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The influence of sucrose (0-40 wt %) on the thermal denaturation and gelation of bovine serum
albumin (BSA) in aqueous solution has been studied. The effect of sucrose on heat denaturation of
1 wt % BSA solutions (pH 6.9) was measured using ultrasensitive differential scanning calorimetry.
The unfolding process was irreversible and could be characterized by a denaturation temperature
(Tm), activation energy (EA), and pre-exponential factor (A). As the sucrose concentration increased
from 0 to 40 wt %, Tm increased from 72.9 to 79.2 °C, EA decreased from 314 to 289 kJ mol-1, and
ln(A/s-1) decreased from 104 to 94. The rise in Tm was attributed to the increased thermal stability
of the globular state of BSA relative to its native state because of differences in their preferential
interactions with sucrose. The change in preferential interaction coefficient (∆Γ3,2) associated with
the native-to-denatured transition was estimated. The dynamic shear rheology of 2 wt % BSA
solutions (pH 6.9, 100 mM NaCl) was monitored as they were heated from 30 to 90 °C, held at 90
°C for either 15 or 120 min, and then cooled to 30 °C. Sucrose increased the gelation temperature
due to thermal stabilization of the native state of the protein. The complex shear modulus (G*) of
cooled gels decreased with sucrose concentration when they were held at 90 °C for 15 min because
the fraction of irreversibly denatured protein decreased. On the other hand, G* of cooled gels
increased with sucrose concentration when they were held at 90 °C for 120 min because a greater
fraction of irreversibly denatured protein was formed and the strength of the protein-protein
interactions increased.
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INTRODUCTION

Globular proteins are utilized in food, pharmaceutical,
and health-care products because of their unique func-
tional attributes, for example, enzyme catalysis, surface
activity, and structure formation (1-5). The expression
of these functional attributes in a particular product
depends on the molecular structure, chemical environ-
ment, and thermal history of the proteins (6-9). Opti-
mization of the design and operation of processing
technologies used to manufacture protein-containing
materials therefore depends on a thorough understand-
ing of the influence of processing conditions and mate-
rial composition on protein properties (10). Neverthe-
less, understanding the molecular basis of protein
functionality in foods is challenging because of the
compositional, structural, and dynamic complexity of
food materials and because of the wide range of tem-
peratures and mechanical stresses that food materials
experience during processing, storage, and consumption.

In foods, proteins are often dispersed in an aqueous
phase that contains a variety of low molecular weight
cosolvents, for example, sugars, minerals, and alcohols
(5, 11-13). These cosolvents can alter the conformation
and interactions of proteins and, therefore, their func-
tional properties, through a variety of different physi-
cochemical mechanisms (14-18). Cosolvents may di-
rectly influence protein molecular and functional char-

acteristics by binding to protein surface groups, or they
may indirectly influence these characteristics by alter-
ing the structure and physicochemical properties of
water (14, 17-20). The precise nature of the interactions
and their influence on protein functionality depend on
the type and concentration of cosolvents present (18, 21).

In this study, we focus on the influence of sucrose on
the thermal stability and gelation characteristics of
bovine serum albumin (BSA). BSA is a relatively large
globular protein (66 kDa) with well-characterized phys-
iochemical properties (1, 22). Previous studies have
shown that sugars increase the thermal denaturation
temperature of globular proteins in aqueous solutions
(10, 11, 23-26). Sugars have also been shown to reduce
the extent of unfolding of globular proteins absorbed to
interfaces (27, 28). The mechanism proposed for the
increased stability of globular proteins in the presence
of sugars is that the sugar molecules are preferentially
excluded from the region immediately surrounding the
proteins (15-18, 23, 29). The origin of this exclusion is
due to a combination of excluded volume and differential
interaction effects (17, 30). If the cosolvent concentration
is less in the immediate vicinity of a protein than in
the bulk aqueous solution, there must be a thermody-
namic driving force that favors movement of water
molecules from the cosolvent-depleted region into the
cosolvent-rich region, that is, to dehydrate the protein
(18). Protein dehydration can be achieved either by
causing the protein molecules to fold more tightly or by
causing them to aggregate so that they reduce their
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surface area (17, 20). The magnitude of the resulting
thermodynamic driving force increases as the cosolvent
concentration increases, and so changes in the thermal
stability, conformation, or aggregation of proteins occurs
when the cosolvent concentration rises (17-20). These
alterations in molecular characteristics would be ex-
pected to lead to alterations in the functional attributes
of proteins as food ingredients.

To act as an effective gelling agent a globular protein
must be capable of aggregating with other proteins to
form a three-dimensional network that extends through-
out the volume of the system (31-33). The structural
organization of the protein molecules within the net-
work determines the rheology, stability, appearance,
and water holding capacity of the gel (31, 33, 34). Native
BSA molecules do not form gels when they are dispersed
in water at pH 7 because the intermolecular repulsive
interactions (mainly electrostatic, hydration, and con-
figurational entropy) dominate the attractive interac-
tions (mainly van der Waals and hydrophobic). The
solution must be heated to a temperature at which the
globular proteins unfold and expose hydrophobic groups
originally located in their interior (1, 35, 36). Under
appropriate solution conditions, the resultant increase
in protein surface hydrophobicity is sufficient to promote
aggregation and gel formation. The nature of the
interactions between the proteins determines the struc-
tural organization of the protein molecules within the
gel network, which determines the overall physicochem-
ical characteristics of the gel (31, 32, 35).

Sugars can alter the protein gelation mechanism in
a number of ways. First, they increase the temperature
at which globular protein molecules unfold (11, 26, 29).
Second, they alter the magnitude of the attractive and
repulsive forces between protein molecules (16-18),
which may alter the structural organization of the
protein molecules within a gel as well as the strength
of the bonds between the proteins. As a consequence,
sugars can alter both the formation and the final
physicochemical properties (appearance, texture, stabil-
ity, and water holding capacity) of protein gels in a
complex manner. In a previous study we examined the
influence of sucrose on thermal unfolding, gelation, and
emulsion stabilization of whey protein isolate (37). Whey
protein isolate is a complex mixture of many different
proteins, which makes data interpretation complicated.
One of the major objectives of the present study was to
obtain a better quantitative understanding of the influ-
ence of sugars on the thermal stability and gelation of
food proteins by using a well-defined globular protein
system (BSA) and by using kinetic and thermodynamic
models to interpret the data.

MATERIALS AND METHODS

Materials. Analytical grade sucrose (S-7903, >99.5 wt %
pure) and BSA (A-6793, lot 128H0458) were purchased from
the Sigma Chemical Co. (St. Louis, MO). As stated by the
manufacturer, the BSA was obtained using initial fractionation
by heat shock (fraction V), and low molecular weight impurities
were removed using charcoal and extensive dialysis. The BSA
content of the lyophilized powder was determined by electro-
phoresis to be 98% (the remainder being mostly globulins), the
decrease in mass of the protein powder upon drying was 2.4%,
and the nitrogen content of the powder was 15.6%. Distilled
and deionized water was used for the preparation of all
solutions. The pH values of the BSA solutions used in this
study were measured using a pH meter to be 6.9 ( 0.1 (pH
meter 320, Corning Inc., Corning, NY).

Differential Scanning Calorimetry (DSC). The influence
of sucrose on the thermal denaturation of BSA solutions was
measured using an ultrasensitive differential scanning calo-
rimeter (VP-DSC, MicroCal, Northampton, MA). Initially, a 1
wt % BSA solution was prepared by dispersing powdered
protein into a sucrose solution (0-40 wt %) and stirring for at
least 2 h. The protein solution was then placed in the sample
cell of the DSC instrument, and a sucrose solution with the
same sucrose concentration was placed in the reference cell.
The heat flow required to keep the two cells thermally
balanced was then recorded as their temperature was in-
creased from 10 to 110 °C at 90 °C h-1. The cells were then
held at 110 °C for 15 min, cooled to 10 °C, and rescanned. The
first scan was therefore of native protein, whereas the second
scan was of heat-treated protein. Thermal differences in the
sample and reference cells were taken into account by sub-
tracting a water-water DSC scan from each of the sample-
reference DSC scans. The molar excess heat capacity (Cp,xs) of
the proteins was determined at each temperature by measur-
ing the change in heat absorbed with temperature (dQ/dT) and
normalizing with respect to the molar concentration of protein
in the reference cell (M): Cp,xs ) 1/M(dQ/dT). Measurements
were carried out on two or three separate samples (replicates)
and reported as the average. The thermal transition temper-
ature (Tm), defined as the temperature at which a maximum
occurred in the endothermic peaks, was reproducible to within
0.4 °C.

Gelation Experiments. The influence of sucrose on the
dynamic viscoelastic properties of 2 wt % BSA solutions was
measured using a constant stress rheometer (Bohlin CS10,
Bohlin Instruments, Cranbury, NJ). The rheometer applied
an oscillating stress of specified frequency to the sample and
measured the resulting strain. The magnitude of the complex
shear modulus (G*) and the phase angle (δ) were calculated
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. Measurements were made at a
frequency of 0.1 Hz and at a maximum strain of 0.01, which
was within the linear viscoelastic region of the material (as
determined by a strain sweep).

BSA solutions were prepared by dispersing protein powder
(2 wt %) into a sucrose solution (0-40 wt %) containing 100
mM NaCl and stirring for 2 h to ensure complete dissolution.
These solutions 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 solutions were then
heated from 30 to 90 °C at 90 °C h-1, held for either 15 or 120
min, and then cooled from 90 to 30 °C at 90 °C h-1. Measure-
ments were carried out on two or three protein solutions
prepared at different times from the same BSA powder
(replicates).

RESULTS AND DISCUSSION

Determination of Reversibility of BSA Thermal
Denaturation. The thermographs of native (first scan)
and heat-treated (second scan) 1 wt % BSA solutions
in water are shown in Figure 1. NaCl was not added to
these solutions, as it was for the gelation studies
described below, because we did not want the proteins
to aggregate extensively within the DSC cells. Previous
DSC studies have shown that the addition of NaCl to
BSA solutions increases the protein denaturation tem-
perature (25, 38), which means that it is not possible to
directly compare data from the DSC and rheology
experiments. Even so, the trends in the data would be
expected to be the same. The scan of the native protein
exhibited an endothermic transition between 60 and 80
°C, which had a single peak at ∼73 °C, whereas the scan
of the heat-treated protein exhibited no thermal transi-
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tion (Figure 1). The molar excess heat capacity (Cp,xs)
of the heat-denatured protein was appreciably greater
than that of the native protein at temperatures below
the thermal transition (<60 °C). An increase in Cp,xs is
indicative of an increase in the accessible surface area
of nonpolar residues exposed to water after unfolding
(39). These results indicate that BSA was irreversibly
denatured during the heating process and that its
surface hydrophobicity increased upon unfolding.

Influence of Sucrose on Thermal Denaturation.
For all of the sucrose concentrations used (0-40 wt %)
the heat-treated protein showed no thermal transition,
which indicated that BSA was irreversibly denatured
by the heating process in the presence and absence of
sucrose. The influence of sucrose concentration on the
temperature dependence of the molar excess heat
capacity of 1 wt % BSA solutions is shown in Figure 2.
The maximum in the DSC scans (Tm) shifted to higher

temperatures as the sucrose concentration increased
from 0 to 40 wt % (Table 1). There was also a significant
change in the magnitude and slope of the heat capacities
of the native (T < Tm) and heat-denatured (T > Tm)
states, which indicated that sucrose caused an alteration
in the interaction between the protein surface and the
surrounding aqueous phase (39, 40). The increase in the
molar excess heat capacity with increasing sucrose
concentration suggests that the contact between the
protein surface and the aqueous phase becomes more
unfavorable in the presence of sucrose (39).

The fact that the thermal transition was not revers-
ible meant that equilibrium models could not be used
to analyze the DSC data (40). Nevertheless, it was still
possible to determine the denaturation temperature
(Tm) and to obtain valuable information about the
kinetics of the process by analyzing the DSC scans. The
rate constant characterizing an irreversible transition
is described by the Arrhenius equation (40)

where EA is the activation energy (J mol-1), A is a pre-
exponential factor (s-1), R is the gas constant (8.31 J
mol-1 K-1), and T is the absolute temperature (K). The
irreversible thermal denaturation of BSA can be con-
sidered to involve a two-step process

where N, I, and D are the native, intermediate, and
denatured states of the protein and K and k are rate
constants (38). The first step involves the reversible
unfolding of the native state of the protein into an
intermediate state. The second step involves the ir-
reversible conversion of the intermediate state into a
denatured state. If it is assumed that the irreversible
reaction is much slower than the reversible reaction (k
, K) and that k is a first-order rate constant that
changes with temperature according to the Arrhenius
equation, then k can be determined from the DSC data
using the equation (41)

where σ is the scan rate (dT/dt), T is the temperature,
t is the time, Q(T) is the amount of heat produced by
the transition when the temperature is scanned to
temperature T, and ∆Hcal is the total enthalpy change
produced by the transition. The value of Cp,xs is obtained
directly from the DSC scan, whereas Q(T) and ∆Hcal are
obtained by integration of the DSC scan over the
appropriate temperature ranges. Once the rate constant
has been calculated from the above expression, it is
possible to determine the activation energy (EA) and pre-
exponential factor (A) using eq 1 by plotting ln k versus
1/T. For all of the systems studied there was an
excellent correlation (r2 > 0.99) between the experimen-
tal data and the Arrhenius equation (Figure 3). This

Figure 1. Heat capacity profiles of 1 wt % BSA in water
solutions (pH 6.9) scanned at 90 °C h-1, after baseline
subtraction and normalization for concentration. The first scan
represents native protein, and the second scan represents heat-
treated protein.

Figure 2. Heat capacity profiles of 1 wt % BSA in aqueous
sucrose solutions (pH 6.9) scanned at 90 °C h-1, after baseline
subtraction and normalization for concentration. Aqueous
phase sucrose concentrations are shown in the box.

Table 1. Thermal Properties of 1 wt % BSA Samples Determined by Analysis of Rheology or DSC Thermograms As
Described in the Text

sucrose wt % Tgel (°C) Tm (°C) T0.5 (°C) EA (kJ mol-1) ∆Hcal (kJ mol-1) ln(A/s-1) ∆Γ32 (mol mol-1)

0 78.1 ( 0.4 72.9 ( 0.1 6.9 ( 0.1 314 ( 5 102 ( 3 104 ( 2 0
10 80.5 ( 0.2 73.8 ( 0.1 7.1 ( 0.1 315 ( 5 103 ( 4 104 ( 2 -0.8
20 83.3 ( 0.8 75.3 ( 0.1 7.3 ( 0.1 306 ( 5 112 ( 5 101( 2 -2.1
30 86.8 ( 0.4 76.9 ( 0.2 7.5 ( 0.1 285 ( 5 117 ( 5 93 ( 2 -3.3
40 89.4 ( 0.7 79.2 ( 0.2 7.5 ( 0.1 289 ( 5 119 ( 5 94 ( 2 -5.0

k ) A exp(-EA/RT) (1)

N {\}
K

I 98
k

D

k ) σ[Cp,xs/(∆Hcal - Q(T))] (2)
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approach of determining rate constants of protein
denaturation is considerably easier and less time-
consuming than approaches that involve heating the
protein isothermally at different temperatures and
times and determining the fraction of denatured protein
(42).

The activation energy (EA) and pre-exponential factor
(A) of the thermal transition decreased as the sucrose
concentration in the aqueous phase increased, whereas
the transition temperature (Tm) and peak width of the
transition at half-height (T0.5) increased (Table 1). The
peak width at half-height provides an indication of the
cooperativity of a thermal transition (43). The increase
in T0.5 with increasing sucrose concentration suggests
that the denaturation process became less cooperative
at higher sugar contents. The increase in the transition
temperature indicated that the thermal stability of the
proteins was increased by the presence of sucrose. It
has been proposed that the origin of this effect is the
difference in preferential interactions of the native and
heat-denatured states of proteins with the sugar and
water molecules in their immediate vicinity (15-20).
Sucrose molecules are preferentially excluded relative
to water molecules through a combination of excluded
volume and differential interaction effects (30). The
excluded volume effect occurs because sucrose molecules
are considerably larger than water molecules. As a
result, the volume available to protein molecules is
reduced in an aqueous solution when sucrose molecules
are present, which reduces the configurational entropy
of the fluid mixture. This effect occurs for both the
native and heat-denatured states of the protein, but the
magnitude of the effect is greater for the heat-denatured
state because it has a larger surface area. Consequently,
the excluded volume effect shifts the equilibrium be-
tween the native and heat-denatured states toward the
native state, which increases the thermal stability of
the proteins. The differential interaction effect is due
to differences in the relative magnitudes of protein-
sucrose and protein-water interactions, for example,
electrostatic, van der Waals, hydrogen bonding, and
hydrophobic interactions (16, 17). This effect may either
favor or oppose protein unfolding depending on the
change in protein-solution interactions upon denatur-
ation in water and in sucrose solutions. Recent experi-
mental and theoretical studies indicate that the major

cause of the stabilizing effect of sucrose molecules on
thermal unfolding of globular proteins is the excluded
volume effect (30). Nevertheless, the differential inter-
action effect may either attenuate or accentuate the
excluded volume stabilization effect depending on the
temperature (44-46).

Estimation of Changes in Preferential Interac-
tions Resulting from Protein Unfolding. The impact
of cosolvents on an equilibrium involving a biopolymer
molecule can be quantified in terms of a preferential
interaction coefficient, Γ3,2 (17, 18):

Here, m3 and m2 are the molal concentrations of
cosolvent and protein, respectively, T is the absolute
temperature, P is the pressure, and µ3 is the cosolvent
chemical potential. The preferential interaction coef-
ficient provides quantitative information about prefer-
ential exclusion or accumulation of cosolvent molecules
at a protein surface (18). If a cosolvent is preferentially
excluded, then Γ3,2 is negative, but if it is preferentially
accumulated, then Γ3,2 is positive. At room temperature,
measured preferential interaction coefficients of globu-
lar proteins become increasingly negative as sugar
concentration increases, indicating that sugar molecules
are progressively more excluded from the vicinity of the
protein surface (23, 29).

The influence of nonionic cosolvents on the denatur-
ation temperature of proteins can be related to Γ3,2 by
thermodynamic analysis of a reversible thermal transi-
tion (18):

Here, Tm
0 and ∆Hcal

0 are the denaturation temperature
and enthalpy of the transition in the absence of cosol-
vent, ∆Tm is the increase in denaturation temperature
in the presence of cosolvent (Tm - Tm

0 ), and ∆Γ3,2

()Γ3,2
D - Γ3,2

N ) is the difference in preferential interac-
tion coefficients of the native and denatured states. The
ε3 parameter can be calculated from the change in
activity coefficient of the cosolvent with cosolvent con-
centration in the absence of protein: ε3 ) δ ln γ3/δ ln
m3 (18). The values of Tm

0 , ∆Hcal
0 , and ∆Tm can be

determined directly from the DSC scans of the thermal
transition. Values of ε3 can be determined from the
dependence of the activity coefficient of sucrose on
molality for aqueous sucrose solutions at the appropri-
ate temperature. We used a modified UNIQUAC model
(47) to calculate the water activity of aqueous sucrose
solutions at the transition temperature (Tm

0 ). We then
used the Gibbs-Duhem equation to calculate the de-
pendence of the activity coefficient of sucrose on molality
(48). Finally, we determined the integral in eq 4 by
modeling the ε3 versus m3 dependence using a polyno-
mial: ε3 ) a0 + a1m3 + a2m3

2 + a3m3
3 + a4m3

4.
The values of ∆Γ3,2 for the native to heat-denatured

transition of the BSA were calculated from the experi-
mental data using eq 4 (Table 1). The ∆Γ3,2 values
became increasingly negative as the sucrose concentra-
tion increased (Figure 4), which indicated that the
presence of sucrose favored the native state over the
denatured state. Nevertheless, it is not possible to

Figure 3. Linear dependence of ln k on 1/T used to calculate
the activation energy and pre-exponential factor for the
irreversible thermal transitions of 1 wt % BSA in aqueous
sucrose solutions scanned at 90 °C h-1.

Γ3,2 ) lim
m2f0

(δm3/δm2)T,P,µ3
(3)

∆Tm =
-R(Tm

0 )2

∆Hcal
0

∆Γ3,2(1 + 1
m3

∫0

m3
ε3 dm3) (4)
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ascertain the precise origin of this stabilization mech-
anism from the DSC measurements alone. For example,
it may be that there is more preferential exclusion of
sucrose from the denatured state than from the native
state or that there is more preferential accumulation
of sucrose to the native state than to the denatured state
(17). It has recently been shown that cosolvents that
are preferentially excluded from the vicinity of a globu-
lar protein at relatively low temperatures may become
preferentially accumulated at higher temperatures (44-
46). To identify whether the observed change in ∆Γ3,2
was due to changes in preferential exclusion or ac-
cumulation, it would be necessary to measure Γ3,2 for
the native and denatured states separately (44-46, 49,
50).

It should be stressed that the above method of
determining ∆Γ3,2 is only approximate for an irreversible
transition because the derivation of eq 4 assumes that
the transition is reversible. Nevertheless, we believe
that this method gives a reasonable approximation of
∆Γ3,2 because calculations of the heat capacity versus
temperature carried out using the values of EA and A
determined experimentally (Table 1) showed that ∆Τm
changed by <10% for scan rates between 0.5 and 5 °C
min-1, even though Tm changed appreciably. In addi-
tion, studies by other workers have found that the
thermal transition of BSA is reversible up to Tm but
becomes irreversible at higher temperatures (38). Thus,
the measured ∆Tm values reported in this study should
be similar to those for a reversible transition. Even so,
the values of ∆Γ3,2 calculated from the measured ∆Tm
values probably correspond to the N f I transition
rather than the N f D transition. It should also be
noted that the measured ∆Γ3,2 value is the net result of
many different changes in the interaction of the protein
surface with the molecules in the surrounding solution
(17). Upon a conformational change, there may be
changes in the number of ionic, polar, and nonpolar
groups exposed to the solution, and some of these
changes may be unfavorable to unfolding, whereas
others may be favorable. The experimentally observed
change in ∆Γ3,2 for the native-denatured transition
indicates that the overall effect of the sucrose was to
make the unfolding process less favorable, but it does
not provide information about the molecular origin of
this effect.

Influence of Sucrose on Gelation. The dependence
of the dynamic shear modulus (G*) and phase angle (δ)

of 2 wt % BSA solutions containing different sucrose
concentrations (0-40 wt %) on temperature and holding
time was measured. The time dependence of the tem-
perature, G*, and δ for protein solutions containing no
sucrose that were heated from 30 to 90 °C, held at 90
°C for 15 min, and then cooled to 30 °C are shown in
Figure 5. The shear modulus of the solutions was close
to zero, and the phase angle was high and erratic up to
temperatures around 70 °C, which indicated that the
solutions remained fluid below this temperature. Above
∼73 °C, the shear modulus rose steeply and the phase
angle fell steeply, indicating that the solutions gelled
around this temperature. The apparent gelation tem-
perature was defined as the temperature at which the
phase angle fell below 45°. The rigidity of the gels
continued to increase when they were held at 90 °C and
when they were cooled to room temperature (Figure 5a).
After gelation had occurred, the phase angle of the gels
remained low and relatively constant during holding at
90 °C but increased slightly during cooling to 30 °C
(Figure 5b). The increase in gel rigidity upon cooling
suggests that decreasing the temperature either in-
creases the attractive forces between protein molecules
(e.g., van der Waals, hydrogen bonds, and hydrophobic),
decreases the repulsive forces (e.g., electrostatic and
hydration), or decreases the entropy loss (T∆S) associ-
ated with trapping protein molecules within the gel
network. The hydrophobic attraction decreases and the
hydration repulsion increases with decreasing temper-
ature, and therefore changes in these interactions
cannot account for the increased gel rigidity upon
cooling.

There were appreciable differences between the tem-
perature dependencies of the rheological characteristics

Figure 4. Change in preferential interaction coefficient
associated with the native to denaturated thermal transition
of BSA becomes more negative with increasing sucrose con-
centration.

Figure 5. Time dependence of temperature and dynamic
shear rheology of 2 wt % BSA dispersed in water (pH 6.9)
scanned at 90 °C h-1: (a) complex shear modulus; (b) phase
angle.
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of gels containing different amounts of sucrose. The
addition of sucrose to the BSA solutions caused an
increase in the temperature at which gelation occurred
(Figures 6 and 7). Sucrose also caused a significant
change in the rigidity of gels once they had been cooled
to 40 °C (Figure 8). When protein solutions were held
for 15 min at 90 °C before cooling, the presence of
sucrose decreased the gel strength (Figure 8a), but when

they were held for 15 min at 90 °C before cooling, the
sucrose increased the gel strength (Figure 8b). The
increase in the gelation temperature can be attributed
to the fact that a higher temperature had to be reached
before the globular protein molecules unfolded when
sucrose was present (Table 1). Protein unfolding is an
integral part of the gelation process; it leads to the
exposure of nonpolar amino acids that were originally
located in the interior of the globular molecule (31, 35).
The exposed nonpolar groups cause a strong hydropho-
bic attraction between whey protein molecules, which
leads to aggregation under suitable solution conditions
(51). If the protein molecules do not unfold, then these
groups are not exposed and the molecules are not able
to form a gel. The fact that the gelation temperature of
the BSA solutions was appreciably higher than the
denaturation temperature of the BSA molecules could
have been due to a number of reasons. First, the
presence of NaCl in the gelation experiments increased
the thermal denaturation temperature of the proteins.
Second, the proteins may have to be converted from the
native state to the denatured state (via the intermediate
state) before protein aggregation can occur. Third, a
certain amount of network formation may have to take
place before a gel is formed.

The rigidity of a gel depends on the concentration of
particles incorporated into the gel network and the
strength of the interactions between the particles (52).
The presence of sucrose in the aqueous phase of the BSA
solutions influences the fraction of protein molecules
incorporated into the gel structure and the strength of

Figure 6. Dynamic shear rheology of 2 wt % BSA in aqueous
sucrose solutions scanned at 90 °C h-1 around the thermal
transition: (a) complex shear modulus; (b) phase angle.
Solutions were held for 15 min at 90 °C before cooling.

Figure 7. Dependence of gelation temperature on sucrose
concentration for 2 wt % BSA in aqueous sucrose solutions.

Figure 8. Dependence of shear modulus (at 40 °C during
cooling) on sucrose concentration for 2 wt % BSA in aqueous
sucrose solutions: (a) held for 15 min at 90 °C; (b) held for
120 min at 90 °C.
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the attraction between the protein molecules, and would
therefore be expected to have a major impact on gel
rigidity. The combined influence of sucrose concentra-
tion and holding time on gel rigidity is demonstrated
by the time dependence of G* during the heating-
holding-cooling cycle (Figure 9). The BSA solution
containing 0% sucrose gelled at a lower temperature
than the one containing 40 wt % sucrose, and therefore
it had a higher gel rigidity at shorter holding times (up
to ∼100 min at 90 °C). At longer holding times the
rigidity of the BSA solution containing 40 wt % sucrose
increased above that of the solution containing 0 wt %
sucrose. This accounts for the observation that the
rigidity of BSA solutions heated to 90 °C for 15 min
decreased with sucrose concentration (Figure 8a),
whereas those that were heated to 90 °C for 120 min
increased with sucrose concentration (Figure 8b). It
should also be noted that there was a steep increase in
the rigidity of gels containing 40 wt % sucrose upon
cooling, whereas the rigidity of the gels containing no
sucrose increased only slightly upon cooling. This sug-
gests that the enhancement of protein-protein interac-
tions due to the presence of sucrose increased with
decreasing temperature.

The complex dependence of the rigidity of cooled gels
on sucrose concentration and holding time can be
attributed to the influence of sucrose on protein unfold-
ing and the kinetics and thermodynamics of protein-
protein interactions. We postulate that the ability of
proteins to aggregate and be incorporated into a gel
network depends on the proteins being in the denatured
state, rather than the intermediate state. The trans-
formation of the protein from the intermediate state to
the denatured state is relatively slow compared to
protein unfolding. Thus, at the shorter holding time (15
min) it is likely that only a fraction of the native BSA
molecules had time to be converted to the denatured
state and therefore participate in gel formation. In
addition, the presence of sucrose increases the viscosity
of the continuous phase and therefore decreases the
frequency of protein-protein encounters, leading to a
slower gelation rate (53). On the other hand, the
presence of sucrose increases the attraction between
protein molecules because preferential interaction ef-
fects favor those molecular arrangements that reduce
the contact area between proteins and the surrounding
solution (17). Thus, if globular protein molecules are

given sufficient time to be converted to the denatured
state and aggregate, the overall rigidity of the gel
formed should be stronger in the presence of sucrose
because the protein-protein attractive forces are greater.
These factors would explain the observation that the
BSA solution with the lower sucrose concentration had
a higher rigidity at short holding times but a lower
rigidity at longer holding times (Figure 8).

Conclusions. This study has shown that ultrasen-
sitive DSC is a powerful tool for characterizing the
influence of cosolvents on the thermal stability of
globular food proteins, especially when used in combi-
nation with thermodynamic and kinetic analysis. Su-
crose increases the thermal denaturation temperature
of BSA because its preferential interactions with the
denatured state of the protein are thermodynamically
less favorable than its interactions with the native state.
The influence of the cosolvent on the thermal stability
of the protein can be quantified in terms of the change
in the preferential interaction coefficient (∆Γ3,2) of the
native and denatured states (or more likely the inter-
mediate state). The ability of sucrose to increase the
thermal stability of BSA caused an increase in gelation
temperature. The presence of sucrose had a more
complicated influence on gel rigidity, because it could
influence the fraction of proteins that could participate
in gel formation, the kinetics of protein-protein en-
counters, and the strength of protein-protein interac-
tions. This study indicates the potentially complex
nature of the impact of sugars on the gelation of globular
proteins in foods and highlights the need for a more
fundamental understanding of the molecular basis of
protein functionality. In future studies, it would be
useful to relate small strain deformation measurements
of protein gels to their failure analysis, because most
applications of food gels depend on their failure char-
acteristics, for example, cutting, slicing, spooning, and
mastication.
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