing of gels evaluated for fracture testing 

  The filled tubes were subsequently either ramp heated in a programmable (heating rate) 

water bath at 0.5 ¡C/min to an endpoint temperature of 70 ¡C or 90 ¡C, to simulate a 

conventional smokehouse process, or rapidly microwave heated at 100 ¡C/min (at 2,450 

MHz and 300 watts) in an Industrial Microwave Systems (IMS) focused (equal energy 

distribution) chamber to endpoint temperatures of 65 ¡C, 70 ¡C, 80 ¡C or 90¡C, then 

transferred to a water bath where they were isothermally held at the respective endpoint 

temperature for 5, 10, or 15 min.  All treatments were randomized to minimize testing 

time/order effects.  After heating, all gels were immediately placed in plastic bags, from 

which headspace air was removed before sealing, and then cooled in an ice water bath. 

 

Rheological properties of pastes/gels 

Fracture testing of cooked, cooled gels.   

Cylindrical gels, prepared by heating in tubes in a water bath or microwave applicator 

and ice bath cooling, were held overnight under refrigeration, and subsequently cut into 

specimens 2.54 cm long, each end of which was glued to plastic disks (Gel Consultants Inc., 

Raleigh N.C., U.S.A.) using a LOCTITE¨  instant adhesive.  Dumbbell-shaped samples were 

milled from each specimen to 1 cm minimum diameter on a milling machine (Gel 

Consultants Inc.), wrapped in plastic wrap (to prevent moisture loss), and brought to room 

temperature before torsion testing.  For testing, gel specimens were vertically mounted and 

twisted to the point of fracture at 2.5 rpm on a Hamann Torsion Gelometer (Gel Consultants 

Inc.).  Stress (kPa) and strain (dimensionless) at fracture were calculated with the 
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manufacturers software for each sample, corresponding to the strength and deformability of 

the gels, respectively (Hamann and others 1990).  Also the stress measured at a strain of 0.3 

(within the linear region) was recorded so as to compare this to the small strain oscillatory 

rheological properties (below). 

Small strain oscillatory testing during heating.   

Rheological changes (G«, GÓ and phase angle) of pastes/gels were nondestructively and 

continuously measured as pastes (1 mm thickness) were heated, held and cooled in the 

serrated plate and plate attachment of a constant stress, small strain rheometer (Stresstech, 

Rheologica Instruments AB, Lund, Sweden).  An oscillation of 1.0 Hz with a resistance 

stress of 60 Pa was used for testing, as this was pre-determined to be in the linear viscoelastic 

region.  Heating conditions were at either 20 ¡C/min (the most rapid heating rate available for 

this apparatus) or 0.5 ¡C/min, and endpoint temperatures and isothermal holding times were 

as given in the text.  Replicate starting values (G«, GÓ and phase angle) at the onset of 

isothermal holding at each temperature treatment were averaged so as to normalize the data 

for a common starting point.  Select treatments were cooled at 5 ¡C/min to 25 ¡C after 

heating to evaluate whether these small strain oscillatory rheological properties correlate with 

those of small strain torsion testing.  Preliminary testing (not reported) determined that 

negligible transglutaminase activity was present for up to 12 hours during testing of pastes 

(Lanier and others 2005).  All treatments were randomized to minimize testing time effects. 

Statistical analysis of data 

  The experiment was designed as a complete randomized block, with three separate 

replications.  Statistical analysis was performed using a software package (SAS version 8.02, 
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SAS Institute, Cary, NC, USA).  The SAS General Linear Model procedure was used for 

analysis of variance.  Tukey multiple comparison analysis was performed to separate the 

means (P < 0.05). 

 

RESULTS AND DISCUSSION 

Fracture properties of cooked, cooled gels 

Riemann and others (2004) demonstrated that a rapid heating rate (>90¡ C/min), with 

addition of a short holding period at the endpoint temperature prior to cooling, produced 

turkey meat gels of similar fracture stress and strain as those heated slowly at 0.5 ûC over a 

much longer period of time, just to the same endpoint temperature.  We observed in general, 

however, that slow (ramp) heating produced somewhat stronger, but similarly deformable, 

gels than those produced by rapid heating plus isothermal holding (Figure 1) This was most 

pronounced in chicken gels slowly heated to 90 ¡C, in which case these particular gels did 

exhibit lower deformability, i.e. a more brittle texture.  Such effect might result from the 

greater cook loss that has been reported in our previous work (Stevenson and others 2012).  

For isothermally heated gels, significantly higher gel strength was observed at 90 ûC in fish 

whereas at 65 ûC and 70 ûC for long holding time (i.e. 10, 15 min) in chicken when compared 

to other given temperature treatments (P < 0.05). There was no significant difference in gel 

deformability being detected between each treatment (P > 0.05).      

There was no clear endpoint temperature effect for ramp heated fish gels, but fracture 

stress of chicken gels cooked slowly was significantly higher at the higher endpoint 

temperature (P < 0.001). For rapidly heated gels, however, higher endpoint temperatures 
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correlated with stronger gels in fish and weaker gels in chicken (both P < 0.001).  Endpoint 

temperature did not affect the deformability of rapidly heated fish gels (P > 0.05), whereas 

there was a significant negative correlation (P < 0.001) of deformability of rapidly heated 

chicken gels with increasing temperatures.   

 

Small strain rheological properties during heating and after cooling 

Following relatively rapid heating (20 ¡C/min) to varying endpoint temperatures, the 

onset of thermo-irreversible gelation (evident as consistent development of elasticity, G«; and 

decrease in the viscous nature, phase angle; (Xiong and Blanchard 1994) occurred later for 

chicken, as opposed to fish, pastes during isothermal holding at all endpoint temperatures 

(Figures 2 and 3).  This likely is because myosin of chicken initially denatures at higher 

temperature (ca. 45 ¡C) as compared to a cold water fish like pollock (ca. 30 ¡C) (Smyth and 

others 1996; Togashi and others 2002; Liu and others 2007).  This species effect on myosin 

denaturation temperature may be attributed to the difference in myosin binding proteins 

which secure the thick filament structure in native myofibrillar proteins.  The location and 

number of these myosin binding proteins on the thick filament varies with species as well as 

fiber type (Fischman & Reinach 1999); hence the present results may have been different if 

different fiber types were study (e.g. chicken breast vs. chicken thigh).  Another explanation 

for such species effect might be due to the difference in the amount of -helix in native 

myosin. Liu and others (2007) reported that -helical content was 94% and 88% for fish and 

pork myosin at the beginning of measuring at 5 ûC according to circular Dichroism (CD). For 

both species, thermo-irreversible gel development followed an initial trough in G« and ridge 
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in /  (less obvious for fish because this had largely already occurred during heating to target 

temperatures). This trough in G« and ridge in / can be attributed to structural weakening of 

the fragile original gel structure of the raw meat pastes due to loss of hydrogen bonds upon 

heating.  

G« of rapidly cooked chicken gels, measured at only 5 to 10 min of holding at the 

endpoint temperature, seemed generally to increase with increasing endpoint temperature.  

This trend was not however evident in fish gels, nor was it evident in chicken gels after 30 

min holding time. Apparently the fish pastes also developed maximum gel structure more 

quickly than did the chicken gels. As gelation reached its maximum upon sufficient holding 

at the endpoint temperature, effects of endpoint temperature (above 60¡C) became minimized 

in the rapidly heated gels of both species.  

Interestingly, isothermal holding of chicken paste at 45 ûC for 30 min produced a quite 

high storage modulus (Figure 2B).  Examination of phase angle changes during holding 

shows however that this treatment still exhibited a considerably more viscous nature at the 

end of holding than did others held at higher endpoint temperatures (Figure 3B).  Wu and 

others (1991), with later similar findings by Xiong (1994), had also reported higher G« 

development below 55¡C when heating/holding more dilute myofibrillar protein sols.  

However, those dilute protein (chicken breast) sols did not show strong development of G« in 

gels cooked at higher temperatures as we noted here for pastes at much higher protein 

concentration (similar to commercial meat gel products).  For dilute chicken myosin 

solutions (Wu and others 1991), G« values mainly decreased with increasing isothermal 

holding temperatures above 50 ¡C, which they attributed to kinetic constraints for gel 
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network formation.  Clearly then a concentrated myofibrillar protein paste does not behave 

the same during gelation as does a dilute myofibrillar protein solution, and the latter is not a 

good model system for predicting the gelling behavior of commercial meat pastes. 

When G« was measured at the endpoint temperatures (Figure 2C), rapid heating produced 

lower gel rigidity than did slow ramp heating in the case of chicken gels; however, the 

rigidity of rapidly heated fish gels approached or exceeded the rigidity of slow ramp heated 

gels as isothermal holding times approached 30 min. Gel rigidities of slow ramp heated 

chicken gels were much higher than any other species or heating treatment.  However, the 

phase angles (the relative ratio of the elastic component, G«, to the viscous component, GÓ) 

of rapidly heated chicken gels were somewhat lower in comparison to ramp heated gels of 

the same endpoint temperature (Figure 3C).  Hence, rapidly heated chicken gels were more 

elastic than their slow ramp heated counterparts.  The opposite effect was observed in the 

case of fish gels.  

It is important to note however that the temperature at which the rheological properties of 

gels are measured greatly affects the measurement (Howe and others 1994). Therefore, 

comparison of rheological properties measured at different temperatures is confounded by 

the temperature effect in such continuous (non-destructive) measurements.  A better 

comparison would be after cooling to a uniform temperature, as was done for fracture testing 

in Figure 1. This is illustrated in Figure 4 for the G« values of fish gels heated to and 

isothermally held at 70, 80 and 90 ¡C, then cooled to 25¡C; measurement temperature had 

more effect at higher endpoint temperatures (P < 0.05).  
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When all rapidly cooked and isothermally held gels (fish or chicken) were compared after 

cooling to 25¡C (Figure 5) G« increased with increasing endpoint temperature for most 

holding times.  This trend was especially evident in chicken gels.  Also, for both species, 

slow heating resulted in higher G« after cooling at both 70 ¡C and 90 ¡C endpoint 

temperatures.  There was no clear effect of endpoint temperature on phase angles measured 

after cooling for either species (Figure 6).  

A limitation of many protein gelation studies is that gel texture development is often 

measured only by small strain, non-fracture testing, and at the heating temperature.  It is well 

recognized that non-fracture measurements of rheological properties do not necessarily 

predict fracture properties of meat gels, which are directly predictive of eating quality 

(Hamann and Lanier, 1987).  If the data of Figures 1a (gel fracture) and 5 (non-fracture) are 

compared (both measured after gel cooling), it can be seen that for the fish gels there is some 

correlation between these in trends observed for both type measurements, in that (a) slow 

ramp heating to 70¡ and 90¡C produced similar values as rapidly heated and held gels, (b) 

both fracture stress and G« of rapidly cooked gels increased with increasing endpoint 

temperature, and (c) holding time at the endpoint temperature had little effect.  For the 

chicken gels, it can be seen that slow cooking produced higher fracture stress (Figure 1a) and 

G« (Figure 5) than rapidly cooking and holding to the same endpoint temperatures.  Endpoint 

temperature effects on fracture stress are however the reverse of the trend seen as affecting 

G«. 
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CONCLUSIONS 

The approach taken by many workers, such as Wu and others (1991), of studying the 

gelation of dilute myofibrillar preparations using small strain (non-fracture) rheological 

measurements, usually evaluated at differing temperatures and yet compared equally, does 

not seem to produce data that predicts well the gelation properties of more highly 

concentrated myofibrillar protein pastes, more typical of commercial meat product 

formulations. Whereas Wu and others (1991) found that isothermal holding at temperatures 

above 50¡C diminished gel rigidity of dilute myosin gels, we found that higher temperatures 

favored formation of stronger and more rigid gels.  This effect was however heating rate 

dependent in the case of chicken (homeotherm) gels; unless slow heating was used fracture 

stress of these gels was favored by endpoint temperature not exceeding 70¡C, while rigidity 

of cooked, cooled gels generally increased with increasing endpoint temperature over the 

range tested (65¡-90¡C). 

Fish (poikilotherm) gels were less heating rate dependent, and fracture stress of gels 

cooked at 90¡C was as high or higher than at other endpoint temperatures.  Thus species 

effects were noticeable (though addition muscle fiber type effects may have also been 

prevalent) and our results reinforced the prevailing commercial cooking practices for each 

that were noted in the introduction. 

These results suggest that rapid heating technologies can potentially produce gels with 

desirably strong, rigid and deformable textures.  This work should however be extended to 

study effects of incorporating the sarcoplasmic fraction of meat, as well as including the 

higher contents of fat and connective tissue that are common to formulations of comminuted 
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products produced from homeotherms.  Sensory evaluations should also be carried out when 

optimizing textural properties of meat products. 
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FIGURES 
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Figure 1.  Torsion fracture (a) stress and (b) strain of fish and chicken surimi gels (after 

cooling to 25 ¡C) either heated isothermally for 5, 10 or 15 min at given temperatures or 

ramp heated (0.5 ¡C/min, starting at 5-10 ¡C) to given endpoint temperatures.  Bars represent 

standard errors. 
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Figure 2.  Shear storage modulus (G«) of (a) fish and (b) chicken surimi gels during 

isothermal holding and (c) after isothermal holding for given times, both following rapid 

heating (20 ¡C/min) to given endpoint temperatures.  Also depicted are shear storage 

modulus values of slow ramp heated gels.  Black and white circle markers (a, b) represent 

shear storage modulus of gels slowly heated (0.5 ¡C/min) to 70 ¡C and 90 ¡C, respectively.  
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Figure 3. Phase angle (tan delta) of (a) fish and (b) chicken surimi gels during isothermal 

holding and (c) after isothermal holding for given times, both following rapid heating (20 

¡C/min) to given endpoint temperatures.  Also depicted are phase angle values of slow ramp 

heated gels.  Black and white circle markers (a, b) represent shear storage modulus of gels 

slowly heated (0.5 ¡C/min) to 70 ¡C and 90 ¡C, respectively.   
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Figure 4.  Effect of measurement temperature on the difference between G« measured at  

25 ¡C and G« measured at given temperatures for fish gels.   
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Figure 5.  Shear storage modulus (G«) of fish and chicken surimi gels (after cooling to 25 ¡C) 

either heated isothermally for 5, 10 or 15 mins at given temperatures (70 ¡C, 80 ¡C, or 90 ¡C) 

or ramp heated (0.5 ¡C/min, starting at 5-10 ¡C) to given endpoint temperatures. 
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Figure 6.  Phase angle (tan delta) of fish and chicken surimi gels (after cooling to 25 ¡C) 

either heated isothermally for 5, 10 or 15 mins at given temperatures (70 ¡C, 80 ¡C, or 90 ¡C) 

or ramp heated (0.5 ¡C/min, starting at 5-10 ¡C) to given endpoint temperatures. 
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