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The phase diagram, structural evolution, and kinetics of temperature-induced protein gelation of protein
Bovine Serum Albumin �BSA� have been studied as a function of solution pH and protein concentration. The
protein gelation temperature represents the onset of turbidity in the protein solution, which increases signifi-
cantly with increasing pH beyond the isoelectric pH of the protein molecule. On the other hand, the gelation
temperature decreases with an increase in protein concentration only in the low-protein-concentration regime
and shows a small increasing trend at higher protein concentrations. The structural evolution and kinetics of
protein gelation have been studied using small-angle neutron scattering. The structure of the protein molecule
remains stable up to temperatures very close to the gelation temperature. On increasing the temperature above
the gelation temperature, the protein solution exhibits a fractal structure, an indication of gel formation due to
aggregation. The fractal dimension of the gel increases with increasing temperature, suggesting an increase in
branching between the aggregates, which leads to stronger gels. The increase in both solution pH and protein
concentration is found to delay the growth in the fractal structure and its saturation. The kinetics of gelation has
been studied using the temperature-jump process of heating. It is found that the structure of the protein gels
remains invariant after the heating time ��1 min�, indicating a rapid formation of gel structure within this
time. The protein gels prepared through gradual and temperature-jump heating routes do not always show the
same structure. In particular, at higher temperatures �e.g., 85 °C�, while gradual heating shows a fractal
structure, there is collapse of such fractal structure during temperature-jump heating.
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I. INTRODUCTION

The heating of a globular protein solution provokes con-
formational changes of the protein molecule, resulting in ex-
posure of hydrophobic groups to the solvent. This triggers
the aggregation of denaturated protein molecules, which
eventually either precipitate or form a gel depending on the
solution conditions �1–3�. The structure and properties of
such gels depend on the strength of the interaction, predomi-
nantly on the intricate balance of attractive and repulsive
forces between the protein molecules. The repulsive forces
are considered to be induced by the surface charge, and the
attractive forces are believed to originate from the hydropho-
bic residues exposed by the thermal denaturation of the pro-
tein �4–8�. The balance between these two opposing interac-
tions depends on the pH that controls the net charge of the
protein, the ionic strength of the solvent favoring the screen-
ing of the electrostatic interactions and the number of ex-
posed hydrophobic groups deciding the amount of attraction
among the molecules. It is found that protein solutions at a
pH away from the isoelectric point and at low ionic strength
form a fibril network translucent in appearance �9–11�. On
the other hand, at a pH close to the isoelectric point and high
ionic strength, densely cross-linked gels are formed �12–14�.
The differences in these structures have been evidenced
mainly by electron microscopy �15–17�. The gelation phe-
nomenon of globular proteins has generated a great deal of
challenge from both points of view of practical necessity and
scientific interest. The properties of protein gels usually dif-
fer very much from those of physical gels of chainlike mac-
romolecules such as polymers �18–21�. Protein gels possess

many important practical properties such as low elasticity
and high water-holding capacity. Furthermore, due to their
immense health and texture related importance, they are used
in a variety of food- and drug-related products.

The level of disruption of the protein structure and thus its
reactivity to the neighboring protein molecule depend on the
absolute value of the temperature and the mode of heating
�22–25�. The temperature of heating is responsible for the
different hydrophobic groups which can be exposed to the
solvent and thus controls the rate at which aggregation or
gelation takes place. On the other hand, the mode of heating
�gradual or fast� is another important parameter that decides
the route in which the gelation proceeds and thus defines the
kinetics of the gelation. The mode of heating governs the rate
of consumption of native proteins and their molecular ap-
proach for the growth or stagnation of gelation process
�26–31�. These parameters together decide the structure and
physical properties of the protein gels. Numerous studies
have shown that protein aggregation leading to a network
structure of protein gels results in the formation of fractal
aggregates closely packed throughout the system �19,24–26�.
The formation of the fractal aggregates and the correspond-
ing fractal dimension represent the strength of the gels,
whereas the saturation in the fractal structure indicates the
completion of the gelation process. Small-angle neutron scat-
tering �SANS� can be used for investigating the structure of
such fractal aggregates in detail over a wide length scale
�19�. However, there are only limited SANS studies
�25,32,33� carried out at few temperatures, and further, no
attempts have been made to study the kinetics.

In this paper, we report a SANS study of the structural
evolution of temperature-induced protein gels over a wide
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range of temperature �30–90 °C�. The effect of solution pH
and concentration on protein gelation has been examined.
The kinetics of the gelation process is studied through
temperature-jump measurements within a time interval of
1 min. The results of the temperature-jump measurements
are also compared with the gradual heating mode of gelation.

II. EXPERIMENT

Bovine Serum Albumin �BSA� protein �catalog No.
05480� was purchased from Fluka. Samples for SANS ex-
periments were prepared by dissolving a weighted amount of
BSA in a buffer solution of D2O. The use of D2O as solvent
instead of H2O provides better contrast for hydrogenous pro-
tein in neutron experiments. Sample pH was adjusted at 5.5
using acetate buffer solution. The ionic strength of the solu-
tion was kept at 0.5 M NaCl to minimize the interparticle
interaction among macromolecules. Small-angle neutron
scattering experiments were performed on the SANS-I in-
strument at Swiss Spallation Neutron Source, SINQ, Paul
Scherrer Institut, Switzerland �34�. The mean wavelength of
the incident neutron beam was 8 Å with a wavelength reso-
lution of approximately 10%. The scattered neutrons were
detected using a two-dimensional 96�96 cm2 detector. The
experiments were performed at two sample-to-detector dis-
tances of 2 and 6 m, respectively, to cover the data in the
wave-vector-transfer Q range of 0.006–0.25 Å−1. The mea-
sured SANS data were corrected and normalized to a cross-
sectional unit using BERSANS-PC data-processing software
�35�. The effect of temperature on protein gelation has been
observed up to 90 °C for all samples. The samples were
heated gradually ��1 °C /min� and were provided an addi-
tional half an hour time in order for the gelation kinetics
reach equilibrium. The pH dependence on protein gelation
was compared at 1 wt % protein concentration for pH 6.5
with 5.5. The higher pH �6.5� was obtained using a phos-
phate buffer solution. The influence of the concentration on
controlling the protein gelation was examined by comparing
the results of 1 wt % with 5 wt % at pH 5.5. The
temperature-jump experiment was performed on the protein
samples by increasing the temperature to the required value
within a time of about 1 min. This was achieved by immers-
ing the sample of volume 1 ml in a water bath of large vol-
ume of 1000 ml maintained at a temperature of 5 °C higher
than that of required temperatures. The SANS measurements
were than performed on the sample at constant required tem-
perature. Thereafter time-dependent SANS measurements
were performed at every 1-min interval up to half an hour.

III. SMALL-ANGLE NEUTRON SCATTERING
ANALYSIS

In small-angle neutron scattering one measures the coher-
ent differential scattering cross section per unit volume
�d� /d�� as a function of Q. For a system of monodispersed
interacting protein macromolecules, d� /d� �Q� is expressed
as �36�

d�

d�
�Q� = NpVp

2��p − �m�2��F�Q�2� + �F�Q��2�Sp�Q� − 1�� + B ,

�1�

where Np and Vp are the number and volume of the protein
macromolecule, respectively. �p and �m are the scattering
length densities of the protein and solvent, respectively. F�Q�
is the single-particle form factor, and Sp�Q� is the interpar-
ticle structure factor. B is a constant term that represents the
incoherent scattering background, which is mainly due to
hydrogen in the sample. In the case of protein solution at low
concentration and at high salt concentration, S�Q� can be
approximated to unity as the interparticle interactions are
minimized �37�. F�Q� has been calculated for the prolate
ellipsoidal shape of the protein macromolecules �38�.

In the case of temperature-induced denaturation of pro-
teins, it is believed that aggregation of protein molecules
leads to gelation. For such a system the structure factor is not
any longer negligible and has to be included in the descrip-
tion of the scattering cross section. The aggregation process
starts with individual protein macromolecules, which aggre-
gate into a larger network formation. The cross section for
such a system can be expressed as �39�

d�

d�
�Q� � Pp�Q�Sf�Q� + B . �2�

Pp�Q� denotes the normalized intraparticle structure factor of
a protein macromolecule in the cluster, which is the building
block of the complex gel and can be considered to be an
equivalent sphere of radius Rp. Pp�Q� for a spherical particle
of radius Rp is given by

Pp�Q� = �3�sin QRp − QRp cos QRp�
�QRp�3 	2

. �3�

Sf�Q� has been calculated using the fractal structure of the
aggregated network. In this case, Sf�Q� is given as �40,41�

Sf�Q� = 1 +
1

�QRp�D

D��D − 1�
�1 + �Q��−2���D−1�/2�

�sin��D − 1�tan−1�Q��� , �4�

where D is the fractal dimension of the gel and � is the
correlation length that is a measure of the extent of the ag-
gregated network. Throughout the data analysis, corrections
were made for instrumental smearing. The parameters in the
analysis were optimized by means of nonlinear least-squares
fitting, and the errors �standard deviations� in the parameters
were calculated by the standard method �42�.

IV. RESULTS AND DISCUSSION

Figure 1 shows the phase diagram of the protein gelation
temperature measured at various pH and protein concentra-
tion values. The data points in the phase diagram represent
the temperature at which the protein solution turns into a gel,
which is recorded visually by the appearance of turbidity and
increase in viscosity of the solution. The effect of pH is
carried out on 1 wt % protein solution in the pH range of
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5–8.5. The gelation temperature is found to be significantly
affected by the change in pH of the solution, and it increases
with an increase in the pH, having values above the isoelec-
tric point of BSA protein �4.7�. For example, at pH 5 the
gelation occurs at a temperature of 62 °C, whereas the gela-
tion temperature is increased to 94 °C at pH 8.5. This in-
crease in gelation temperature with pH can be understood on
the basis of the pH dependence electrostatic interaction be-
tween charged protein macromolecules. The protein mol-
ecule has nonzero net charge for pH values different from
the isoelectric point, the magnitude of which increases as pH
is varied away from the isoelectric point. Therefore, the ge-
lation at higher pH values requires higher temperature to
generate enough hydrophobic attraction that can overcome
the increase of charge repulsion between them. A similar
increase in gelation temperature with change in pH has also
been observed for whey protein �43�. The role of varying
concentration on the protein gelation temperature is carried
out at several concentrations in the range 0.1–10 wt % for
fixed pH 5.5 of the solution. The increase in protein concen-
tration leads to an initial drop in gelation temperature, which
increases marginally with further increase in protein concen-
tration. The decrease in gelation temperature in the low-
concentration regime is understood in terms of the solubility
of the system decreases with increase in concentration. The
slow increase in gelation temperature at higher concentra-
tions could be due to marginal dominance of increased re-
pulsive interactions between the molecules with that of the
decrease in the solubility of the molecules. It may be men-
tioned that most of the studies in the literature on protein
gelation have been carried out in H2O �3,4,6�. Comparison of
our data of protein gelation in D2O with these earlier studies
show that the gelation temperature is about 4–5 °C lower in
D2O with respect to H2O. This is expected due to the lower
solubility of protein in the case of D2O.

To study structural evolution in protein solution during
the process of gelation, Fig. 2 shows the SANS data for

gelation of 1 wt % BSA at pH 5.5 as a function of tempera-
ture. The temperature of the protein sample is achieved by
gradually heating the sample to the required temperature and
giving enough time �half an hour� for heating at this tem-
perature for the kinetics to reach equilibrium. The SANS
data from room temperature up to 60 °C do not show any
significant change in the scattering profile, suggesting that
there is no prominent effect on the structure of the protein
molecule, which thus maintains its native structure within
this temperature range. This result is in agreement with a
previous study using Fourier-transform infrared spectroscopy
on temperature-induced denaturation �44�, which showed no
loss of the native structure up to a temperature of around
60 °C. At room temperature, the protein molecule fits to a
monomeric model and is found to have a prolate ellipsoidal
shape with semimajor and semiminor axes a=70.2�5.1 and
b=c=22.2�0.8 Å, respectively, which are in good agree-
ment with values reported earlier �45–47�. Data are also fit-
ted for a system consisting of higher-mers �37�, which fur-
ther confirms that the protein solution mostly consists of
monomers. On increasing the temperature beyond 60 °C,
there is a buildup of scattering cross section in the low-Q
region, which is an indication of the aggregation of protein
molecules at higher temperatures. The increase in scattering

TABLE I. Fitted parameters of SANS analysis for gel structure
of 1 wt % BSA at pH 5.5 as a function of temperature.

Temperature
�°C�

Fractal dimension
D

Protein radius
Rp �Å�

Pore radius
Rpore �Å�

67 1.42�0.03 26.9�1.3

71 1.86�0.04 26.0�1.2

75 2.15�0.05 25.8�1.2

80 2.37�0.07 6.6�0.3

85 2.44�0.08 6.0�0.3

90 2.44�0.08 6.1�0.3
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FIG. 1. Phase diagram of temperature-induced protein gelation
with varying pH for 1 wt % BSA and varying protein concentration
at fixed pH 5.5. The lines connecting the data points are a guide to
the eye.
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FIG. 2. Fitted SANS data for 1 wt % BSA at pH 5.5 as a func-
tion of temperature. The inset shows the temperature dependence
variation of the fractal dimension of the gel, where the lines con-
necting the data points are only a guide to the eye.
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cross section suggests that the aggregation is enhanced with
increasing temperature, which leads to gelation. The present
system has a gelation temperature of 65 °C, and the SANS
data beyond this temperature show a linear region of scatter-
ing cross section on a log-log scale for low values of Q
	0.07 Å−1. This represents the fractal structure of a gel,
which consists of a network kind of arrangement of protein
aggregates in the system. The slope of the scattering data
gives the value of the fractal dimension D of the network.
The cutoffs of the linear range of the data at low and high Q
values are, respectively, related to the extent of the aggre-
gated network and the size of the building block of the net-
work. The low-Q cutoff is not observed in Fig. 2, where the
lowest Q value is Qmin=0.006 Å−1. This means that the ag-
gregated network has a size � larger than 2
 /Qmin �i.e.,
900 Å�. Therefore, we have used a fixed value of 1000 Å for
fitting of all data. The fitted parameters using Eq. �2� are
given in Table I. It is found that the fractal dimension in-
creases with increasing temperature. This is understood to be
due to the increase in branching between the aggregated pro-
tein molecules with increasing temperature. The inset of Fig.
2 shows the variation of fractal dimension of the protein
gelation at different temperatures. It is found that the fractal
dimension of the system increases significantly with an in-
crease in temperature and saturates at higher temperatures.
The size of the building block of the aggregated network

�Rp�27�1 Å� has been found to be significantly smaller
than the equivalent spherical radius ��ab2�1/3=32.5�3.5 Å�
of the native structure of the protein. This can be possible
due to protein undergoing different conformational changes
while aggregation occurs �2,41�. The scattering cross section
in the high-Q region at higher temperatures ��80 °C� de-
creases significantly as well as there is a change in the func-
tionality of the scattering profile. This kind of behavior is
expected if the building blocks of the fractal structure are not
visible any longer to neutrons and what is seen are the pores
between the building blocks as a result of increased packing
of the building blocks at higher temperatures. The typical
radius of the pore structure obtained in protein gels is about
6 Å.

The effect of pH on the temperature-induced protein ge-
lation is shown in Fig. 3 for pH 6.5 and compared to the data
of pH 5.5 �Fig. 2�. The general features of the scattering
profiles for the two pH values on varying temperature are
similar. However, the temperature required to generate simi-
lar results is considerably higher for the protein samples at
pH of 6.5 than 5.5. This can be correlated to the increase in
the gelation temperature for higher pH values where the ge-
lation process is delayed as a function of temperature. The
inset of the Fig. 3 shows the comparison of the variation of

TABLE II. Fitted parameters of SANS analysis for gel structure
of 1 wt % BSA at pH 6.5 as a function of temperature.

Temperature
�°C�

Fractal dimension
D

Protein radius
Rp �Å�

Pore radius
Rpore �Å�

71 1.38�0.03 26.5�1.3

75 1.76�0.04 26.4�1.3

80 2.00�0.07 26.3�1.3

85 2.35�0.08 5.9�0.3

90 2.42�0.07 5.5�0.2

TABLE III. Fitted parameters of SANS analysis for gel structure
of 5 wt % BSA at pH 5.5 as a function of temperature.

Temperature
�°C�

Fractal dimension
D

Protein radius
Rp �Å�

Pore radius
Rpore �Å�

71 1.21�0.03 26.3�1.3

75 1.42�0.03 25.9�1.2

80 1.99�0.05 26.4�1.3

85 2.31�0.07 5.9�0.3

90 2.45�0.11 5.5�0.2
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FIG. 3. Fitted SANS data for 1 wt % BSA at pH 6.5 as a func-
tion of temperature. The inset shows the comparison of the fractal
dimension of gels for pH 6.5 with 5.5, where the lines connecting
the data points are only a guide to the eye.
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where the lines connecting the data points are only a guide to the
eye.
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fractal dimension with rise in temperature for pH 6.5 with
5.5. It can be seen that the temperature dependence growth of
fractal structure is quite different for two pH values. Both the
formation of fractal structure and saturation occurs at higher
temperature for higher pH value. The fitted parameters of the
temperature-induced protein gels at pH 6.5 using Eq. �2� are
given in Table II.

To understand the role of concentration, SANS data were
collected for 5 wt % BSA at pH 5.5 �Fig. 4� to compare with
the data of 1 wt % BSA at pH 5.5 �Fig. 2�. It is found that on
increasing the protein concentration there is about a 5 times
increase in scattering intensity in the overall Q range with
respect to Fig. 2. However, the scattering cross-section pro-
files have similar features to Fig. 2. On the other hand, the
temperature required to get similar gel structures is signifi-

cantly higher for protein gels at higher protein concentration
similar to that of increasing pH value �Fig. 3�. The inset of
Fig. 4 shows the comparison of the variation of fractal di-
mension with rise in temperature for 1 and 5 wt % BSA
protein gels. It is observed that growth of fractal structure
significantly depends on the protein concentration. At higher
concentration the formation of fractal structure is delayed
and the saturation in the structure is not observed even up to
90 °C. The fitted parameters of the temperature-induced pro-
tein gels at 5 wt % using Eq. �2� are given in Table III.

The kinetics of protein gelation has been studied through
temperature-jump experiments. The temperature-jump pro-
cess is carried out by increasing the temperature of the
sample instantaneously ��1 min� to the required tempera-
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FIG. 5. Time-resolved SANS data for 1 wt % BSA at pH 5.5
heated through the temperature-jump process at temperatures �a�
67 °C, �b� 71 °C, and �c� 85 °C.
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ture and maintaining it during the measurements. The time-
resolved measurements are then performed to measure kinet-
ics of these samples. Figure 5 shows the time-resolved
SANS data in the limited Q range for 1 wt % BSA at three
different temperatures. The three different temperatures se-
lected for these studies correspond to different protein gel
structures. The SANS data were recorded at every 1 min up
to 30 min; however, only limited data are shown in Fig. 5. It
is found that the data do not show any significant change as
time progresses. This suggests that the kinetics of structural
evolutions that lead to gelation occurs fast within the time of
temperature jump ��1 min�. It can be added that the data of
protein gel at 67 °C show some changes as compared to that
at higher temperature. This could be due to the fact that at
temperature near the gelation temperature the gel has some-
what slower kinetics than at higher temperatures.

Figure 6 shows the comparison of SANS data of the pro-
tein gels as prepared by temperature jump with that by
gradual heating. It is seen that the structure of the gels pre-
pared at lower temperatures �67 and 71 °C� remains similar
irrespective of the mode of heating. However, when the tem-
perature is increased to 85 °C, the results of the two heating
modes are significantly different. It can be understood in
terms of the fact that at temperatures not far from the gela-
tion temperature, the process of gelation is site specific for
both modes of heating. As the temperature is gradually in-
creased, the site-specific process of gelation is continued. On
the other hand, in temperature-jump heating at higher tem-
peratures the branching of the protein aggregates collapses
because the site specificity of aggregation does not work
anymore by the sudden rise of temperature. This point is

verified by the fact that the gel structure formed at 85 °C by
temperature-jump heating shows a slope of −4 on a log-log
scale, an indication of the collapsed large aggregates, which
is very different than the fractal structure of gel obtained by
gradual heating �Table I�.

V. CONCLUSIONS

The effect of pH and protein concentration on
temperature-induced protein gelation has been studied using
phase diagrams and SANS. The gelation temperature of the
protein is found to increase considerably with increasing pH
beyond isoelectric pH of the protein molecule. However, the
increase in protein concentration leads to a decrease in gela-
tion temperature in the low-protein-concentration regime and
shows a small increasing trend at higher protein concentra-
tions. The protein gel is characterized by a fractal structure
whose fractal dimension increases due to enhanced branch-
ing of the aggregates with increase in temperature. The in-
crease in both solution pH and protein concentration delays
the growth of the temperature-dependent fractal structure and
its saturation. The temperature-jump study of the kinetics of
protein gels suggests a rapid formation of gel structure
within a time of 1 min. It is also found that the structure of
protein gel in particular prepared at high temperatures de-
pends on the route of heating �gradual or temperature jump�.
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