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Abstract High-resolution ultrasonic spectroscopy was applied for real-time moni-
toring of the heat-induced denaturation and aggregation processes in aqueous solutions
of B-lactoglobulin. The temperature profiles for the ultrasonic velocity and attenua-
tion in the frequency range from 4 MHz to 16 MHz were measured during heating
and cooling cycles, 35°C to 120°C to 35 °C, with different heating and cooling rates.
Two processes were identified in the heating profiles: transition to the molten globular
state followed by formation of protein aggregates. Both processes are accompanied
by a decrease in the ultrasonic velocity and an increase in compressibility. The ultra-
sonic attenuation did not show a significant change during the transition to the molten
globule but increased significantly during aggregation. The diameter of the aggregates
(calculated from ultrasonic attenuation) was of the order of 100 nm and depended on
the pH and the heating rate. Variation of pH from 6.0 to 7.5 had a pronounced effect
on the size of protein aggregates. Some effect of pH on the intrinsic properties of
aggregates was also detected.

Keywords Aggregation - 8-Lactoglobulin - Denaturation -
High-resolution ultrasonic spectroscopy - Molten globule - Protein nano-particles -
Ultrasonic attenuation - Ultrasonic velocity

1 Introduction

The functional behavior of proteins is strongly determined by their stable three-
dimensional structure, which is maintained by hydrophobic interactions, hydrogen
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bindings, electrostatic interactions, covalent bindings, and van der Waals forces.
A significant number of protein applications require their thermal processing, which
often alters their molecular structure and interactions, and can lead to aggrega-
tion. Some protein formulations (e.g., pharmaceuticals) are rigorously required to be
aggregate-free to provide active and safe products; others are based on the func-
tional properties of structures assembled during aggregation. For instance, a number
of “heat-assembled” whey protein gels are utilized by the food industry for structuring
products and controlling texture. The structural and physical properties of these gels
are strongly influenced by the environmental and processing conditions during the
aggregation process [1-9].

B-Lactoglobulin, the major whey protein in bovine milk, has often served as a model
protein for studying heat-induced aggregation and gelation phenomena of globular pro-
teins and has been widely investigated in the past [4,6—17]. At neutral pH and room
temperature, native -lactoglobulin exists as a stable noncovalent dimer [10,11]. At
temperatures above room temperature, the §-lactoglobulin dimer dissociates to native
monomers, which undergo conformational modifications [12]. These conformational
changes involve exposure of both the interior hydrophobic residues and the sulthy-
dryl group that become available for intermolecular interactions (cross-links) [13,14].
Above approximately 65 °C, the protein exists in the state which was classified by sev-
eral authors [12,15,16] as a molten globule state. Hydrophobic interactions between
the exposed groups promote aggregation of the protein molecules while still in the
molten-globule state. The exposed thiol group can induce thiol/disulfide exchange
reactions, leading to the formation of disulfide-linked aggregates.

If the ionic strength is sufficiently low and at low pH, heat-induced aggregation
proceeds relatively slowly and leads to the formation of transparent or translucent
fine-stranded gels, composed of nanometer-thick networks [1,4-8]. Heat-induced
aggregation is accelerated in screened conditions (pH around isoelectric
point 5.1, increased ionic strength) and results in the formation of a white opaque
particulate gel composed of aggregates which may reach micrometer size [4,7-
9]. Bromley et al. [9] showed that the particle sizes of gels: (a) decrease with
increasing heating rate and (b) decrease with increasing final temperature of
incubation. Overall, the thermally induced aggregation of B-lactoglobulin is a mul-
tistage process, where each of the stages shows complex kinetics [17-19]. It was
shown that the response of B-lactoglobulin to elevated temperatures depends on how
the sample is heated [9,13,19]. The rate of aggregation is strongly affected by the
temperature of incubation, heating rate, pH, ionic strength, and concentration of the
protein [13,18,19]. The size of resulting aggregates depends highly on the environ-
mental conditions and processing stresses employed. However, the exact relationship
between the processing conditions and the structure and size of the aggregates are still
not clear. An understanding of the details of complex kinetics of aggregation processes
in different environmental conditions requires experimental techniques able to provide
real-time information on assembly and growth of protein aggregates as well as on the
changes in their structure during all stages of thermally induced processes. A number
of different analytical techniques, such as electron microscopy, atomic force micros-
copy, light scattering, differential scattering calorimetry (DSC), nuclear magnetic res-
onance (NMR), circular dichroism, electrophoresis, chromatography, rheometry, etc.

@ Springer



Int J Thermophys (2010) 31:113-130 115

has been employed in the past in the analysis of protein aggregation [4,9,12,16,20].
However, real-time assessment of the formation of protein aggregates and nano-assem-
blies is a difficult task for traditional analytical techniques, especially when informa-
tion on both the size and the intrinsic properties of the aggregates is required in a
broad range of temperatures and states (solution, suspension of protein nano-particles,
and gel).

Our paper reports the results of the application of high-resolution ultrasonic spec-
troscopy for real-time monitoring of aggregation processes in aqueous solutions of
B-lactoglobulin. This technique is nondestructive, capable of rapid and precise mea-
surements, requires no sample preparation and no markers, can be applied to systems
that are optically opaque, and allows measurements in a broad range of temperatures
and concentrations including those relevant to industrial protein processing [21,22].
This technique provides information on the two levels of organization of protein sys-
tems: intrinsic properties of protein globules and protein particles and the size of pro-
tein aggregates. Previously, ultrasonic spectroscopy has been applied to study proton
transfer, hydration, and phase transitions in proteins systems [23—27]. Most previous
applications of ultrasonic spectroscopy in protein systems utilized ultrasonic devices
based on the pulse technique. These instruments have a broad frequency range; how-
ever, the resolution in ultrasonic velocity was limited, about 0.1 m - s~ ! which does not
allow resolving details of the thermally induced microstructural changes of intrinsic
properties of protein globules and protein particles. Another limitation of this spec-
troscopy is the requirement of relatively large sample volumes, which complicates
measurements in the temperature ramp regime. Measurements of the ultrasonic veloc-
ity at one frequency provided much better resolution (down to 1 mm-s~!) in small
sample volumes and have been successfully used for analysis of the compressibility of
proteins in solutions [28—-35]. However, the absence of data for the ultrasonic velocity
and attenuation in a broad frequency range did not allow analysis of scattering effects.
In addition, most of these devices had also limited operating temperature and pressure
ranges (elevated pressures are required to avoid boiling of aqueous solutions at tem-
peratures above 100°C). High-resolution ultrasonic spectrometers provide excellent
resolution for both velocity (down to 0.2 mm - s~1) and attenuation (down to 0.2 %)
[21,22], cover the frequency range from 1 MHz to 20 MHz and allow measurements at
elevated pressures and in a broad temperature range (—40°C to 130°C) in isothermal
and temperature ramp regimes, which cover most processing conditions of protein
formulations. The technique has been successfully applied in the ultrasonic analysis
of heat-induced coagulation in milks [36,37], monitoring of acid gelation processes
[38] and rennet induced gelation in milk [39], and denaturation of whey proteins [27]
and other systems. In the present study we have used high-resolution ultrasonic spec-
troscopy for real-time assessment of structural transformations and aggregation of
B-lactoglobulin at different heating rates and pH in the temperature range from 35 °C
to 120 °C. The ultrasonic velocity provided information on evolution of the compress-
ibility (“rigidity”’) of protein globules and protein aggregates and attenuation on the
growing size of protein aggregates. Detailed interpretation of the experimental results
requires a comprehensive multivariant analysis of the ultrasonic velocity and attenu-
ation as a function of frequency, pH, concentration, heating speed, etc., and will be a
subject of future studies. However, presented in this paper, a qualitative study provides
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new information on real-time analysis of the key processes (denaturation, aggregation,
and gelation) which occur in aqueous solutions of g-lactoglobulin during continuous
heating.

2 Measurements
2.1 Materials

B-lactoglobulin (L3908) was purchased from Sigma-Aldrich (Dublin, Ireland). Pro-
tein samples were dissolved in 0.1 M NaCl (Sigma Aldrich, S-7653) and then stirred
at room temperature for 1 h. The pH of protein solutions was adjusted to the required
value in the range between 6 and 7.5 by adding small amounts of 0.1 M hydrochloric
acid (Sigma Aldrich, 31, 894-9) or sodium hydroxide (Sigma Aldrich, 31, 951-1). The
concentration of B-lactoglobulin was determined spectrophotometrically at 278 nm
using the extinction coefficient e273 = 0.955 cm? - mg’1 [40]. All solutions were
deeply degassed prior to measurements.

2.2 Procedures
2.2.1 High-Resolution Ultrasonic Spectroscopy

The temperature profiles of the ultrasonic velocity, u, and attenuation, «, were mea-
sured at several selected frequencies in a range from 4 MHz to 16 MHz using an
HR-US 102 ultrasonic spectrometer (Ultrasonic Scientific Ltd.) in the temperature
ramp regime. This device is equipped with two cells enabling single-cell or differ-
ential measurements. The differential regime allows resolution of 0.2mm-s~! for
the ultrasonic velocity and 0.2 % for the ultrasonic attenuation. The temperature was
controlled with a Haake F8 heating bath, which provided a temperature stability of
0.01°C. The temperature was recorded by the sensor embedded in the body of the
differential ultrasonic cell as provided by the manufacturer. The temperature readings
were verified by measuring the ultrasonic velocity in pure water for which the temper-
ature dependence is well known [41], using the same temperature ramp procedures as
for protein solutions. We did not see a significant difference in the temperature profiles
of the velocity in pure water at different ramp speeds utilized in our measurements
(0.02°C-min~" to 1°C-min—"). This showed an absence of a noticeable gradient
of temperature within our 1 mL samples in the cells during the temperature ramps,
which could affect our data for proteins, especially because the observed transitions
are relatively broad on the temperature scale (few degrees).

2.2.1.1. Measuring Procedure 1.1 mL of freshly prepared and deeply degassed solu-
tion of B-lactoglobulin was loaded into the measuring cell of the HR-US 102 spectrom-
eter, set at 35 °C. The same volume of deionized water was loaded into the reference
cell. Solutions were left for 10 min to equilibrate, and measurements of the ultrasonic
velocity and attenuation at selected frequencies (4.7 MHz, 5.1 MHz, 7.4 MHz, and
15.6 MHz) were activated and continuously measured for 10 min. Then, the tempera-
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ture ramp with a preset ramp speed was activated during which the ultrasonic velocity
and attenuation were continuously measured at the above preselected frequencies. The
typical ramp parameters were 35°C to 120°C at a constant rate, 0.01°C - min~' to
1°C-min~! (in different ramps). Some of the ramps were programmed to include a
downscan to 35 °C after reaching 120 °C. Screw caps fitted with a septum were used
to maintain pressure inside the cell and avoid boiling. Ultrasonic temperature profiles
were measured in, at least, duplicates. The typical reproducibility of the temperature
profiles was within the limits of scatter of the data points presented in the figures.

2.2.1.2 Baseline Subtraction The same temperature ramps as described above were
performed separately for the solvent (0.1 M NaCl), which then were subsequently
subtracted from the ultrasonic velocity and attenuation profiles measured in protein
samples. Therefore, the data shown below (all figures for attenuation and the insert in
Fig.2 for velocity), represent the change of the excess attenuation and velocity (the
contribution to ultrasonic attenuation and velocity caused by the addition of protein
to the solvent) with temperature.

2.2.2 Ultrasonic Particle Sizing

Calculations of the average particle size as well as expected scattering contributions
to the ultrasonic velocity and attenuation were carried out using the particle size mod-
ule “Psize289”, provided with the HR-US 102 spectrometer. This software utilizes
multiple scattering theories described earlier (see, for example, [42—44]). It allows
calculation of the dependence of the ultrasonic velocity and attenuation on the size
of particles (Fig.4) as well as calculations of the average particle size from the mea-
sured value of the ultrasonic attenuation and the thermophysical parameters of the
continuous and dispersed phases.

The following parameters for dispersed and continuous phases were used in the
calculations:

(1) Dispersed phase: density, p(1325kg - m~—3 at80°C and 1322 kg - m 3 at90°C);
specific heat capacity, C,,(2271 J-kg~! - K~! at 80°C and 2274 J - kg~ ! - K~
at 90°C); thermal conductivity, y(0.2669W.-m~!.K~! at 80°C and
0.2744W -m~!. K~ at 90°C), ultrasonic velocity, u(1121 m-s~!); thermal
expansion coefficient, 8(3.5 x 107*K~! at 80°C and 2.6 x 10+ K~! at 90°C),
and attenuation per square of frequency, af ~>(3 x 10~">m~! . Hz2). The den-
sity of B-lactoglobulin up to 90 °C was taken as the inverse of its apparent specific
volume, measured by us using Anton Paar DMA 5000 density meter. The values
of the thermal conductivity at 80°C and 90°C were obtained from the ther-
mal conductivity model (dependence of thermal conductivity on temperature)
of whey proteins [45], and the specific heat capacity at 80°C and 90°C was
estimated from the specific-heat-capacity model of protein [45]. The thermal
expansion coefficient for protein was calculated from our data on the tempera-
ture dependence of the apparent volume of B-lactoglobulin, and the ultrasonic
velocity in protein was calculated from the density of protein and the coefficient
of adiabatic compressibility Sy = 60 x 10~%bar~! at 25°C (see discussion
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below, [31]). Although at 80°C and 90°C, this value is supposed to be slightly
higher, its effect on particle size has not been significant for our estimations.
Ultrasonic attenuation in protein was taken from [37]; because we analyze only
the changes in ultrasonic attenuation caused by scattering effects, the absolute
values of attenuation in continuous phase and in the protein do not significantly
affect our calculations.

(2) Continuous phase (0.1 M NaCl): density, p(975.64 kg-m—> at 80°C and
969.10 kg - m~> at 90°C; calculated from data for aqueous solutions of NaCl
[46]); specific heat capacity, C,(4159.3]-kg~!-K~! at 80°C and 4166.987J -
kg~!-K~! at 90°C; obtained by extrapolation of data presented in [47,48] to
concentration of 0.1 M NaCl and required temperatures); thermal conductivity,
y(0.669W-m~!.K~! at 80°C and 0.675W-m~!-K~! at 90°C [49]), ultra-
sonic velocity, 1(1559.28 m-s~! at 80°C and 1555.25m-s~! at 90°C [50]);
thermal expansion coefficient, 8(6.32 x 104K 1 at80°C and 6.88 x 10~4 K1
at 90°C; calculated from data on the temperature dependence of the apparent
volume [46]), and attenuation per square of frequency, af > (as measured,
8 x 107 m~! . Hz2? at80°C and 7.3 x 107> m~! . Hz™? at 90°C).

2.2.3 Photon Correlation Spectroscopy

The average diameter of protein particles was measured at preset temperatures between
35°C and 90 °C with Zetasizer Nano ZS, Malvern Instruments at an angle of 173 °. The
temperature was controlled within 0.1 °C with a Peltier temperature controller. The
thermal cap (provided with the instrument) was used to ensure temperature stability
during the measurements.

Protein samples were prepared in the same way as for ultrasonic measurements. The
samples were filtered prior to measurement using 0.02 um sterile inorganic membrane
filters (Anatop 10, Whatman, Cat. No. 68091102).

3 Results
3.1 Temperature Profiles of Ultrasonic Velocity and Attenuation

Figure 1 shows the temperature profile of ultrasonic attenuation in 2% w/w
B-lactoglobulin aqueous solution at pH 7.5 upon heating and cooling (35°C to
120°C to 35°C) ramps at 0.2°C -min~!. The attenuation value at 35°C was sub-
tracted to illustrate the change in attenuation caused by protein aggregation. Only the
results for the interval from 60°C to 90°C is presented as other temperature inter-
vals do not possess any new features. Three stages in the heating temperature
profile of ultrasonic attenuation can be seen. (1) No changes in the excess ultra-
sonic attenuation were observed at heating up to 66°C. (2) A sharp increase in
attenuation was found between 68 °C and 76°C (approximately), with the higher
magnitude at higher frequencies. This increase in attenuation can be attributed
to the scattering of ultrasonic waves on protein aggregates formed as a result of
protein denaturation. (3) Above 76°C, attenuation levels off (small increase in
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Fig. 1 Changes in ultrasonic attenuation (solvent baseline subtracted as described in the text) during con-
tinuous heating from 35°C to 120°C (ramp speed of 0.2°C - min~!) of 2% w/w B-lactoglobulin aqueous
solution containing 0.1 M NaCl at pH 7.5, measured at4.7 MHz, O, 5.1 MHz, B, 7.4 MHz, A, and 15.6 MHz,
4. Attenuation at 35°C was subtracted from the temperature profiles. Only the 60°C to 80°C interval is
presented as other temperature intervals do not possess any new features. Inset shows the attenuation profile
at 15.6 MHz obtained during heating and subsequent cooling of the B-lactoglobulin sample

attenuation was observed at 15.6 MHz). The inset in Fig.1 shows the attenuation
profile upon heating to 120°C and subsequent cooling at 15.6 MHz. The revers-
ibility of the temperature profile was observed for the stage (3) only. At other
stages the attenuation value did not recover in the cooling cycle, and at 35°C,
was about 3.4m~! higher that the initial value. This could be interpreted by the
scattering effects from the residual protein aggregates, which do not dissolve upon
cooling.

Figure2, inset (a), shows change in the ultrasonic velocity in 2% w/w
B-lactoglobulin aqueous solution at pH 7.5 upon heating at 0.2°C - min~! from 35°C
to 120°C at 15.6 MHz. A gradual decrease in velocity was observed up to 50°C
followed by a drop in velocity at higher temperatures. This linear part of the curve
was extrapolated to higher temperatures and subtracted from the temperature profile
of the ultrasonic velocity, and results (excess ultrasonic velocity) are shown in the
main frame of Fig.2. This procedure eliminates the heat expansion effects (increase
in volume and compressibility of the protein with temperature) from the temperature
profile and provides a better representation of the effects of heat transitions, which
occur at temperatures above 50 °C, on the ultrasonic velocity. Several stages can be
distinguished in the velocity profile. (1) No changes in the excess ultrasonic velocity
were observed up to 50 °C. (2) At 50 °C the velocity started to decrease. This decrease
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Fig. 2 Changes in ultrasonic velocity at 15.6 MHz during continuous heating from 40°C to 120°C (ramp
speed of 0.2°C - min~1) of 2% wiw B-lactoglobulin aqueous solution containing 0.1 M NaCl at pH 6.0,
B, and 7.5, Q. The solvent baseline and linear extrapolation of the initial part of the curve (35°C to 50°C,
see inset a) were subtracted as described in the text. Only the 40°C to 95 °C interval is presented as other
temperature intervals do not possess any new features. Inset a shows changes in ultrasonic velocity in an
aqueous solution of B-lactoglobulin at pH 6.0 and 7.5 and extrapolation of initial parts of the curves for both
values of pH (solvent baseline subtracted as described in the text). Inset b shows the ultrasonic attenuation
profile (solvent baseline subtracted) between 60 °C and 90 °C at 15.6 MHz in B-lactoglobulin solutions at
pH 6.0 and 7.5

can be related to the partial unfolding of the protein and transition to the liquid-like
“molten globule” state, which is expected to occur above 50°C [12,15,16]. (3) A
sharp drop in the excess ultrasonic velocity is seen between 67 °C and 76 °C (approx-
imately) for pH 7.5 and between 74 °C and 82°C (approximately) for pH 6.0. This
major change in ultrasonic velocity coincided with the increase in the ultrasonic atten-
uation and can be attributed to the formation and growth of the highly compressible
protein aggregates. (4) Above 76°C at pH 7.5 and above 82 °C at pH 6.0, the velocity
gradually decreased with temperature. This can be related to the temperature char-
acteristic (increase of volume and compressibility with temperature) of the protein
aggregate formed at the second stage of the process. A small frequency dependence
of the temperature profiles of ultrasonic velocity was observed at temperatures above
70°C, indicating a significant size of protein aggregates (see below).

3.2 Effect of pH and the Heating Rate on the Temperature Profiles of the Ultrasonic
Velocity and Attenuation

Figure2, main frame and inset (b), show the temperature profiles for the ultrasonic
velocity and attenuation in 2 % w/w f-lactoglobulin aqueous solution at pH 7.5 and
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Table 1 Effect of protein aggregation on ultrasonic velocity, Au, and attenuation, A«, in 2% aqueous
(0.1 M NaCl) solution of B-lactoglobulin at 15.6 MHz

pH T2 (°C) Aub (m-s1) Aa® (m~1)
6.0 738 —0.27 10.7
75 67.2 —0.36 2.25

4 Temperature of the beginning of aggregation determined from the attenuation curves

b Difference between the ultrasonic velocity measured at the temperature of the beginning of the aggregation
and the linear extrapolation of the post-aggregation profile to the same temperature (see Fig. 2)

¢ Difference in ultrasonic attenuation measured at the temperature of the beginning of the aggregation and
the linear extrapolation of the post-aggregation profile to the same temperature

6.0 upon heating at 0.2°C - min~'. Table | summarizes the aggregation effect on the
ultrasonic velocity and attenuation recorded at both values of pH and a frequency
of 15.6 MHz. The values revealed in Table 1 summarise the differences between
ultrasonic parameters measured at the temperature at the beginning of the aggre-
gation and extrapolated (linear) to the same temperature post-aggregation profile.
The temperature of the beginning of aggregation was determined from the atten-
uation curve. Figure3, the main frame and the inset, shows the changes in the
ultrasonic velocity and attenuation at 15.6 MHz in 2% w/w B-lactoglobulin aque-
ous solution at pH 6.8 upon heating at (0.02, 0.1, and 1)°C-min~! from 35°C to
120°C.

4 Discussion
4.1 Ultrasonic Velocity

In low attenuating liquids, the ultrasonic velocity, u, is determined by the density, p,
and the coefficient of adiabatic compressibility, 8, of the medium [51]:

w=(Bp) 7. (1)

The compressibility parameter is particularly important, as the elastic response
of the sample to compressions and decompressions in ultrasonic waves is extremely
sensitive to intermolecular interactions and molecular organization.

The contribution of a solute to the ultrasonic velocity can be characterized through
the concentration increment of the ultrasonic velocity, a, defined by

a="2""0 )

upc

where u and u( are the ultrasonic velocities of the solution and solvent, respectively,

and ¢ is the concentration of solute (g per cm® of solution in this paper).
Heat-induced aggregation of proteins at our concentrations often results in

formation of protein particle gel where cross-linked protein particles form a
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Fig. 3 Changes in the ultrasonic velocity (solvent baseline and second baseline, linear extrapolation of
the initial part of the curve, were subtracted as is shown in Fig. 2, inset a) at 15.6 MHz during continuous
heating from 40°C to 120°C of 2% w/w B-lactoglobulin aqueous solution containing 0.1 M NaCl at pH
6.8 at heating rates: 0.02°C -min~!, M, 0.1°C-min—!, ¢, and 1°C-min~!, A. Only the 40°C to 85°C
interval is presented as other temperature intervals do not possess any new features. Inset shows changes in
ultrasonic attenuation (solvent baseline subtracted) recorded at 15.6 MHz during continuous heating from
40°C to 120°C of 2% w/w B-lactoglobulin at heating rates of 0.02°C - min~—!, M, 0.1°C-min~!, ¢, and
1°C-min~!, A. Only the 60°C to 90°C interval is presented

three-dimensional network. This produces a decrease of the compressibility of the
sample due to the added rigidity of the gel network. The contribution of protein gels
to the ultrasonic velocity was analyzed earlier for acid casein gels [38] and rennet-
induced gels [39] and it was found that it does not exceed 0.1 m - s~ at 15MHz at
concentration of proteins close to the concentration of our samples, which is smaller
and of opposite sign than the observed changes in the velocity caused by denaturation
and aggregation in our samples. Therefore, this contribution could be neglected in
further qualitative discussion.

In dilute solutions, the concentration increment of ultrasonic velocity is related to
the physical characteristics of the solute and solvent by the following equation [52]:

- 5 (3)

where ¢V (= %; (V — V) is the apparent volume of the solute and is the change
of volume (cm?) caused by the addition of mass m (g) of solute to the volume V{ of
a pure solvent) and ¢ K, (= £=Ko. g = — (g—‘;)s; Ko = — (M)S) is the apparent

m P
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adiabatic compressibility of the solute (cm? - g~! - bar™!); g, (= —VLO (%) g) is the
coefficient of adiabatic compressibility of pure solvent, and py is the density of pure
solvent. Equation 3 is a consequence of Eqgs. 1 and 2 and the definitions of ¢V and
oKs.

Our measurements of the temperature profiles of the density in our samples (data
not shown) indicated that the changes in apparent volume accompanying heat-induced
protein denaturation in our systems are small and their contribution constitutes less
than 10 % of overall experimentally observed changes in ultrasonic velocity. This is
in agreement with the previous observations for protein denaturation and transition
to a molten globular state [29,53,63]. Therefore, the changes in the concentration
increment of ultrasonic velocity accompanying the heat-induced transitions of protein
shall be attributed mainly to the changes of the apparent adiabatic compressibility of
proteins:

A(pKS

Aa = .
2/3.90

“

Formation of protein particles, as a result of aggregation, produces an additional,
“scattering,” contribution to the ultrasonic velocity, caused by thermal and visco-
inertial scattering effects. Because the density of proteins is close to the density of water
(20 % difference), the visco-inertial contribution shall be small and can be neglected
[44,54]. The thermal “scattering” contribution results in a decrease of the apparent
adiabatic compressibility with an increase of the size of aggregates caused by a reduc-
tion of the amount of solvent involved in the solute—solvent heat exchange when the
solutes aggregate [54]. In this work, we have used the particle size module provided
with the HR-US 102 spectrometer to estimate the change of ultrasonic velocity caused
by formation of protein aggregates of the size corresponding to the measured change
of attenuation (see below). The calculated increase in the ultrasonic velocity is about
0.2m - s~! for pH 6.0, which is comparable with but of the opposite sign than the abso-
lute value of the observed decrease in the ultrasonic velocity caused by protein denatur-
ation and aggregation (—0.27m-s~!). At pH 7.5, this increase is smaller, 0.1 m-s~!.
Therefore we can assume that the main contribution to the observed changes in the
ultrasonic velocity (and compressibility) caused by protein denaturation and aggrega-
tion comes from the intrinsic properties of protein and its hydration.

When the scattering contribution is subtracted, the apparent adiabatic compress-
ibility of a solute can be represented by the sum of ideal, intrinsic, and hydration terms
(see for discussion [33,52]:

©Ks = kid + km + Akn, (5)

where kiq is the “ideal” contribution of the solutes to the compressibility of the solu-
tion, kyp is the intrinsic compressibility of the solute molecule, and Aky, is the hydra-
tion (solvation for nonaqueous solutions) contribution to the compressibility caused
by a change in the compressibility of water (solvent) as a result of solute—solvent
interactions and the compressibility of the void space between the solute molecule
and surrounding molecules of the solvent. In some publication, the term Aky, is split
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into subterms [29,33,52]. The term kiq (E — (?_l;)s) is the compressibility of the

“ideal” contribution to the volume, v;q, which represents the increase of the volume of
the liquid caused by solubilization of a solute with a negligibly small intrinsic volume
in an ideal solution (no solute—solvent interactions). It results from the thermal motion
of the solute molecules and can also be interpreted as an expansion of the solvent
caused by the osmotic pressure of the solute. For high-molar mass compounds, this
value is small compared with the other contributions to ¢ Kg and can be neglected
for our discussion. Both compressibilities, ky and Akp, are not adiabatic because of
the heat exchange between the protein molecules, their hydration shell, and the sur-
rounding solution during the time of the compression cycle in the ultrasonic wave.
The exact relationship between these values and the thermodynamic properties of the
solute and the solvent was discussed previously [54]. However, because these values
are of the same order as corresponding adiabatic and isothermal compressibilities, for
qualitative discussion, we will not make this distinction.

An additional relaxation contribution to the apparent adiabatic compressibility may
exist if the solute molecules have different conformational, protonated, tautomeric, or
other states, which have a different apparent volume or enthalpy and for which the
distribution can be affected changing the pressure and temperature in the ultrasonic
wave [55]. The main contributor to the relaxation compressibility in solutions of pro-
teins is the reaction of proton transfer, which is accompanied by substantial volume
effects. Changes of pressure in ultrasonic waves shift the equilibrium between the
protonated and deprotonated forms of amino acid residues, which results in a change
of volume and therefore contributes to the compressibility. However, this contribution
is substantial only at a pH below 4 and above 11 [56-61]. At a pH close to neutral,
the relaxation contribution to the apparent adiabatic compressibility, ¢ K g, of globular
proteins, is small and can be neglected [56].

Therefore, the apparent adiabatic compressibility of globular proteins is determined
by a positive contribution of the protein interior, ky, and the contribution due to hydra-
tion, Akp. The last contribution is normally negative because the hydration water is
less compressible than the bulk water. This is a result of a high “structural” contri-
bution to the compressibility of pure water, associated with the unique structure of
pure water, representing a network of hydrogen bonds. This structure changes under
applied pressure which results in a volume decrease. Hydration of hydrophilic atomic
groups of solutes distorts this structure and therefore reduces the compressibility of
water (see [52] for more discussion). The more rigid is the interior of the globular
protein, the smaller is its intrinsic compressibility and, consequently, the smaller is the
total partial compressibility of the protein. Also, the higher is the level of hydration
(the more atomic groups of the protein are exposed to contact with water), the more
negative is the hydration contribution to the apparent adiabatic compressibility and
the smaller is its value.

4.2 Ultrasonic Attenuation

In homogeneous samples, the attenuation is determined by intrinsic properties of the
medium. In heterogeneous samples, there is an additional scattering contribution to
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ultrasonic attenuation, which is a function of particle size. The overall attenuation in
suspensions can be expressed as

o = ®( + scattering s (6)

where « is the intrinsic attenuation due to the attenuation by continuous and dispersed
(particles) media, and cscagering 18 the attenuation due to the scattering of ultrasonic
waves by colloidal particles. (Relaxation processes in solutions can also contribute to
ultrasonic attenuation; however, in our pH range for the reasons discussed above, we
will neglect this contribution.) The basic mechanism of the interaction of ultrasonic
waves with solute particles in dispersions contains two major contributors, thermo-
elastic and visco-inertial scattering [42—44,62]. Thermoelastic scattering results from
oscillations of temperature caused by adiabatic compressions and decompressions in
ultrasonic waves. These oscillations in temperature create a heat flow between the
particles and the surroundings. This flow heats and cools the boundary layer between
the particles and the surroundings with an associated expansion and contraction of
the boundary layer, thus turning the particles into a secondary source of ultrasonic
waves. In addition, a thermal wave will flow away from the particles and attenuate.
The source of visco-inertial scattering lies in the difference in density between the
scatterer and its surroundings. The oscillating forces associated with the deformation
in the ultrasonic wave result in a motion of particles relative to their surroundings.
This motion increases with the increasing density difference between the particles and
the surrounding fluid. The relative motion is a source of new waves and a shear field
propagating away from the border between the particles and surrounding fluid, which
attenuates away over a distance. The details of scattering theories and their application
have been thoroughly discussed (see [44] as an example).

Figure 4 shows the change in the ultrasonic velocity and attenuation caused by an
increase of the size of protein particles at a constant protein concentration for a fre-
quency of 15.6 MHz, calculated at 80 °C using the particle size software module of
an HR-US 102 spectrometer, and the physical properties of the solvent and solutes
described above. These profiles were used for estimation of the size of aggregates
formed and for prediction of the scattering effects of the ultrasonic velocity.

4.3 Interpretation of Temperature Profiles of Ultrasonic Velocity and Attenuation
in Aqueous Solutions of B-Lactoglobulin

4.3.1 Partial Unfolding and Transition to “Molten Globule” State

As discussed above, the beginning of the heat transition in S-lactoglobulin is marked by
a decrease in the excess ultrasonic velocity at 50 °C, which is not accompanied by any
significant changes in ultrasonic attenuation. It was previously reported that at approx-
imately 50°C B-lactoglobulin undergoes conformational modifications, loses some
elements of the tertiary and secondary structures, and partially unfolds [12,15,16].
At temperatures around and above 65°C, g-lactoglobulin was described as being
in a “molten globule state” [12,15,16], defined as a compact state with native-like
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Fig. 4 Tllustration of typical changes in ultrasonic velocity, [, and attenuation, B, at 15.6 MHz caused by
an increase of the size of protein particles at protein concentration 2 % calculated at 80 °C using the particle
size software module “Psize289” of an HR-US 102 spectrometer. The attenuation and velocity at a size
equal to zero were subtracted from the profile

secondary structure, having loosely packed and mobile side chains and a highly
hydrated interior. From the changes in the ultrasonic velocity in a solution of
B-lactoglobulin at pH7.5 and 65°C, we estimated the change in the concentration
increment of the ultrasonic velocity upon transition to a molten globule, Aa, is about
—0.008cm? - g~!. By assuming that the major contribution to the change of the con-
centration increment of the ultrasonic velocity comes from the apparent adiabatic com-
pressibility, we calculated that the change in the apparent adiabatic compressibility at
the transition to the molten globule stage, Ap K g, is about 0.7 x 10 ® bar~! .cm? . g=1.
This is in line with previously reported changes in the apparent adiabatic compress-
ibility of protein accompanying an acid- and pressure- induced transition to a molten
globule, which are in the range of (0.3 x 107% to 4 x 107®) bar~!.cm?. g~ ! for
different protein systems [30,31,35,63—-65]. The apparent adiabatic compressibility,
@K, of native B-lactoglobulin at neutral pH is about 4.6 x 107 bar~!.cm?.g~!
[34]. The observed change in the apparent adiabatic compressibility between 50°C
and 65 °C represents only about 15 % of this value.

The intrinsic compressibility of a protein globule, ky, was previously estimated as
about (7t023) x107% bar~! - cm? - g~ ! and the coefficient of intrinsic compressibility,
Bm (= km/vMm, v is the specific intrinsic volume of protein globule) was reported to be
within the range of (10 to 23) x 1076 bar~! [34,35] at25°C. This value, B, is approx-
imately 60 % less than the coefficient of the adiabatic compressibility of pure water
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(45 x 10~ % bar~!). The value of Bwm for B-lactoglobulin in the native state corresponds
to the compressibility of a rigid, tightly packed, solid-like substance [33,35]. As there
is no indication that this value would be significantly different at 65 °C, we can use it
as areference point in our discussion. If the observed change in the apparent compress-
ibility is attributed to a change in the intrinsic compressibility of protein, Sy, only,
it will produce the increase in the coefficient of compressibility, Afm = A@Ks/vm,
about 1 x 10_6bar_1(vM for protein is about 0.75 cm? -g_l, see, for example, [33]),
which is only a small portion (5 %) of the intrinsic compressibility of a protein globule.
However, it is believed that the measured change in the apparent compressibility upon
transition to a molten globule, Ap Ky, is a sum of two values, the change of intrinsic
and hydration contributions to the compressibility, which have opposite signs and are
much larger by absolute value than Ag K g. Kharakoz and Bychkova [30] found that an
acid-induced transition of native «-lactalbumin to a molten globule changed the appar-
ent adiabatic compressibility by about 1.8 x 10~ bar~!-cm?- g~!, but the intrinsic
compressibility coefficient changed by a factor of two, from 13 x 1079 bar™! for this
native protein to 27 x 10~% bar~! for a molten globule. This was explained by a signif-
icant increase in hydration of the interior of «z-lactalbumin during the native-to-molten
globule state transition, which lowers the compressibility of water, and therefore com-
pensates the increase in the apparent compressibility caused by the “softening” of the
protein globule. Chalikian etal. [31] showed that the acid-induced transition of native
cytochrome c to a molten globule resulted in an increase in the apparent adiabatic
compressibility by 3.8 x 107%bar~!.cm? - g~!. They calculated the intrinsic com-
pressibility coefficient of a molten globule core to be 60 x 1070 bar~!, twice higher
than that estimated for this native protein (~ 25 x 107% bar~!). It was suggested that
a large hydration contribution results from an expansion of the hydrated outer surface
of the molten globule and a loss of a portion of bulk water, which penetrated into the
molten globule interior (internal hydration) [30].

4.3.2 Aggregation

4.3.2.1 Compressibility and Size of the Aggregates ~ Aggregation is marked by a sharp
decrease in the ultrasonic velocity, which coincides with an increase in attenuation.
The decrease in the ultrasonic velocity for S-lactoglobulin at pH 7.5, observed at the
aggregation stage (see Fig. 2 and Table 1), is about —0.36m - s~!. When corrected for
the scattering contribution (4-0.1m - s~ 1) this corresponds to a decrease in the concen-
tration increment of the ultrasonic velocity of —0.015cm? - g~! and an increase in the
apparent adiabatic compressibility of 1.3 x 1079 bar~! - cm? - g~!. By performing the
same calculations for other pH and heating rates studied, we found that, at the aggrega-
tion stage, the apparent compressibility changes by (—1to 1.5)x 10 ® bar™! - cm?3 - g~!
approximately. The overall changes in the apparent adiabatic compressibility result
from two factors: the increase in the intrinsic compressibility of the protein inte-
rior and the contribution from a change in hydration. Therefore, the change in the
intrinsic compressibility of protein due to combined denaturation and aggregation
processes could be significantly different from the measured change in the apparent
adiabatic compressibility. We explain the changes in the ultrasonic attenuation in terms
of scattering of ultrasonic waves by the aggregates.
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The overall increase in attenuation, and therefore the size of aggregates formed,
varied significantly with pH (Fig.2) and heating rates employed (Fig. 3). Using the
set of thermophysical parameters described above, we calculated (PSize289 Software
module) that the observed increase in attenuation corresponds to the size of aggregates
of about 60nm at pH 7.5 and between 100 and 300nm at pH 6.0 (80°C to 90°C).
These results are in good agreement with the average diameters (55 nm at 80°C) of
protein particles measured by us with light scattering (PCS) for pH7.5. We could not
perform the same comparison at pH 6.0, because of strong gelation in these samples
resulting in artefacts in PCS measurements (effects of gel on diffusion of aggregates).

4.3.2.2 Effect of pH As it can be seen in Fig. 2 and Table 1, at pH 6.0 the aggregation
stage occurred at a higher temperature than at pH 7.5. This shall be expected as pH
6.0 is closer to the protein isoelectric point (5.1) and therefore electrostatic repulsion
between different protein molecules is lower at pH 6.0 compared with pH 7.5, thus
making the native structure more resistant against unfolding. In addition, we shall
expect that at pH 7.5 formation of disulfide-cross-links between aggregates (through
thiol/disulfide exchange reactions) is more pronounced, as this pH is closer to the pKa
of thiol group (~ 8.3). The observed larger size of the aggregates at pH 6 could also
be explained by its closer value to the isoelectric point, which shall result in a higher
electrostatic (dipole—dipole) attraction between different protein molecules.

It is interesting to note that the amplitude of the change in ultrasonic attenuation
and velocity at the aggregation stage showed opposite trends as the pH of the protein
solution was raised from 6.0 to 7.5. This could be explained by different scattering
contributions to ultrasonic velocity, but may also suggest that aggregates formed at
both values of pH have some differences in their intrinsic structures.

4.3.2.3 Effect of the Heating Rate It can be seen from Fig.3 that the heating rate
has a pronounced effect on the aggregation stage of the transition, i.e., major changes
in ultrasonic parameters occur at lower temperatures for a slower heating rate, and
the shape of attenuation profiles is also different. It is known that the thermal dena-
turation and aggregation of B-lactoglobulin is a multistage process, where the main
stages occur with different rates [17,18], resulting in a shift of the temperature of
aggregation towards high temperatures with faster temperature ramps. The increase
of attenuation during the transition (Fig.3) was lower at faster temperature ramps.
This can be explained by a “quenching” of the quickly formed small protein nano-
aggregates, which do not have enough time for further restructuring and flocculation
into bigger aggregates, at high heating rates. The different effect of the ramp speed on
the velocity and the attenuation temperature profiles can be explained by the fact that
the velocity and attenuation represent different levels of the structural changes that
occur. The velocity is mainly affected by changes of the compressibility of protein
and its hydration shell during the transition to the molten globule state and formation
of protein aggregates, while the attenuation is mainly affected by the formation and
subsequent increase of the aggregate size. It is interesting to note that the increase in
the heating rate causes a ‘delay’ of the attenuation curve relative to the velocity curve.
At the highest rate, 1 °C - min~!, the main drop in the ultrasonic velocity at the aggre-
gation stage is completed at approximately 80 °C (Fig. 3), while at this temperature the
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attenuation increase reached only one half of the total value. This again indicates that
at high heating rates the formation of the intrinsic structure of the aggregates occurs
much faster than the aggregation process overall, and that the aggregate growth at
temperatures above 80 °C does not affect their intrinsic properties. A more detailed
interpretation of the effects of the heating rate on the ultrasonic profiles of solutions of
B-lactoglobulin will be provided in subsequent studies and discussed in conjunction
with the kinetic (time) profiles of ultrasonic parameters at fixed temperatures.

4.3.3 Post-aggregation

This stage is marked by a linear decrease in ultrasonic velocity and a gradual increase
in attenuation, followed by levelling off. The observed change in the slope in velocity
may suggest that the “major” transition (formation of aggregates) is finished, and we
observe temperature characteristics of the protein particles formed at the second stage
of the process. A gradual increase in attenuation may suggest a slow increase of the
particle size or an increase of viscous losses as a result of progressive cross-linking of
protein aggregates.
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