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Abstract. High-resolution ultrasonic spectroscopy (HR-US) is an analytical technique for direct and non-

destructive monitoring of molecular and micro-structural transformations in liquids and semi-solid materials. It
is based on precision measurements of ultrasonic velocity and attenuation in analysed samples. The application
areas of HR-US in research, product development, and quality and process control include analysis of conformational transitions of polymers, ligand binding, molecular self-assembly and aggregation, crystallisation, gelation,
characterisation of phase transitions and phase diagrams, and monitoring of chemical and biochemical reactions.
The technique does not require optical markers or optical transparency. The HR-US measurements can be performed in small sample volumes (down to droplet size), over broad temperature range, at ambient and elevated
pressures, and in various measuring regimes such as automatic temperature ramps, titrations and measurements
in flow.
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Introduction

Analytical capabilities available for real-time nondestructive monitoring of molecular processes in a variety
of media, from solutions to emulsion, suspensions, and
gels, are an important factor in modern developments in the
pharmaceutical, food, chemical, biotechnological and other
industries as well as in relevant academic research. A variety
of “electromagnetic” spectroscopic techniques such as
infrared, Raman, fluorescence, and UV–VIS are utilised for
this purpose (see for example Svanberg, 2003). However,
the efficiency of these spectroscopies is dependent on the
optical transparency of the medium and is affected by light
scattering in dispersions. In mixtures, these techniques often
have a limited dynamic range (concentration of solutes). In
addition, UV–VIS and fluorescence spectroscopies require
optical activity of the molecules involved in analysed processes, and in their absence, the analysis is more complicated
as chromogenic and fluorogenic markers are needed.
High-resolution ultrasonic spectroscopy is a relatively
novel alternative to electromagnetic spectroscopy, applicable
for precision, real-time, non-invasive monitoring of molecular and micro-structural transformations in solutions and
complex dispersions. This ultrasonic spectroscopy employs
high-frequency (MHz range) waves of compressions and
decompressions (longitudinal deformations), which probe

the elastic properties of materials determined by the intermolecular interactions and the micro-structural organization (Kudryashov et al., 2003). As ultrasonic waves propagate through most materials, this spectroscopy does not require optical transparency. Although ultrasonic spectroscopy
has been utilised for material analysis for a long time and
has demonstrated various successful applications (Povey and
Mason, 1998; Povey, 1997; Holmes and Povey, 2017), the capability of this technique in analysis of molecular processes
has been restricted by a number of factors. These include limited resolution and precision in measurements of ultrasonic
parameters, the requirement for large sample volumes and often complicated measuring procedures. The development of
high-resolution ultrasonic spectroscopy (HR-US), based on
advances in the principles of ultrasonic measurements, electronics, and digital signal processing, surpasses these limitations (Buckin and O’Driscoll, 2002). This paper outlines
the underlying principles of the HR-US technique and discusses examples of its application for real-time monitoring
of molecular transformations in solutions and complex dispersions.
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Measuring parameters

High-resolution ultrasonic spectroscopy utilises ultrasonic
waves of longitudinal deformations of low amplitude traversing the analysed samples as illustrated in Fig. 1. Propagation of such waves over axis x in homogenous (within
the length scale of the ultrasonic wave, “long-wavelength”
regime) isotropic visco-elastic material can be presented as
an oscillating displacement of the medium, X(x, t), around
its original (unstrained) position x (Lagrange description of
motion; Morse and Ingard, 1986) with time t. For a wave of
small amplitude (linear regime) X(x, t) obeys the following
wave equation:
∂ 2 X(x, t) M ∂ 2 X(x, t)
=
,
ρI
∂t 2
∂x 2

(1)
Figure 1. Illustration of principles of high-resolution ultrasonic

where M is the complex modulus of longitudinal deformation composed of the volume or bulk, KV , and the shear, G,
moduli (M = KV + 43 G), and ρI is the complex inertial density of the medium representing the ratio between the force
applied to a small part of the medium and the acceleration
caused by the force, calculated per unit of volume of the
medium (Buckin, 2012; Buckin and Hallone, 2012). For periodic oscillations of X at x = 0 (boundary conditions) with
frequency, f , the solution of Eq. (1) corresponding to a wave
propagating in the direction of axis x can be presented in
complex notations as follows:
x

X = X0 e−αx ei2πf (t− u ) ,

(2)

where X0 is the amplitude of the wave at x = 0, α is the ultrasonic attenuation, u is the ultrasonic velocity, λ = fu is the
√
wavelength of the ultrasonic wave and i(= −1) is the imaginary constant. Combination of Eqs. (1) and (2) produces the
relationship between the ultrasonic velocity and the attenuation and M and ρI :
u2

αλ 2
1 − i 2π

=

M
.
ρI

(3)

Separation of real and imaginary parts of this equation provides the system of two equations relating ultrasonic velocity
and attenuation with the real and imaginary parts of M and
ρI .
The ultrasonic attenuation represents the energy losses associated with the propagation of ultrasonic waves. In liquid dispersions, composed of particles in a solvent (continuous medium), several contributions to attenuation can be
distinguished: classical (αclass ), scattering (αscatt ) and intrinsic (αin ). In non-concentrated dispersions with a limited level
αλ
 1), these contributions are expected to
of attenuation ( 2π
be additive: α = αclass + αin + αscatt (see Buckin and Altas,
2017 for overview of the underlying relationships). The classical attenuation, αclass , represents the energy losses in the
“shear part” of the longitudinal deformation of the medium
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spectroscopy.

in the wave (viscous losses) and the energy losses caused by
the heat flow between the parts of ultrasonic wave of different temperature. The intrinsic attenuation, αin , is composed
of the contribution of the structural relaxation in the solvent
and in the particles (Litovitz and Davis, 1964) and of the relaxation processes in fast chemical reactions. These contributions originate from the oscillations of the equilibrium in
the molecular transformations (e.g. chemical reactions, conformational or structural rearrangements) caused by the oscillations of pressure and temperature in the ultrasonic wave;
αscatt characterises the energy losses caused by the scattering effects in the presence of particles (non-homogeneity in
general) in the media. This includes the scattering of the
ultrasonic wave and the two other waves, shear and thermal. The shear and thermal waves originate at the border
between the particle and the continuous medium by the oscillating relative motion of the particles and the continuous
medium, and by the oscillating temperature gradient at the
border. The magnitude of the scattering attenuation is determined by the physical properties of the particle and the continuous medium and by the ratio of the size of the particle
and the wavelength of the particular wave. Figure 2 illustrates the dependence of the wavelength of the three waves
on the frequency in water and two organic solvents, ethanol
and isooctane. As can be seen from the figure, at frequencies below 100 MHz, the wavelength of the ultrasonic wave
is at the level of 10 µm and larger. Therefore, for nano-sized
dispersions, the contribution of the scattering of this wave
to attenuation can be neglected. Consequently, αscatt at this
long-wavelength regime is determined by the thermal and
the shear (visco-inertial) effects. Figure 2 illustrates the dependence of the ultrasonic attenuation per wavelength at frequency 10 MHz, including its thermal and the visco-inertial
components, on the radius of hydrated protein particles suspended in water at concentration of protein 1 % (w/w) and
www.j-sens-sens-syst.net/7/207/2018/
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Figure 2. Ultrasonic scattering effects in nano-dispersions. Dependence of ultrasonic attenuation per wavelength, αλ, and ultrasonic velocity,
in suspensions of hydrated protein particles (at constant concentration) on their radius in water at 25 ◦ C at 10 MHz frequency calculated with
HR-US particle size module (Sonas technologies Ltd. Dublin); the physical properties of the protein particles and of water were provided
with the software. The hydration level of protein (water-to-protein ratio) is 0.35 w/w. The concentration of protein particles in the suspension
is 0.0135 w/w, which corresponds to the concentration of protein, 0.01 w/w. For simplicity the intrinsic attenuation in protein particles was
neglected.

temperature 25 ◦ C. The calculations were performed with
HR-US particle sizing module (2.28.0.1) of a HR-US 102
spectrometer (Sonas Technologies Ltd.), which utilised the
equations based on those discussed earlier (Buckin and Altas,
2017; McClements and Coupland, 1996; McClements et al.,
1999). An increase or decrease in the frequency results in
a shift of the position of the bell-type curves on the particle
size scale to the left or to the right. According to Fig. 2, appropriate deconvolution of the thermal and the visco-inertial
scattering contributions allow for ultrasonic analysis of particle sizes within 10 nm to 10 µm range (approximately).
The major effects of molecular processes on ultrasonic velocity can be discussed within the framework of the Newton–
Laplace relationship for ultrasonic velocity in liquids (Pierce,
1991; Morse and Ingard, 1986):
u= q

1

,

(4)

βS0 ρ

where βS0 is the real part of the adiabatic compressibility of
1
the medium βS = − V1 ( ∂V
∂P )S = KV , where P is the pressure
applied to the volume of the medium V , and S the entropy of
the volume V . This equation is a simplification of Eq. (3) for
αλ
a limited level of attenuation ( 2π
 1) in liquids (G0  KV0 )
www.j-sens-sens-syst.net/7/207/2018/

homogenous within the length scale of the shear wave (the
inertial density ρI is equal to the gravimetric density of the
medium ρ; Buckin, 2012). The compressibility βS0 is adiabatic as at ultrasonic frequencies (up to hundreds of megahertz) the rate of compressions of the medium in the ultrasonic wave is significantly higher than the rate of heat dissipation from the compressed volume (Buckin, 2012). The
compressibility βS0 is mainly determined by the intermolecular forces resisting compression of the medium in the ultrasonic wave. The processes outlined above, which contribute
to the ultrasonic attenuation, also determine ultrasonic velocity. These contributions, however, are often small. An example of the scattering contribution to ultrasonic velocity in
a dispersion of hydrated protein particles calculated with HRUS particle sizing module is presented in Fig. 2.
High sensitivity of compressibility βS0 to molecular organization and intermolecular interactions in the medium
allows application of the HR-US technique in analysis of
a broad range of molecular processes. This includes analysis of conformational transitions of polymers (Ochenduszko
and Buckin, 2010; Perinelli et al., 2017; Van Durme et al.,
2005; Wang et al., 2006), ligand binding (Jager et al., 2005;
Kargerová and Pekař, 2014; Melikishvili et al., 2016), self-
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assembly and aggregation (Andreatta et al., 2005; Dalgleish
et al., 2005; Klučáková and Věžníkova, 2016; Lehmann and
Buckin, 2005), crystallisation and gelation (Lawrence et al.,
2005; Lehmann et al., 2004; Smyth et al., 2001, 2004; YunoOhta et al., 2016; Dalgleish et al., 2004), analysis of phase
transitions and phase diagrams (Hickey et al., 2006, 2010),
monitoring of chemical and biochemical reactions (Altas
et al., 2016; Buckin and Altas, 2017; Resa and Buckin, 2011;
Yuelong and Buckin, 2016), and others. Examples of these
applications are outlined in Sect. 4.
3

Key attributes of HR-US instruments

HR-US instruments employ novel principles of measurements of ultrasonic parameters based on a combination of
interferometric technologies (Buckin and Smyth, 1999) with
digital electronic vector analysis. The effective path length
travelled by the ultrasonic wave in the sample exceeds the
size of the HR-US cell (sample chamber), thus enabling
ultrasonic measurements with exceptionally high precision,
down to 0.2 mm s−1 for ultrasonic velocity, in a broad range
of sample volumes, from 0.03 mL (droplet size) to several millilitres with a typical frequency range 1 to 20 MHz
(Buckin and Smyth, 1999; Buckin and O’Driscoll, 2002).
In addition, the geometry of HR-US ultrasonic cells is optimised for easy filling, refilling, cleaning and sterilisation.
They can accommodate aggressive liquids, such as strong
acids or volatile organic solvents, without evaporation during
a course of measurements. HR-US measurements can be performed over a wide range of temperatures (−40 to 130 ◦ C)
at ambient or elevated pressures in static and flow-through
regimes, and in different media ranging from dilute solutions
to semi-solid materials (Buckin and O’Driscoll, 2002). The
measurements can include automated precision titrations of
the analysed liquids with a titrant (Jager et al., 2005) and also
programmable temperature ramps for temperature profiling.
These qualities enable the application of the HR-US technique for non-destructive real-time monitoring of molecular
processes in a variety of media and environmental conditions
in research, product development, and quality and process
control.
4
4.1

Examples of applications of HR-US
Biocatalysis

High-resolution ultrasonic spectroscopy can be successfully
employed for real-time, non-destructive analysis of reactions
catalysed by enzymes and other catalysts in solutions and
complex liquid dispersions. The technique provides precision reaction progress curves (concentration of reactant or
product vs. time) over the whole course of reaction, and also
can be utilised for analysis of structural rearrangements (e.g.
change of particle size) during reactions (Dwyer et al., 2005).
In contrast to traditional spectroscopic techniques, HR-US
J. Sens. Sens. Syst., 7, 207–217, 2018

does not require optical transparency or optical markers and
is applicable for monitoring of reactions in continuous media and in micro- or nano-bioreactors (e.g. nano-droplets of
microemulsions) (Buckin and Atlas, 2017). The accuracy
of commercial high-resolution ultrasonic spectrometers in
measurements of a change in ultrasonic velocity (down to
0.2 mm s−1 ; Buckin and O’Driscoll, 2002) corresponds to a
µM level of precision in monitoring of the evolution of the
concentrations of reactants and products (Resa and Buckin,
2011; Altas et al., 2016; Yuelong and Buckin, 2016). This
precision stands for mixtures with low and high concentration of substrates, which allows for monitoring of “lowyielding” reactions (Buckin and Altas, 2017). High precision is important for obtaining of the detailed “reaction rate
vs. concentration” profiles over the whole course of reaction
utilised in advanced modelling of reaction kinetics and inhibition effects (Resa and Buckin, 2011). Other useful capabilities of the technique include measurements with programmable temperature profiles for assessments of reversible
and non-reversible effects of thermal history on enzyme and
catalyst activity in a single sample (Altas et al., 2016). Since
most chemical reactions in liquids are accompanied by hydration or solvation processes affecting the compressibility,
the HR-US technique is applicable for monitoring of a broad
range of reactions catalysed by enzymes and other catalysts
in various media. Importantly, the ultrasonic analysis can be
carried out directly on intact samples with native substrates,
thus allowing optimal application of catalysts in targeted media. Two examples of HR-US monitoring of chemical reaction are outlined below.
4.1.1

Hydrolysis of proteins

Hydrolysis of proteins catalysed by proteases is utilised in
various industries, from food to effective therapeutics, since
the products of this reaction have additional nutritional and
functional value. Enzymatic protein hydrolysates containing
short-chain peptides with characteristic amino acid composition and defined molecular size are highly desired for specific
formulations, since they possess higher solubility, heat stability, and valuable bioactive properties (Chae, 1998; Clemente,
2000). These hydrolysates play important roles in health and
well-being, including mineral binding, immunomodulatory,
antioxidative, antithrombotic, hypocholesterolemic and antihypertensive functions (Korhonen, 2009). Development and
production of protein hydrolysates are dependent on efficient
tools for real-time monitoring of the hydrolysis of peptide
bonds under different environmental conditions in bioreactors. The results discussed in this chapter illustrate the potential of application of HR-US technology for this task.
Figure 3a shows the real-time ultrasonic velocity profiles in hydrolysis of a globular protein β-lactoglobulin
(from bovine milk) at different concentrations (0.547 and
0.273 mmol kg−1 ) catalysed by enzyme α-chymotrypsin in
0.1 M potassium phosphate buffer at pH 7.8, 25 ◦ C meawww.j-sens-sens-syst.net/7/207/2018/
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Figure 3. Real-time non-destructive ultrasonic monitoring of hydrolysis of globular protein β-lactoglobulin by enzyme α-chymotrypsin; βlactoglobulin, 0.55 and 0.27 mmol kg−1 in 0.1 M potassium phosphate buffer, pH 7.8, at 25 ◦ C catalysed by α-chymotrypsin from bovine pancreas, 0.01 % w/w. HR-US 102P ultrasonic spectrometer (Sonas Technologies Ltd. Dublin). For more experimental details and data analysis
see Buckin and Altas (2017). (a) Time profiles of ultrasonic velocity at 15 MHz frequency and of concentration of peptide bonds hydrolysed.
(b) Calibration of ultrasonic velocity vs. the concentration of peptide bonds hydrolysed as determined by the 2,4,6-Trinitrobenzenesulfonic
acid (TNBS) method following the Adler-Nissen protocol (Adler-Nissen, 1979). (c) Evolution of average degree of polymerization and molar
mass of β-lactoglobulin during hydrolysis calculated from the time profiles of ultrasonic velocity (see Buckin and Altas, 2017, for details).

sured at 15 MHz frequency (Buckin and Altas, 2017).
The hydrolysis is described by the following reaction:
P1 −C(O)−NH−P2 +H2 O → P1 −COO− +NH+
3 −P2 , where
P1 −COO− and NH+
3 −P2 represent the protein hydrolysates
with C-terminal group and protein hydrolysates with Nterminal group, respectively, and C(O)−NH represents the
peptide bond. The hydrolysis was activated by addition of
several microlitres of concentrated solution of an enzyme (αchymotrypsin from bovine pancreas) to 1.1 mL solution of βlactoglobulin in 0.1 M phosphate buffer at pH 7.8 preloaded
into the ultrasonic cell of a HR-US 102 ultrasonic spectrometer. The concentration of the enzyme in the ultrasonic cell
after its addition was 0.01 % w/w.
The hydrolysis is accompanied by a reduction of compressibility of the solution caused by incorporation of one
molecule of water into the −COO− and NH+
3 –atomic
groups and by the hydration of these groups (transferring
of molecules of bulk water to the hydration shell of these
groups). In addition, the intrinsic compressibility of the βlactoglobulin globule (Kharakoz, 1993, 1997), “removed”
from solution during hydrolysis, contributes to the compressibility decrease. The decrease in compressibility of the solution (and accompanied change in density) results in the observed increase in ultrasonic velocity, which can be recalculated into the concentration of peptide bonds hydrolysed
(the right y-axis scale of Fig. 3a). The coefficient required
for recalculations can be obtained by an appropriate calibration (Buckin and Altas, 2017). Figure 3b shows an example
of such calibrations in which ultrasonic measurements were
combined with the TNBS (2,4,6-Trinitrobenzenesulfonic
acid) discontinuous method (Buckin and Altas, 2017).

www.j-sens-sens-syst.net/7/207/2018/

The ultrasonically measured concentration of bonds of
a polymer or an oligomer, hydrolysed in a course of a reaction, can be recalculated into the change in the average
degree of polymerisation and the molar mass during the
during the reaction (Buckin and Altas, 2017). Figure 3c illustrates the obtained real-time profiles of those parameters
during the first 50 min of the hydrolysis of β-lactoglobulin.
The degree of polymerisation at time zero was taken as 162,
which corresponds to the number of amino acid residues in
β-lactoglobulin. Accordingly, the molar mass at time zero
was taken as 18.4 kDa, which represents the molar mass of
the 162 amino acids of β-lactoglobulin linked with the peptide bonds between them.
Evolution of ultrasonic attenuation, measured during the
process of protein hydrolysis, provides additional information on the mechanism of protein hydrolysis (Buckin and Altas, 2017).
4.1.2

Effects of concentration of enzymes on their
activity

The effect of concentration of an enzyme on its activity is an
important factor in the developments of enzyme-based formulations. It is commonly assessed by measuring the initial reaction rates in a set of samples containing enzymes
of different concentrations. Figure 4 illustrates an alternative
methodology for the assessment of the effect of concentration of enzyme lactase (β-galactosidase from Kluyveromyces
lactis) on its activity in milk. The enzyme hydrolyses βgalactosidic bonds between galactose (Gal) and glucose (R2 )
in lactose (a milk sugar). At intermediate stages of hydrolysis, the enzyme produces galacto-oligosaccharides (GOS, βJ. Sens. Sens. Syst., 7, 207–217, 2018
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linked galactose units, with terminal glucose, including the
disaccharide galactose–galactose), which are subsequently
hydrolysed (Altas et al., 2016). The hydrolysis of lactose
and of the GOS can be described by the following reaction:
Gal−O−R2 + H2 O → Gal−OH + HO−R2 . The reverse reaction represents the synthesis of GOS. This particular enzyme is utilised in formulations for lactose-intolerant infants
and is added to milk prior to its consumption for reduction
of the level of lactose. The methodology of the analysis of
the effect of concentration of β-galactosidase on its activity in milk illustrated in Fig. 4 utilises the titration capabilities of the HR-US technique. The measurements were performed by titration of 1.1 mL of the infant milk in the ultrasonic cell with a concentrated solution of β-galactosidase at
20 ◦ C using pre-programmed precision injections by a HRUS 102 titration accessory. Each injection was followed by
a short period of stirring and a period without stirring. The
mainframe of the figure shows the ultrasonic velocity profile (secondary y axis) during the time intervals between the
stirring periods and subsequent injections. The circles on the
inset in Fig. 4 represent the initial rates of hydrolysis obtained from the slopes of linear parts of the dependences at
each step of the titration (see Altas et al., 2016, for details)
and the triangles show the rates obtained through independent measurements and the reaction profiles in the samples
containing enzyme of different concentrations. According to
the figure, the reaction rate increases linearly with concentration of the enzyme, thus indicating that the specific activity
of the β-galactosidase in the milk does not depend on its concentration within the analysed concentration range.
4.2

Thermal transitions in polymers

Figure 5 illustrates an application of the temperature ramp
regime of HR-US spectrometers for analysis of heat transitions in two polymer systems, aqueous solution of poly(Nisopropylacrylamide), PNIPAM, and aqueous solution of egg
albumen protein. PNIPAM is a well-known polymer used in
thermo-responsive gels and other applications. With temperature, this polymer undergoes a collapse from a random coil
into a compact globule accompanied by the formation of aggregates (Van Durme et al., 2005). The transition is marked
by a decrease in ultrasonic velocity and an increase in ultrasonic attenuation. The observed decrease in ultrasonic velocity is explained by a dehydration of the atomic groups of
the polymer (increase in compressibility of water). The intrinsic compressibility of the globules and aggregates also
contributes to the decrease in velocity. The increase in attenuation can be explained by the scattering effects on the aggregates. It is interesting that both parameters change within
the same temperature range, thus indicating that the polymer
collapse and the aggregation occur simultaneously within the
timescale of the measurements. As can be seen from the figure, the ultrasonic profiles provide the transition temperature
(half transition point) and the transition temperature interval,
J. Sens. Sens. Syst., 7, 207–217, 2018

Figure 4. Ultrasonic assessment of effects of enzyme (βgalactosidase) concentration on its activity in hydrolysis of lactose
in milk. Main frame: time profiles of ultrasonic velocity and of concentration of β-galactosidic bonds (lactose and GOS) hydrolysed in
Cow & Gate First Infant Milk in automatic stepwise injections of βgalactosidase (Kluyveromyces lactis) at 20 ◦ C. HR-US 102PT spectrometer equipped with HR-US titration accessory (Sonas Technologies Ltd. Dublin). The ultrasonic measurements were collected
in 2 to 15 MHz frequency range. As no significant effects of frequency on the ultrasonic reaction profiles were observed, only the
data at 5 MHz are presented. Inset: the initial rates of hydrolysis
as function of enzyme concentration; circles – calculated from the
data presented in the main frame; triangles – obtained from separate measurements in the samples with different concentration of
the enzyme. Adapted with permission from Altas (2016). Copyright
©2016 American Chemical Society.

which can be utilised in analysis of the energetics of the transition (Gibbs energy, enthalpy) and the cooperativity effects.
The measured drop in ultrasonic velocity (when combined
with the measurements of density) provides the compressibility of the collapsed or aggregated structure, which can be
related to its molecular organisation. The attenuation profile
can be recalculated into the size of the aggregates if the required physical properties of the aggregates are known.
In contrast to PNIPAM, the mechanism of the thermal
transition (denaturation) in proteins of egg albumen is different. Egg albumen is composed of two major fractions of
globular protein, ovalbumin and conalbumin. The first stage
of protein denaturation is the unfolding of the globular structure, which is followed by the aggregation of the unfolded
proteins caused by the hydrophobic interactions of the exposed hydrophobic side chains of amino acids and other
types of interactions. It is interesting to note that despite
the different molecular mechanisms of thermal transition,
the sign of the change in velocity (decrease) and in attenuation (increase) for egg albumen protein are the same as
for PNIPAM. The observed decrease in ultrasonic velocity
at transition temperatures can be explained by protein aggregation occurring simultaneously with the unfolding. The
www.j-sens-sens-syst.net/7/207/2018/

V. Buckin: High-resolution ultrasonic spectroscopy

213

Figure 5. Ultrasonic monitoring of thermal transitions in polymers. (a) Thermal transition in aqueous solution of 5 % w/w of poly(N-

isopropylacrylamide), PNIPAM. HR-US 102 ultrasonic spectrometer (Ultrasonic Scientific, Dublin), temperature ramp mode, heating rate
0.5 ◦ C min−1 . Ultrasonic velocity profile at 7 MHz. No substantial dependence of ultrasonic velocity on frequency within the analysed frequency range, 4 to 7 MHz, was observed. For more experimental details and data analysis see Van Durme et al. (2005). (b) Thermal transitions
in aqueous solution of 4 % w/w of egg albumin in 0.5 % w/w of NaCl, pH 8.5. HR-US 102P ultrasonic spectrometer (Ultrasonic Scientific,
Dublin), temperature ramp mode, heating rate 0.3 ◦ C min−1 . Ultrasonic velocity at 15 MHz. No substantial dependence of ultrasonic velocity on frequency within the analysed frequency range, 8 to 15 MHz, was observed. The observed linear decrease in ultrasonic velocity at
temperatures before the transition, 50 to 57 ◦ C (not related to denaturation) was extrapolated on the whole temperature range and subtracted
as a baseline.
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Figure 6. Ultrasonic monitoring of crystallisation of lysozyme. 40 mg mL−1 aqueous solution of lysozyme in 0.1 M sodium acetate buffer at

pH 4.8 and 20 ◦ C. At time zero a precipitating agent was added to 1 mL of lysozyme solution in ultrasonic cell of a HR-US 102P ultrasonic
spectrometer (Ultrasonic Scientific, Dublin) (Lawrence et al., 2005).
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Figure 7. Ultrasonic monitoring of enzymatic haircut of protein

nano particles (casein micelles). Main frame: ultrasonic attenuation measured at 14.5 MHz in milk during the renneting process
at 30 ◦ C. The enzyme chymosin was added to 1 mL of milk in an
ultrasonic cell of a HR-US 102 ultrasonic spectrometer (Ultrasonic
Scientific, Dublin). The average particle size was calculated using
HR-US particle size software module. Insert: effect of frequency on
ultrasonic attenuation profiles measured during renneting of milk at
30 ◦ C. Adapted with permission from Dwyer et al. (2005). Copyright ©Proprietors of Journal of Dairy Research 2005.

aggregation is accompanied by the formation of a “soft”,
hydrophobic-rich interior of the aggregates, which shall increase the compressibility and decrease the ultrasonic velocity (Ochenduszko and Buckin, 2010). The observed increase
in ultrasonic attenuation, as in the case of PNIPAM, can be
attributed to the scattering effects on the protein particles.
The denaturation profile of egg albumen protein shows two
transition temperatures, 60 and 75 ◦ C, which is explained by
the presence of two fractions, conalbumin and ovalbumin,
with different transition temperatures (Johnson, 1981). When
this profile is compared with the profiles of the individual
proteins, the effects of the presence of one protein on denaturation parameters and the structure of the aggregates can be
evaluated.
4.3

Dynamics of crystallisation processes

Figure 6 shows the real-time ultrasonic monitoring of crystallisation of lysozyme initiated by addition of a precipitating agent to the ultrasonic cell of a HR-US 102P ultrasonic
spectrometer containing 1 mL of a 40 mg mL−1 solution of
lysozyme in a 0.1 M sodium acetate buffer at pH 4.8 at 20 ◦ C
(Lawrence et al., 2005). Lysozyme is an antimicrobial enzyme produced by animals that forms part of the innate immune system. By varying the experimental conditions, optimal amounts and sizes of protein crystals can be produced.
The obtained ultrasonic profile shows three stages in the
crystallisation process. Over the first 3.4 h of the reaction,
a minor decrease in ultrasonic velocity is detected. This
J. Sens. Sens. Syst., 7, 207–217, 2018

4.4

Structural rearrangements and particle sizing

Figure 7 illustrates a real-time ultrasonic attenuation profile
during enzymatic removal of the “hairy” layer of hydrated
protein nanoparticles (casein micelles, approx. 100 nm diameter) at 30 ◦ C (Dwyer et al., 2005). The κ-casein hairy
layer on the surface of particles provides the steric stability
of the particle dispersion. Its enzymatic removal leads to the
particle aggregation and formation of particle gel, which is
utilised in cheese making (renneting process).
The measurements were performed in 1 mL of milk (reconstituted from skimmed milk powder) sample using a HRUS 102 ultrasonic spectrometer in a multi-frequency regime
in which the data were collected at several pre-selected frequencies between 2 and 15 MHz. The enzyme (rennet, chymosin) was added to milk at time zero. The volume fraction
of micelles in the milk, composed of casein and water, was
0.1. The ultrasonic attenuation profiles for different frequencies are presented in the inset, and the profile for frequency
14.5 MHz is plotted in the main frame. This profile was recalculated into the evolution of the “average” (monodisperse)
size of the protein particles during the process, using the
particle sizing module of HRUS 102 software. The volume
fraction of casein micelles was assumed to be constant. The
physical parameters of casein micelles and of the continuous
medium utilised in these calculations were taken from data
published by Griffin and Griffin (1990). Minor amendments
of some parameters were introduced to account for small differences in temperature to which the parameters were originally attributed and the temperature at which the measurements were performed (Dwyer et al., 2005).
The particle size scale is presented on the right y axis of
the figure. According to the figure the average size of the particles decreases within the first 8 min of the reaction. The decrease in diameter from the initial size (120 nm; Holt, 1986)
is approximately 20 nm, which corresponds to the expected
thickness of the particle hairy layer (Holt, 1986). This was
followed by an increase in the particle size, which demonstrated the beginning of the aggregation of “bald” particles.
At the reaction time 30 min, further aggregation of particles
results in a formation of a gel network, as indicated by rhewww.j-sens-sens-syst.net/7/207/2018/
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oxygen. As overall super-saturated solutions of oxygen are
unstable, low amplitudes of the oscillations of pressure in
the ultrasonic wave were utilised. An absence of the effect
of the amplitude (two-fold increase and decrease around the
measuring amplitude) on the velocity and attenuation time
profiles was confirmed. The ultrasonic velocity profiles can
be converted into the concentration profiles of the dissolved
oxygen using appropriate calibrations. The measured velocity profiles correspond to the decrease in the concentration
of oxygen at levelling-off times by 102, 95 and 78 mg L−1
at temperatures 15, 20 and 25 ◦ C. The ultrasonic attenuation
was not affected by the outgassing process, which illustrates
an absence of formation of gas bubbles in the solution.
Figure 8. Ultrasonic monitoring of outgassing of oxygen from

oversaturated aqueous solution. Evolution of ultrasonic velocity and
attenuation (15.1 MHz, 15, 20, 25 ◦ C) of dissolved oxygen during
the outgassing process from 1.1 mL of oxygen supersaturated solution in ultrasonic cell of a HR-US 102 ultrasonic spectrometer
(Sonas Technologies Ltd. Dublin). The solutions were prepared by
fast catalytic decomposition of 20 mM of hydrogen peroxide (Yuelong, 2016).

ological (rise of shear storage modulus) data (Dwyer et al.,
2005).
4.5

Monitoring of concentration of oxygen dissolved in
water.

The high precision of the HR-US technique in measurements
of ultrasonic velocity enables ultrasonic monitoring of concentrations of gases dissolved in liquids. Such measurements
are difficult to perform in real time and non-destructively
with other analytical techniques, especially if solutions are
not at their equilibrium (e.g. oxygenated water oversaturated
with oxygen). For example, application of the commonly
used electrochemical–electrode technique requires compulsory stirring, which destabilises the solutions and often leads
to a dependence of the results of measurements on the speed
of flow (Wang and Wolfbeis, 2014; Fondriest Environmental,
2014; Vidal et al., 2003). Also, the electrochemical methods
are known to produce incorrect results in the presence of gas
bubbles often formed on the surface of electrodes in supersaturated solutions.
Figure 8 illustrates the ultrasonic monitoring of the outgassing of oxygen from super-saturated aqueous solutions in
a 1 mL ultrasonic cell at three different temperatures and ambient pressure (Yuelong, 2016). The solutions were prepared
by fast decomposition of hydrogen peroxide (20 mM) with
enzyme catalase and placed immediately into the measuring
ultrasonic cell of a HR-US 102 ultrasonic spectrometer. The
measurements of ultrasonic parameters were activated immediately and continued until the ultrasonic velocity reached
a plateau, which indicated the full release of super-saturated
www.j-sens-sens-syst.net/7/207/2018/
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Conclusions

High-resolution ultrasonic spectroscopy is a capable technique for real-time non-destructive analysis of molecular and
micro-structural transformations in research, product development and process control applications. As ultrasonic measurements characterise the properties of the bulk medium,
the unwanted effects of surfaces, associated with reflectance
spectroscopies and electrode techniques, are excluded. The
HR-US technique does not require optical activities, optical markers or other accompanying consumables. This, combined with the ability to perform measurements in opaque
samples, in broad temperature ranges, in static and flowthrough regimes, in concentrated and in diluted mixtures, and
at ambient and elevated pressures, enables application of this
technique in a broad range of systems, including those where
other analytical methods often fail or have high analytical
cost.
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