ABSTRACT
STEVENSON, CLINTON DALE. Studies of Water Holding iRolyacrylamideand Heat
Induced Protein GelgUnder the directionf Tyre Laniej.

Rheologicalsmall strain, fracturednd water holding properties of myofibrillar
protein gels derived from Alaska pollock (a poikilotherm) vs. breast meat of chicken (a
homeotherm) were measured as affecteddatihgrate (0.5 vs. 99C/min) and time of
isothermal holding (5 min) over aange of endpoint temperatur@s - 90 jC). 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@ologies (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 Yourgaplace equation, is th@evailing 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 evaluatidipore 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 scampelectron 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 bettewater 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 4ifomain nuclear
magnetiacesonance (NMR) Jrelaxation experiments. It has however been suggested that
pore size imposes artifacts in the measurement suchthelbXation times do not reflect
changes in water mobility alone. Thus, it is unclear whether the various wate@)pools
associated with differingzlrelaxation times, obtained by processing the reX{ponential
decay of waterrepresent discrete locales within gels where water is more or less mobile
(structured). In the present work, longer&laxation times correlatiewith larger pore
diameters in some, but not all geRelaxation times of gels immersedmtreasing amounts
of pure water did not relax on the same order of pure water alona enitical amount of
pure water was added, suggesting signifiggaterstructuringat the proteirwater interface.
Water holding properties of these gels exhibited some relationships with water pools when
processed by the distributed continuous apgihcoften used by other workers, antivo

state model for water structur@svused 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&brgonent system of a dilute
colloidal network dispersed in some sort of solvent. In the case of food gels, the word OgelO
is short for hydrogel, i.e. the solvent is watard the network iormed frombiological
hydrocolloids, e.g. protein and/or carbohydrgtesh der Linden and Foegeding, 2009)
Common food protein gels such as hot dogs, surimi seafoods and gelatin desserts are
typically comprised of 85% (w/w) proteinwith the remainder of the gel system consisting
of water containing solutes such as salts, sweeteners, flavors, and/or preservatives. This
agueous gel matrix may possibly entrap dispersed particles of lipid/fat and/or insoluble but
swollen carbohydratdike starch.

About 8595% (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 leakAgblriaanmehr
and Kabiri, 2008; Omidian, Rocca and Park, 2008)is watetholding ability of gel
networks is quite remarkablélow does such a dilute dispersed phase of hydrocolloids hold
so much waterPMardly any water is lost when most food hydrogelks 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 watérolding properties of food gels clearly has major economic (cook



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 dual 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 sthéing 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.\®gal 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 Olike a wall®. The man holding the tail thinks it is very
Olike a ropeO. Anotheanthe tusk says it is Olike a spear®, while the man nearttiiegeg
it surdy is Olike a tree trunkO. 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 mémshoul
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, exatai@Why, this is an

elephant!O



This chapter explains three prevailing mechanisms for vetieling (WH) in food
gels: capillarity, swelling, and loAgnge water structuring. Perhaps there is overlap
between them, or at least the need to considee#itdt 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 exarapthe tubes of a road bicycle are typically inflated
superfluoudo 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)yvhich 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, thergteat
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 watger interactions are more favorable
than waterair 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 intlxce with air; hence the pressure inside the droplet is less than that of

the air and is negative with respect to atmospheric pressure.



The pressure difference across this interface of air and water is balanced by the surface

tension and the radius ofdldroplet, as described by the Laplace pressure:

2
"P=P $

inside outside ~ R

where " is surface tension arrlis the radius of a perfect sphere. Surface tension is the
cohesive tensile force amongst the water molecules per unit lengéhiatettiace. This is
the liquid-vapor surface tension, and for pure water it is 72.7"Nm

When the water droplet and air are in contact with some sort of solid surface, two
more interfaces are present: the sdilidiid and the solievapor interfacesEach of these has
a unique surface tensioRigure ). The Young equation relates these via the resulting
contact angle of the water droplet and the surface:

Ywy €OSO =75y = Vs
In this case, the apparent radius of the droplehay or may not be that of a perfect sphere.
As illustrated in Figure 2, the spherical radiRs¢an be derived from geometry:

a
R = Ul
cos

Thus the Laplace pressure becomes dependent not only on surface tension but also contact
angle and thapparent radius of the droplet:

2#cos$
a

"P:




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 watet a depth of/r and the pressure at the air interface is influenced by
gravity and given by the formula for hydrostatic pressure:

"P =P, #P,, ... = $h
Laplace pressure is also called capillary pressure because this relation is used to predict the
pheromenon of water rise in capillary tubes of sufficiently small diameter and composition

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

2%cos¥

"P:#gh:

where rearranging to determine gives the height traveled up thée, and is referred to the
Jurin rule Figure 3:

_ 2! cos”

a#g

h

If a capillary tube is taken out the beaker in which it was immersed, a volume of
water of approximately'r*h 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 (OnegativeO)
with respect to that of the air below it. At equilibrium, the negative pressure created by
surfae tension at the menischalances the hydrostatic force created by the weight of the
column:

"r’h#,g=2"a$
This maximum amount of water a particular capillary tube can Hofth(_ ) can be thought

of asrelating tothe tubeOs watkolding capacity (WHC).



Capillary pressure in gels

The microstructure of gels may be envisioned as a three dimensional honeycombed
network of interconnected tunnels with diameters rangibt@d."m (Zohuriaanmehr &
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 otherst®009)
explain theWH propertiesof gels. The determining factors, or predictors, of WH in gels
thus are surface tension of water, contact angle at the-p@iener strand intéace, and
pore size. TheoncceptWH « 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 traveleside the gel network. ThiScapillarity theory® for WH
in gels has not yet been fully verifisadwever(Puolanne and Halonen, 2010)

Capillary pressures in gels are reported as pressures relative to atmospheric pressure,
and capillary pressures rangifigm 1 to 10 MPa have been measured in porousawmah
materials such as concrete, trees, and syntheti¢®herer, 1999; Wheeler and Stroock,
2008). By arbitrarily assuming a contact angle of zero degrees (perfectly hydrophilic pore
inner surface) foa pore typical in radius for many food gels such a§miQthe capillary
pressure would be expected to be on the orderl® WPa Tablel). Labuza and Lewicki
(1978)reported capillary pressures of onkbPa (much lower than expected) in gelgiihs
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.



Predictors of capillary pressure in gels
Pore size

Drawing upon the capdry explanation of WH in food gels, several groups have
chosen to focus updhe effect of pore size distribution on WH in food geBel
microstructures as revealed by various microscopic techniquesagiparent/ariation in
pore size distribution betwea OfinstrandedO gels of high WH and OcestrardedO gels
which synerese more readily: examples include gels madecsain(Lucy and others,
1997; Aichinger and others, 2003; and Macedo and others,,2@¢06jibrillar (meat)
proteins(Han and othet2009) and blood plasm@dermansson and Lucisano, 198Phese
reportshave been qualitative associations rather than attempts to quantify the pore size
distribution in these gel3.ypically, scanning electron microscopy (SEM) seems the
analytical methoaf choice, though the preparation methods employed vary from chemical
fixation (Hermansson and Lucisano, 1982)tyogenic method®arbut, Gordon and Smith,
1996) Specimen preparation protocols often result in driinduced 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 beeselected in a biased nature to support the authorsO ideas.

Contact angle
Contact angle at the gelater interface has never been studied directly in the realm of

food gels(Karbowiak, Debeaufort, and Voilley, 2006)owever the watesurfacecontact



angle could be approximated by borrowing methodology from other disciplines. The captive
bubble method for measuritige contact angles of different fluids such as water on the
different materials has been used in studies of contact lenses (Rkaithers, 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 timected underneath the gel and a drop shape
image analysis program is used to measure the contact angle at thelgyufdagas
interface(Figure 4). For example, the contact angles of poly(hydroxyethyl methacrylate),
poly(methyl acrylate), and poly (methyl methacrylate) gels range from @8 degrees
(Andrade and others, 1979%ince the air bubble is considered as a hydrophobic phase (van
der Waals interactions at the liguigs interface are minimal), materials with lesseface
area in contact with the bubbleeaconsidered more hydroitic. 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 contgleteffects 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 thapillary pressure and thus improve WH. The surface tension of

pure water is 72.86 mN Trat 20 jC. The addition of solutes may change this surface



tension, for example sucrose and ethanol have increasing and decreasing effects,
respectively. Likewisehe ions of the Hofmeister series are known to increase or decrease
surface tensio(Kunza, Lo Nostro, and Ninham, 2004l should be noted that gel formation

also is affected by such solutes, and so solféetsfon WH are probably not solely doe

suiface 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-rmetinsquare average of the distance
betweerouter edge of polymerin solutionand its center of mass, i.e. the extent to which
the polymer is extendg@Rudn, 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 polymeipolymer interactions over polymeplvent
interactions and thus collapse. This is the difference between a OgoodO solvent and a OpoorO
solvent: the polymer conformation is extended (large radius of gyration) indesgbent,
and compacted (small radius of gyration) in a bad solvent.

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

OwatesolubleO proteins (albumins) will swell the greatest in a plain water solvent, and Osalt
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solubleO 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 frgg ehe
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
AG, =AH, . -TAS In classic thermodynamics, the energy of mixing is expressed in

mix mix *

terms of chemidgpotential of the solute by the equation

A TpN i

where u; is chemical potential of phasewhich is a partial molar derivativéy; of the

Gibbs free energyG and T is temperature,p is pressure anaV ., is number of moles of

the other phaseg. In other wordsgchemical 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 congdatt and Herrmann, 2006)

The problem with this approachttgat 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 polymenolecular sizes. For this, Floflory, 1941)and
Huggins(Huggins, 1941put forth their solution theory which is based on statistical

thermodynamics In their result,
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AG,, = RT[n1 Ing, +n,Ing, +n,Ing, ;(12}
the Gibbs free energy of mixing is a function of the number of moles of solyertd
polymer n, and their respective mole fractiogsand ¢, .

The FloryHuggins interaction parametgrcharacterizes 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; OgoodO and @psolvents are branded by # approaching
zero and unity, respectively. This interaction term may be obtained by osmotic pressure,
vapor sorption, solubility or inverse gas chromatography experin@nill and Arnold,
2007)in polymer suspension®lso, the equation may be extended to characterize the
compatibility of mixed polymer systeniBolyakov, 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 Flduggins interaction parametgii and Tanaka,

1992)
1 1/5
I

Fully expanded polymers are found in solvents in which the FHaoiygins
interaction parameter is near zero. Likewise, collapsed mof/are found in solvents in
which the FloryHuggins interaction parameter approaches unity.

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

Although Polaykov and others (1979, 1985, 1997) have meagupéébod proteins in
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solution, only Labuza and others (1979) have relagt&dth water holding properties in gels.
In their study, howevery was estimated by way of the Kelvin equation and capillary suction

measurements. Water activity was estimated udiregktelvin equation:

"p¥#

Ina, =———*
P, ¥ 7%,

where a,, is solvent water activity, p is capillary pressure,’, is density of vapor,”, is

density of liquid water an®®, is vapor pressure of pure water. Then the Flory Huggins

interaction parameter was obtained using:

ﬁ n + *IIZ
2 2 2

$
Ina, =In 1+§L/0#

2
whereV is volume fraction of solvent/, is volume fraction of soluteg, is volume fraction
of solvent andg, is volume fraction of solute (reference values were used for molecular
weight and volume data). In this studigtower y valuesin 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 substancegnaduoe 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 diffesein 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 fsoftéon of pure water by a semi
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permeable membrane in a sealed containedHigeee 5, the chemical potential of the
polymer solution y, will be less than that of pure water,. 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
thatof osmotic pressur@Heimenz and Rajagopalan, 1997)

M= AV, (Vsis 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 solutionan 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 wate and the column heights above the solutions would become the same.

The osmotic pressure may be further described by both the Hilaygins interaction

parameter and the extent of swellifidory, 1953)

Vi’
where q is the extent of swellingy, is the specific volume of the solverR is the
gas constant and is the absolute temperature; hence, swelling is greatest in the case of

"=0 (ideal solvents).
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Elastic pressure

Next consider the same scenario described above (Byurat now the polyrars
are crosdinked to form a gel instead of being merely a suspension or solution. As this
polymer network is wetted and begins to expahe polymers will be extended into a less
probable state such that the conformational entropy will be reducealtiieer of available
conformations will be lesser). Since thermodynamic equilibrium is attained by higher
entropy, the network will havetandency to resist this expansion, and this is called the

elastic pressure (Flory, 1953):

_RT(v,/V,)

q1/3

wherev; is the numbeof moles of cros$inked units in the unswollen volum&. When this

elastic pressure is at equilibrium with the osmotic pressure, the degree of swelling can be
given after some rearranging as:

53V, 31

Gn vv%" %

The degree of swelling thus is dependent essentially ofewtars: the density of the cress

links and the FlonHuggins interaction paramet@ffer and Knight, 1988)

Swelling andwater 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 meatliyatordgains about
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75% water). The complex structure of muscle has been described elsewhere and different
solvent factors can alter this struct¢@dfer and Knight, 1988) Generally, protein
denaturation (unfolding), induced by heat or other stresgassieal on the meat, coincides
with both shrinkage and water lo&3ffer 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@dalrop in pH caused by glycolysis while the
meat is still warm, immediately post slaughter.

Offer and Knight(1988)maintained that swelling and-@&velling are primarily
accompanied by changestire spacing of the filaments in the myofibrils of musuleat
since they occupy about 80% of the volume of living muscle fifeégaire6). Such spacing
is supposedly determined by (a) lerange electrostatic repulsive forces between the
charged filaments (especially the thick filaments), (b) the restraioings exerted by the M
line, Z-disc, and crosbridges, 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 induce@mwthe pH is above the pl since this favors
greater longrange electrostatic repulsive forces. Addition of NaCl and polyphosphates
supposedly results in depolymerization (solubilization) of muscle proteins, thereby reducing
the restraining forces that keéhe 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 structuré\s 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. h@kibeen
demonstrated in nefood gels, for example, SalernBorzacchiello, and Net(R011)
reported greater extents of swelling in sodium methacrgigseose gels as a result of
increasing proportions of agarose, and this was also observed in iyeffsglier 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, Kokufutg Sato and Kokufuté2011) reportedreater extents of swelling at lower pH
values in chemically crodsked 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 condits, and the associated Fldfyiggins 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 gelrastructureand the surfacevater interaction
energy Table 3. Gel microstructure is described in terms of pore size (diameter) and
density of the crosknks in capillarity and swelling, respectively. The surfacder
interaction energy is described the YoungOs equation and the Fldnggins 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 interaag that the factors contact angle and Hbiyggins 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 OJurin heightO possible for a capillary or the fidl sfaswelling. This is the point at
which adding more water will not result in further swelling of the gel volume nor in
additional water retentionThe maximum amount of water the capillary tube can Hofth)
can be thought of aelating tothe 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 beforevater 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 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 presg), 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 willieeto

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 watgrater interactions are at play in such parameters as
contact angle and surface tensitirerehas been little inquirgs 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 forg€arold by two
opposing schools of thought. The classic view is that only abowtf 38 waterin gels
possessegnited mobility, termed the water of hydration. This small percentage of water is
tightly bound to the polymer surface as@f measurably low mobility. Bound water is thus
assumed to occupy just one or two molecular layers on the exgpiosed 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 asgfdhe solid as it is not freezable, does
not dissolve solutes, and does not have a plasticizing effeatlysozyme solutionhts
corresponds to 0.58 gram of water per gram of dry protein (and a water activity of ~0.85) in

which case 300 moles ofater occupy all firstayer sites and, past this, any more added
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water supposedly exhibits properties similar to bulk wd@d@modaran, 1996)Figure 7
illustrates this for the case of hydrated Batzoglobulin.

The remaining 95% in gels is thus assaihto 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 micrpsadly while bulk water is
viewedon amoremacroscopic basis. The assumption is madenthva¢ of thenon
hydration watein a geldiffers significantly from pure bulk watesuch thait might have
anymoreorganized ordethat isdifferent from bulk vater in a large container.

An opposing view, the associatiamduction hypothesis of water structuring by
polymer surfaces, was first put forth by Gilbeitg (Ling, 1965; Ling, 1968) and advanced
in recent yearsriginally by Gerald Pollack as the Opolarizing mialjierO model of water
structuring (Pollack2007]) . It suggests that hydrophilic surfaces can induce hindered water
mobility for hundreds or thousands of layers away from a charged polymer surface.
Alternatingdipoles, 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 layeeof wat
molecules and so on, collectively forming a liquid crystal lattice with decreasing energy at
distances farthest from the macromoleclR@cent experiments, discussed below, indicate
that his structured water system may extend up to hundreds of "mthrerpolymer surface,

carries a net negative charge, has a higher viscosity than ordinary water, and exclude solutes.
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The timing of LingOs publication of this hypothesis was perhaps unfortunate. The
scientific community had recently declared the existenf structured OpolywaterQ in
capillaries, suggested by Boris DerjaguinOs research group in Russia, to be a pathological
sciencgDerjaguin, 1971; Derjaguin and Churaev, 1973; Lippincott and others,.1968)
Russian group had reported that pure wedatainedvithin 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 OpolywaterQ. Becaise strong publicity that this received from a
misunderstanding popular press, in the age of Sputnik and high competitiveness across the
Iron Curtainthere was considerable doubt cast on this theory by American sciertists |
subsequentlguggestd 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 LingOs related hypothesis that4@mgye order in water is induced by
biological structuresThus the Ling hypothesis was from the beginning treated as a fringe

science.

Experimental observations of water structure
Exclusion zones

In a seminal publication by (Zhemgd others, 200Q6large zones of water near
various polymeswvater interfaces were shown to exclude solutes. The authors pt2oaah 1

diameter carboxylate microspheres in water near the surfaces of a polyacrylid,acid ge
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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 andr8&0 the polyacrylic

acid gel and muscle, respectively (the exclusion zone reached 600 um 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 @tyanf other solutes, including both

carboxlate and amidineunctionalized microspheres and also larger solutes such as serum
albumen and sodium fluorescein.

After discovering these exclusion zones, the authors measured their physical
properties. Firsthey used a noroelectrodéo measure the electrostatic potential gradent
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 wasdneasu
near the gel surface, and negative potentials were measured at distances up to 200 um 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 typiballofvater. Infrared
emission revealed that the exclusion zone was a distinctly darkeradiating region
indicative of stable structures as opposed to regions outside the exclusi@mdoregnetic
resonance imaging (MRihdicatedthat both mobilly and diffusion of water both inside the
gel and in the exclusion zomeasmore restricted than bulk wateFinally, abirefringence
nature of this water was illustrated pglarizingmicroscopy experimentThese findings

suggest significant structuriraf 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 gelsatjelgels 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 swghatin 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 "an(\&a
2009) whereas pore diameter of these other protein gels is more typically near 20 "m. If
capillary pressuresithe 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 patrticipate in intramolecular hydrogen bondinglfdg 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 glycinavhich sterically inhilit 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 prodution 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 polymenwith regularly repeating CO, COO, or CN groups that can retain up to
500 times their own weight. Although SAPs are free;trasslinked polymers, and not

gels, this property is noteworthy. Similarly, antifreeze proteins (AFP) are extended proteins
thatinhibit ice formation and growth by lowering the freezing point of solutions
noncolligatively (Wang, Agyare an®amodaran2009 Ebbinghaus and others, 2010t

seems that fully extended macromolecules and the extended portions of other

macromolecules ay 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 Oliquid crystallineO 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
analyzedhe wellrecognized 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 s®&iQGoertz
Houston and Zhi2007) and carboxylic acidHu and Bard, 1997surfaces that is-8 orders
of magnitude greater than that of bulk wat&€hough it may be argued that this is simply the
viscosity of bound water, the distance that such extraordinarysitigextends 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 kBeewn to be 23 and 7% higher, respectively,

than that of bulk by capillary flow experiments (Teawl others2004). Timeresolved

fluorescence measurements of rhodamine in aqueous solutions introduced into silica channels
have also indicated that wateas increased viscosity as compared to ordinary bulk water in
nanocapillaries with spacings of 33850 nm Hibara and otherg£002). Also, PollackOs

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
structues in confined spaces. As has been pointed oBhilyp Ball (Ball, 2008a; Ball,
20081, Othe cell is a crowded place,O wherein macromolecmesise 540% of the total
volume (Ellis and Minton2003) and are separated only bg hm (see Figur8). 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-pares up to 1 nm using ultra
fast optical Kerr spectroscopy (Farrer and FourR@883). 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 boi¢ate materials with OnaporesO or

OmesoporesO in which the confining surfaces, typically made of silica glass, are more distant,
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typically 102000 nm apart. The rotational motion of water in pores ranging 2% nm

has been reported to be les$em 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 structiiukahara and other2009).

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 (Kocherbif@008, ZhangChan and Quike, 2009).

Surface tension, the Hofmeister series and implicatiorfer water structuring

Surfactants, i.e. surfagetive agents, are ionic or nonionic amphiphilic molecules
that reduce surface tension by adsorbing at water watergas interfaceslons 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, 493@nesnd Ray, 1937b; Jones and Ray, 1941

The Hofmeister series was originated by Franz Hofmeister in the [Ssehury
from a ranking of the ability of various ions to precipitate a mixture of hen egg white proteins
(Hofmeister 1888). Although Hofmeiter 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 typidallyandin the range of 0.01 M (Collins
and Washabaugh985).

SO,* > HPO4 > acetate > Cb NOy > Br > CIO; > I > ClO; > SCN

NH;" > K*> Na' > Li* > Mg®* > Ca" > urea



26

There has been considerable debate regarding the exact mechanism by which
different ions affect polymer solution stabilit@¢dcace, Landau and Ramsden, 1997; Petersen
and Saykally, 2006; Jungwirth, 2008; Kunz, 2D1The argument is concerned with the
extent by which ions change the hydrogen bonding behavior of vzi#ing, Neilson and
Enderby 2007Nucci and Vanderkooi 2@) and the mechanism by which different ions
change hydrophobic interactiorffegram and Record008 Zangi, 2010).

It has been suggested that that ions affect protein solubility by either directly
interacting with protein functional groups or éffecting the solvent accessible surface area
by ion effects on interfacial water (Zhang and Crer2@06). Accordingly, the presence of
strongly hydrated ions (those towards the right in the Hofmeister series) at the interface
causes proteins to minimizerface 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 entirdn process in
which ionswith higher charge densities, thecalled kosmotropic Owater structure makerQ
compounds to the left side of the Hofmeister ranking, are more hydrated and thus through an
osmotic effect this concentrates macromolecules and their hydrophobic surfacesheithi
remaining bulk phase. lons with low charge density, theafled chaotropic Owater
structure breaker® compounds on the right side of the Hofmeister ranking, supposedly
preferentially associate with hydrophobic surfaces, and thereby reduce seinfsioe aind

enhance polymewater interactions. Thus it has been suggested that kosmaetatee
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interactions induce long range polarizing water structure thereby enhancing the

osmotic/entropic effect (Marcu$994,Nucci and VanderkooR008).

Measuremert 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 tHel nucleus which has a na®ro spin quantum number (I = 1/2).
Nuclei with a norzero spin quantum numbergi‘H, *C, *’0, 2N, 3'P) 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,Bt will align with the field which forms a magnetic dipole
and spin (precess) altdhe magnetic field at the Larmor frequency, which is given by $=%!
where % is the gyromagnetic ratio ey % = 42.6 MHz/Tesla) angirepresents the static
magnetic field strengtfFigure 9) This energy is quantized B¢ -p! o where U represents
the nuclear magnetic moment p#6& and & is PlanckOs constant divided by 2' @sdrii2
or -1/2 for protons aligned parallel or antiparallel wignmagnetic field, respectively. In an
NMR experiment, nuclei absorb or emit energy from upon being suthjecten RF pulse(s)
equal to the Larmor frequency and the energy difference between absorbed and emitted
nuclei is given by E=)v where ) is PlanckOs constant and v is the resonance frequency.

The magnet field in NMR spectrometers ranges from 10 to 500 ddHyher.
Typically higher power magnets (500 Mhz and higher) are used for freqdentgin
experiments in which the difference between the resonance frequency of the sample and the

operating frequency of the spectrometer is expressed as chemicaMsgfiets in the 120
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MHz range are used for tirdomain experiments in which the change in frequency over
time is analyzed. These experiments are called eithed VIR or low field (LF) NMR
experiments.
In NMR relaxometry experiments, RF pulses are apldit angles nonparallel with
the static magnetic fielth which is along the +axis. Two types of relaxation processes
occur: (1) spirattice relaxation is the interaction of nuclear spin dipoles with nearby solute
and solvent dipoles that share theamance frequency and is indicated hyahd (2) spin
spin relaxation is the exchange of spin states by two neighboring spins and is characterized
by T,. Dipoledipole coupling (the interaction between magnetic dipoles of two nuclei) is
typically the most dominate spspin relaxation mechanism. Sgspin relaxation is
quantized by applying a pulse perpendicular (90j) to the static magnetitdfi@itiich
places the magnetization along the x,y plane) and then detecting the decay (as the dipoles
relax towards the z axis). The decay is coinedifidactiondecay (FID) and is in
exponential form:
M,, = Myexp '™
From this equation, 151describeghe 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 equ_{é\LJ@iG-@n_l_i +T—1m, where
2 2 2

1/T,° and 1/5™ represent the actual and inhomogeneitiated components, respectively.
Since it is difficult to determine 14F with 90 pulses, pulse sequences can be used to
determine the true,I The CarEPurceltMeiboonEGill (CPMG) pulse sequence is the most

comnon sequence used fop flelaxometry. In CPMG experiments, (prior to beginning spins
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are aligned along the +axis) a 90j pulse is applied along the-axs at time zero and spins
align along the +axis Figure 1Q. Then, during a pause time *, the spose phase
coherence due to field inhomogeneity and consequently fan out along the xy plane. Next, at
time *, a 180j pulse is applied along theaxis and the spins align along thaxyis.
Thereafter, the experiment consists of repetition of a pamse*tin which spins fan out
along the xy plane and 180j pulses along thexig 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 mexaonential 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 wheg isplotted against time(Figure
11). This indicates that decay is mwdtkponential, and this has been interpreted to mean that
there are multiple phases, or OpoolsO of water, each possessing different relaxation rates
(Ruan and Chen, 1997). The challenge then is to determine the relaxatidf yafesch
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 repioged.
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 nemegative leassquares (NNLS) algorithm (Ruan and Che®97), 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/abundancias@&l models operate under the
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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,a19. 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 TRNIMR and unbiased model data processing typically
contain three watgrools. Anexample of a typical continuous spectrum obtained from food
gels is illustrated in Figurgél (Ruan and Chen, 1988%5incetraditional teaching supposes
that there are essentially only two states of water in gels (OboundO and ObulkO), this has
sparked delia concerning the labeling of the three water poe{sTh,, and b3 (0r Taa, T2s,
and Tc). By principle, spectra at shorter relaxation times represent protons on water
molecules that are most hindered in terms of rotational mobility and thus it isccdynm
agreed that the first water pooJ; Fepresents some form of OboundO water.

There exists some controversy on whatand T3 represent in the sense of being
different Owater poolsO. One interpretation is that the slowest decaying comgonent T
probably represents ObulkO water and thaiepresents water in exchange betwegraid
To3 (Vackier and others, 1999 Alternatively Bertramand others (20019uggested that,T
represents OboundO wates r@presents interfacial water near highly oigad
macromolecule structures..protein secondary structures), and fepresents 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 spagi@rstructuring around
macromolecule surfaces.

Another problem in interpreting, Telaxation experiments is describing why, since
T,z supposedly represents bulk water, does thedmponent in gels relax on a shorter time
scale (typically 106600 ms) bhan that of pure water in an NMR tube (1,000 ms).

Lillford and others (1980) suggested that since themdnrsquare diffusion distance of

water is about 100 pmo(=+/6Dt ; pure water diffusion constar, is 10°cm?sec', and
the diffusbn relaxatiortime is about 2 s)and protein gels typically contain pore diameters
on the order of just 10 um, FRMR T, spectra are merely an indication of pore size rather
than water mobility. According to LillfordOs 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 BertramOs reasoning
that the B and T,c water pools often observed in meat syseapresent 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 desity distribution, in many gels appear somewhat homoger{eoifisrd,
1980) Also, it has been shown that mincing muscle tissue does not significantly affect the
relative abundance of thegland T,cwater pools (Bertram and othe2901). 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
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whether this is truly an artifact of gel structure or evidence of sorhefseater structuring

of a significant amount of water inside gels.

Models concerning liquid water structure

As most textbooks acknowledge, water is an unusual liquid. Itis a liquid over an
extraordinary range of temperatures as compared to othatdigWhereas other hydrides of
Group 6 of the periodic table (e.g.$] H:Se, and HTe) are liquid over a range of ¥ |C,
liquid H,O, of course exists over a range of 100 jC. Water does not conform to the
continuous change of melting and boiling poiintsn high to low molecular weights within
Group 6 hydrides; according to this trend, water should freeze bet@@and-100 jC and
boil between60 and-70 {C. Water is liquid at ambient temperatures; other hydrides and
oxides such as 1%, H:'Se, and HTe 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 temperaty@ hids a temperature of
maximum density at 4 jCThese anomalies represent just the few archetypes of the
multitude of anomalies that have been described (Lud@i@?; Ball, 2008a;Ball, 2008).

A review of common molecular models of water hydrogen bonding networks is in
order. To begin, D comprses 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 thiaform 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 othe
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 ayperfectl
repeating conformation this results in lerapge threalimensional 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 &itd HF alsdorm intermolecular
hydrogen bonds, water is the only liquid that can form intermolecular hydrogen bonds in
threedimensional arrays. So then, to what extent do such-thmeensional arrays of water
exist in the liquid state?

Since the composition of tiveater molecule was discovered in th&'t@ntury and
its dipolar nature was discovered in the earl$ d@ntury(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 waterOs nmamymalies anthey involveab initio computer
simulations, molecular dynamics loigh-resolutionspectroscopy experimend/iggin,
1995; Ludwig, 2001; Ball, 2008; Wiggins, 2008)hese models generally fall into one of
two categories: mixture or continuum models which both have been well summarized
(Bertoluzza and others, 1993; Chaplin, 1999jwig, 2001). Whereas it is generally agreed
that liquid water is comprised oftareedimensionahetwork of fluctuating hydrogen bonds,

the coordination and lifetimes of such hydrogen bonds have been tte abdebate.
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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 separateliffiering intramolecular distances
(Stillinger, 1974 Mountain, 1989Cummingsand others1991). Accordingly, water exists
as a continuum of watavater hydrogen bonds ranging from ideal, wherein each water
molecule has four nearest neighbors (i.eilamto 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 relativeo surfaces and solutes in a given system varies throughout the
literature. A main criticism is that continuum models neglect the directional dipolar
character of watewater bonding. However, computer simulations of continuum models

have successfully ppoduced 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 suchrag absorption spectroscopy
(Cavalleriard others2002 Wernetand others2004), Xray emission spectroscopy
(Tokushimaand others2008) and small angle-Kay scatteringfluang and other£009).
These models imply a mixture of two or more water pools in equilibrium with each other
wherein tke intramolecular hydrogen bonding within each pool differs. OLow densityO

water (LDW) clusters are formed by strong intact hydrogen bonds and/or Ohigh densityO
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water (HDW) clusters or bulk water is comprised of bent or broken hydrogen bonds between
watermolecules. 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 19500s Oflickering clusterO modelsswere fi
proposed (Frank and Weh957) in which such cluster associations could be represented as
(H20),, wheren is the number of water molecules included (hydrogen bonded) in an
aggregate cluster. The lifetimes of such clusters are very shdft1@®" s) and so such
clustering is quite dynamic.

Aggregates of 3@0 molecules can exist at 20 jC and normal atmospheric pressure,
and the number of molecules involved in aggregates varies with temperature, ranging from
53% at 0 jC to 35% at 100 jC. The moshowned cluster model is the B).soicosahedral
cluster proposed by Martin Chaplin (Chaplin 2000) in the 19900s, as it supposedly explains
many of waterOs anomalous properties and has been independently deteatd by X
diffraction (Oleinikova andbthers, 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 WigginsOs recepublication OLife depends upon two kinds of watéfiggins,
2008)it is proposed that there are three components of solute hydration: (1)wadder
hydrogen bonds must be broken to make a hole into which the solute fits; (2) water

immediately adjacertb 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. WigginsOs two state model is founded on the basis
of thechaotropic and kosmotropic effects of different solutes and macromolecule moieties:
chaotropic solutes (e.g."KI" and CI) and moieties-OH, NH;, COOH) induce LDW and
kosmotropic solutes (e.g. NaH") and moieties (e.g. C, CH, Gl aliphatic and aroatic
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, aretsisulates.
However in a gel the situation is more complex because zones of water immediately adjacent
to the surface (OboundO water) have a lower activity than water in the bulk. This causes an
osmotic pressure gradient, which, according to classgrabtic 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 thisgssure 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 anddutes in the system. It is expected that the layer nearest the surface is
HDW (seeFigurel?). In fad, a recent study using laser scattering supportedhypisthesis

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

The topic of measuring/H propertiehas been reviewed elsewhérHamm, 1986;
Kauffman and others, 1986; Trout; 1988; Kneifel and others, 1991; Van Oeckel, Warnants
and Boucque, 1999)It iscommon 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 incompressiblehiemnimal 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 dependermigidity of the gel.
Hence, water expression during such testing is perhaps analogousnelldey theory since
it depends on the elastic pressure of the gel network. Furthermore, it is perhaps not entirely
appropriate to explain differences in expsed 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 W have an effect on the amount of water expressed.

It is therefore ideal in studies WH properties to employ a technique void of these
problems. Labuza and Lewicki (1978) put footiesolution for this dilemmaTermedthe

capillary suction method, this simple technique involves wicking moisture from gels with
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Whatman filter papers in a closed chamber. DarcyOs law may explain expression of water
from the gel onto the filter paper in that water flow over time is depgrmatepermeability 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 «sestonal area of the gel. Labuza and
Lewicki (1978) reported that it took up 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 vén 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
crosssectional area and length of the gels (according to DarcyOs 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 waterholding

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 baliiedtion capacity. The
molecular diameter of a hydrogéonded water molecule is approximately 2.8 ¢, or 0.28 nm
(Graziano, 2004)and so WBC characterizes the strarige order of water on the nanoscale

and should not be confused with water holdingets, which characterizes the lerapge
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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 attractiee fo
between water and other dipoles, as well as ions, along with the negative solvation of
nonpolar (hydrophobic) groug8valstra, 2003) As bicmacromolecules are comprised of a
mosaic of such functional groups with varying hydrophilicities, WBC isttezall 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
hundredg§Damodaran, 1996)The term WBC is convoluted blye several methods that are
used to quantify WBC (e.g. absorption isotherms, calorimetry, dielectric relaxation, NMR,
infrared and xay scattering), as these methods each involve some sort of assumption,
measure different physical properties and possesdearange 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 thél&tmins
interaction parameter afvelling and the contact angle considered in capillarity. Presumably,
systems with a higher WBC correspond with a small Fiduggins interaction parameter

and a smaller contact angle.

SUMMARY
This chapter began with the presupposition that perhapsishetnifying 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, haeevaete

picture is most important. Progress and gapssearch 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 watarside 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 loaginge structure inside gels.

Both capillarity and osmotic swelling phenena are described in terms of gel
structureand the surfacevater interaction energy. The surfagater interaction energy is
described by the YoungOs equation or the fHoiygins interaction parameter. Both of these
describe the structure of water &feeted 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 winetr 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, nvork cross linking, contact angle, surface tension, and the-Hoggins
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 crosknked polymers and low Floriduggins interaction parameters, depends on

the degree of water structuring. Perhaps the difference between thisrsttwesiter 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 lyas 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.



42

REFERENCES

Aichinger, P-A., Michel, M., Servais, C., Dillmann, M.., Rouvet, M., DOAmico, N., Zink,
R., et al. (2003). Fermentation of a skim milk concentrate with Streptococcus
thermophilus and chymosin: structure, viscoelasticity and syneresis oCgitsds
and Surfaces B: Biointerface31(1-4), 243255.

Andrade, J., Ma, S., King, R., & Gregonis, D. (1979). Contact angles at thenska
interface.Journal of Colloid and Interface Sciend(3), 488194.

Ball, P. (2008). Water as a Biomolecuthemphyshem 9(18), 26772685.

Ball, Philip. (2008). Water as an active constituent in cell biol@iemical reviewsl0§1),
74-108.

Banerjee, R. (2002). surface chemistry of the lung surfactant system: techniques for in vitro
evaluationCurrent ScienceB2(4), 420429.

Barbut, S., Gordon, A., & Smith, A. (1996). Effect of Cooking Temperature on the
Microstructure of Meat Batters Prepared with Salt and Phospleiensmittel
Wissenschaft un@iechnologie29(5-6), 475480.

Bertoluzza, A., Fagnano, C., Morelli, M., Tinti, A., & Tosi, M. (1993). The role of water in
biological systemslournal of molecular structur@97, 429437. Elsevier.

Bertram, H. C., Karlsson, a H., Rasmussen, M., Pedersen, O. D., D¢ nstrup, S., &Anders
H. J. (2001). Origin of multiexponential T(2) relaxation in muscle myowaternal of
agricultural and food chemistr(6), 3092100.

Bunkin, N. F., Shkirin, A. V., & Artem, V. A. K. (2010). Laser scattering in water and
agueous solutions of sal®roceedings of SPIE, the international society for optical
engineeringp. 73761D).

Cacace, M., Landau, E., & Ramsden, J. (1997). The Hofmeister series: salt and solvent
effects on interfacial phenomer@uarterly reviews of Biophysic30(03), 24ER77.
Cambridge Univ Press.

Cavalleri, M., Ogasawara, H., Pettersson, L. G. ., & Nilsson, A. (2002). The interpretation of
X-ray absorption spectra of water and iCaemical Physics Letter364(3-4), 363370.

Chan, H. S., & Dill, K. a. (1997). Solvation: hdw obtain microscopic energies from
partitioning and solvation experimengmnual review of biophysics and biomolecular
structure 26, 425509.



43

Chaplin, M. (2006). Do we underestimate the importance of water in cell bid\agyre
reviews. Molecular cébiology, 7(11), 8616.

Collins, K. D., Neilson, G. W., & Enderby, J. E. (2007). lons in water: Characterizing the
forces that control chemical processes and biological stru&imghysical chemistry
1282-3), 99104.

Cooke, R., & Kuntz, I. D. (1974 he properties of water in biological systesnual
review of biophysics and bioengineer,ji3¢l), 95126.

Cummings, P., Cochran, H., Simonson, J., Mesmer, R., & Karaborni, S. (1991). Simulation
of supercritical water and of supercritical aqueoustsmia. The Journal of chemical
physics 94(8), 5606.

Damodaran, S. (1996). Amino Acids, Peptides, and Proteins. In O. R. Fennemadéd.),
chemistry(3rd ed., pp. 32120).

Derjaguin, B. V. (1971). Investigation of the properties of watelollirnal ofColloid and
Interface Science36(4), 415426.

Derjaguin, B. V., & Churaev, N. V. (1973). Nature of OAnomalous Wateti®e
244(5416), 430431

Ebbinghaus, S., Meister, K., Born, B., DeVries, A. L., Gruebele, M., & Havenith, M. (2010).
Antifreeze Glyoprotein Activity Correlates with LonBange ProteinWater
Dynamics.Journal of the American Chemical Socjet221012211. ACS Publications.
Retrieved from http://pubs.acs.org/doi/abs/10.1021/ja1051632

Ellis, R. J., & Minton, A. P. (2003). Join the crowNature 4256953), 2 28. Proquest
Academic Research Library.

Farrer, R. A., & Fourkas, J. T. (2003). Orientational Dynamics of Liquids Confined in
Nanoporous SeGel Glasses Studied by Optical Kerr Effect Spectroscapgounts of
Chemical Resear¢i36(8), 605612.

Flory, P. J. (1953)rinciples of polymer chemistri?olymer chemistr{ol. 1, p. 653).
Ithaca, New York: Cornell University Press, 1969, 1953.

Frank, H. S., & Wen, W. Y. (1957). Ill. I@solvent interaction. Structural aspects offdon
sdvent interaction in aqueous solutions: a suggested picture of water strixsare.
Faraday Soc24, 133140.



44

Garc@-Martdh, M. L., Bdlesteros P., & Cadi, S (2001). The metabolism of water in cells
and tissues as detected by NMR meth@&dsgressin Nuclear Magnetic Resonance
Spectroscopy8X(1), 4177.

Goertz, M. P., Houston, J., & Zhu,-X. (2007). Hydrophilicity and the viscosity of
interfacial waterLangmuir, 23(10), 54986497

Graziano, G. (2004). Water: cavity size distribution and hydrdgeads Chemical Physics
Letters 396(4-6), 226231.

Hamm, R. (1986). Functional Properties of the Myofibrillar System and Their
Measurements. In P. Bechtel (Ed/scle as Foodpp. 135199). Orlando: Academic
Press, Inc.

Han, M., Zhang, Y., Fei, YXu, X., & Zhou, G. (2009). Effect of microbial transglutaminase
on NMR relaxometry and microstructure of pork myofibrillar protein Batopean
Food Research and Technologg284), 665670.

Hermansson, A. (1986). Water and-faiding. In J. R. Mitchel& D. A. Ledward (Eds.),
Functional properties of food macromolecu{¥®l. 1, pp. 278814). London: Elsevier
Applied Science Publishers.

Hermansson, AM., & Lucisano, M. (1982). Gel Characteristi¢gaterbinding Properties of
Blood Plasma Gels and Methddgical Aspects on the Waterbinding of Gel Systems.
Journal of Food Scien¢d7(6), 195%1959.

Hibara, A., Saito, T., Kim, H. B., Tokeshi, M., Ooi, T., Nakao, M., & Kitamori, T. (2002).
Nanochannels on a fusadica microchip and liquid properties inviggttion by time
resolved fluorescence measuremeAtslytical chemistry74(24), 617@6176.

Hiemenz, P. C., & Rajagopalan, R. (Eds.). (1997). Solution Thermodynaminsiples of
colloid and surface chemistfpp. 105145). New York: CRC Press.

Hofmeister, F. (1888). Zur Lehre von der Wirkung der Sazeh exp Path Pharn24, 247
260.

Hu, K., & Bard, A. J. (1997). Use of Atomic Force Microscopy for the Study of Surface
Acid+Base Properties of Carboxylic Aeicerminated SelAssembled Monolayers
Langmuir, 13(19), 51145119. American Chemical Society.

Huang, C., Wikfeldt, K. T., Tokushima, T., Nordlund, D., Harada, Y., Bergmann, U.,
Niebuhr, M., et al. (2009). The inhomogeneous structure of water at ambient conditions.
Proceedings of the NatiohAcademy of Sciences of the United States of America
106(36), 152148.



45

Israelachvili, J. N., & McGuiggan, P. M. (1988). Forces between surfaces in li§gidace
241(4867), 795. American Association for the Advancement of Science.
doi:10.1126/science

Job, G., & Herrmann, F. (2006). Chemical potentelquantity in search of recognition.
European Journal of Physics

Jones, G., & Ray, W. A. (1937a). The surface tension of solutions of electrolytes as a
function of the concentration. I. A differentimethod for measuring relative surface
tension.Journal of the American Chemical Socjé&9(1), 18198. ACS Publications.

Jones, G., & Ray, W. A. (1937b). The surface tension of solutions of electrolytes as a
function of the concentration. I. A diffargal method for measuring relative surface
tension.Journal of the American Chemical Socjé&9(1), 18198. ACS Publications.

Jones, G., & Ray, W. A. (1941). The Surface Tension of Solutions of Electrolytes as a
Function of the Concentration. 111. Sadi Chloride Journal of the American
Chemical Sociefy63(12), 326E8263. ACS Publications

Jungwirth, P. (2009). Spiers Memorial Lecture lons at aqueous interf@ragay
discussionsl41, 9-30.

Karbowiak, T., Debeaufort, F., & Voilley, A. (2006). Impante of surface tension
characterization for food, pharmaceutical and packaging products: A ré&+igwal
reviews in food science and nutritigt6(5), 391407.

Kauffman, R. G., Eikelenboom, G., Van der Wal, P., Engel, B., Zaar, M., & Vanderwal, P.
G. (1986). A Comparison of Methods to Estimate Wiietding Capacity in Post
Rigor Porcine MuscleMeat Sciencel8(4), 30%322.

Kneifel, W., Paquin, P., Abert, T., & Richard, J. P. P. (1991). Wdtdding Capacity of
Proteins with Special Regard to Mifkoteins and Methodological Aspecta Review.
Journal of dairy science&4(7), 20272041.

Kocher, P. N., & Foegeding, E. A. (1993). MicrocentrifiBgsed Method for Measuring
WaterHolding of Protein Gelslournal of Food Scien¢&8(5), 10401046.

Kocherbitov, V. (2008). Properties of water confined in an amphiphilic nanopbee.
Journal of Physical Chemistry, @1243), 1689816897. ACS Publications.

Kokufuta, M. K., Sato, S., & Kokufuta, E. (2011). Swelliskyrinking behavior of chemically
crosslinked polypeptide gels from pol.-lysine), poly(,-DL-lysine), poly¢-L-
lysine) and thermally prepared poly(lysine): effects of pH, temperature and additives in
the solutionColloids and surfaces. B, Biointerfa¢c83(2), 299309.



46

Kunz, W, Lo Nostro, P., & Ninham, B. (2004). The present state of affairs with Hofmeister
effects.Current opinion in colloid & interface sciencg(1-2), 1b18.

Kunz, Werner. (2010). Current Opinion in Colloid & Interface Science Specific ion effects in
colloidal and biological system&urrent Opinion in Colloid & Interface ScienckEy(1-
2), 3439.

Labuza, T. P. (1977). The properties of water in relationship to water binding in foods: a
review.Journal of Food Processing and Preservatib), 167190.

Labuza, T. P., & Lewicki, P. P. (1978). Measurement of gel wateting capacity by
capillary suction potentiallournal of Food Scien¢d3(4), 12641269.

Labuza, T. P., Busk, G. C., & Curtis, G. (1979). An analysis of the water binding in gels.
Jourral of Food Scienget4(5), 13791385.

Li, Y., & Tanaka, T. (1992). Phase transitions of galmual Review of Materials Science
22(1), 24F277. Annual Reviews 4139 EI Camino Way, PO Box 10139, Palo Alto, CA
943030139, USA.

Ling, G N. (1968). Physicatate of water in biological systenkod technology

Ling, G.N. (1965).The Physical state of water in living cell and model systé&mnsals of
the New York Academy of Sciendexy(2), 401417.

Lippincott, E. R., Stromberg, R. R., Grant, W. H.C&ssac, G. L. (1969). Polywater.
Sciencel64(3887), 14821487.

Liu, X., & Ma, P. X. (2009). Phase separation, pore structure, and properties of nanofibrous
gelatin scaffoldsBiomaterials 30(25), 4094103.

Lucey, J., Van Vliet, T., Grolle, K., Geurft,, & Walstra, P. (1997). Properties of acid
casein gels made by acidification with glucddelta}lactone. 2. Syneresis,
permeability and microstructural propertiegernational dairy journal 7(6-7), 38®
397. Elsevier.

Ludwig, R. (2001). Water: frorolusters to the bulkAngewandte Chemie International
Edition, 40(10), 180&1827. Wiley Online Library.

Macedo, J. A., Fazani Cavallieri, A. L., Lopes da Cunha, R., & Sato, H. H. (2010). The effect
of transglutaminase from Streptomyces sp. CBMAI 837 ergtiation of acidified
sodium caseinaténternational Dairy Journgl20(10), 673679.



47

Marcus, Y. (1994). A simple empirical model describing the thermodynamics of hydration of
ions of widely varying charges , sizes , and shapeger, c, 111127.

Menon R. S., & Allen, P. S. (1991). Application of continuous relaxation time distributions
to the fitting of data from model systmes and excised tiddagnetic Resonance in
Medicing 20(2), 214227.

Miller, D. (2003).Discovering water": James Watt, Hei@gvendish, and the nineteenth
century OWater ControversyAlershot Hants England.;;Burlington VT: Ashgate.

Mountain, R. D. (1999). Voids and clusters in expanded waler Journal of Chemical
Physics1104), 21009.

Nucci, N. V., & Vanderkooi, J. M.2008). Effects of salts of the Hofmeister series on the
hydrogen bond network of watelournal of Molecular Liquidsl432-3), 16G170.

Offer, G., & Knight, J. (1988). The structural basis of wditeiding in meat. Part 1. General
principles and water ugke in meat processing. In R. A. Lawrie (E@gvelopments in
meat science. (. 63).

Oleinikova, A., WeingSrtner, H., Chaplin, M., Diemann, E., BSgge, H., & MYller, A. (2007).
Selfassociation based on interfacial structured water leads to {Mo154 }apyaimty
1165 super clusters: a dielectric stu@hemphyschem™: a European journal of chemical
physics and physical chemistB(5), 6469.

Omidian, H., Rocca, J. G., & Park, K. (2005). Advances in superporous hyddmetsal
of Controlled Releasd.02(1), 312.

Orwoll, R. A., & Arnold, P. A. (2007). PolymeBolvent Interaction Parameter. In J. E. Mark
(Ed.),Physical Properties of Polymers HandbdMol. 2, pp. 233258). Secaucus, NJ,
USA: SpringefVerlag New York, Incorporated.

Pegram, L. M., & Readl, M. T. (2008). Thermodynamic Origin of Hofmeister lon Effects.
Analysis 94289436.

Petersen, P. B., & Saykally, R. J. (2006). On the nature of ions at the liquid water surface.
Annu. Rev. Phys. Cherb7(23), 33E864. Annual Reviews.

Pollack, G. H. (R01).Cells, gels and the engines of life": a new, unifying approach to cell
function(Vol. 1, p. 305). Seattle, WA: Ebner & Sons.

Polyakov, V. I., Grinberg, V. Y., Antonov, Y. A., & Tolstoguzov, V. B. (1979). Limited
Thermodynamic Compatibility of Proteinn AqueousSolutions.Polymer Bulletin
1(9), 593597.



48

Polyakov, V. I., Popello, I. a, Grinberg VYa, & Tolstoguzov, V. B. (1985). Thermodynamic
compatibility of proteins in aqueous media. Part 2. The effect of some physicochemical
factors on thermodynamcompatibility of casein and soybean globulin fractDe
Nahrung 29(4), 32333.

Polyakov, V., & Grmberg, V. Y. (1997). Thermodynamic incompatibility of protdtosd
Hydrocolloids 11(2), 171180.

Puolanne, E., &alonen, M. (2010). Theoretical aspects of wditgding in meatMeat
Science86(1), 151165

Quist, J., Persson, E., Mattea, C., & Halle, B. (2009). Time scales of water dynamics at
biological interfaces: peptides, proteins and cédsaday discussics) 141, 131-144.

Read, M. L., Morgan, P. B., Kelly, J. M., & Maldona@wodina, C. (2011). Dynamic contact
angle analysis of silicone hydrogel contact lendesrnal of biomaterials applications
26(1), 8599.

Ruan, R., & Chen, P. (199ANater in foodsnd biological materials: a nuclear magnetic
resonance approach

Rudin, A. (1999)The elements of polymer science and engineering: an introductory text and
reference for engineers and chemi§ts509). Academic Press.

Salerno, A., Borzacchiello, R., &dtti, P. A. (2011). Pore Structure and Swelling Behavior
of Porous Hydrogels Prepared via a Thermal Rev€esgting Techniqudé2olymer

Scherer, G. W. (1999). Structure and properties of @elsient and concrete research
29(8), 11491157. Elsevier.

Stillinger, F. H. (1974). Improved simulation of liquid water by molecular dynamies.
Journal of Chemical Physic60(4), 1545.

Tas, N. R., Haneveld, J., Jansen, H. V., & Elwenspoek, M. (2004). Capillary filling speed of
water in nanochannel8ppliedPhysics Letters85(15), 32743277.

Tokushima, T., Harada, Y., Takahashi, O., Senba, Y., Ohashi, H., Pettersson, L. G. M.,
Nilsson, A., et al. (2008). High resolutionrrdy emission spectroscopy of liquid water:
The observation of two structural moti@hemical Physics Letterd604-6), 387400.

Tornberg, E. (2005). Effects of heat on meat protBimsplications on structure and quality
of meat productdVeat Sciencer0, 493508.



48

Trout, G. R. (1988). Techniques for measuring whteding capacity iilmuscle food®A
review of methodologyMeat Science23(4), 239R52. Elsevier.

Tsukahara, T., Mizutani, W., Mawatari, K., & Kitamori, T. (2009). NMR Studies of
Structure and Dynamics of Liquid Molecules Confined in Extended Nanospaces; 10808
10816.

Vackier, M.-claire, Hills, B. P., & Rutledge, D. N. (1999). An NMR Relaxation Study of the
State of Water in Gelatin Gel¥ournal of Magnetic Resonance, 36- 42.

Van Oeckel, M., Warnants, N., & Boucque, C. (1999). Comparison of different methods for
measumg water holding capacity and juiciness of pork versuknenscreening
methodsMeat Scienceb1(4), 313320. Walstra, P. (2003). Bonds and Interaction
Forces. In P. Walstra (EdRBhysical chemistry of foodpp. 4658). New York: Marcel
Dekker. Retrieed from http://www?2.lib.ncsu.edu/catalog/record/NCSU1640328

Wang, S., Agyare, K., & Damodaran, S. (2009). Optimisation of hydrolysis conditions and
fractionation of peptide cryoprotectants from gelatin hydrolysaied Chemistry
1152), 626630.

Wang, X, & Ziegler, G. R. (2009). Phase Behavior of the-iota
Carrageenan/Maltodextrin/Water System at Different Potassium Chloride
Concentrations and Temperaturésod Biophysics4(2), 119125.

Wernet, P., Nordlund, D., Bergmann, U., Cavalleri, M., Odelius Ogasawara, H.,
NSslund, L. A., et al. (2004). The structure of the first coordination shell in liquid water.
Science (New York, N.Y304(5673), 9959.

Wheeler, T., & Stroock, A. (2008). The transpiration of water at negative pressures in a
synthetictree.Nature 455September), 20212.

Whittall, K., & MacKay, A. (1989). Quantitative interpretation of NMR relaxation data.
Journal of Magnetic Resonance (196%4(1), 134152

Wiggins, Philippa. (2008). Life depends upon two kinds of w&texS one3(1), e1406.
Public Library of Science.

Wiggins, P. M. (1995a). High and low density water in getegress in polymer science
20(6), 112P1163. Elsevier.

Wiggins, P. M. (1995b). Micr@smosis in gels, cells and enzym@sll biochemistry and
function 13(3), 169172.



5C

Wiggins, P. M. (2002). Water in complex environments such as living syddtysica A:
Statistical Mechanics and its ApplicatiQidd 4(1), 489491.

Wiggins, PM. (1996). High and low density water and resting, active and transfornsed cell
Cell biology internationgl20(6), 429435.

van der Linden, E., & Foegeding, E. A. (2009). Gelation: Principles, Models and
Applications to Proteindvlodern Biopolymer Science: Bridging the Divide between
Fundamental Treatise and Industridpplications 2901.

Zangi, R. (2010). Can Saltidg / SaltingOut lons be Classéd as Chaotropes /
Kosmotrope8 Society 643650.

Zelent, B., Bryan, M. A., Sharp, K. A., & Vanderkooi, J. M. (2009). Biophysical Chemistry
Influence of surface groups pfoteins on water studied by freezing / thawing hysteresis
and infrared spectroscopgiophysical Chemistni41(2-3), 222230.

Zhang, Q., Chan, KY., & Quirke, N. (2009). Molecular dynamics simulation of water
confined in a nanopore of amorphous silidalecular Simulation35(15), 12151223.

Zhang, Yanjie, & Cremer, P. S. (2006). Interactions between macromolecules and ions.: the
Hofmeister serieCurrent Opinion in Chemical Biology658663.

Zheng, Jming, Chin, W=C., Khijniak, E., Khijniak Eugene, J., & Pollack, G. H. (2006).
Surfaces and interfacial water: Evidence that hydrophilic surfaces havealoge
impact.Advances in Colloid and Intexe Sciencel27(1), 1927.

ZohuriaanMehr, M. J., & Kabiri, K. (2008). Superabsorbent polymer materials: A review.
Iranian Polymer Journall7(6), 45X477.

Zuo, Y. Y., Veldhuizen, R. a W., Neumann, a W., Petersen, N. O., & Possmayer, F. (2008).
Current grspectives in pulmonary surfactamthibition, enhancement and evaluation.
Biochimica et biophysica acta77810), 194777.



51

FIGURES

Figure 1 Schematic representation of a liquid water droplet on a surface and surface
tensions at the watemapor, surfacewvater, and surfaceapor interfacesXdopted 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 raaiasdR represents the spherical radius of the

imaginary sphere.
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In this example, contact angle is

Figure 4. Schematic representation of thepttae bubble technique for measuring contact

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

Membrane —

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 levger area at the interfa¢a).

Figure 6 Schematic representation of myofibril swelling and shrinking. Adopted @fen
and Knight (1988)
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Figure 7 Computer simulation of betfactoglubulin solvated by 740 water molecules.
Adopted fromQvist and others (2009)

Figure8. Drawing of molecular crowding in Eschericoli cohdopted from Goodsell 1993.
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Figure9. Left: Magnetic moment precession about a bulk magnetic fielRight: RF
energy pulse at the Larmor frequency imposes a second magnetiq fiedd huclei precess

about.
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TABLES

Tablel. Effect of capillary radius on capillary pressure assuming a contact angle of zero
degrees. Adopted frolrabuza(1977)
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Table2. 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 rate€X0.6 jC/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 jC/min) to endpoint
temperatures above 90 and yet are known to exhibit minimal cook loss (CL) and pgsses
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)ws s
(waterbath, WB) heating. Gel pore diameters, which should strongly influence capillary
pressure and thereby affect WH, were measured using scanning electron micanstopy
image analysis. Water mobility within gels was examined by time domain NMRNWIR)
T, 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;dhigken proved more
sensitive to high temperature cooking. For endpoint temperaturess@f65gels of both
species exhibited similar WH properties (<3% CL;32%6 EW), whether rapidly MW
heated and held-55 min or when cooked slowly just to 70;C antinediately cooled.
Reduced CL and EW correlated with larger and smaller amplitudes ahd T,, water

pools, respectively.
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INTRODUCTION

There is eveincreasing interest in reducing energy cestsociated witfiood
processingRapid heating technologies such as electromagnetic radiation (i.e. microwave
heating and radio frequency heatihgye yet to be implemented in the production of
comminuted meat gels such as frankfurters and deli meats, which are instead heated slowly at
arate of about 1C/minin OsmokehouseO equipment. Several repggsst that slow
heating processesuch aghisresult in optimum texture development and water and fat
stability of such productéCamou and others 1989; Barbut and Mittal 1990; Arntfield and
Murray 1992; Yoon and Park 2001iowever,Riemann and others (200e®portedthat
rapidly heated (20 ar@B jC/min) fish surimi and turkeyneatpastesif held for a few
minutes at the endpoint temperaturg0fC, displayed similar fracture and cook loss values
as their counterparts heated gCImin tothe same temperature. This suggests that
applicationof rapid heating technologies to such products may be feasible.

Many surimi seafoods (e.g. shellfish analog produwats)ypically rapidly heatkto
90 C or higher and yet still possess firm gel texture and exceptional water holding (WH)
properties. Sumi 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 gedesand
made from homeotherm (warmblooded) land animal species, such as frankfurters, is due to
species differences in protein compositionyscle fiber differenceshe presence of the
sarcoplasmic fraction in homeotherm meat gels (removed by surimi grapessid/or the

presence of cryoprotectants typically added to surBeitter 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 g@las and othes, 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 g&dillarity is the prevailing
hypothesis for explaining how water is held in élermansson 1986; Hermansson 2008)
The threedimensional network of the gel systéras been compared narrow capillary
tubesthat imbike waterand hold it against gravity. The water inside these tubes possesses a

capillary pressure accordingttte YoungLaplace equatian

_ 2#cos$

r

IIP

where" P is the capillary pressure, is the liquidgas surface tensiori, is contact angle at
the liquidsurface interfag, andr is radius of the tube.

Several workers have used low field thtd@main nuclear magnetic resonance {TD
NMR) spectrometry to monitor changes in foods associated with the mobility of water as
affected bythe food microstructureRuan and Cheri,997 Farhat, Belton and WebB0O07:
Mariette, 20@) and it lower T relaxation times have been associated with better water
holding properties ansimaller poresizes (Han and others, 2009).

The objective of thisresearch were therefore to (1) compare the pitiperties of
myofibrillar protein gels derived from representative eoklwarmblooded animals (Alaska
pollock vs chicken), heated by slow ramp vs rapid (squaee) heating; and (2) investigate
the water holding mechanism(s) associated with diffesemcevater 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 obtameRiliyomOs
Pride (Sanford, NC). Visible connective tissue and fat were removed prior to comminution
in a Stephan mixecutter with three parts water. The resulting slurry was passed through a
screwfed strainer (Bibun Machine Construction, Hiroshimaadgiaving 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% wi/v) was added to the
last wash to facilitate subsequent water removal. Thisegimyofibril 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 comlsiniimgi and water plus other
ingredients sufficient to achieve final concentrations of 78% (w/w) water, 2% (w/w) NacCl,
and 2% (w/w) porcine plasma (to inhibit possible endogenous protease aktantgnn and
others1990)and then comminuting at 0 jC for 1812 mins at 2500 rpm in a Stephan
cuttermixer under vacuum. The pH of chicken surimi paste (initial pH 6.3) was adjusted
with NaHCGQ to that of the pollock surimi paste (pH 6.75). Pastes were vapackage
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 staistess$ (br 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 conditiomd testing as determined by preliminary timed rheological
experiments. The heatduced gelling properties of the two species should not have been
influenced by enzymaticalinduced crosslinking or proteolytic action; thus the gelling

properties of the nofibrillar 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 jC/min to simulate conventional smokehouse process heating
rates taan endpoint temperatucé 70 {C or 90;C, or (b) rapidly microwave heated at 100
iC/min (at 2,450 MHz and 300 watts) in an Industrial Microwave Systems (IMS) focused
(equal energylistribution) chamber to an epaint temperature of 650, 80,0r 90;C ard
isothermally held at this temperature in a water bath for 5, 10, or 15 min. After halting
gels were immediatelglaced 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 thejoosiked weight of gels from the pceoked

weight of the paste, expressed as a peagendf precooked paste weight. Specimens were
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blotted with paper tissues before weighing anebiath cooling. The EW of each gel was
measured in triplicate using the microcentrifiipesed method dfocher 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, alo. ARo,

California, U.S.A.) that collected moisture released through the bottom mesh of an inner tube
containing the specimen. Specimens were centrifag&6,000 >g for 10 mins. EW was
calculated by subtracting the water expressed during centidngedm the specimen

weight, expressed as a percentage of the@n&rifuged specimen weight.

Time-domain (TD)-NMR

TD-NMR T, relaxation measurements were performed using a pthsérhe-
domain nuclear magnetic resonance spectrometer (Minisp&Onigjuker 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 phdildeydrogen
nucleiwereexcited bythe CarrPurceltMeiboomGill radio-frequerty pulse sequence
(CPMG). These nuclei reladto their original state once the pulse is stopped, inducing
voltage to the instrument receiver coil and observed as the NMR sighdl,
measurements were performed with gid@ime delay between the 9a@nd 180 pulsesa
total of fourscans, and a recycle delay of 15 seconds.

Core saple of gels were placed MMR tubes that were cappezhd equilibrated at 5

iC in a dryair bath for 3660 minutes.All experiments were performed at this temperature.
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Three aliquots of each gel type were analyzed to account for batch varigtienntensities
and relaxation times of water pools were determined by anglyze"NMR relaxation data
using theunbiasednverse Laplace transform with tE®NTIN algorithm(Provencher,

1982)

Scanning electron microscopy (SEM)

The center of each gel was cut out and shaped into a rectangulacariséhx 0.2 x
0.5 mm. These specimens were frozen in liquid nitrogeickly taken out and fractured
with a chilled stainlesgeel scalpel knife and transferred thabconco ~ freeze dryer.
Samples were freeze dried-400{C or lowerand1,000mm Hg for 24 hoursThesewere
thenmounted on specimen stubs with colloidal silver, spuiteted with golepalladium
andimagedwith a scanning electron micros@p

Pore dameters were measured usingagedmage analysis freewaf@bramoff and
others, 2004) To minimize human bias while selecting pores for measurements, a 10 x 10
pum grid was overlaid on top of each micrograph anly 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 zaxis. This procederwas repeated in three or four micrographs taken from
separate fields for each gel; a total efZ pores were identified in each micrograph,

summating to a total of about-8%0 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 individyalammes

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
iC, regardless of heating regime, was larger than those heatédC. (bothP < 0.001;
Figs. 1, 2. A similar temperature effect was reportedHgrmansson and Lucisano (1982)
who reported increased coarseness of blood plasma gel structure when heated to 92 iC as
compared to only 77 jC. Contrary to this, smatleres were produced in fish gels at the
highe heating temperatureegardless of heating regime (Figs. L,P2ark and others (2008)
reported that increases in pore size during heatifigro$urimi gels during water bath
heating to an endpoitémperature of 90 jC; however, their assessment of pore size was
qualitative and performed on light micrograpiir both species, the slow heating regime
appeared to produce gels with slightly larger pores than those heated rapidly to the same
endpoint émperature (eadh < 0.001).

Regarding isothermal holding time effects, there were no significant trends in mean

pore sizeof chicken gels at either holding temperat{lrethP > 0.05. However,mean
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pore size ofish gelsincreased and decreassuting isothermal holding at 78and 90;C,
respectivelybothP < 0.001).

Barbut (1996) reportethatraw meat batters have amganized gel structure aiom
temperaturegand that this structure is reinforced (thickened) by protein cross linking induced
during heating, resulting in apparent changes in pore size of géhgdweating. While
heating at 0.75 jC/min, protein strand thickness and the number of junction zones between
strands increased turkey meat batters from 10 to 70 j@sulting in an appant decrease in
pore diameter Gels did not exceed 70 iC in their heating protocol, nor were rapid heating
treatments used, nor were water holding properties meadunade analysis was not
employed to determine pore size in this or similar reportetiest of pore size iprotein gels
(Partanen and others, 2008n and others; 200$peroni and others, 2008acedo and

others, 2010)

Water Holding Properties

Cook LosgCL)

Comparing endpoint temperatures of 70 j and 90 a@idy heaedand isothermally
heldfish gelsexhibitedlower CL (bothP < 0.05; Fig. 3than those ramp heated slowigL
was also lower in the more rapidly heated chicken gels at the 90 jC endpoint tempBrature (
< 0.001), but similar at 70 jC when held fed5 mins(P > 0.05). Higher endpoint
temperatures during slow ramp heating resulted in higher CL, as was also reported in chicken
surimi gelsin the 5090 jC rangeby Stangierski and Kijowski (2002)ncreasing endpoint

temperatures correlated with increasedddly at the 5 min holding time for rapidly heated
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gels from chicken and fish (bokh< 0.05; chicken r = 0.524; fish r = 0.442)0 significant
endpoir temperature effects on CL were observed in rapidly heated chicken and/or fish gels
when holding timesvere factored altogeth€s, 10 and 15 ming)owever

Interestingly, while Clin 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 fisksounterparts when cooked to 70 jC and 90 iC, 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 specieP & 0.12; r = 0.409), as was similarly reportedRigmann and
others (2004jor comminuted turkey breast negels.

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.

Expessible water (EW

No clearstatisticalrelationships betweeBW and mean pore size of gels were
evident,probablybecause of the variable cook losses sustained by théngeksll cooked
gels had the same moisture content prior to EW testi@g)y in chicken gels rapidly heated
to 70 and 90 jC was higher EW associated with larger pore size.

Nonetheless, EW was remarkably higher for chicken gels rapidly heated to 90 {C and

held 515 min, especially those held 15 mins (Figure 5). The EW of fish geldwas,
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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 jC, no holding time effects\Wmere evidenced for gels

of either species. Gels of both species slowly (ramp) heated to 90 jC expressed less water

during centrifugation than those slowly heated to 70 jC. However these gels had greater CL.

Species effects

Differential scanning calorimetry (DSC) thermogramgpuwfified myosinreveal2-4 different
unfolding eventsn the 2060 jC rangedepending on the solvent conditions, heating rate and
speciegTogashi and others 2002, Smyth and others 1996, Riebroy and others 2009, Ahmad
and others 2007Most fish muscle proteins are relativetyorethermally labileas compared

to that of most muscles from homeothefins and others 2007pwing to th& lower
averagebody temperatur€rogashi and others 2000, 2002, Yoon and others 2000,
FukushimaYoon 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 seentecksult in gels of larger mean pore diameter
and correspondingly higher CL and EW (in slowdynd rapidly heated gels, respectively).

By contrast higher cooking temperatures resulted in fish gels exhibiting pores of smaller
diameter and less differencesCL 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 ispfuwmever it
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shouldbe noted that muscle fiber differences may have been apparent if different materials
(e.g. chicken thigh instead of breast) were ugednato and others, 198DaumThunberg,
Foegeding and Ball, 1992)Changes in gel microstructure weia as wide rangg in fish

gelsas in chicken gelperhaps because the gelation events occurred sooner and/or at a lower
temperature rangétevenson, Liu and Lanier; 2012} is also possible that the myosin

isoform of the poikilotherm species used (Alaska pollockglstively more hydrophilic than

that of the homeotherm species (chickesas}, which would lead to a higher capillary

pressure within the gels.

TD-NMR indications of water mobility

Water pools in TENMR relaxation experiments are characterizednajrrelaxation
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 TENMR. No significant relatiortsips between TENMR data and pore size
were observed.

When analyzed by distributed continuous curve fitting, each gel exhibited three water
pools, Bs, T2; and T, corresponding to relaxation times of about 10, 100 and 300 ms,
respectively (Figure 6)EW overall only correlated with shorteg;Felaxation timegP <
0.05; r =0.614). However, this trend did not hold in a comparison of;tireld@xation 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
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narrow range with exception to chicken gels rapidly hett®@ jC and their differences

were confounded by different initial (cooked gel) moisture contents prior to testing, reducing
the likelihood for meaningful correlationslowever, within each heating regime and
temperature (e.gamp heatingr isothermaholding at 76C and 90;C), there was a
consistentelationship between EW and both relaxation time and water pool distribution:
gelsthatexpressed more watdfigure 5 had relatively smaller ;L water pools and larger

T, water pools (Table)l

Gels hat evidenced higher CL slightly correlated with increased and decreased values
for the T1 (r = 0.56) andr'z; (r =-0.55)water pods, respectivelybothP = 0.06)(Table2).
Chicken gels isothermally held at 0 areprovided inFigure 5for example.CL correlated
with a reduction in 7; relaxation timegP < 0.05; r = 0.59), however no significant effects
were observed with respect tg, Telaxation times.

Eriksonand others (2008) noted that different water populations within a food,
delineated by temporally distinct peaks in-NMR data analysis, are commonly referred to
as distinct Owater poolstantinuous distributed exponential curve fitting produces a
nonbased spectrum of relaxation componghysthis approactthree separate water pools
aregenerallyreported for meat ge(8ertram and others, 2001; Webb 2001). Bertram and
others (2002ylemonstrated that continuous distribution curve fitting explainechrmore
variation in EW of pork meat as compared t@kponential curve fitting (72% vs. &%,
respectively).

Based on a series of structusdaxation experiment&ertram and others (2001)

proposed the following origins of these water pools: ths fieak, 75 (~1-10 ms) represents



73

water immobilized (bound) at the protein surfacg,(¥50-100 ms) represents a second layer
of water around densely packed proteins, and(¥300-400 ms) represents a third layer of
water which is more free in mobilignd resiles between protein fibers. Howeugertram
and others (2001) provided a vague description of the structure of the water Oaround densely
packed proteinsO (the Water pool) and did not explain why it shouldtbmporally distinct
from the othewater 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. Howeli@diford (1980)noted that the roet

meansquare diffusion distance of water is about 160(o =~/6Dt ; pure water diffusion
constantD, is 10°cm?sec’, the diffusion relaxation time is about 2 s) and yet pore
diameters in protein gels are typically on the order of jugtiO This means that before a
OfreeO water molecule completely relaxes it should deflect off the pore walls several times,
thus encontering the largely immobilized water layer next to pore surfaces. Therefore
Lillford asserted that the varying Owater poolsO detectableNMRDT, spectra, rather than
indicating water populations varying in mobility (degree of water structuring) ynedct
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
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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 T,, and T,, 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 (T,,) 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 T,, pool would decrease proportionately

during cooking. In our data, increased CL did slightly correlate with a decrease in the



75

percentage of the T,, 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 (T,, 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 T,, 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 T,, water pools prior to this gravimetric testing of water loss.

As expected, the T,z 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 ofNIDIR data as supporting
structurirg of water in gels, though logical in its presentation, has not been experimentally
validated. While the diffusion coefficient of waierknown D = 10° cm? sec?), it is
unclear what the diffusion coefficients of thg vs. T,, (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 T,, 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 botar@LEW in
comminuted meat gels, and thus may explain the differences noted commercially in water
stability of gels made at high temperature (>90 jC) from fish (poikilotherm) surimi versus
those made from meat of homeothermialanimal species;dwever itwas noted that these
differences may have been affected by muscle fiber tifpe 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 betéer 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 9Bi&strong evidence for
smaller pore size corresponding to with better Wiwér CL or EW) was obtained.
Population densities of theand T, water pools in low field TENMR experiments
correlated with differences in water expressed during both cooking (CL) and subsequent
centrifugation (EW); this supports earlier assertithas T,; and T, water pools represent
water tightly and loosely held between protein fibers, respectively. The rapid relaxation
times of both water pools (and especially that gj Telative to unconfined water would
support a hypothesis of watgructuring within meat gels induced by charged protein

surfaces.



77

REFERENCES

Abramoff MD, Magelhaes PJ, Ram SJ. 2004. Image Processing with ImageJ. Biophotonics
International 11(7):3@12.

H@.>71'6"J"I'G.@.::I'B"B"I'KL"L"M"I'G"I'N'E7%;%80:;I'O"H$#)"R:C15%:A%'7C'6751>23'
S/%A0%41'I54A1% ' T275/41'.:8'U.-1'VY%W%1'7:'S>2%:;>XI'B%C72@.Y010>3I'.:8'Z.>%2"'
L%>%:>07:'0:'GUB%>"I54A1% TWBYE' (1#) 1 ##+],-./&-1'01P(QI'#, BI+&™ !

Arntfield SD, Murray ED. 1992. Heating Rate Affects Thermal PropertiefNahaork
Formation for Vicilin and Ovalbumin at Various pH Values. J.Food Sci. 57(38640

Barbut S, Mittal GS. 1990. Effect of Heating Rate on Meat Batter Stability, Texture and
Gelation. J.Food Sci. 55(2):334

Barbut S, Gordon A, Smith A. 1996. Efteof Cooking Temperature on the Microstructure of
Meat Batters Prepared with Salt and Phosphate. LebensWigsénschaft und
Technologie 29(%):47580.

Bertram HC, Andersen HJ, Karlsson AH. 2001. Comparative study efiégddvNMR
relaxation measuremes and two traditional methods in the determination of water
holding capacity of pork. Meat Sci. 57(2):133.

Bertram HC, Donstrup S, Karlsson AH, Andersen HJ. 2002. Continuous distribution analysis
of T-2 relaxation in meatan approach in the detemmaition of watetholding capacity.
Meat Sci. 60(3):2785.

Bertram HC, Karlsson AH, Rasmussen M, Pedersen OD, Donstrup S, Andersen HJ. 2001.
Origin of multiexponential T2 relaxation in muscle myowater. 49(6):3100.

Bunkin, N. F. 2011. The behavior of refractive index for water and aqueous solutions close to
the Nafion interface. Conference on the Physics, Chemistry and Biology of Water.

Camou JP, Sebranek JG, Olson DG. 1989. Effect of Heating Rate and Protein Concentration
on Gel Strength and Water LossMiscle Protein Gels. J.Food Sci. 54(4):860

Hamann DD, Amato PM, Wu MC, Foegeding EA. 1990. Inhibition of Modori (Gel
Weakening) in Surimi by Plasma Hydrolysate and-Bggte. J.Food Sci. 55(3):665,&.

Hazlewood, C. F., D. C. Chang, B. L. Nichols, and D. E. Woessner. 1974. Nuclear magnetic
resonance transverse relaxation times of water protons in skeletal muscle. Biophysical
journal 14:583-606.



78

Han M, Zhang Y, Fei Y, Xu X, Zhou G. 2009. Effect of microbial transglutaminase on NMR
relaxometry and microstcture of pork myofibrillar protein gel. Eur.Food Res.Technol.
228(4):66570.

Hermansson AM. 2008. Structuring water by gelation. In: P. J. Lillford, J. M. Aguilera,
editors. Food materials science : principles and practice. 1st ed. New York: Springer
Sdence. p 2580.

Hermansson AM. 1986. Wataand fatholding. In: J. R. Mitchell, D. A. Ledward, editors.
Functional properties of food macromolecules. 1st ed. London ; New York, N.Y.; New
York, NY, USA: Elsevier Applied Science Publishers; Sole distributoéhe USA and
Canada, Elsevier Science Pub. Co. p-213.

Hermansson AM, Lucisano M. 1982. Gel Characteristidgaterbinding Properties of Blood
Plasma Gels and Methodological Aspects on the Waterbinding of Gel Systems. J.Food
Sci. 47(6):1955.

Kochea PN, Foegeding EA. 1993. Microcentrifugased Method for Measuring Water
Holding of Protein Gels. J.Food Sci. 58(5):16810

Lillford P:C,A. 1980. Evaluation of a deconvolution approach to the analysis of NMR
relaxation decay functions. Joa of magnet resonance 41(1):42.

Ludwig, R. 2001. Water: from clusters to the bulk. Angewandte Chemie International
Edition. Wiley Online Library 40:18382.827.

Mariette, F. 2009. Investigations of food colloids by NMR and MRI. Current Opinion in
Colloid & InterfaceScience 14:20211.

Nowsad AA, Kanoh S, Niwa E. 2000. Thermal gelation properties of spent hen mince and
surimi. Poult.Sci. 79(1):1125.

Park YD, Yoon KS, Lee CM. 2008. Thermal Syneresis Affected by Heating Schedule and
Moisture Level in Surimi Gels.Bood Sci. 73(2):E103.

Provencher SW. 1982. Contira GeneraPurpose Constrained Regularization Program for
Inverting Noisy Linear Algebraic and Integiatjuations. Comput.Phys.Commun.
27(3):22942.

Riemann AE, Lanier TC, Swartzel KR. 2004. Rapid imgpgffects on gelation of muscle
proteins. J.Food Sci. 69(7):E3Q04.

Ruan R, Chen P. 1997. Water in foods and biological materials: a nuclear magnetic
resonance approach.



79

Rumeur, E. L., J. de Certaines, P. Toulouse, and P. Rochcongar. 1987. Wateirptesse
striated muscles as determined by T2 proton NMR relaxation times. Magnetic
Resonance Imaging 5:2&72.

Stangierski J, Kijowski J. 2002. Influence of cooking regime on the phgbiemical
properties of myofibril gels made from mechanically recedéroiler meat.
Fleischwirtschaft 82(3):122.

B.S@HX5:Y%2;I'B"V"I'E7%;%80:;1I'0"H"I'N'M.11I'G"PRHQ™LX%717;0A.1".:8'Z.>%2"'
G7180:;'627/%2>0%4'7C'-7@ @0:5>%8'[52\%3'M2%.4>".:8'[ X0;X] OCC%A>4'7C'R:0>0.1'/G'
"HEY&' (1) I+ - 1&-N'O2P* QI RN

Tychinskii, V. P. 2007. Dynamic phase microscopy: is a dialogue with the cell possible?
PhysicsUspekhi. IOP Publishing 50:513.

Webb GA. 2001. Magnetic resonance in food science : a view to the future. Cambridge, UK:
Royal Society of Chemist.

Wiggins, P. M. 1995. High and low density water in gels. Progress in polymer science.
Elsevier 20:112@1163.

Wiggins, P. 2008. Life depends upon two kinds of water. PloS one. Public Library of Science
3:e1406.

Yoo, H., R. Paranji, and G. H. Pollack.120 Impact of Hydrophilic Surfaces on Interfacial
Water Dynamics Probed with NMR Spectroscopy. The Journal of Physical Chemistry
Letters. ACS Publications 2:58236.

Yoon WB, Park JW. 2001. Development of Linear Heating Rates Using Conventional Baths
and mputer Simulation. J.Food Sci. 66(1):182

Zheng, Jming, and G. H. Pollack. 2003. Lomgnge forces extending from polyrage|
surfaces. Physical Review E 681

Zheng J, Chin W, Khijniak E, Khijniak JE, Pollack GH. 2006. Surfaces and interfacet wat
Evidence that hydrophilic surfaces have lsagge impact. Adv.Colloid Interface Sci.
127(1):1927.



8C

ACKNOWLEDGEMENTS
We wish to thank Dr. Michadl. Dykstra of theNorth Carolina State Universityaboratory
for Advanced Electron and Light Optical Methods (LAELOM) for his support with the
microscopy experiments, as well as Drs. Xenia Tombokan and Supriyo Ghosh from Bruker

Optics (The Woodlands, TX) for their assistance with theNIIR experiments.



FIGURES

81



82

Figurel. Scanning electron micrographs (1,000 X) ed{#ft column) chicken and e
right column) fish surimi gels slowly ramp heated from 5 jC to (a, €) 70 jC or (b, f) 90 {C,
or rapidly heated from 5 jC to (c, g) 70 iC or (d, h) 90 {C and held fom5 i&cale bars are

10 um long.
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Figure2. Averagepore diameters of fish and chicken surimi gels (after cooling to 25 jC)
eitherrapidly heatedo, and heldsothermallyat, 70 or 90 jGor 5, 10 or 15 minsor ramp

heated (0.5 jC/min, starting at1® jC)justto 70 or 90 jC. Bars represent standard errors.
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Figure3. CL from fish and chicken surimi gels (after cooling to 25 ¢@her rapidly heated

to, andheld isothermally at, the indicated temperatures for 5, 10 or 15 mins, or ramp heated

(0.5 jC/min,starting at 510 jC) just to 7@r 90{C. Bars represent standard errors.
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to, and heldsothermallyat, the indicated temperatures 5, 10 or 15 minsor ramp heated

(0.5 jC/min, starting at-80 jC)justto 70 or 90 jC. Bars represent standard errors.



200 H

150 H

Amplitude

50 -

—— 5 mins
—— 10 mins
—— 15 mins
To1
T
TZB 22
: — : A
10 100
Time (ms)

1000

87

Figure6. T, distributionas computed by the CONTIN algoritrohchicken gels rapidly

heated to 7QC ard isothermally held fothe indicatedimes.



TABLES

Tablel. T,relaxation times and water pool populations of chicken and fish gels as

computed by the CONTIN algorithm.
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Tos (%) To1 (%) T (%) T (ms) T (ms) T (ms)

Chicken

70 iC ramp 0.09 87 12 5 75 450
90 iC ramp 0.13 96 4 10 68 400
70 iC 5 mins 0.20 85 15 15 80 410
70 iC 10 mins 0.13 85 15 8 79 440
70 iC 15 mins 0.14 90 10 8 67 380
90 iC 5 mins 0.21 92 8 13 70 370
90 {C 10 mins 0.16 93 6 8 72 400
90iC 15 mins 0.15 86 14 10 74 310
Fish

70 iC ramp 0.19 79 20 0.11 77 600
90 iC ramp 0.18 90 10 0.13 74 480
70 iC 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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Table2. Correlation coefficients andvels of significance for the correlations between either

EW or CL and Ftime constants and corresponding integrals (areas), found by either bi

exponential fitting or continuous distribution analysis.

T, Variable Correlation Level of
parameter coefficient significance
Tos(MsS) EW (%) 0.52 N.S.
Tor(ms)  EW (%) 0.03 N.S.
To2(ms)  EW (%) -0.61 P <0.05
Area Tz  EW (%) -0.01 N.S.
Area T,y EW (%) 0.12 N.S.
Area T, EW (%) -0.12 N.S.
Tos(ms)  CL (%) -0.07 N.S.
Tor(ms)  CL (%) -0.59 P <0.05
Too(ms)  CL (%) -0.09 N.S.
Area Tz  CL (%) -0.03 N.S.
AreaT,; CL (%) 0.56 P=0.06
Area T, CL (%) -0.55 P=0.06
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ABSTRACT

The ability of food gels to hold wer 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 rdiag 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 @ptive bubble method, in both model polyacrylamide gels aneitdated 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 suCt) {or
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. Pikugasuction 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 hydgels (Ogels@)ay beconsideredis a thre@limensional
honeycombed network of interconnectagillary tubesvith diameters ranging-100 "m;

thus @pillarity is the prevailing hypothesisr explaining how water is held in gels
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(Hermansson 1986; Hermansson 2008er and Trinick, 1983; Tornberg, 2005Water
inside capillary tubes possesses a capillary pressure accordiregXounglLaplace

equation

2#c0Ss$
r

IIP:

where " P is the capillay pressure,” is the liquidgas surface tensiorf, is contact angle at
the liquidsurface interface, and is radius of thaube.

Thus most believe that water holding (WH) properties of gels, defined as the ability
of a gel to hold water against any foaming to dispel the water from the matrix, is in some
way proportional to capillary pressufWH " #P).

Though seemingly logical, this hypothebes not yet beeconfirmed by quantitative
measurementg§uolanne and Halonen, 2010p 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 inyage analysis software. The captive bubble method
employed by workers in materialsisnce(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 heatducedgelation of proteins areonsidered to be one
measure of the WH properties of such gels (Hermansson,. M86) 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 testinygemploying compression or centrifugation (Trout, 1988). The
latter approach typically employs gravitational forces ranging from 100 toxX2§0&nd has

it has not been uncommon to apply extremely high gravitational forces X000 xG)
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(Han and thers, 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
shauld 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 illustraa¢d th
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 mafiact 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 diffences 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, ndorce 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 gel&els were prepared from chicken protein (Fedticed) or
polyacrylamide (chemically induced), and WH was measured as CL (durirgnteatd
gelation of protein gels) and by centrifugation or capillary suction metfoogseparedjels

of either compositn.
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MATERIALS AND METHODS

Polyacrylamide gels
Model polyacrylamide gels were prepared from 2.5, 5.0, or 7.5% (wAachygamide (%
C), asacrylamide crosslinkerand 10, 15, or 20% (w/v) total solids (%)] calculated as

% TS = p (acrylamide + bisacrylamide) / 200ml mixture]00

% C =[g (bis-acrylamide) / dacrylamide + bisacrylamide)] 100
Acrylamide and bisicrylamide werdirst dissolved and mixed in deionized water at 20 C.
Polymerization was initiated by incorporating 0.1% (w/v) ammomensulfate (APS) and
catalyzed by incorporating 0.1% (w/v) N,N,NGigt@amethylethylenediamine (TEMED).
All gels were prepared in cylindrical 30 x 115 mm polypropylene tubes. Immediately after
incorporating APS and TEMED, the tubes were capped andaavieve times. Gels were
left at 20 jC for 34 days to allow for complete polymerization.

Stellwagen (1998reported smaller pores in polyacrylamide gels treated with higher

bis-acrylamide:acrylamide ratios.

Meat gels

Preparation Fresh chicken breastvere obtained from PilgrimOs Pride (Sanford, NC).
Visible connective tissue and fat were removed prior to comminution in a Stephan mixer
cutter at 510 jC for 1812 mins at 2500 rpm, during which NaCl was added to comprise
2.5% (w/w) of the total pasteeight. Chilled water also was added during mixing to result
in a moisture content of 78% (w/w). Pastes were vaepackaged 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 placig 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 wee either (a) ramp heated in a programmable (heating rate) water bath
at 0.5 jC/min to simulate conventional smokehouse process heating rates to an endpoint
temperaturef 70C, or (b) placed in a®;C water batrand isothermally heltbr 60 min.

After heating all gels were immediatelylaced in plastic (Ziplod 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 tempiene of 70;C as compared to 5% but did not measure CL

unfortunately.

Addition of tansglutaminase (TGPastes with TG added (Activa™ Tl 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” Tl and resulted in a
moisture content of 77% (w). Han and others (2009) reported that TG incorporation
appeared to result in smaller pores upon heatingq36r 60 mins) of minced pork meat

batters.

High pressure processing (HPHPastes that received HPP treatments were subjected to 300

MPa for30 mins at 20 jC prior to heat treatment. Pastes were heat sealed in plastic bags and

HPP treatments were conducted in an Autoclave Engineers (Erie, PA)Z2tBQRisostatic
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press filled with a pressuteansmitting fluid. Speroni and others (2009) mpd 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 heatingeaped 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 cookedcooled meat gels was determined by measuring water lost by capillary
suction (CSL; Labuza and Lewicki 1978). Slices were cut from eaclkay€l.8 grams and
1.0x1.0x 0.25 mm) and placed at the bottom of polypropylene tubes having a diameter of
2.0 mmand height of 1.5nm. Whatman No. 1 filter papers (2.0 mm diamete)e 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 mayt pestaer or slower
equilibration times. Rubber stoppers sealed the tubes which were then equilibratgd at 20
for 5 days. Six replicates were recorded for each gel sample. CSL was calculated as the
weight of water absorbed onto filter papers dividgdhe 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, tkeater 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 collded 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 cenift§éd300
or 500G for 45mins. 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«g@ere not triald 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 rectangulacariséhx 0.2 x
0.5 mm. These specimens were frozen in liquid nitrogeickly taken out and fractured
with a chilled stainless steel scalpel knife and transferred.édeonco’ freeze dryer.
Samples were freeze dried-400{C or lowerand1,000mm Hg for 24 hoursThesewere
thenmounted on specimen stubs with colloidal silver, spuitated with golepalladium
andimagedwith a scanning electron micros@pPolyacrylande and meat gels were

observed at 500 and 1,000x magnification, respectively.
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Pore dameter size was measured udimggeJmage analysis freewaf@bramoff
and others, 2004)To minimize human bias while selecting pores for measurements, a 10 x
10 um 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 appeastzohted
along the zaxis. This procedure was repeated in three or four micrographs taken from
separate fields for each gel; a total efZ pores were identified in each micrograph,

summating to a total of about-8%0 pores per gel.

Contact angle meaurement

Contact angles were measured using the captive bubble methogCatFiQure 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 abrdi®e cuts and
glued to microscope slides. After immersing these specimens into a quartz cell containing
HPLC-grade water, a Rarridart Model 260 goniometer with DROPimage software was
used to inject an atmospheric air bubble of 5 uL directly undereaathgel (Figure 1).
Image analysis was used to measure the left and right contact angles and the mean of these
measurements was reportegince the air bubble is considered as a hydrophobic phase (van
der Waals interactions at the liguigs interfacer@ minimal), materials with lesser bubble
material surface interfacial areas are considered more hydraphtiis 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 individualplarened tests. Simple fiear

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). Increabisgcrylamideevel 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 gls (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 workes employ gravitational forces in the 1,000 to 5,2@xange to observe
measurable differences in EW of meat delan and others, 2009, Gu and others, 2011).

Thus, for purposes of investigating whether factors in gels contributing to capillary
pressue also possibly affect WH propertjgee 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 Foegedifg3J) it is clear that the sample hashe
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considerably deformed during centrifugation. The Yeuaglace equation assumes a rigid
capillary as variables in the equation (includg)@re changed; yet under these conditions

the deformable capillary system of hydrogels may be squeezed (reduwaddme),

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 diffees 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 geloentrations. 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 datalwmheasurements using a pressure cell to determine

the pressure required to expel water from the wetted filter paper.

Pore size, contact angléligher levels obis-acrylamideresulted in gels with smaller mean

pore diameterK < 0.001; Figures 3 arfg). Pore diameter differences due to increasing bis
acrylamide content were congruent with published values (Holmes and Stellwagen 1991).
Contact angles ranged 35 to 55 degiegmlyacrylamide gels and larger contact angles (less
hydrophilic surfaces) were sbrved in polyacrylamide gels with higher level$isf

acrylamide(P < 0.05; Figureb).
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Meat gels

Pore diameter:Micrographs and resulting mean pore diameter sizes of meat gels are

provided in Figured and5, respectively. As expected (Barbut aders 1996) ramp

heating of meat gels at 0;6/min to 70;C resulted in smaller mean pore diameter than
isothermal heating at 5€ for 60 mins P < 0.05). However neither TG nor HPP

treatments, alone or combined, significantly affected the mean @onet@r of gels made by
either heating protocol. This was unexpected based on previous reports (Han and others,
2009; Speroni and others, 2008acedo and others, 2010; Partanen and others, 2008);
perhaps those qualitative interpretations of poreweeinaccurate, or the effects they

noted were not observed in the present study owing to some difference in the experimental

procedure.

Contact angleContact angles ranged from 39 to 50 degrees in meat gels; however contact
angle was not significantly fefcted by heat treatment protocol; ¥G and/or HPP treatment

(Figure6)

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;
lonescu 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 ofeheat

(CastreBriones 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 polcoe b
plasma gels (Pares and Ledward, 2001) or fish mince protein gels (Cardoso and others,

2010).

CL: Ramp heating of meat gels at (& min to 70;C resulted in greater CL than did

isothermal heating at 5@ for 60 mins P < 0.05) in agreement withil. and Lanier (2012)
(Figure8). 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 bettieggMacfarlane and others, 1984) and

comminuted pork meat patties (Iwasaki and others, 2006).

Pore size and contact angleorrelation with WH measurements

Contact angle and WH propertig3olyacrylamide gelsxhibiting smaller contact angles

(more hydrophilic pore surface) also showed lower CSL (FiguRé = 0.99. For meat
gels,smaller contact angle also correlated with lowet (fSgure9; R? = 0.82); despite that
no statistical differences had been mead amongst the different meat gels in measured
contact angle or CSL values, this relationship isstiith mentioning There was no
significant correlation between contact angle of meat gels and CL.

Whereas pore size effects on WH properties didsapport our hypothesis that (

WH" #P) according to the Younfgaplace equation, contact angle effects did so
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seemingly, since smaller contact angles (indicative of more hydrophilic surfaces) were

associated with gels that expressed lesser amounts of water chpiltgry suction testing.

Pore size and WH propertieBolyacrylamidegels exhibiting larger pore diameters also

exhibited lower CSLRigure10; R? = 0.99). Similarly, a slight correlation of increasing pore
size with lower CL values (R= 0.44) was apparent in meat gels; however, no correlation of
pore size with CSL was noted for these dElgure 11)

These data were unexpected based on the hypothesi¥vHat ¢P) according to
the YoungLaplace equation. Several explanations are plessowever. 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 ssamlikely for the polyacrylamide gels.

Calculation of capillary pressuresiVe assumed the standard surface tension of \aafor

iC (72.86 mNm) for calculation of capillary pressure using the Yoluaglace equation. As
noted previously, pore siadfects were opposite of that expected by our hypothesis, (

WH" #P). Despitethat contact angle effects on WH favored this hypothesized
relationship, calculated capillary pressures varied strongly opposite to that expected by our
hypothesis with respect to C®f polyacrylamide gels (Figure21R? = -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 (Fig@reRt = -0.38 and-0.20, respectively)
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The actual surface tensionwater 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
experiment®wing toexpermental limitations Attention was given to maintaining the same
solvent chemistry in all gels comparéawever it is recommended in future studies to
measure the surface tension of water expressed during EW teBarigaps a more extensive
survey of hylrogels which vary moreidely 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 holdperiges; 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 appmriate, 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
heatinduced gels. As expected by the hypothesized relationship between WH properties
and caplary 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 properhgdrogels.
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FIGURES

Figurel. Schematic representation of the captive bubble method. Gel on the left side
introduces a smaller contact angle with air bubble droplet and isntbneshydrophilic,

assuming the air droplet is hydrophobic in nature.
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Figure 3. Micrographs obtained by SEM of polyacrylamide geepared withA&) 2.5%,(B)

5.0%, andC) 7.5% bisacrylamide



115

Figure4. Micrographs obtained by SEM of minced chicken breast gels heated isothermally
at (D, E) 50 %C for 60 mins or ramp heate(fFtd) 70 ¥4C (0.5 ¥4C/min) and treated with TG
(5 U/ g gel proteinE, 1), HPP (300 MPa for 30 min§), or(H) HPP + TG. Gels

represented in micrograpbsandF were not treated by TG nor HPP
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capillary suctiodoss(CSL) in minced chicken breast gels determined (left=R.44) and

capillary suction method @R= 0.09).
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ABSTRACT

The use of thedomain NMR(TD-NMR) T, relaxometery experiments for
analyzing the water mobility in hydrogels has not been widely adopted and interpretation of
the multiexponential decay during, Experiments has yet to be agreed upbne T,
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 bulkt has been suggested tAatelaxation times possess an
artifact of pore size owing to the remteansquare diffusion distance of water and the typical
pore sizes found in gels.

Polyacrylamide gels were prepared with varying total solids concentrations and
crosslinker bisacrylamide concerdtions to manipulate pore sizRelaxation 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 lsixesver the
relaxation times fowater added on top of gels did not reach that of pure water alone. These
resultsindicatethat T, relaxation times in TENMR experimentare complicated by network
spacing an@lso suggest that significant amounts of interfacial water might possess lowe

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 e15% protein have theapacity to retain 895%
water. The microstructure of hydrogels may be described as a three dimensional
interconnected network of tunnelgth diameter ranging 2Q00 "m (Aguilera, 1999)
Under food storage conditions very little water leaks from tgeteupon 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. Capijapressure 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, agels with bettewater holdingarepredicted tgpossess
highercapillary pressure, according to the Younbaplace equatiofLabuza, 1977,
Hermansson, 1986iermansson, 2008

_ 2ycos)
r

AP

where" Pis capillary pressuretis surface tension; is contact angleand 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, PollackPollack, 2001)ps well asthers (Wiggins, 1995; Israelachvili
and Wennerstim, 1996; Zheng and others, 2006; Chaplin, 2010; Fan and Gag, 2010
Bunkin, 201}, have presented evidence thatamwf 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 viscadibyver water mobility, and higher densthan
unconfined watefWiggins, 1995; Zheng and others, 20B6inkin, 201).

The Kelvin equation is often invoked in explaining effects of capillarity:

p_2" Vy

P r RT
wherep is the qut?iij vapor pressurpgis capillary vapor pressur#js surface tensiom,is
pore radiusVn, is mole volume of liquidR is gas constant, afids 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 FleHuggins equation may be used to calculate the relative vapor

pressure lowering effects:

Ina, =1n" +§l# Vll "4 A
1 % VZ% 2 2
whereV; is molar volume of solvenY/»is mdar volume of macromolecul&; is volume

2

fraction of solvent$,is volume fraction of macromolecule, a#ib an interaction parameter.
Labuza and others (19783ed the interaction parametéto calculate the long range forces
that entrap the water gels. They suggested that polymer gels are not static networks but
instead may be described as systems of macromolecules that structuteyvisgtnogen
bonds and ionic interactions. While these authors suggested there is no need to postulate
long rangdormation of multilayers of water in gel systems, they did not specifically
disprove this possibility.

Low field, or timedomain nuclear magnetic resonance {WVMR) is considered

useful for measuring water mobility by sgpin relaxation experiments.ypical free



induction decay (FID) curves in gel systems are multiexponential, possibly indicating the
existence of several populations, or OpoolsO, of liquid water varying in n{ehikty and
Chen,1997. Mathematical models may resolve the intensdigs mobilities of such water
pools.

While this approach possibly directly evalugteng range structuring of water in gel

systemsLillford and others (198Q3uggested that since the regoeansquare diffusion

distance of water is about 10n ( o =+/6Dt ; pure vater diffusion constan, is 10°cm?
sec’, and the diffusion relaxation time is about 2 ms), fmod (proteir) gels typically

contain pore diameters on the order of juspd() TD-NMR T, spectra are merely an
indication of pore size rather than wateobility. According to LillfordOs reasoning,

different apparent water pools within the same gel system (g.¢. T0 ms as compared to
T,g = 100 ms) are distinguisheuhly because they represent water confined within
differently sized pores (i.e. the pore size indicated by thevater pool is so much smaller
than that of the Jg water pool that it markedly lowers the average relaxation tifBejtram

and others (200X)oted three watgrools in minced meat gels and similgpipposed that

the fastest component;al(~1-10 ms) represented water immobilized (bound) at the protein
surface, g (~50-100 ms) represented a second layevater around densely packed
proteins within meat fibers which iis fast exchange between both bound and free water
pools, and Tc (~300-400 ms) represented a third layer of OfreeO water (though much lower
in relaxation time than bulk wate2;s; Lillford, 1980) whichresides between protein fibers.
Though this origin for the ;g pool followedthe intepretation of Lillford and others (1980)

it was not explained why this water pool should appear temporally distinct, and is of an



12¢

intermediate relaxatiotime. It is yet unclear whether this, or any other water pools
identified by multiexponential analysis, may represent the {oanggeordered interfacial
wateras described by others (Ludwig, 2001; Pollack, 2001; Raschke,.2006)

The present research wéd 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 atd be produced by varying either the crosslinkerdois/lamide
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 polyacrylande gels were prepared from 2.5, 5.0, or 7.5% (w/v) acrylamide

crosslinker bisacrylamide (% C) at 10% (w/v) total solids (% TS), plus 10, 15 and 20% TS
at 2.5% C, calculated as:

% TS ={g(acrylamide +bis-acrylamidé / 100ml} 100

% C = {g(bis-acrylamide / g(acrylamide +bis-acrylamidg} 100
Acrylamide and bisacrylamide were first dissolved and mixed in deionized water at 20 jC.
Polymerization was initiated by incorporating 0.1% (w/v) ammonium persulfate (APS) and
catalyzed by incorporating 0.1% (WM)N,NO,Ng&tramethylethylenediamine (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 jC for 34 days to dbw for complete polymerization.

SEM and image analysis

The center of each gel was cut out and shaped into a rectangulacariséhx 0.2 x
0.5 mm. These specimens were frozen in liquid nitrogen, rapidly taken out and fractured
with a chilled stainlss steel scalpel knife and transferred to a Labconco ~ freeze dryer.
Samples were freeze dried-400 jC or lower and,,000mm Hg for 24 hours. Finally, they
were mounted on specimen stubs with colloidal silver, spattated with golepalladium
and examined with a scanning electron microscopy (SEM).

Pore diameter size was determined using Iméglexamoff and others 2004)
Polyacrylamide gels served as a good model system because of their relatively haimogeno
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 T, relaxation measurements were performed using a pthsérhe-
domain nuclear magnetic resonance spectrometer (Minispe2Omigruker 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 phdildeydrogen
nudei wereexcited bythe CarrPurceltMeiboomGill radio-frequency pulse sequence

(CPMG). These nuclei reladto their original state once the pulse is stopped, inducing
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voltage to the instrument receiver coil and observed as the NMR sighdl,
measvements were performed with a gétime delay between the 9a@nd 180 pulsesa
total of fourscans, and a recycle delay of 15 seconds.

Core saple of gels were placed MMR tubes that were cappezhd equilibrated at 5
iC in a dryair bath for 3660 minutes. All experiments were performed at this temperature.
Three aliquots of each gel type were analyzed to account for batch varietiemtensities
and relaxation times of water pools were determined by anglyzé"NMR relaxation data
using theunbiasednverse Laplace transform with tEONTIN algorithm(Provencher

1982)

Added surface water

NMR relaxometry was used to evaluate whether water added to the surface of a gel
might exhibit reduced mobiiit possibly indicating the development of long range
structuring of water by a gel surfa¢ggheng and others, 200&0, 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 hoafter the pore size relaxation experiments, as explained

previously, were performed.

RESULTS
Increase in bismcrylamide concentration resulted in m@anediameter redun
from 20.0 to 7.3 "mwhile increase in total solids concentration resultedredaction from

20.0 to 3.6 "m (Figurs 1-3). Plotsof the natural logarithm aoklaxationamplitude versus
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time indicated the water in all gels exhibited multiexponential ddeigyi(es 3 and4).
Reduction in mean pore diameter corresponded to a redwfttbe T relaxation time, for
both the %C and %TS seriegFigures 5 and)6 No clear trends were observed within the T
2a (1-10 ms) or g (10-100 ms) time scale data/water pools.

TD-NMR of pure (unrestricted bulk)freeO) deionized wateas evaluated for
comparative purposes;ritlaxed predminately (99.5% of the total relaxation) at 1,426 ms
(Figure7A). A small fraction of pure water relaxed2ims (0.2%) and 260 ms (0.3%#js
probably represents watstructurecdat the surfacefdhe NMR tube.

Slight syneresis wasbservedn all gelsafter overnight holding. @sequent NMR
testingrevealedemergence of a new water pool (denolggl see Figure X) in the same
relaxaton time range as pure waterl(500ms Lillford, 1980), as well as convergence of
water pools 7a and Tog to a relaxation time of Jhg ~ 15 ms Figure7A; 2.5% C, 10% TS
gel). Likely this Topwater poolis associated with liquid that syneresed to the surface during
overnight holding The T,c water pool remained the major water pdaywever, representing
91% of the total relaxation.

As increasing amounts of deionized water were added sutfece of theel that
syneresed, a relative preponderancegfWater was observad the TDNMR spectra
(Figure7B, 7C and 7D). However, thedwater pool relaxation time did not approach that
of pure water untiWvater equivalent ta00% (w/w) of the gel weight was addatits

surface
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DISCUSSION
It has long been regarded that atb®% of wateiin gels is Oboudlor immobilized
by hydrogen bonding tthe macromolecular surface, whillke remaining watewas thought
to behave as OfreeO bulk water, ialbeld tightly withinthe threedimensional polymer
networkby capillarypressure (Labuza9¥7, Hermansson, 1986)This perception was
refined to differentiate three dynamically different pools of water (Packer 1977), as
summarized by Beltoand Ratcliff(198b):
(1) OWater structurally integratadth the macromolecule or particle and not
exchangingvith any other water.
(2) A layer of water aboutvo 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 (Woessiéi70; Halle 1981).
(3) Bulk water morehian two monolayers away from the macromoleoulsurface
and unaffected by it but in fast exchange with it.O
The Bertrangroup(Bertram and others, 200dgportecthat the g and Tc water
pools often observed in medérived pastes and gebpresent wier 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 aqibar
homogeneouAguilera, 1999) Also, it has been shown that mincing muscle tissue does not

significantly affect the relative abundance of the dhd T,c water pools (Bertram and others
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2001). Presumably, this mincing action should alter the pore size distiliutieeat and,
according ¢ theirsuppositionsignificantly effectchangen the relaxation spectra.

The present results, wherdonger T,c relaxationtimeswere associatedith gels
exhibitinglargermeanporediameter, would seem to bolster the assertion by Lillford (1980),
echoed byBertram and others (2002hat TD-NMR relaxation times and associated water
OpoolsO identified by multiexponential analysis, merely reflect variation in pore size, not
structuring (reduced mobility) of a large fraction of the water containeelén illfordOs
(1980) explanation doe®thoweverindicate whethethat more structured/less mobilater
at the geburface extends for more than only the twwnolayersttributed toclass 2wvater
in theaboveclassificationor whether it mighinstead represent many mateuctured
multilayersof water as proposed by oth€ksng, 1968; Wiggins, 19932ollack, 2001; Zheg
and others, 2006).

As we added increasing amounts of wateth® surface o polyacrylamidegel, for
amounts of water equo 20% of gel weight, or greater, the distance of most of this water
from the surface of the gelasfar greater than 100n, therootmeansquare diffusion
distance of waterThis then would not meet the criteria that the relaxation time of such water
could be affected by water immobilized at the gel surface (Lillford, 19@)the Tp
relaxation ime was far more rapid than that fpure water untian amount equivalent to
100%o0f the gel weightw/w) water was addei the gel surfaceThiswould 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 OpoolsO identified by multiexponential amdlJ&-NMR data
indeed may reflect reduced mobility of a large percentage of water entrapped by the gel
matrix. It is generally agreed that thealwater pool represents water that is highly restricted
by itsassociation with the surfacieg OboundO water, or class 1 according to Battdn
Ratcliff, 198). Bertramand otherg2001), who examined sevewifferentmuscle tissue
preparations by TENMR, concluded that J represents water within highly organized
polymer structurese(g.protein secondary structures, or nanopores), while tgavater pool

likely represents water hefdore looselybetween polymer strands (micropores).

CONCLUSIONS
Water mobilityof polyacrylamide gelsvas found to decrease with decreasing pore
sizesinduced by increasing either the percentage of crosslinkirachygamide or by
holding this constant while increase the total solids content of §elscessive addition of
water to the surface of the gel demonstraled such a deep layer of watenetheless
evidenced much lower mobility than bulk water. These @atad 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 microstructutbese gels.
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FIGURES



Figurel. SEM micrographs of polyacrylamide gels wid% total solids and (A) 7.5, (B)
5.0, and (C) 2.5% (w/whis-acrylamide contestand also gels with (E) 15% and (F) 20%
totd solids prepared with 2.5% b&crylamide White bars in upper right correerepresent

10 um.
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Figure 7. Effect of added surface water on smim relaxation in a polyacrylamide gel

(2.5% C, 10% TS). OWaterO is data obtained on pure water sanmpt@nizict 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 distidns as a function of water added to the

gel surface.
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ABSTRACT

Surimi seafoods in theSA are typically cooked rapidly to 90+ jC, while comminuted
meat products made from land animals (frankfurters, sandwich meats, etc) are cooked much
more slowly, and to lower endpoint temperatures (near 70 jC). We studied heating rate (0.5,
25, or 90 {C/nn) and endpoint temperature (490 jC) effects on rheological properties
(small strain, fracture) of gels made from myofibrillar proteins (Osurimi@ddieom fish
(Alaska Pollock) vs chicken breastish gels produced by rapid heating plus isotherma
holding at 90 jC 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 hedtdimggh&mall 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 gelsgsured at the endpoint
temperature), especially for chicken gels, upon cooling there was less difference in rigidity
between rapidlyand slowlyheated gels for either species. These results reveal that while
meat species does influence gelation kirsetilse 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 comminutedneat and poultry products (frankfurters, sandwich meats) are heated
relatively slowly during cooking, typically requiringZLhr to reach a desired endpoint
temperature of only 7@2;C (Zayas, 1997). The relatively low endpoint temperature is
chosen to eémance 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-sigigtern
surimi seafood products (e.g. crab analog) are very rapidly heated to 90 jC 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)dh species such as Alaska pollock and Pacific whiting. Such
apparent differences in heating rate and/or endpoint temperature effects may derive from
speciegelated differences in muscle protein composition, and/or the absence of the
sarcoplasmic fractioin surimi as compared to minced whole meat, and/or the presence of
added cryoprotectants in fish surimi (typically sucrose and sorbifd98 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
(0.1B3% wi/w) suspensions of purified myosin, actin and/or actomysimg and Brekke
1991, Lavelle and Foegeding 19@8amejima 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.19%&se simplified systesrare
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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 othersY88%;and others 1930

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. rapicheating rate effects on gel texture development, wherein both meats were
evaluated in the surimi form (myofribrillar proteiith 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 myofitai 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 PilgrimOs
Pride (Sanford, NC, U.S.A.). Visible connective tisand fat were removed prior to
chopping in a Stephan mixeutter. 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 sepafededthe 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 myefibhlfraction was
then prepared to contaipgroximately equal protein (167% 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 othe 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 endogenaigage activity;
(Hamann and others 1994@) achieve finished contents of 78% (w/w), 2% (w/w), and 2%
(w/w), respectively. The mixtures were chopped-a05C for 1612 mins at 2500 rpm in a
Stephan cuttemixer urder vacuum. The pH of chicken surimi paste (initial pH 6.3) was
adjusted with NaHCe&xo match that of the pollock surimi paste (pH 6.75). Pastes were
vacuumpackaged with a Multivac 8941 to remove large air bubbles. A corner of the bag
was cut before pking in a manually operated sausage stuffer for extrusion of the paste into
Teflon (for microwave heating) or stainlesteel (for water bath heating) cooking tubes, 1.9
cm inner diameter and 17.8 cm long. Tubes were sealed at both ends with threaggxs end
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).
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Heat processing of gal evaluated for fracture testing

The filled tubes were subsequently either ramp heated in a programmable (heating rate)
water bath at 0.5 jC/min to an endpoint temperature of 70 {C or 90 jC, to simulate a
conventional smokehouse process, or rapidly miake heated at 100 jC/min (at 2,450
MHz and 300 watts) in an Industrial Microwave Systems (IMS) focused (equal energy
distribution) chamber to endpoint temperatures of 65 jC, 70 jC, 80 jC or 90;C, then
transferred to a water bath where they were isothérield 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 sgadind 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 eingefrigeration, 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.) usinglaOCTITE instant adhesive. Dumbbahaped samples were
milled from each specimen to 1 aminimum 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 fraate 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, respestely (Hamann and others 1990AIso 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 change$g GO 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 consteass, 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 wadgteemined to be in the linear viscoelastic
region. Heating conditiawere at either 20 jC/min (the most rapid heating rate available for
this apparatus) or 0.5 jC/min, and endpoint temperatures and isothermal holding times were
as given in the text. Replicate starting valu@g GO 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 jC/min to 25 jC after
heating to evaluate whether these small strain oscillatory rheological propertedate 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 randontizesinimize 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 InstituteCary, 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
turkeymeat gels of similar fracture stress and strain as those heated slov@y&t @ver 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 isothermahgdlgigure 1) This was most
pronounced in chicken gels slowly heated to 90 jC, 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 reportemiimprevious work (Stevenson and others 2012).
For isothermally heated gels, significantly higher gel strength was observed at 90 GC in fish
whereas at 65 0C and 70 (C for long holding time (i.e. 10, 15 min) in chicken when compared
to other given tempetare treatments < 0.05). There wano significant difference in gel
deformability being detected between each treatnient(.05).

There was no clear endpoint temperature effect for ramp heated fish gels, but fracture
stress of chicken gels cooksldwly was significantly higher at the higher endpoint

temperatureR < 0.001). For rapidly heated gels, however, higher endpoint temperatures



correlated with stronger gels in fish and weaker gels in chicken Footh.001). Endpoint
temperature did naffect the deformability of rapidly heated fish géPs<0.05), whereas
there was a significant negative correlatiBr(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 jC/min) to varying endpoint temperatures, the
onset of thermarreversible gelation (evident as consistent development of elas@gijtgand
decrease in the viscous nature, phase a(Xjeng and Blanchard 1994ccurred later for
chicken, as opposed to fish, pastes during isothermal holding at all enepgietratures
(Figures 2 and 3)This likely is because myosin of chicken initially denaturesgiter
temperatureda. 45 jC) as compared to a cold water fish like pollazk 80 jC)(Smyth and
others 1996; Togashi and others 2002; Liu and others 2009 species effean myosin
denaturation temperature may be attributed to the difference in myosin binding proteins
which secure the thick filament structure in native myofibrillar proteir®e location and
number of these myosin binding proteins on the thick filamemesavith specieas well as
fiber type (Fischman & Reinach 199®%ence the present results may have been different if
different fiber types were study (e.g. chicken breast vs. chicken thigigther explanation
for such species effect might be duehte difference in the amount dfelix in native
myosin. Liu and others (2007) reported tHadlical content was 94% and 88% for fish and
pork myosin at the beginning of measuring at 5 GC according to circular Dichroisni@ZD).

both species, thermiareversible gel development followed an initial troughGr and ridge
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in / (less obvious for fish because this had largely already occurred during heating to target
temperatures). This trough G« and ridge in ¢an 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 increasirgynenelmperature.

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 reachechéximum 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 GC for 30 min produced a quit
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 (FR)urgva and
others (1991), with later similar findings by Xiong (1994), had also reported tgher
development below 55;C when heating/holding more dilute myofibrillar protein sols.
However, those dilute protein (chicken breast) sols did not show stevegppment oG«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 1990Q«values mainly decreased withcreasing isothermal

holding temperatures above 50 jC, which they attributed to kinetic constraints for gel



network formation. Clearly then a concentrated myofibrillar protein paste does not behave
the same during gelation as does a dilute myofibrillatgin solution, and the latter is not a
good model system for predicting the gelling behavior of commercial meat pastes.
WhenG«was measured at the endpoint temperatures (Figure 2C), rapid heating produced
lower gel rigidity than did slow ramp heatingtire 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 thary ather species or heating treatment. However, the
phase angles (the relative ratio of the elastic compo@enip the viscous componei@Q
of rapidly heated chicken gels were somewhat lower in comparison to ramp heated gels of
the same endpoint temagure (Figure8C). 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 rheologipakies 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 {destructive) measuremis. 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 iB&values of fish gels heated to and
isothermally held at 70, 80 and 90 jC, then cooled to 2B1€asurement temperature had

more effect at higher endpoint temperatufes 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 5B«increased with increasing endpoint temperaturenost
holding times. This trend was especially evident in chicken gels. Also, for both species,
slow heating resulted in high&«after cooling at both 70 jC and 90 jC endpoint
temperatures. There was no clear effect of endpoint temperature on plaseraasured
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, nfracture testing, and at the heating temperature. It is well
recognizedhat nonfracture 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-&4oture) ae
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 70j and 90;C produced similar values as rapidigchand held gels, (b)
both fracture stress a&kof 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 produicgethfracture 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«



161

CONCLUSIONS

The approackaken by many workers, such as Wu and others (1991), of studying the
gelation of dilute myofibrillar preparations using small strain {franture) rheological
measurements, usually evaluated at differing temperatures and yet compared equally, does
not seen 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¢€ 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 wasctised fra
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 (6590;C).

Fish (poikilotherm) gels were less heatiagerdependent, and fracture stress of gels
cooked at 90;C was as high or higher than at other endpoint temperatures. Thus species
effects were noticeabl¢ghough addition muscle fiber type effects may have also been
prevalentland our results reinforcebld prevailing commeral cooking practicer 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 howeveteneled 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 stisalle carried out when

optimizing textural properties of meat products.
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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, @015 minat given temperatures or
ramp heated (0.5 jC/min, starting ail6 jC) to given endpoint temperatures. Bars represent

standard errors.
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Figure 2. Sheastorage modulug3q of (a) fish and (b) chicken surimi gels during

isothermal holding and (c) after isothermal holding for given times, both following rapid
heating (20 jC/min) to given endpoint temperatures. Also depicted are shear storage
modulusvalues of slow ramp heated gels. Black and white circle markers (a, b) represent

shear storage modulus of gels slowly heated (0.5 jC/min) to 70 jC and 90 jC, respectively.
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Figure 3. Phase angle (tdalta) of (a) fish and (b) chicken surimi gels during isothermal
holding and (c) after isothermal holding for given times, both following rapid heating (20
iC/min) to given endpoint temperatures. Also depicted are phase angle values of slow ramp
heated gis. Black and white circle markers (a, b) represent shear storage modulus of gels

slowly heated (0.5 jC/min) to 70 {C and 90 jC, respectively.
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25 jC andG«measued at given temperatures for fish gels.

171



172

40000

== Endpoint 70 {C
XXX Endpoint 90 |C
[ 5mins

[ 10 mins
30000 { EEEE 15 mins

XXX

XXX

>

XXX

<>

X

XX

X

20000 A

G' (Pa)
>

1%

07070707070707"

10000 -

IRARARRARARRARR IR RN

1
1]
I
I
KOO XX

Ramp 60iC 70iC 80iC 90iC Ramp 60iC 70iC 80iC 90iC

Fish Chicken

Figure 5. Shear storage modul@(of fish and chicken surimi gels (after cooling to 25 jC)
either heated isothermally for 5, 10 or 15 mins at given temperatures (70 jC, 80 jC, or 90 jC)

or ramp heated (0.5 jC/min, starting at® jC) to given endpoint temperatures.
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Figure 6. Phase angle (tan delta) of fish and chicken surimi gels (after cooling to 25 jC)
either heated isothermally for 5, 10 or 15 mins at gteemperatures (70 jC, 80 jC, or 90 jC)

or ramp heated (0.5 jC/min, starting at® jC) to given endpoint temperatures.



