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Abstract

The influence of glycerol and sorbitol on the thermal stability and heat-induced gelation of b-lactoglobulin (b-lg) in aqueous solutions
was investigated. The thermal stability of b-lg was characterized by measuring the thermal denaturation temperature (Tm) using differ-
ential scanning calorimetry, while its gelation properties were characterized by measuring the gelation temperature (Tgel) and final gel
rigidity (G*) using dynamic shear rheology. All experiments were carried out using aqueous solutions containing 10% (w/w) b-lg, glycerol
(0–70% w/w) or sorbitol (0–55% w/w), and 5 mM phosphate buffer (pH 7.0). No salt was added to these solutions so that there was a
relatively strong electrostatic repulsion between the protein molecules, which usually prevents gelation. When the cosolvent concentra-
tion was increased from 0% to 50%, Tm increased from 74 to 86 �C for sorbitol, but only from 74 to 76 �C for glycerol, which indicated
that sorbitol was much more effective at stabilizing the native state of the globular protein than glycerol. Protein solutions containing
sorbitol (0–55%) did not form a gel after heating, but those containing glycerol formed gels when the cosolvent concentration exceeded
about 10%, with G* increasing with increasing glycerol concentration. We attribute these effects to differences in the preferential inter-
actions of polyols and water with the surfaces of native and heat-denatured proteins, and their influence on the protein–protein collision
frequency.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: b-Lactoglobulin; Heat denaturation; Gelation; Glycerol; Sorbitol
1. Introduction

The globular proteins in milk are a major source of
functional ingredients for utilization in foods because of
their characteristic physicochemical properties, e.g. surface
activity, foaming capacity, emulsion stabilization and gel
formation (Elofsson, Dejmek, & Paulsson, 1996; Foege-
ding, Davis, Doucet, & McGuffey, 2002; Galani & Apen-
ten, 1999; Girardet et al., 2001; Kazmierski & Corredig,
2003; Kim, Decker, & McClements, 2004; Lefevre & Subi-
rade, 1999; Losso & Nakai, 2002). Globular proteins are
often used to improve the texture and stability of foods
such as bakery products (Kinsella & Whitehead, 1989),
processed meats (Vittayanont, Steffe, Flegler, & Smith,
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2003), and dairy emulsions (Turgeon, Sanchez, Gauthier,
& Paquin, 1996). Their ability to provide desirable func-
tional characteristics in particular food applications
depends on their molecular structure and concentration,
the composition of the solution surrounding them, and
their thermal–mechanical history (Foegeding, Allen, &
Dayton, 1986; McClements, 2002; Morr & Foegeding,
1990; Schmidt, 1981; Shimada & Matsushita, 1980; Ziegler
& Foegeding, 1990). An improved understanding of the
influence of these factors on protein functionality might
be used to rationally improve the quality of protein-based
food products.

b-Lactoglobulin (b-lg) is a globular protein
(radius @ 2 nm) isolated from bovine whey proteins
(Arnaudov, De Vries, Ippel, & van Mierlo, 2003; Dumay,
Kalichevsky, & Cheftel, 1994). b-lg has a molecular weight
of �18,600 Da and an isoelectric point of �5.2 (Nicolai,
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Urban, & Schurtenberger, 2001). b-lg can be used as a gel-
ling agent in foods because of its ability to form a rigid
three-dimensional protein network that traps water and
other solution components (Doi, 1993; Gezimati, Singh,
& Creamer, 1996; Liu, Relkin, & Launay, 1994; Twomey,
Keogh, Mehra, & O’Kennedy, 1997). Native globular pro-
teins dispersed in water at neutral pH do not form gels
because their intermolecular repulsive interactions (mainly
electrostatic, hydration and configurational entropy) are
higher than their attractive interactions (mainly van der
Waals force and hydrophobic) (Bryant & McClements,
1998). Nevertheless, they can be made to form gels by heat-
ing above the thermal denaturation temperature (Tm), of
the proteins under conditions where the electrostatic repul-
sion between the proteins is not too large (Baier & McCle-
ments, 2003a; Baldini, Beretta, & Chirico, 1999; Burova,
Grinberg, Visschers, Grinberg, & de Kruif, 2002). The driv-
ing force for aggregation is the increased hydrophobic
attraction between the denatured proteins, as well as the
increased tendency for intermolecular disulfide bonds to
form (Gosal & Ross-Murphy, 2000; Hoffmann, van Milt-
enburg, van der Eerden, van Mil, & de Kruif, 1997; Puyol,
Perez, & Calvo, 1999). The microstructure of the gel net-
work formed and the bulk physicochemical properties of
the resulting gel are highly dependent on the strength of
the electrostatic interactions between the protein mole-
cules, and hence the ionic strength and pH of the solution
(Barbut, 1995; Doi, 1993; Langton & Hermansson, 1992;
Verheul & Roefs, 1998a, 1998b). When the electrostatic
repulsion between the protein molecules is relatively strong
(pH far from pI, low ionic strength) proteins tend to form
filamentous aggregates, which lead to transparent elastic
gels with good water holding capacity. On the other hand,
when the electrostatic repulsion between the protein mole-
cules is relatively weak (pH near the pI, high ionic strength)
the proteins tend to form particulate aggregates, which give
rubbery opaque gels with poor water holding capacity.

This study is concerned with the influence of neutral
cosolvents on the functionality of globular proteins in
aqueous solutions. These cosolvents are small non-ionic
molecules that form miscible solutions with the solvent
molecules (water) surrounding the proteins, e.g., sugars
and polyols. Sorbitol and sucrose have been shown to
increase the thermal denaturation temperature and alter
the final gel properties of bovine serum albumin (BSA)
(Baier & McClements, 2003b; Baier, Decker, & McCle-
ments, 2004) and whey protein isolate (WPI) (Dierckx &
Huyghebaert, 2002). On the other hand, glycerol has been
shown to have little impact on the thermal denaturation
temperature of BSA (Baier et al., 2004), but it does influ-
ence the final properties of globular protein gels (Baier
et al., 2004; Chantrapornchai & McClements, 2002).

Neutral cosolvents can alter the functionality of globu-
lar proteins in aqueous solutions through a variety of dif-
ferent mechanisms (Record, Zhang, & Anderson, 1998;
Saunders, Davis-Searles, Allen, Pielak, & Erie, 2000; Tima-
sheff, 1998; McClements, 2002). First, the thermal stability
of proteins is influenced by differences in the preferential
interactions between the protein surface and cosolvent-sol-
vent molecules in the surrounding solution (Baier &
McClements, 2003b; Dierckx & Huyghebaert, 2002). Sec-
ond, the strength of protein–protein interactions is influ-
enced by the ability of cosolvents to modulate the
attractive and repulsive forces between proteins (Record
et al., 1998; Timasheff, 1993; McClements, 2002; Baier
et al., 2004). Third, the frequency of protein–protein
encounters is reduced by the presence of cosolvents due
to their ability to increase the viscosity of the aqueous solu-
tion surrounding the proteins (Kulmyrzaev, Bryant, &
McClements, 2000; Kulmyrzaev, Cancalliere, & McCle-
ments, 2000). In the present study, the influence of glycerol
and sorbitol on the thermal stability and rheological prop-
erties of b-lg gels was examined to obtain a better under-
standing of the influence of these neutral cosolvents on
the functionality of this commonly used protein.

2. Experimental procedures

2.1. Materials

Analytical grade glycerol (G-6279, >99 wt.% pure) and
sorbitol (S-7547, >98 wt.% pure) were purchased from
the Sigma Chemical Company (St. Louis, MO). Powdered
b-lg was obtained from Davisco Foods International (lot
no. JE001-1-922, Le Sueur, MN). As stated by the manu-
facturer, the b-lg content of the protein fraction of the
powder determined by electrophoresis was 98 wt.% (the
remainder being mostly globulins). The decrease in mass
of the powder upon drying was 2.6 wt.%, and the nitrogen
content of the powder was 15.6 wt.%. Distilled and de-ion-
ized water was used for the preparation of all buffer solu-
tions. The pH of the b-lg solutions used in this study was
measured using a pH meter to be 7.0 ± 0.1 (pH Meter
320, Corning Inc., Corning, NY).

2.2. Differential scanning calorimetry

The influence of cosolvents on the thermal denaturation
of b-lg solutions was measured using a differential scanning
calorimeter (Q 100, TA-Instruments, New Castle, DW).
Initially, a 10 wt.% b-lg solution was prepared by dispers-
ing powdered protein into an aqueous cosolvent solution
(0–70 wt.% glycerol or 0–55 wt.% sorbitol) and stirring
for at least two hours. The protein solution was then placed
in the sample pan (about 15 mg) of the DSC instrument
and cosolvent solution (glycerol or sorbitol) with the same
cosolvent concentration was placed in the reference cell.
The heat flow required to keep the two cells thermally bal-
anced was then recorded as their temperature was
increased from 10 to 110 �C at 90 �C h�1. The cells were
then held at 110 �C for 15 min, cooled back to 10 �C and
rescanned. The first scan was therefore of native protein,
while the second scan was of heat-treated protein. The data
was not normalised with respect to protein concentration
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Fig. 1. Heat flow profiles of 10 wt.% b-lg solutions (5 mM phosphate
buffer, pH 7.0) scanned at 90 �C h�1. The first scan represents native
protein, while the second scan represents heat-treated protein.
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since only the position of the maximum in the thermal tran-
sition temperatures of the proteins was of interest. Mea-
surements were carried out on two or three separate
samples (replicates) and reported as the average. The ther-
mal denaturation temperature (Tm), defined as the temper-
ature at which a maximum occurred in the endothermic
peaks, was reproducible to within 0.2 �C.

2.3. Rheology measurements

The influence of cosolvents on the dynamic viscoelastic
properties of 10 wt.% b-lg solutions was measured using
a constant stress rheometer (Bohlin CS10, Bohlin Instru-
ments, Cranbury, NJ). The rheometer applied an oscillat-
ing stress of specified frequency to the sample and
measured the resulting strain. The magnitude of the com-
plex shear modulus (G*) and the phase angle (d) were cal-
culated from the resulting stress–strain relationship. A
concentric cylinder (C25) measurement system was used,
which had a rotating inner cylinder of 25-mm diameter,
and a static outer cylinder of 27.5-mm diameter. Measure-
ments were made at a frequency of 0.1 Hz and at a maxi-
mum strain of 0.001, which was within the linear
viscoelastic region of the material (as determined by a
strain sweep).

b-lg solutions containing 0–70 wt.% glycerol or 0–
55 wt.% sorbitol were placed in the measurement cell of
the rheometer and allowed to equilibrate to 30 �C for
5 min. Solutions were covered with a thin layer of mineral
oil to retard evaporation during the experiments. The solu-
tions were heated from 30 to 90 �C at 90 �C h�1, held for
70 min, cooled from 90 to 30 �C at �90 �C h�1, and then
held at 30 �C for 30 min. Measurements were carried out
on two or three protein solutions prepared at different
times from the same b-lg powder (replicates).

2.4. Statistical analysis

All experiments described above were carried out using
at least two or three freshly prepared samples (replicates).
The results presented are the means and standard devia-
tions of the experiments.

3. Results and discussion

3.1. Determination of reversibility of b-lg thermal
denaturation

The thermographs of native (first scan) and heat-treated
(second scan) 10 wt.% b-lg solutions in 5 mM phosphate
buffer pH 7.0 were recorded (Fig. 1). The scan of the native
protein showed an endothermic transition between 65 and
80 �C, with a single endothermic peak at �74 �C, whereas
the heat-treated scan exhibited no thermal transition
(Fig. 1). The endothermic transition observed for the native
protein has been attributed to the thermal denaturation of
b-lg molecules (Dierckx & Huyghebaert, 2002). Previous
studies indicate that the thermal denaturation of proteins
leads to substantial changes in protein conformation and
aggregation, as well as a redistribution of disulfide bonds
and free sulfhydryl groups within and between b-lg mole-
cules (Baldini et al., 1999; Freire, 1995), which is likely to
account for the irreversible nature of the thermal
transition.

3.2. Influence of glycerol and sorbitol on thermal

denaturation

The influence of glycerol (0–50 wt.%) and sorbitol (0–
50 wt.%) on the heat flow of 10 wt.% b-lg in 5 mM phos-
phate buffer pH 7.0 was also studied by DSC. For all of
the glycerol/sorbitol concentrations used, the heat-treated
protein showed no thermal transition, whereas the native
protein exhibited an endothermic transition (data not
shown). These results indicated that the thermal denatur-
ation of b-lg was irreversible in both the presence and
absence of cosolvent molecules. The same phenomenon
was also found for whey protein in the presence of sucrose
or sorbitol (Dierckx & Huyghebaert, 2002), BSA in the
presence of glycerol (Baier et al., 2004) and BSA in the
presence of sorbitol (Baier & McClements, 2003b). The
heat flow of protein solutions containing no cosolvent,
50 wt.% glycerol, and 50 wt.% sorbitol are compared in
Fig. 2. The presence of cosolvents had a pronounced influ-
ence on the thermal transition temperature (Tm) of the pro-
tein. The Tm value of the b-lg solutions without cosolvent
was �74 �C and shifted to 76 and 86 �C with the presence
of 50 wt.% glycerol and 50 wt.% sorbitol, respectively
(Fig. 2). The value of Tm progressively shifted to higher
temperatures as the cosolvent concentration increased for
sorbitol, whereas glycerol had little influence on the ther-
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Fig. 2. Heat flow profiles of 10 wt.% b-lg solutions (5 mM phosphate
buffer, pH 7.0) containing 0 wt.% cosolvent, 50 wt.% sorbitol and 50 wt.%
glycerol scanned at 90 �C h�1.
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mal stability of the protein (Fig. 3). The ability of cosol-
vents to alter the thermal stability of proteins can be attrib-
uted to the preferential accumulation or exclusion of
cosolvent molecules around the protein surface compared
to solvent molecules (Arakawa, Bhat, & Timasheff, 1990;
Xie & Timasheff, 1997). Two different physicochemical
phenomena contribute to the preferential accumulation
or exclusion of cosolvent and solvent molecules around
proteins: steric exclusion and differential interactions
(McClements, 2002). The steric exclusion contribution
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Fig. 3. Dependence of thermal denaturation temperature on cosolvent
concentration for 10 wt.% b-lg solutions (5 mM phosphate buffer, pH 7.0)
containing sorbitol or glycerol.
depends on the relative size of the cosolvent and solvent
molecules, whereas the differential interaction contribution
depends on differences in the strength of the molecular
interactions between the cosolvent and solvent molecules
and the protein surface.

Our results indicated that adding glycerol to the solution
caused little difference in the free energy difference between
the native and unfolded states of the protein at the thermal
denaturation temperature (Timasheff, 1993, 1998). On the
other hand, adding sorbitol increased the free energy differ-
ence between the unfolded state and folded states of the
protein appreciably, thereby increasing the thermal stabil-
ity of the protein (Freire, 1995; Leharne & Chowddhry,
1998). Sorbitol is a considerably larger molecule than glyc-
erol, so that it seems likely that steric exclusion effects may
play an important role in stabilizing the protein, i.e., the
zone where the cosolvent molecules are excluded from
the protein surface is larger for sorbitol. Nevertheless, there
may also be a differential interaction contribution from dif-
ferences in the molecular interactions of the two polyols
with the protein surface groups.

3.3. Rheological properties of gels

The dependence of the dynamic shear modulus (G*) and
phase angle (d) of 10 wt.% b-lg solutions containing differ-
ent glycerol or sorbitol concentrations on temperature was
recorded when they were heated from 30 to 90 �C, held at
90 �C for 70 min, cooled back to 30 �C, and then held at
30 �C for 30 min. The time-dependence of the temperature,
G* and d for protein solutions containing 0% and 50 wt.%
cosolvent are shown in Figs. 4–7.

In the absence of cosolvent, G* was close to zero
(<0.3 Pa) (Fig. 4) and d was high and erratic (>70�)
throughout the heating, holding and cooling periods
(Fig. 6), indicating fluid-like behavior of the solutions.
Nevertheless, there did appear to be an appreciable
increase in G* during the cooling period (Fig. 4), which sug-
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Fig. 4. Time-dependence of sample temperature and complex shear
modulus of 10 wt.% b-lg solutions containing 0 or 50 wt.% sorbitol
(pH 7.0) measured by controlled stress rheometery.
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Fig. 5. Time-dependence of sample temperature and complex shear
modulus of 10 wt.% b-lg solutions containing 0 or 50 wt.% glycerol
(pH 7.0) measured by controlled stress rheometery.
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Fig. 6. Time-dependence of sample temperature and phase angle of
10 wt.% b-lg solutions containing 0 or 50 wt.% sorbitol (pH 7.0) measured
by controlled stress rheometery.
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10 wt.% b-lg solutions containing 0 or 50 wt.% glycerol (pH 7.0) measured
by controlled stress rheometery.
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gested that some structure formation occurred in the solu-
tions. The DSC results showed that the proteins were ther-
mally denatured around 74 �C, however extensive protein
aggregation and gelation probably did not occur because
of the relatively strong electrostatic repulsion between the
protein molecules in the absence of added salt. The slight
increase in structure in the solutions may have been due
to the formation of some linear filamentous structures as
reported by other workers (Bryant & McClements, 2000).

In the presence of 50 wt.% sorbitol, G* was also low and
d was high and erratic throughout the heating, holding and
cooling periods (Figs. 4 and 6), indicating that the solutions
remained fluid-like. It is postulated that the protein solu-
tions containing sorbitol did not gel because the sorbitol
increased the thermal denaturation temperature of the pro-
teins above 90 �C (Fig. 3), so that there were few denatured
proteins available to participate in gel formation. Having
said this, there was an appreciable increase in G* upon
cooling the protein solution containing 50 wt.% sorbitol
(Fig. 4), which suggests that there may have been some
protein unfolding and structure formation in the solutions
during heat treatment, but not enough to cause gelation.
The fact that the final G* was higher for the system contain-
ing sorbitol than for the system containing no cosolvent
(even though gelation did not occur), suggests that either
larger linear filamentous protein aggregates were formed
during heating or that the strength of the attraction
between protein filaments was higher in the presence of sor-
bitol. Previous studies suggest that cosolvents that increase
the thermal denaturation of proteins should also increase
the attraction between protein molecules since both pro-
cesses decrease the contact area between the protein surface
and the surrounding cosolvent-solvent system (McCle-
ments, 2002). Hence, sorbitol would have been expected
to promote the aggregation of any thermally denatured
protein molecules or protein filaments formed during the
heating process.

In the presence of 50 wt.% glycerol, G* remained close to
zero and d was high and erratic when the sample was
heated from 30 to 90 �C (Figs. 5 and 7), indicating that
the sample remained fluid-like. The DSC data showed that
the proteins unfolded around 78 �C (Fig. 3) and yet the sys-
tems remained fluid-like until the temperature was appre-
ciably higher than this (Fig. 5). This suggests that the
aggregation of the unfolded proteins may have been
delayed because the high viscosity of the glycerol solution
slowed down protein–protein encounters. During the iso-
thermal holding period at 90 �C, G* increased appreciably
and d decreased to a relatively low value (<5�), indicating
that gel formation occurred. G* Continued to increase
throughout the isothermal holding period suggesting that
gelation was not completed even after holding the protein
solutions for 70 min at this elevated temperature. During
the cooling cycle from 90 to 30 �C, the rigidity of the gels
increased steeply while the phase angle remained low and
constant. These results may be attributed to the further
incorporation of proteins into the gel network and/or the
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increasing of the bond strength between the proteins previ-
ously trapped within the gel network. It is postulated that
the increase in gel strength is due to bond strengthening
rather than further incorporation of proteins into the net-
work, because this latter phenomenon should occur more
rapidly at higher temperatures. The shear modulus and
phase angle of the gels remained relatively constant
throughout the isothermal holding period at 30 �C, indicat-
ing that there was no further gel strengthening during this
period. When the gels containing glycerol were examined at
the end of the heat-cool cycle they appeared to be transpar-
ent and there was no evidence of free water on their sur-
face. This suggests that the protein network formed
involved the association of filamentous protein aggregates,
rather than particulate protein aggregates.

In summary, the final gel strength was strongly depen-
dent on the amount and type of cosolvent present:
G* = 6.76 ± 0.02 mPa for 0% cosolvent, 190 ± 14 mPa for
50% sorbitol, and 4.15 ± 0.00 · 106 mPa for 50% glycerol.
It is postulated that the cosolvent-free sample did not gel
because of the strong electrostatic repulsion between the
protein molecules. The sorbitol sample did not gel because
of the strong electrostatic repulsion between the protein
molecules and the fact that the thermal denaturation tem-
perature of the proteins was increased so that there were
few active proteins available to participate in network for-
mation. The glycerol sample gelled because glycerol did not
appreciably increase the thermal denaturation temperature
so that the majority of proteins were in an active state, and
because glycerol increased the strength of the attraction
between protein molecules thereby overcoming the electro-
static repulsion.

3.4. Influence of cosolvent concentration on gelation

The final rigidity of all the gels containing sorbitol (0–
55 wt.%) was low and the phase angle was high, indicating
a fluid-like behavior (Table 1). On the other hand, the final
rigidity of the gels containing glycerol increased signifi-
cantly with increasing glycerol concentration while the
phase angle decreased (Table 1, Fig. 8), indicating that
Table 1
Dependence of shear modulus and phase angle on sorbitol and glycerol concent

Cosolvent concentration (wt.%) G* (Pa) (mean ± SD)

Sorbitol

0 0.07 ± 0.00
5 0.09 ± 0.00

10 0.16 ± 0.05
20 0.04 ± 0.00
30 0.10 ± 0.00
35 0.07 ± 0.00
40 0.05 ± 0.01
50 0.19 ± 0.01
55 0.35 ± 0.01
60 –
70 –
glycerol promoted gelation in these samples above a certain
level (�20–30 wt.% glycerol). This study shows that it is
possible to make protein gels with low salt concentrations
by having a sufficiently high amount of glycerol present
in the system. This type of gel system may be useful for
food applications where low moisture contents are desir-
able (e.g., in dried food products such as cookies, crackers
or other baked goods) or where low salt contents are desir-
able (e.g., food products specifically designed for those
with high blood pressure).

The increase in gel strength with increasing glycerol con-
centration can be attributed to the fact that glycerol
increased the strength of protein–protein interactions
through the steric exclusion and differential interaction
effects mentioned earlier (Cioci, 1996; Gekko & Timasheff,
1981; Timasheff, 1998). It is possible to use knowledge of
the various molecules involved to speculate about the
molecular origin of this thermodynamic effect. Glycerol is
a larger molecule than water and therefore there is a region
surrounding the protein molecules from which glycerol
molecules are excluded, but water molecules can enter
(Timasheff, 1993, 1998; Record et al., 1998). Hence, there
is a concentration gradient between the glycerol-depleted
region immediately surrounding the protein and the glyc-
erol-rich bulk solution, which is thermodynamically unfa-
vorable (Parsegian, Rand, & Rau, 1995). This steric
exclusion effect tends to favor molecular arrangements that
lower the surface area of the protein exposed to the solu-
tion, e.g. aggregated over non-aggregated state. It has been
proposed that glycerol molecules interact more unfavor-
ably with hydrophobic groups than water molecules (Tima-
sheff, 1993, 1998). Consequently, the exposure of non-polar
protein surface groups to the surrounding solution would
be less favorable in the presence of glycerol than in its
absence. These differential interaction effects would there-
fore tend to favor molecular arrangements that lower the
exposure of protein hydrophobic groups to the aqueous
solution, e.g. aggregated over non-aggregated state. Any
increase in the attractive force between protein molecules
due to preferential interaction effects will tend to increase
the elastic modulus of the gel network (Narine & Marag-
rations for 10 wt.% b-lg in aqueous solution (pH 7.0) after a heat–cool scan

Phase angle (�) (Mean ± SD)

Glycerol Sorbitol Glycerol

0.07 ± 0.00 86.0 ± 0.8 86.0 ± 0.8
– 87.5 ± 0.7 –

7.29 ± 0.04 87.1 ± 0.1 37 ± 3
205 ± 8 86.5 ± 1.9 17.9 ± 0.1

1430 ± 40 88.1 ± 0.1 7.3 ± 0.3
– 87.8 ± 1.1 –

2600 ± 200 88.4 ± 0.7 5.5 ± 0.6
4154 ± 2 89.3 ± 0.4 4.8 ± 0.1

– 89.4 ± 0.4 –
8208 ± 96 – 4.8 ± 0.1

10508 ± 160 – 5.1 ± 0.2
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oni, 1999). The presence of glycerol in the aqueous phase of
the b-lg solutions will impact both the fraction of protein
molecules incorporated into the gel structure and the
strength of protein–protein interactions through a prefer-
ential interaction effect (McClements, 2002). The rigidity
of a gel depends on the concentration of particles incorpo-
rated into the gel network and the strength of the interac-
tion between the particles (Narine & Maragoni, 1999). As
mentioned earlier, it is postulated that the gels containing
Fig. 9. Proposed mechanism for the influence of sorbitol and glycerol on the th
there are few active protein molecules to participate in gel formation, but it stre
denatured proteins. On the other hand, glycerol only causes a slight increase in
increasing the number and/or size of the protein aggregates formed.
sorbitol did not gel because this cosolvent increased the
thermal denaturation temperature of the protein so much
that there were not enough active protein molecules to par-
ticipate in gel formation. The different behavior of the two
cosolvents is highlighted schematically in Fig. 9.

4. Conclusions

The presence of neutral cosolvents in aqueous solutions
may alter the thermal stability of globular proteins, the
strength of protein–protein interactions, and the kinetics
of protein–protein encounters. The results suggest that
these physicochemical mechanisms are affected differently
by different types of cosolvents, thereby impacting the abil-
ity of globular proteins to form gels. For example, glycerol
had little influence on the thermal denaturation tempera-
ture of b-lg, but it promoted protein–protein interactions
and gel formation, whereas sorbitol increased Tm but did
not promote gel formation. A better understanding of the
influence of protein–cosolvent–solvent interactions on the
functionality of globular proteins may help food scientists
to design desirable physicochemical characteristics into
protein-based foods.

Acknowledgements

This material is based upon work supported by the
Cooperative State Research, Extension, Education Service,
United States Department of Agriculture, Massachusetts
Agricultural Experiment Station (Project No. 831). We
also thank the Thai government for providing financial
support for W.C.
ermal gelation behavior of b-lg. Sorbitol substantially increases Tm so that
ngthens protein–protein interactions thereby promoting aggregation of any
Tm and also increases the strength of protein–protein interactions, thereby



W. Chanasattru et al. / Food Chemistry 103 (2007) 512–520 519
References

Arakawa, T., Bhat, R., & Timasheff, S. N. (1990). Why preferential
hydration does not always stabilize the native of globular protein?
Biochemistry, 29, 1294–1931.

Arnaudov, L. N., De Vries, R., Ippel, H., & van Mierlo, C. P. M. (2003).
Multiple steps during the formation of b-lactoglobulin fibrils. Biomac-

romolecules, 4(6), 1614–1622.
Baier, S. K., Decker, E. A., & McClements, D. J. (2004). Impact of

glycerol on thermostability and heat-induced gelation of bovine serum
albumin. Food Hydrocolloids, 18, 91–100.

Baier, S. K., & McClements, D. J. (2003a). Combined Influence of NaCl
and sucrose on heat-induced gelation of bovine serum albumin.
Journal of Agricultural and Food Chemistry, 51, 8107–8112.

Baier, S. K., & McClements, D. J. (2003b). Impact of sorbitol on the
thermostability and heat-induced gelation of bovine serum albumin.
Food Research International, 36, 1081–1087.

Baldini, G., Beretta, S., & Chirico, G. (1999). Salt-induced association of
b-lactoglobulin by light and X-ray scattering. Macromolecules, 32,
6128–6138.

Barbut, S. (1995). Effect of sodium level on the microstructure and texture
of whey protein isolate gels. Food Research International, 28, 437–443.

Bryant, C. M., & McClements, D. J. (1998). Molecular basis of protein
functionality with special consideration of cold-set gels derived from
heat-denatured whey. Trends in Food Science and Technology, 9(4),
143–151.

Bryant, C. M., & McClements, D. J. (2000). Influence of NaCl and CaCl2
on cold-set gelation of heat-denatured whey protein. Journal of Food

Sciences, 65(5), 801–804.
Burova, T. V., Grinberg, N. V., Visschers, R. W., Grinberg, V. Y., & de

Kruif, C. G. (2002). Thermodynamic stability of b-lactoglobulin: a
structural relevance. European Journal of Biochemistry, 269,
3968–3985.

Chantrapornchai, W., & McClements, D. J. (2002). Influence of glycerol
on optical properties and large-strain rheology of heat-induced whey
protein isolate gels. Food Hydrocolloids, 16, 461–466.

Cioci, F. (1996). Effect of surface tension on the stability of heat-stressed
proteins: a molecular thermodynamic interpretation. Journal of

Physical Chemistry, 100, 17400–17405.
Dierckx, S., & Huyghebaert, A. (2002). Effects of sucrose and sorbitol on

the gel formation of a whey protein isolate. Food Hydrocolloids, 16,
489–497.

Doi, E. (1993). Gels and gelling of globular proteins. Trends in Food

Science and Technology, 4, 1–5.
Dumay, E. M., Kalichevsky, M. T., & Cheftel, J. C. (1994). High-pressure

unfolding and aggregation of b-lactoglobulin and the baroprotective
effects of sucrose. Journal of Agricultural and Food Chemistry, 42(9),
1861–1868.

Elofsson, U. M., Dejmek, P., & Paulsson, M. A. (1996). Heat-induced
aggregation of b-lactoglobulin studied by dynamic light scattering.
International Dairy Journal, 6(4), 343–357.

Foegeding, E. A., Allen, C. E., & Dayton, W. R. (1986). Effect of heating
rate on thermally formed myosin, fibrinogen and albumin gels. Journal

of Food Science, 57, 104–108.
Foegeding, E. A., Davis, J. P., Doucet, D., & McGuffey, M. K. (2002).

Advances in modifying and understanding whey protein functionality.
Trends in Food Science and Technology, 13, 151–159.

Freire, E. (1995). Thermodynamics of partly folded intermediates in
proteins. Annual Review of Biophysics and Biomolecular Structure, 24,
141–165.

Galani, D., & Apenten, R. K. O. (1999). Heat-induced denaturation and
aggregation of b-lactoglobulin: kinetics of formation of hydrophobic
and disulphide-linked aggregates. International Journal of Food Science

and Technology, 34, 467–476.
Gekko, K., & Timasheff, S. N. (1981). Mechanism of protein stabilization

by glycerol: preferential hydration in glycerol–water mixtures. Bio-

chemistry, 20, 4667–4676.
Gezimati, J., Singh, H., & Creamer, L. K. (1996). Aggregation and
gelation of bovine b-lactoglobulin, a-lactalbumin, and serum albumin.
ACS Symposium Series, 650, 113–123.

Girardet, J.-M., Humbert, G., Creusot, N., Chardot, V., Campagna, S.,
Courthaudon, J.-L., et al. (2001). Dilational rheology of mixed b-
casein/Tween 20 and b-casein (f114-169)/Tween 20 films at oil–water
interface. Journal of Colloid and Interface Science, 243, 515–522.

Gosal, W. S., & Ross-Murphy, S. B. (2000). Globular protein gelation.
Current Opinion in Colloid and Interface Science, 5, 188–194.

Hoffmann, M. A. M., van Miltenburg, J. C., van der Eerden, J. P., van
Mil, P. J. J. M., & de Kruif, C. G. (1997). Isothermal and scanning
calorimetry measurements on b-lactoglobulin. The Journal of Physical

Chemistry B, 101(35), 6988–6994.
Kazmierski, M., & Corredig, M. (2003). Characterization of soluble

aggregates from whey protein isolate. Food Hydrocolloids, 17, 685–692.
Kim, H. J., Decker, E. A., & McClements, D. J. (2004). Comparison of

droplet flocculation in hexadecane oil-in-water emulsions stabilized by
b-lactoglobulin at pH 3 and 7. Langmuir, 20, 5753–5758.

Kinsella, J. E., & Whitehead, D. M. (1989). Proteins in whey : chemical,
physical, and functional properties. Advances in Food Nutrition

Research, 33, 343–438.
Kulmyrzaev, A., Bryant, C. M., & McClements, D. J. (2000). Influence of

sucrose on thermal denaturation, gelation and emulsion stabilization of
wheyproteins.JournalofAgriculturalandFoodChemistry,48,1593–1597.

Kulmyrzaev, A., Cancalliere, C., & McClements, D. J. (2000). Influence of
sucrose on cold-gelation of heat-denatured whey protein isolate.
Journal of the Science of Food and Agriculture, 80, 1314–1318.

Langton, M., & Hermansson, A. M. (1992). Fine-strand and particulate
gels of b-lactoglobulins and whey proteins at varying pH. Food

Hydrocolloids, 5, 523–539.
Lefevre, T., & Subirade, M. (1999). Structural and interaction properties

of b-lactoglobulin as studied by FTIR spectroscopy. International

Journal of Food Science and Technology, 34(5–6), 419–428.
Leharne, S. A., & Chowddhry, B. Z. (1998). DSC. In B. Z. Chowdhry

(Ed.), Biocalorimetry applications of calorimetry in the biological

sciences. New York: Wiley & Sons.
Liu, T. X., Relkin, P., & Launay, B. (1994). Thermal denaturation and

heat-induced gelation properties of b-lactoglobulin. Effect of some
chemical parameters. Thermochimica Acta, 246, 387–403.

Losso, J. N., & Nakai, S. (2002). Stabilization of oil-in-water emulsions by
b-lactoglobulin–polyethylene glycol conjugates. Journal of Agricultural

and Food Chemistry, 50, 1207–1212.
McClements, D. J. (2002). Modulation of globular protein functionality

by weakly interacting cosolvents. Critical Reviews in Food Science and

Nutrition, 45(2), 417–471.
Morr, C. V., & Foegeding, E. A. (1990). Composition and functionality of

commercial whey and milk protein concentrates and isolates. Food

Technology, 44, 100–112.
Narine, S. S., & Maragoni, A. G. (1999). Mechanical and structural model

of fractal networks of fat crystal at low deformations. Physical Review

E, 60, 6991–7000.
Nicolai, T., Urban, C., & Schurtenberger, P. (2001). Light scattering study

of turbid heat-set globular protein gels using cross-correlation dynamic
light scattering. Journal of Colloid and Interface Science, 240, 419–424.

Parsegian, V. A., Rand, R. P., & Rau, D. C. (1995). Macromolecules and
water: probing with osmotic stress. Methods in Enzymology, 259, 43–94.

Puyol, P., Perez, M. D., & Calvo, M. (1999). Rheological properties of
commercial whey protein samples from the MADGELAS survey.
International Journal of Food Science and Technology, 34, 565–572.

Record, M. T., Zhang, W., & Anderson, C. F. (1998). Analysis of effects of
salts and uncharged solutes on protein and nucleic acid equilibria and
processes: a practical guide to recognizing and interpreting polyelec-
trolyte effects, hofmeister effects, and osmotic effects of salts. Advances

in Protein Chemistry, 51, 281–353.
Saunders, A. J., Davis-Searles, P. R., Allen, D. L., Pielak, G. J., & Erie, D.

A. (2000). Osmolyte-induced changes in protein conformational
equilibria. Biopolymers, 53, 293–307.



520 W. Chanasattru et al. / Food Chemistry 103 (2007) 512–520
Schmidt, R. H. (1981). Gelation and coagulation. In Protein Functionality

in Foods. In J. P. Cherry (Ed.). ACS symposium series no 147

(pp. 131–147). Washington, DC: American Chemical Society.
Shimada, K., & Matsushita, S. (1980). Thermal coagulation of egg

albumin. Journal of Agricultural and Food Chemistry, 28(2), 409–412.
Timasheff, S. N. (1993). The control of protein stability and association by

weak interactions with water: how do solvents affect these processes?
Annual Review of Biophysics and Biomolecular Structure, 22, 67–69.

Timasheff, S. N. (1998). Control of protein stability and reactions by
weakly interacting cosolvents: the simplicity of the complicated.
Advances in Protein Chemistry, 51, 356–432.

Turgeon, S. L., Sanchez, C., Gauthier, S. F., & Paquin, P. (1996). Stability
and rheological properties of salad dressing containing peptidic
fractions of whey proteins. International Dairy Journal, 6(6), 645–658.

Twomey, M., Keogh, M. K., Mehra, R., & O’Kennedy, B. T. (1997). Gel
characteristics of b-lactoglobulin, whey protein concentrate and whey
protein isolate. Journal of Texture Studies, 28, 387–403.
Verheul, M., & Roefs, S. P. F. M. (1998a). Structure of particulate whey
protein gels: effect of NaCl concentration, pH, heating temperature,
and protein composition. Journal of Agricultural and Food Chemistry,

46(12), 4909–4916.
Verheul, M., & Roefs, S. P. F. M. (1998b). Structure of whey protein gels,

studied by permeability, scanning electron microscopy and rheology.
Food Hydrocolloids, 12(1), 17–24.

Vittayanont, M., Steffe, J. F., Flegler, S. L., & Smith, D. M. (2003).
Gelation of chicken pectoralis major myosin and heat-denatured b-
lactoglobulin. Journal of Agricultural and Food Chemistry, 51(3),
760–765.

Xie, G., & Timasheff, S. N. (1997). Mechanism of the stabilizing of
ribonuclease A by sorbitol: preferential hydration is greater for
the denatured than for the native protein. Protein Science, 6,
211–221.

Ziegler, G. R., & Foegeding, E. A. (1990). The gelation of proteins.
Advances in Food and Nutrition Research, 34, 204–298.


	Modulation of thermal stability and heat-induced gelation of  beta -lactoglobulin by high glycerol and sorbitol levels
	Introduction
	Experimental procedures
	Materials
	Differential scanning calorimetry
	Rheology measurements
	Statistical analysis

	Results and discussion
	Determination of reversibility of  beta -lg thermal denaturation
	Influence of glycerol and sorbitol on thermal denaturation
	Rheological properties of gels
	Influence of cosolvent concentration on gelation

	Conclusions
	Acknowledgements
	References


