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Isostrength Comparison of Large-Strain
(Fracture) Rheological Properties of
Egg White and Whey Protein Gels
H. Li, A.D. Errington, and E.A. Foegeding

ABSTRACT

The effects of protein concentration and heating conditions on the physical prop-
erties of whey protein isolate (WPI) (in 50 mM NaCl, pH 7) and egg white (pH 9)
gels were examined. Egg white and WPI gels had similar values for shear stress
at fracture (i.e., isostrength), while trends for shear strain at fracture were pro-
tein-type specific. The rigidity ratio (R 0.3), ratio of the rigidity at fracture (G f) to the
rigidity at 30% of fracture strain, measured departure from the stress-strain rela-
tionship of an ideal Hookean solid. All gels fit master curves of G f vs R0.3, which
were described by a power law model of R 0.35A(Gf)

–0.19, where “A” showed pro-
tein type-specific characteristics.
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two general types of networks, stranded
and particulate, based on overall appear-
ance and microstructure (Clark and Lee-
Tuffnell, 1986). In general, stranded gels
are more translucent, hold more water, and
are more elastic, while particulate gels are
opaque and have lower water-holding abili-
ty (Clark et al., 1981; Hermansson, 1982;
Bowland and Foegeding, 1995). Stranded
gels have protein strand diameters in the
order of nanometers, whereas particulate
gels may have strand diameters in the order
of micrometers (Clark et al., 1981; Stading
et al., 1993). An intermediate structure be-
tween stranded and particulate networks is
a mixed network.

Gel network structure and interactions
within the network strands influence the
rheological properties of protein gels. Stad-
ing and Hermansson (1990) reported that it
was possible to differentiate between
stranded and particulate b-lactoglobulin
gels using viscoelastic measurements.
However, fine-stranded whey protein iso-
late (WPI) and b-lactoglobulin gels formed
at pH < 4 or > 7 had similar microstruc-
tures and small-strain rheological proper-
ties but differed greatly in large-strain
(fracture) rheological properties (Standing
and Hermansson, 1991; Foegeding, 1993;
Errington, 1995; Errington and Foegeding,
1998). Thus, factors determining gel tex-
ture, i.e., large-strain (fracture) rheological
properties, were not completely determined
by networkstructure and small-strain rheo-
logical properties.

Differences in heat-induced gelation
properties of egg white and whey proteins
have been reported (Beveridge et al., 1984;
Hsieh et al., 1993). Using small-strain
rheological methods, Tang et al. (1994)

found that, at a given protein concentra-
tion, egg white (EW) protein solution had a
lower gelation temperature than whey pro-
tein concentrate (WPC) protein solution, a
higher initial gelation rate, and higher G9
values (elastic rigidity) during heating and
cooling. Furthermore, EW had a much low-
er minimum protein concentration (Co) for
gelation. It is clear that EW and WP solu-
tions differed in gelation properties when
compared under similar gelling conditions
(i.e., pH, heating temperature, and time).
However, it is not clear whether large-
strain rheological properties of gels were
protein type-specific, or whether similar
gels were formed but required different ge-
lation conditions. The objective of this in-
vestigation was to determine whether EW
and WPI form heat-induced gels with pro-
tein type-specific large-strain (fracture)
rheological properties.

MATERIALS & METHODS

Egg white and whey protein isolate
Dehydrated egg white (EW) powder

was obtained from Henningsen Food Inc.
(Pt-39) (Moaha, Nebr., U.S.A.). The pow-
der had a protein content of 82% to 85%,
depending on lot, and initial pH close to
10. WPI (BiproTM) was obtained from
Davisco Foods International Inc. (LeSueur,
Minn., U.S.A.) and had a protein content of
91% to 93%, depending on lot, and initial
pH close to 7. The protein concentrations
in the EW and WPI solids were determined
by the macro-Kjeldahl method (AOAC,
1984), using N factors of 6.38 and 6.25 for
WPI and EW, respectively.

Preparation of heat-induced
protein gels

Protein suspensions were prepared by
hydrating WPI in 50 mM NaCl or EW in
deionized H2O at room temperature. Pro-
tein powders were hydrated by first mixing
a small amount of solvent with solids to
form a smooth paste, followed by more sol-
vent, and stirring for 1 h. WPI dissolved
readily to give thin, clear liquids, whereas
EW required clarification by centrifugation
(Sorvall RC-5B Refrigerated Superspeed
Centrifuge and SS-34 Rotor) at 3000 × g at
room temperature for 20 min.

Protein concentration (w/v) of WPI sus-
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INTRODUCTION
THE ABILITY  OF FOOD PROTEINS TO
form heat-induced gels is one of their main
functional properties. Protein gelation can
be considered as the formation of a contin-
uous and well-defined network, assembled
from protein molecules or aggregates, sur-
rounded by water. Gel networks are usually
analyzed in terms of rheological, micro-
structural, and water-holding properties.
Such properties are greatly affected by pro-
tein origin, dispersion conditions (protein
concentration, pH, and salt) and gelling
procedures (heating temperature, time, and
rate) (Clarkand Lee-Tuffnell, 1986).

The techniques used to characterize
rheological properties of protein gels are
classified as small- and large-strain (frac-
ture) rheological measurements. Small-
strain techniques are designed to nonde-
structively measure rheological properties
of solids. In contrast, large-strain methods
may destroy or fracture the sample into two
or more pieces. Stress, strain, and rigidity
or elasticity modulus are common parame-
ters derived from large-strain measure-
ments and may be determined either with
or without fracture. The perception of tex-
ture, in part, is an evaluation of fracture
properties when a gel-type food is con-
sumed. In general, stress reflects the firm-
ness or hardness of gels whereas strain is
an indicator of deformability.

Heat-induced globular protein gels form
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pensions was based on Kjeldahl nitrogen.
Protein concentration of EW suspensions
after clarification was determined at 280
nm (UV160U UV-Visible Recording Spec-
trophotometer, Shimadzu) based on a stan-
dard curve, which related known concen-
trations to A280 values.

The pH of EW and WPI suspensions
were adjusted to 9 and 7, respectively, us-
ing 2 N HCl or 1 N NaOH. Suspensions
were brought to volume, vacuum-degassed
for 30 min, then poured into stoppered
glass tubes (i.d. 19 mm), which were pre-
coated with Sigmacoate (Sigma Chemical
Co., St. Louis, Mo., U.S.A.) for WPI or
PAM® nonstick cooking spray (American
Home Foods, Milton, Penn., U.S.A.) for
EW suspensions. The material used to coat
the glass tubes was matched with each pro-
tein suspension to minimize adhesion be-
tween gel and tube. Glass tubes filled with
protein suspensions were covered with alu-
minum foil and placed in a water bath (65,
70, or 80 °C) for 5 to 30 min. Gels were
cooled at room temperature (22 ± 1 °C) for
1 h and stored overnight at 4 °C. Torsional
deformation to fracture was carried out the
following day.

Torsional deformation test
Gels were equilibrated to room temper-

ature and removed from the tubes. Cylin-
drical shaped gel samples were cut to 28.7
mm length. Plastic discs of approximately
27 mm diameter and 1 mm thick (Gel Con-
sultants, Inc., Raleigh, N.C., U.S.A.) were
attached to each end of the gel cylinder us-
ing cyanoacrylate ester glue (“Quicktite”
Super Glue, Loctite Corp., Cleveland,
Ohio, U.S.A.). The gel cylinders were
ground on a precision milling machine
(Model GC-PM92 US, Gel Consultants,
Inc., Raleigh, N.C., U.S.A.) to a capstan
shape with minimum diameter 1 cm at the
center, mounted in a Hamann Torsion
Gelometer (Model GC-TG92 US, Gel Con-
sultants, Inc., Raleigh, N.C., U.S.A.), and
twisted to fracture at a strain rate of 0.05

s-1. True shear stress at fracture (shear
stress) and true shear strain at fracture
(shear strain) were determined according to
Diehl et al.(1979). Fracture rigidity (Gf)
was calculated as shear stress/shear strain.
The rigidity ratio at 30% fracture strain
(R0.3) was calculated as the ratio of fracture
rigidity to the rigidity (stress/strain) at 30%
fracture strain (Fig. 1). The value of 30%
fracture strain was selected as a point that
was well beyond the minimum sensitive of
the Hamann Torsion Gelometer, yet well
below the strain at fracture. Nine gel cylin-
der samples of each treatment were ana-
lyzed and each treatment was replicated at
least twice. Data from all replications were
pooled (n $ 18 per data point), and the
means and standard deviations of the vari-
ous parameters were recorded.

RESULTS

EW and WPI gels prepared at 80 °C
for 30 min

A pH 9 aqueous dispersion was used for
EW because this was the pH of fresh egg
white and because the strength of heat-in-
duced EW gels has been reported to be
maximum around that pH (Hickson et al.,
1980; Dunkerley and Zadow, 1981; Holt et
al., 1984; Power and Nakai, 1985). Like-
wise, a pH 7 and 50 mM NaCl solvent was

used for WPI because of near maximum
shear stress (Kuhn and Foegeding, 1991)
and low enough salt concentration to main-
tain a stranded network in protein concen-
trations range of 6% to 19% w/v (Err-
ington, 1995). Gelling conditions of 80 °C
and 30 min were used as “standard” heat-
ing conditions to relate to previous investi-
gations (Kuhn and Foegeding, 1991; Koch-
er and Foegeding, 1993; Bowland and Foe-
geding, 1995; Errington, 1995).

Shear stress (Fig. 2a) of EW and WPI
gels increased with increasing protein con-
centration; shear stress values ranged from
11.8 ± 1.7 kPa for a 7% EW gel to 131.8 ±
8.9 kPa for a 19% WPI gel. EW gels and
WPI gels followed the same stress-protein
concentration relationship in the 6% to
19% protein concentration range, which
could be described by a power law rela-
tionship of:

shear stress 5 0.048 (% protein)2.7,
with r2 5 0.97

That is, EW and WPI gels had similar
strengths and required similar force/area to
cause fracture at the same protein concen-
tration.

While shear stress of EW and WPI gels
increased with protein concentration in a
similar fashion (Fig. 2a), changes in shear

Egg White and Whey Protein Gels . . .

Fig. 1—Generalized stress-strain curve for
protein gels. The slope of dotted lines cor-
responds to Gf and G0.3 values, with G0.3 rep-
resenting the rigidity at 30% of the strain
at fracture.

Fig. 2—Protein concentration dependence of shear stress (a), shear strain (b), fracture
rigidity, Gf (c) and rigidity ratio, R0.3 (d) of EW and WPI gels made at 80 °C for 30 min. EW (j)
and WPI (d) were dispersed in H2O, pH 9 and in 50 mM NaCl, pH 7, respectively. Error bars
are standard deviations.
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strain with protein concentration differed
(Fig. 2b). Shear strains of WPI gels de-
creased with increasing protein concentra-
tion; shear strain was 2.5 ± 0.1 at 8% pro-
tein (minimum protein concentration to
form a gel firm enough for torsional defor-
mation testing) and a value of 1.2 ± 0.1 at
19% protein (Fig. 2b). In contrast, shear
strains of EW gels were not sensitive to
changes in protein concentration with a
value of 2.0 ± 0.2 in the 6% to 19% protein
concentration range.

Fracture rigidity (Gf) values increased
with protein concentration, and there was a
crossover between EW and WPI gels at
<10% protein (Fig. 2c). At protein concen-
trations < 9%, the Gf values were slightly
greater for EW due to the lower shear
strain. This was somewhat obscured due to
the wide range of Gf values and the linear

scale. At protein concentrations > 10%,
WPI gels had greater Gf values and thus
were more rigid than EW gels. Similar Gf
values for EW and WPI gels were found at
9% to 10% protein. This indicated that, at
9% to 10% protein, the gel structure was
probably similar; however, as shown be-
low, this was not the case.

Rigidity ratios (R0.3) of EW and WPI
gels decreased with increasing protein con-
centrations (Fig. 1d); R0.3 decreased from
1.4 for a 7% EW gel or 1.9 for an 8% WPI
gel to between 0.9 and 1.0 for 19% EW or
WPI gels. The difference of rigidity ratios
between EW gels and WPI gels decreased
as protein concentration increased; howev-
er, at 9% to 10% protein, the gels had dif-
ferent R0.3 values. At no protein concentra-
tion did shear stress, shear strain, and rigid-
ity ratio match between gels.

EW and WPI gels prepared at
< 80 °C

Changing gelling temperature can alter
fracture properties of protein gels. EW gels
and WPI gels were formed by heating at
65 °C (EW) or 70 °C (WPI) for 30 min
(lowest temperatures for 12% protein EW
or WPI dispersions to form a self-support-
ing gel). Changes in shear stress, shear
strain, and rigidity ratio of EW and WPI
gels formed at lower temperatures showed
the same protein concentration-dependent
patterns as those formed at a higher tem-
perature (80 °C) (Fig. 3). Specifically, for
EW gels formed at 65 °C, shear stress in-
creased (Fig. 3a), and rigidity ratio de-
creased (Fig. 3c) with increasing protein
concentrations and shear strains were not
sensitive to protein concentration (Fig. 3b).
For WPI gels formed at 70 °C, shear stress
increased (Fig. 3d) and shear strain and ri-
gidity ratio decreased (Fig. 3e and 3f) as
protein concentration increased.

The EW and WPI gels formed at
< 80 °C had smaller shear stress, greater
shear strain, and greater rigidity ratio val-
ues than gels formed at 80 °C under the
same protein concentrations (Fig. 3). Thus,
at a given protein concentration, increasing
heating temperature increased gel strength,
decreased gel deformability, and decreased
rigidity ratio. Since these trends were com-
mon between protein types, they appeared
to be a general effect of increasing protein
denaturation and/or changing the kinetics
of gelation. The changes in shear stress and
shear strain of WPI gels formed at 70 °C
with protein concentration paralleled
changes in gels formed at 80 °C (Fig. 3).
Thus, the extent of shear stress decrease
(Fig. 3d) and shear strain increase (Fig. 3e)
due to a 10 °C temperature decrease was
similar at different WPI protein concentra-
tions and could be explained by a shifted
constant value. Changes in R0.3 values
were somewhat parallel but at high protein
concentration (e.g., > 17%), WPI gels pre-
pared at 70 and 80 °C converged to similar
rigidity ratios of approximately 1 (Fig. 3f).

The extent of shear stress change in EW
gels with temperature decrease varied with
protein concentration (Fig. 3a). At > 16%
protein, there was a greater decrease in
shear stress due to the decrease in tempera-
ture from 80 to 65 °C, compared to the
lower protein concentration range.

EW gels and WPI gels prepared at
shorter heating times (< 30 min)

Fracture rheological properties of pro-
tein gels can also be altered by changing
heating time (Beveridge et al., 1980; Foe-
geding, 1992; Errington, 1995). Fracture
rheological properties of 18% WPI gels
formed at various heating times at 80°C
were compared (Fig. 4). The shear stress
and shear strain values were plotted by
standardizing the parameters to the final

Fig. 3—Protein concentration dependence of shear stress (a and d), shear strain (b and e)
and R0.3 (c and f) of EW or WPI gels made at 65°C (EW) or 70°C (WPI) (j) and 80 °C (d). EW
and WPI were dispersed in H2O, pH 9 and in 50 mM NaCl, pH 7, respectively, and heated at
given temperatures for 30 min. Error bars are standard deviations.
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plateau values (gels heated for 25 to 30
min). In general, shear stress increased
(Fig. 4a), and shear strain and rigidity ratio
(Fig. 4b and 4c) decreased with increasing
heating time. The major change occurred
within the first 10 min. The WPI gels heat-
ed at 80 °C for 5 min had approximately
50% less strength and were about 50%
more deformable than the final gels (heated
for 30 min).

A similar heating time-dependent exper-
iment was conducted with 10% protein EW
gels. As was observed for 18% WPI gels,
shear stress (Fig. 4d) increased. The rigidi-
ty ratio showed a slight decrease or no
change (Fig. 4f) as heating time increased.
There was a sharp change in shear stress
and rigidity ratios from 5 to 15 min, fol-
lowed by a plateau after 20 min. Shear

strain of EW gels did not change with heat-
ing time (Fig. 5e). Thus, EW gels heated at
80 °C for 5 min had about 45% less
strength and similar deformability com-
pared to gels heated 30 min.

DISCUSSION

Rigidity ratio
Torsional deformation testing measures

two general rheological properties: (1)
stress and strain responses under constant
shear rate before fracture (stress-strain pro-
file) and (2) stress and strain values at frac-
ture. Changes before fracture are dynamic,
and the values at fracture are a single static
point measurement. Previous investigations
on fundamental fracture rheological proper-
ties have focused on shear stress, shear

strain, and/or fracture rigidity (Beveridge et
al., 1980; Bottcher and Foegeding, 1994;
Bowland and Foegeding, 1995). We con-
sidered a new parameter, rigidity ratio or
R0.3, to describe the stress-strain profile.
This was defined as the ratio of the rigidity
at fracture to the rigidity at 30% of the
fracture shear strain. The shape of stress-
strain curves is quite specific for different
types of materials (Atkins and Mai, 1985;
Bot et al., 1996) and can be described by
the values of R0.3. A material behaving as
an ideal Hookean solid (perfect elastic)
would have R0.3 5 1. When the stress in-
crease with deformation is greater than that
of a perfect elastic gel, R0.3 is > 1, and this
behavior is called “strain hardening.”
When the stress increase with deformation
is less than that for a perfect elastic gel,
R0.3 is < 1, and this is called “strain weak-
ening.” Note that only one reference point
(i.e., at 30% fracture strain) and one strain
rate (i.e., 0.05 s-1) were investigated in our
study, and the rigidity ratio may have dif-
ferent values if other reference points or
shear rates were used for any specific
stress-strain curve. However, a perfectly
elastic material would always produce a ri-
gidity ratio of unity and be independent to
the reference point and strain rate used.
This elastic behavior was observed in acry-
lamide gels (Foegeding et al., 1994).

Fracture rheological properties of
EW and WPI gels

Fracture shear stress of EW and WPI
gels (Fig. 2) increased with protein concen-
tration, and they had similar stress-protein
concentration relationships in the protein
concentration range of 6% to 19%. These
results showed that a general scaling rela-
tionship between shear stress and protein
concentration existed, regardless of protein
origin (EW or WPI), under certain solution
conditions. Changes in pH and salt concen-
tration could be viewed as altering electro-
static properties so that the balance of pro-
ton dissociation/association (i.e., pH) and
surface charge shielding (i.e., salt concen-
tration) were similar between protein types.
Alternatively, the pH and NaCl ions could
alter the solvent quality so that gelation
conditions were under equal chemical po-
tential, producing similar polymer network
properties (Nicholson, 1991).

The increase in shear stress could be
due to several factors. An increase in pro-
tein concentration would cause an increase
in density of protein strands that would re-
quire a greater force for rupture. This hy-
pothesis is supported by a linear relation-
ship between fracture strength and the area
density of backbone bonds crossing the
fracture plane (i.e., the number of backbone
bonds per unit area) (Vincent, 1992). Also,
as protein concentration increases, proteins
have an enhanced tendency toward aggre-
gation, resulting in thicker protein strands

Egg White and Whey Protein Gels . . .

Fig. 4—Heating time-dependencies of shear stress (a and d), shear strain (b and e) and R0.3
(c and f) of 18% WPI and 10% EW gels prepared at 80 °C. EW and WPI were dispersed in
H2O, pH 9 and in 50 mM NaCl, pH 7, respectively, and heated at various times. Error bars
are standard deviations.
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(Woodward and Cotterill, 1986). Arntfield
et al. (1990) reported that ovalbumin con-
centration had no notable effect on denatur-
ation temperature and enthalpy values in
the protein concentration range of 5% to
15% (150 mM NaCl, pH 8.5). They con-
cluded that variations in the networks
formed at different ovalbumin concentra-
tions were related to aggregation rather
than denaturation.

Shear strain of WPI gels decreased
greatly with increasing protein concentra-
tion, while shear strain of EW gels was not
sensitive to changes in protein concentra-
tion (Fig. 2b). While EW and WPI gels had
similar strength (shear stress) at the same
protein concentration, WPI gels were more
deformable (as measured by shear strain)
than EW gels at protein concentrations
< 12%, and less deformable than EW gels
at > 12%. Rigidity ratios of EW and WPI
gels decreased as protein concentration in-
creased (Fig. 1d), while EW gels had lower
rigidity ratios than those of WPI gels at the
same protein concentration. EW and WPI
gels became more rigid (as measured by
Gf) with increasing protein concentration.
The observed changes in patterns of shear
stress and shear strain with protein concen-
tration for EW and WPI gels confirm previ-
ous reports (Beveridge et al., 1980; Wood-
ward and Cotterill, 1986; van Kleef, 1986;
Hsieh and Regenstein, 1989; Foegeding,
1992; Boye et al., 1997). Due to the differ-
ent responses of individual fracture rheo-
logical properties to protein concentration
change, EW and WPI gels cannot have the
same values of all rheological properties at
the same protein concentrations. Thus, at
9% to 10% protein, EW and WPI gels had
similar shear stress, shear strain, and frac-
ture rigidity values while their rigidity ra-

tios differed (Fig. 2). However, since a
wide range of solution conditions were not
investigated, there could possibly be a
match of solvent conditions where stress,
strain, and rigidity ratio converged at a
common protein concentration.

Fracture rheological properties of pro-
tein gels can be altered by changing heat-
ing temperature and time. Increasing both
increased the shear stress and decreased
shear strain of WPI gels (Fig. 3 and 4). In-
creasing heating temperature decreased
shear strain of EW gels, while shear strain
did not change with heating time. Increases
in shear stress of whey protein gel with
heating temperature and time confirmed
published reports (Mulvihill and Kinsella,
1987; Shimada and Cheftel, 1988; Foeged-
ing, 1992; Aguilera and Rojas, 1996; Mat-
sudomi et al., 1997). Boye et al. (1997)
showed that water-holding ability as well
as gel strength increased with protein con-
centration and heating temperature for WPI
gels. The temperature-dependence of frac-
ture rheological properties (Fig. 3) also in-
dicated that EW could form stronger gels at
lower temperatures (12% EW at 65 °C)
than WPI (required heating at 70 °C to start
to form a strong enough gel for the torsion
test) at the same protein concentration.
These results suggested that gelling condi-
tions (temperature and time) could be used
to match some of the fracture rheological
parameters among different protein gels.

Note that shear strain of EW and WPI
gels had different responses to protein con-
centration and heating time, but their shear
stress had a similar response. The differ-
ences in shear strain could be due to dis-
similar gel network structures and/or mo-
lecular interactions within networks. Dis-
persion and heating conditions can alter de-
naturation and/or aggregation. The extent
of protein unfolding, formation of inter-
protein interactions (in particular, disulfide
bonds), and extent of aggregation increases
with heating temperature and time. In addi-
tion, different proteins have different sensi-
tivities to changes in protein dispersion and
heating conditions. Thus, different protein
conformations in the pre-gel state lead to
different molecular interactions in the final
gel network and thus affect rheological
properties. Any one or a combination of
such factors could cause the differences in
shear strain. However, since shear stress of
EW and WPI gels had similar responses to
protein concentration and heating condi-
tions, it must be controlled by a different
mechanism and seemed to be related to the
mass of protein regardless of protein origin
and conformational status.

Fractal analysis has been applied to re-
late the elastic properties of a gel to its net-
work structure (Bremer et al., 1989; 1990;
1993; Shih et al., 1990; Hagiwara et al.,
1997). In scaling theory (Shih et al., 1990),
the structure of a gel network is considered

as a collection of closely packed fractal
flocs. The elastic properties of the gel are a
reflection of the fractal structure and inter-
actions (Shih et al., 1990). Depending on
the strength of the links between flocs in
comparison to that within flocs, there could
be two types of gel behavior: strong-link
and weak-link. The strong-linked has high-
er elasticity in the links between neighbor-
ing flocs (interfloc) than those within the
flocs. In the weak-linked type, the links
within the flocs have a higher elasticity
than those between flocs. A protein can
form both strong- and weak-link types of
gels due to varying dispersion conditions
(protein concentration and salt) (Hagiwara
et al., 1997).

Another fractal analysis was proposed
by Bremer et al. (1989; 1990; 1993). In the
theory of fractal geometry, gels are classi-
fied into Type 1 and Type 2. The two types
have different fracture mechanisms; the
protein strands making up the gel network
are stretched or shrunk under applied stress
in the Type 1 gel, and the strands of Type 2
gels are bent under applied stress. Type 1
and 2 gels proposed by Bremer et al.
(1989; 1990; 1993) correspond with
strong-link gels in the Shih et al. (1990)
model.

Both fractal models predict how strain
would vary with network phase volume
(i.e., protein concentration); however, the
strain level that causes deviation from the
linear elastic region is considered, rather
than fracture strain. Nonetheless, such frac-
tal models could be used as a first approxi-
mation for fracture strain scaling behavior.
The models suggest that EW and WPI gels
are strong-linked (Shih et al., 1990). EW
gels are Type 1 gels (Bremer’s theory) be-
cause fracture strain did not change with
protein concentration, while WPI gels are
Type 2 because shear strain decreased as
protein concentration increased (Fig. 2)
(Bremer et al., 1989; 1990; 1993).

Correlation between fracture
rigidity and rigidity ratio

Rigidity ratio (R0.3) can be viewed as a
measure of fracture shear stress of a gel de-
parting from that of a perfect elastic mate-
rial. Thus, a higher R0.3 (> 1) indicates a
greater shear stress at fracture relative to
perfect elastic materials (i.e., strain harden-
ing). A lower R0.3 (< 1) indicates a smaller
shear stress at fracture relative to perfect
elastic materials (i.e., strain weakening).
Rigidity ratio values were in the range of
0.8 to 2 for WPI and EW gels. Based on
deviation from a perfect elastic gel (i.e.,
R0.3 is > or < 1), the strain hardening effect
was greater (the difference was DR0.351)
than the strain weakening effect (the differ-
ence was DR0.350.2).

Fracture rigidity measures stiffness of
gel networks at fracture, and R0.3 is an in-
dicator of the overall force-deformation

Fig. 5—R0.3 and Gf relationship of EW (open)
and WPI gels (solid). Various concentrations
of EW and WPI were dispersed in H2O, pH 9,
and in 50 mM NaCl, pH 7, respectively, and
heated at various temperatures and times:
j and h 5 time-dependence (data from Fig.
4); m and n 5 lower heating temperature
(data from Fig. 3); and d and s 5 80 °C heat-
ing temperature (data from Fig. 2)
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properties of a gel network. Thus, we ex-
amined the general relationships between
R0.3 and Gf by combining data from differ-
ent protein concentrations, heating temper-
atures, and times. A general relationship
between R0.3 and Gf was found where less
rigid gels had a relatively high strain hard-
ening, which decreased as the gels became
more rigid (Fig. 5). The R0.3 vs Gf curves
of EW and WPI gels could be described by
power law models as follows: R0.352.32
(Gf)-0.19 for WPI and R0.351.91 (Gf)-0.19 for
egg white. A similar exponent of –0.19
suggested a similar relationship between
these properties for EW and WPI gels,
whereas different front (multiplication) fac-
tors indicated protein-specific shifts in the
relationship. At a similar Gf value, WPI
gels had greater R0.3 values. Thus, at a sim-
ilar stiffness, WPI gels showed more strain
hardening behavior than EW gels. The R0.3
vs Gf curve described a master relationship
between force-deformation and fracture
properties regardless of dispersion condi-
tion (protein concentration) and gelling
condition (heating temperature and time).

CONCLUSION
EGG WHITE AND WPI GELS HAD SIMILAR
strength (shear stress) at the same protein
concentrations when gels were prepared at
80 °C for 30 min, and gel strength in-
creased as temperature increased. These
gels, while similar in strength, had different
trends in gel deformability as protein con-
centration was increased. Shear strain of
WPI gels decreased with protein concentra-
tion, and heating temperature and time,
while shear strain of EW gels did not
change with protein concentration and
heating times. Rigidity ratio (R0.3) repre-
sented an additional rheological parameter
(besides shear stress and shear strain) for
network characterization. R0.3 is an indica-
tor of stress-strain relationship departure
from that of perfect elastic gels. Gels made
at different protein concentrations, heating
temperatures, and heating times formed
master curves relating R0.3 to Gf values
which could be described by a power law
model. Similar exponents for EW and WPI
gels suggest similar mechanisms for this
relationship. Further study is needed to es-
tablish what physical and chemical factors
are responsible for rheological properties
that are common between EW and WPI

gels and to establish what causes the gels
to have protein-specific rheological proper-
ties.
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