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Abstract: The rapidly growing field of chemical catalysis is dependent on analytical methods for
non-destructive real-time monitoring of chemical reactions in complex systems such as emulsions,
suspensions and gels, where most analytical techniques are limited in their applicability, especially
if the media is opaque, or if the reactants/products do not possess optical activity. High-resolution
ultrasonic spectroscopy is one of the novel technologies based on measurements of parameters
of ultrasonic waves propagating through analyzed samples, which can be utilized for real-time
non-invasive monitoring of chemical reactions. It does not require optical transparency, optical
markers and is applicable for monitoring of reactions in continuous media and in micro/nano
bioreactors (e.g., nanodroplets of microemulsions). The technology enables measurements of
concentrations of substrates and products over the whole course of reaction, analysis of time profiles
of the degree of polymerization and molar mass of polymers and oligomers, evolutions of reaction
rates, evaluation of kinetic mechanisms, measurements of kinetic and equilibrium constants and
reaction Gibbs energy. It also provides tools for assessments of various aspects of performance
of catalysts/enzymes including inhibition effects, reversible and irreversible thermal deactivation.
In addition, ultrasonic scattering effects in dispersions allow real-time monitoring of structural
changes in the medium accompanying chemical reactions.

Keywords: ultrasonic spectroscopy; HR-US; ultrasonic velocity; ultrasonic attenuation; biocatalysis;
enzymes; metal surface catalysis; degree of polymerization; average molar mass; microemulsions

1. Introduction

The availability of efficient methods for real-time non-destructive monitoring of catalytic
transformation between reactants and products in different reaction media, from solutions to emulsion,
suspensions, or gels, is an important factor in the modern development of catalysis and its applications
in industrial processes [1,2]. A variety of ‘electromagnetic’ spectroscopic techniques such as infrared,
Raman, fluorescence, and UV-Vis, can provide real-time data on concentrations of reactant and
product under varying reaction conditions [1,3–7]. However, the efficiency of these techniques is
dependent on the optical transparency of medium and can be affected by light scattering in dispersions.
In general, these techniques have a limited dynamic (concentration) range. In addition, UV-Vis
and fluorescence spectroscopies require an optical activity of the reactants or products and, in their
absence, the analysis is more complicated as chromogenic and fluorogenic substrates are needed [8–10].
Therefore, discontinuous methods are widely used for the monitoring of chemical reactions, including
chromatography, mass spectrometry (MS) and capillary electrophoresis [9]. These methods involve
the collection of samples from a reaction mixture, and often include invasive procedures of stepwise
extractions or sample pretreatments [11], which is time-consuming and costly.

This paper describes applications of an alternative to ‘electromagnetic’ spectroscopy-ultrasonic
spectroscopy for precision real-time non-invasive monitoring of chemical reactions in solutions
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and complex dispersions. 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/forces and the microstructural
organization [12–14]. The two major parameters measured in ultrasonic spectroscopy are ultrasonic
attenuation, α, and ultrasonic velocity, u. Attenuation represents the exponential decay of the amplitude
of the ultrasonic wave, A, of the oscillations of pressure (or longitudinal deformation) with distance
travelled, z:

A = A0e−αz cos[2π f (
z
u
− t)] (1)

where t is time and f is the frequency of the wave. The attenuation, α, is determined by the
energy losses in compressions and decompressions in ultrasonic waves. Monitoring of ultrasonic
attenuation provides information on fast (relaxation time is the order of (2π f )−1) dynamics of
molecular processes [15] and microstructural (down to nm scale) organization of materials, including
particle sizing in emulsions and suspensions (nm and µm scales), as well as characterization of
aggregation, gelation, crystallization and creaming [12,16–19].

In liquids with a limited level of ultrasonic attenuation, the ultrasonic velocity is determined by
the adiabatic compressibility βS = − 1

V

(
∂V
∂P

)
S
, where V is the volume, P is the pressure and S the

entropy, and by the density, ρ, of the medium:

u =
1√
βSρ

(2)

Compressibility, βS, is extremely sensitive to the molecular organization and intermolecular
interactions in the medium. This can be applied in analysis of a broad range of molecular processes,
including catalyzed chemical reactions, if the measurements of ultrasonic velocity are performed
with sufficient accuracy [2,13,20,21]. Although ultrasonic spectroscopy has been utilized for material
analysis for a long time and has demonstrated various successful applications [12,14,22], the capability
of this technique in analysis of chemical reactions has been restricted by a number of factors.
These include limited resolution/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, surpass these limitations [23]. HR-US
instruments (Figure 1) enable ultrasonic measurements with exceptionally high precision, down
to 0.2 mm/s for ultrasonic velocity, in a broad range of sample volumes, 0.03 mL (droplet size) to
several mL with a typical frequency range 1 to 20 MHz [23,24]. High precision of this technique allows
for the monitoring of small changes in the concentrations of substrates and products in chemical
reactions [5,8,25,26]. In addition, the geometry of HR-US ultrasonic cells is optimized for easy filling,
refilling, cleaning and sterilization. They can accommodate aggressive liquids such as strong acids
or volatile organic solvents, without evaporation throughout the course of measurements. HR-US
measurements can be performed in 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 semisolid materials [23]. The measurements can include automated precision titrations of
the analyzed liquids with a titrant [27], and also programmable temperature ramps for temperature
profiling [2,28]. These qualities enable the application of HR-US technique for non-destructive real-time
monitoring of chemical reactions in a broad range of media and environmental conditions.

The paper reviews the underlying principles and outcomes of application of HR-US technique for
real-time monitoring of chemical reactions in continuous media and in nano-bioreactors (nanodroplets)
of complex dispersions such as milks, suspensions of protein nanoparticles and microemulsions.
This includes precision real-time measurements of concentrations of reactants and products (reaction
progress curves), time profiles of the average degree of polymerization and of molar mass of polymers
and oligomers, time profiles of the reaction rates, the monitoring of structural rearrangements



Catalysts 2017, 7, 336 3 of 43

(particle size) in a course of reactions, evaluation of kinetic mechanisms, measurements of kinetic
and equilibrium constants of reactions and reaction Gibbs energy. It also discusses the tools
provided by this ultrasonic technology for assessment of various aspects of the performance of
catalysts/enzymes including inhibition effects and reversible and irreversible thermal deactivation.
Although, most of the examples discussed are the reactions catalyzed by enzymes, the detection
principles and the methodologies described shall be applicable for a variety of catalysts in aqueous
and non-aqueous liquids.
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Figure 1. Illustration of operation of high-resolution ultrasonic spectrometers.

2. Monitoring of Chemical Reactions with Ultrasonic Velocity

2.1. Detection Principles. Reactions Progress Curves

Chemical reactions in a liquid mixture are accompanied by a change in the intrinsic properties
of molecules involved in the reaction and by a change in their interactions with the environment,
which includes solvation effects (hydration in aqueous solutions). This changes the compressibility
and density of the mixture, and affects the ultrasonic velocity in the mixture. Thus, monitoring of the
evolution of ultrasonic velocity, u(t), with reaction time, t, shall provide real-time information on the
concentration of reactants transferred to products. For a chemical reaction:

a1 A1 + a2 A2 + . . . . + ak Ak → b1B1 + b2B2 + . . . . + bl Bl (R1)

involving a1, a2, . . . , ak moles of reactants A1, A2, . . . , Ak and producing b1, b2, . . . , bk moles of products
B1, B2, . . . , Bk the change of ultrasonic velocity within time interval δt, δu(t), caused by the reaction
can be presented as:

δu(t) = −u0∆arδc(t) (3)

where δc(t) is the change of concentration of one of the reactants during time interval δt and ∆ar is the
concentration increment of ultrasonic velocity of the reaction defined as:

∆ar = −
1
u0

du
dc

(4)

here u0 is the ultrasonic velocity in the reaction medium without reactants and products, and the
derivative is taken at the conditions determined by Reaction (R1). The negative sign in the above
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equation is introduced to compensate for the negative sign of δc over the reaction. In non-concentrated
mixtures, in an absence of specific interactions between the reactants and products, the value of ∆ar

is expected to be constant during the reaction, especially if the physico-chemical properties of the
products are similar to the properties of the reactants. In this case the concentration c(t) and the
reaction extent ζ(t) can be obtained as:

c(t) = c0 − u(t)− u0

u0∆ar

ζ(t) =
u(t)− u0

u0∆arc0

(5)

where u0 and c0 are ultrasonic velocity and the concentration of the reactant in the mixture at the
reaction time zero (Reaction (R1) fully shifted to the left) and u(t) is ultrasonic velocity in the mixture
at the reaction time t. As all concentrations of reactants and products are linked with each other by
the stochiometric relationships of Reaction (R1), the concentration of any of the reactants or products
or other parameter defining them (e.g., reaction extent) can be utilized in the above relationships.
Although the choice of parameter representing the change of concentration of reactants and products
(reaction progress) affects the concentration increment of ultrasonic velocity of the reaction, ∆ar, the
value of ∆ar determined for a particular reactant or product can be recalculated into the value of ∆ar

for any other reactant or product using the stochiometric relationships of Reaction (R1).
The parameter ∆ar can be presented as the difference of concentration increments of ultrasonic

velocity of the reactants, aR, and products, aP:

∆ar = aP − aR

aP =
uP − u0

u0c0 ; aR =
uR − u0

u0c0

(6)

here uR and uP are the ultrasonic velocities in the reaction mixture where the equilibrium in the
analyzed reaction is shifted fully to the left (ζ = 0) and to the right (ζ = 1), respectively. The presence
of the parameter u0 in Equations (3)–(6) provides direct relationships linking aR and aP with apparent
compressibility and volume of the reactants and products (see for example Reference [13]). ‘Libraries’
of these properties can be used for estimations of aR, aP and ∆ar (see Discussion in [25] as example).
Although the concentration c(t) can be expressed in different units, such as molarity or molality, it is
useful to use moles per kg of mixture. In this case, c(t) can be easily obtained from the weight fraction
of the relevant component of the reaction, w, often utilized in preparations of mixtures: c = w

M , where
M is the molar mass in kg/mol. If required, the molarity of a component Ai (or Bi) can be calculated
from the concentration ci (mol per kg of mixture) as:

[Ai] = ρci (7)

where ρ is the density of the mixture in kg/m3. The reaction rate, r, can be obtained as a slope of the
time profile of c or ζ:

r = −dc
dt

= −c0 dζ

dt
(8)

The reaction rate expressed in molarity units at time t can be obtained through multiplication of r
by the density of the mixture at that time (t).

For some reactions the value of ∆ar can change in the course of the reaction due to a strong
dependence of concentration increments of ultrasonic velocity of reactants and products on their
concentration, or other reasons (example: decomposition of H2O2). For a broad range of solutions
the concentration increments of ultrasonic velocity of solutes show a linear dependence on their
concentration, c(t). In this case, the parameter ∆ar can be presented as: ∆ar = ∆a0 + ∆a1c(t), where
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∆a0 and ∆a1 are constants, which do not depend on c(t). In this case integration of Equation (3)
with subsequent solution of the resulted quadratic equation, and selection of an appropriate
solution (c(t = 0) = c0) provides the following relationship for calculation of c(t) from ultrasonic
velocity profile:

c(t) =
∆a0

∆a1
(

√
(1 +

∆a1

∆a0
c0)

2
− 2

∆a1

∆a0

u(t)− u0

∆a0u0
− 1) (9)

At ∆a1 → 0 this relationship is reduced to Equation (5).

2.2. Reactions Involving the Same Type of Covalent Bonds in Multiple Reactants and Products

For reactions in mixtures with multiple reactants and products involving formation or breaking of
the same type of covalent bonds it is often beneficial to represent the reaction progress curves through
the dependence of concentration of the bonds in the mixture as a function of time. Examples could
be reactions of the hydrolysis of oligosaccharides (glycosidic bonds) and proteins (peptide bonds)
discussed in subsequent chapters. The hydrolysis of these bonds can be presented as:

R1 −O− R2 + H2O→ R1 −OH + HO− R2 (R2)

and the reaction progress can be described through the evolution of concentration of the −O− bonds
in the mixture. In this case, the parameter c(t) in Equations (3)–(8) represents the concentration of
−O− bonds, hydrolysable in Reaction (R2). Consequently, the concentration increment of ultrasonic
velocity of reaction, ∆ar, represents the relative change of ultrasonic velocity caused by hydrolysis of
one mole of −O− bonds in one kg of the mixture. Following Equation (5) the concentration of bonds
hydrolyzed, cbh(t) = c0 − c(t), can be calculated as:

cbh(t) =
u(t)− u0

u0∆ar
(10)

The parameter ∆ar is mainly determined by the difference in the hydration (solvation) level and
in the intrinsic properties of the atomic groups of the reactants and of the products affected by the
reaction [25]. Therefore, for sizable oligomers and for polymers the contribution of the atomic groups
of reactants and products positioned outside of the local environment of −O− bond to ∆ar is expected
to be very small. Consequently, the value of ∆ar for hydrolysis of these molecules should not depend
on the extent of hydrolysis. An exception to this are polymers with well-defined compact structure and
high level of cooperativity of structural rearrangements caused by hydrolysis, affecting the hydration
characteristics of their atomic groups and the intrinsic compressibility of these molecules.

The concentration of bonds hydrolyzed can be expressed in molarity units (moles of bonds
hydrolyzed in one L of mixture, [bh]), if the density of the mixture, ρ, is known: [bh] = ρcbh(t).
The ultrasonically measured [bh] could be employed in estimations of the change of osmolarity of
solutions caused by the reaction, which is required in various applications. Another usage of the
parameter cbh(t) is calculations of the average degree of polymerization and molar mass, discussed in
the following chapter.

2.3. Degree of Polymerization and Molar Mass of Linear Polymers or Oligomers

In the case of hydrolysis of a linear polymer or oligomer, the measured concentration of
bonds hydrolyzed at any time t of reaction, cbh(t), can be recalculated into the average degree of
polymerization at this time, DP, as well as into the average molar mass, M (see Appendix A.1 for
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definitions). The relationships for calculations of the average degree of polymerization and of molar
mass are discussed in Appendix A.1 and are the following:

DP =
DP0

1 + cbh(t)DP0−1
cb

0

; M =
M0 −MH2O

1 + cbh(t) M0

wp0

+ MH2O (11)

where DP0 and M0 are consequently the average degree of polymerization and the average molar
mass at time zero (t = 0) and wp

0 is the weight fraction of the polymer or oligomer (kg in one kg of the
mixture) at time zero, MH2O is the molar mass of water. For the concentration cbh(t) in Equation (11)
taken in moles per kg (of mixture), the molar mass shall be expressed in kDa (kg per mole). The ratios
DP0−1

cb
0 and M0

wp0 are related to each other as: DP0−1
cb

0 = M0

wp0 .

2.4. Calibration for Ultrasonic Velocity

Calibration of HR-US technique requires determination of the concentration increment of
ultrasonic velocity of reaction, ∆ar, which allows calculations of the reaction progress curves (evolution
of concentrations of reactants and products with time) from the measured time profiles of ultrasonic
velocity using Equation (5), or (9), or (10). Four major methods of determination of ∆ar are
outlined below.

2.4.1. Method 1

The concentration increment of ultrasonic velocity of reaction, ∆ar, can be obtained by measuring
the ultrasonic velocity in the mixture containing reactants only, uR, and velocity in the mixture
containing products only, uP, from which aR and aP can be obtained, and ∆ar calculated according to
Equation (6). Examples of such measurements are illustrated in Figure 2A–C for hydrolysis of lactose in
water and in infant milk, and for decomposition of hydrogen peroxide in water. Such measurements can
be utilized for the evaluation of the dependence of ∆ar on the concentration of reactants (or products),
which, however, is often small and can be neglected especially in dilute solutions.

In hydrolysis in aqueous solutions water acts as one of the reactants. Therefore, measurements
of concentration increment of ultrasonic velocity of reactants, aR, shall include water added to the
reactant in an appropriate equimolar (consumed by the reaction) amount.

In this case, the contribution of reactants to ultrasonic velocity in the mixture, uR, can be presented
as a sum of the addition of other than water reactants (R1) to the solvent ∆uR1 plus the effect of
subsequent addition of water, ∆uw: uR − u0 = ∆uR1 + ∆uw. Consequently, aR = aR1 + aw and
∆ar = (aP − aR1) − aw, where aw = ∆uw

u0c0 . The parameter ∆uw represents the effect of dilution of
the mixture with water. For non-concentrated aqueous solutions, aw is normally small and can
be neglected.
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Figure 2. Application of Method 1 for measurements of concentration increments of ultrasonic velocity
of reaction, ∆ar.

Figure 2A. Hydrolysis of lactose in infant milk.

Reaction (R4). Concentration increments of ultrasonic velocity of reactants, aR, diamonds, (lactose,
0.198 mol/kg, plus equimolar amount of water), and products, aP, circles, (glucose, 0.198 mol/kg, plus
equimolar amount of galactose), in Cow & Gate First Infant Milk with added lactose at 20 ◦C at 5 MHz
(no significant frequency dependence detected within 2 to 15 MHz). cL denotes the concentration of
lactose in milk prior to the addition of reactants or products. The lowest cL (0.198 mol/kg) represents
milk without added lactose. Concentration increment of ultrasonic velocity of hydrolysis, ∆ar was
calculated using Equation (6). The linear dependence of ∆ar on cL (triangles) was extrapolated to cL

= 0 to account for minor effects of lactose present in milk prior addition of reactants and products
producing ∆ar = (0.0147 ± 0.0004) kg/mol [8]. Adapted with permission from Reference [8] Copyright
© 2016 American Chemical Society.

Figure 2B. Decomposition of hydrogen peroxide in water.

Reaction (R7). The concentration increment of ultrasonic velocity of hydrogen peroxide, aH2O2 ,
in aqueous solution of different concentration, c, of H2O2 at 20 ◦C, 30 ◦C, 40 ◦C and 50 ◦C at
12 MHz (no significant frequency dependence detected within 2 to 12 MHz) calculated according
to Equation (6). As oxygen gas produced in the decomposition of H2O2 is removed from the solution
and the contribution of the second product, water, is negligibly small (see text) ∆ar ∼= −aH2O2 . Adapted
from Reference [5] with permission from The Royal Society of Chemistry. The linear fit parameters were
obtained by fitting of the dependence of aH2O2 on concentration of H2O2, which provides slightly better
extrapolation of aH2O2 to infinite dilution than the direct fitting of ultrasonic velocity vs. concentration
utilized in [5].
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Figure 2C. Examples of temperature dependence of ∆ar.

Red diamonds: hydrolysis of lactose in infant milk and in water [8]. Blue circles: hydrolysis of lactose in
water [8]. Green triangles: decomposition of hydrogen peroxide in water at infinite dilution (calculated
from plots (B)). For illustrative purposes, the negative value of concentration increment of ultrasonic
velocity of decomposition of hydrogen peroxide, −∆ar, is plotted (see Discussion in Section 6.5).

2.4.2. Method 1 in Hydrolysis of Oligomers and Polymers

For Reaction (R2) of hydrolysis of the same type of covalent bond (and same ∆ar) in a polymer
and an oligomer, the concentration increment of ultrasonic velocity of the reaction (expressed through
relative change of ultrasonic velocity in hydrolysis of one mole of bonds hydrolyzed in one kg of
mixture) can be obtained through the measurements of ultrasonic velocity uP in the mixture containing
the products R1 −OH and HO− R2 only (Reaction (R2) is fully shifted to the right) and the velocity,
uR, in the mixture containing the reactants only, (polymer or oligomer) R1 −O− R2 plus equimolar
amount of water (Reaction (R2) is fully shifted to the left). The concentration c0 in Equation (6) shall
represent the concentration of the −O− bonds at time zero.
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Figure 3. Concentration increments of ultrasonic velocity of maltodextrins, aGn , in aqueous solution
and in isopropilmiristate microemulsion at 25 ◦C.
Blue circles: aGn of glucose oligomers in water at 25 ◦C at concentration 0.02 kg/kg calculated according
to Equation (6) from ultrasonic velocities at 8 MHz (no significant frequency dependence detected
within the analyzed frequency range 5 to 8 MHz).
Triangles: Same as above at concentration 0.01 kg/kg.
Red squares: aGn of glucose oligomers in the aqueous droplets of IPM microemulsion system (water
(24% kg/kg), oil (isopropilmiristate (IPM), 38% kg/kg), cosurfactant (n-propanol, 19% kg/kg),
surfactant (E200, 19% kg/kg)) at concentration 0.025 kg per kg of the aqueous phase (overall
concentration 0.06 kg/kg), calculated according to Equation (6) from ultrasonic velocities at 8 MHz
(no significant frequency dependence detected within the analyzed frequency range 3 to 8 MHz). Details
of preparation of the microemulsion were described earlier [29–31]. n = 1—glucose, n = 2—maltose,
n = 3—maltotriose, n = 4—maltotetrose, n = 5—maltopentose, n = 7—maltoheptaose, and average
n = 7.55—maltodextrin (provided by manufacturer and confirmed with bicinchoninic acid (BCA)
assay [32,33]).

For oligomers and polymers consisting of the same monomeric units another approach can be
utilized if the concentration increments of ultrasonic velocity for homologous series are available.
An example of such data for maltodextrin (oligomers of glucose) is illustrated in Figure 3. According to
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the figure the concentration increment of an oligomer Gn, composed of n molecules of glucose is
represented as: aGn = b0 + b1n, where b0 and b1 are constants. Accordingly, the change of concentration
increment of ultrasonic velocity per one bond hydrolyzed in the reaction Gk+l + H2O→ Gk + Gl is
given as ∆ar = (aGk + aGl )− (aGk+l + aw), which produces:

∆ar = b0 − aw (12)

The parameter b0 in this equation represents the intercept of the line drawn trough the points aGn

vs. n with the Y axis at n = 0 (Figure 3). The results of the application of Method 1 for hydrolysis of
maltodextrin in aqueous solution and in aqueous droplets of microemulsion are outlined in Table 1.

Table 1. Examples of concentration increments of ultrasonic velocity of reaction, ∆ar, kg/mol.

Reaction Method 1 Method 2 Method 3 Conditions

Hydrolysis of lactose,
Reactions (R2, R4)

∼=0.018119
−2.003388 × 10−4 T
+1.47128 × 10−6 T2

- - Infant milk, temperature, T, 10 to
50 ◦C a

Hydrolysis of lactose,
Reactions (R2, R4)

0.0144
±0.0002

0.0136
±0.0006 - Dilute aqueous solutions (0 to

0.2 kg/kg), 20 ◦C a

Synthesis of ATP,
Reaction (R6) - −0.0306

±0.0009
−0.0310
±0.0003

Dilute aqueous solutions, of ADP,
15 mM of phosphocreatine in
50 mM gly-gly buffer, 0.02% BSA,
5 mM Mg acetate, 25 ◦C, pH 7.4

Hydrolysis of
maltodextrin, Reactions
(R2, R3)

0.0240
±0.0002 - - Dilute aqueous solutions (0.01 and

0.02 kg/kg), 25 ◦C

Hydrolysis of
maltodextrin, Reactions
(R2, R3)

−0.0093
±0.0008 - - IPM microemulsion, 25 ◦C,

0.025 kg/kg in aqueous phase

Hydrolysis of protein,
β-lactoglobulin, by
α-chymotrypsin,
Reactions (R2, R5)

- 0.0700
±0.0015 -

Dilute aqueous solutions (0 to
0.01 kg/kg), 25 ◦C, 0.1 mol/L
potassium phosphate buffer, pH 7.8

Decomposition of
hydrogen peroxide,
Reaction (R7)

∼=−5.74685 × 10−3

+1.61885 × 10−4 T
−1.0225 × 10−6 T2

- -

Infinite dilution in water (for
concentrated solutions see
Figure 2B), temperature, T, 20 to
50 ◦C

Hydrolysis of cellobiose,
Reactions (R2, R8)

0.0126
±0.0002

0.013
±0.001 - Dilute aqueous solutions (0 to

0.1 kg/kg), 50 ◦C b

T is temperature in Celsius; a Reference [8]; b Reference [25].

2.4.3. Method 2

An alternative way to determine ∆ar involves simultaneous measurements of the change of
ultrasonic velocity during the analyzed reaction and the measurements of the concentration c(t),
using an appropriate discontinuous technique at different reaction times. In this case according to
Equation (5) the slop of the line representing the plot of u(t)− u0 vs. cP(t) = c0 − c(t), S, provides:

∆ar =
S
u0

(13)

Examples of the application of discontinuous techniques for hydrolysis of peptide bonds of
β-lactoglobulin, hydrolysis of lactose and synthesis of ATP are given in Figure 4A. The figure shows
an increase of ultrasonic velocity with the reaction extent for the first two reactions. The primary
reason for this is the higher level of hydration of atomic groups of the products when compared with
the reactants [8,25,35]. The hydration effects reduce the compressibility of the water surrounding the
atomic groups of reactants and products during reactions (see for example [13,25,35]) and increase
the ultrasonic velocity. The opposite effect, negative S and ∆ar is observed in the synthesis of ATP
accompanied by conversion of phosphocreatine to creatine, which could be explained by the lower
level of hydration of products of this reaction, when compared with the reactants.
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Figure 4. Application of discontinuous techniques (Method 2) for measurements or verification of ∆ar.

Figure 4A. Change of ultrasonic velocity, u(t)− u0, with concentration cP(t) in different reactions: hydrolysis
of peptide bonds, hydrolysis of lactose and synthesis of ATP.

Red squares: Reaction (R5), hydrolysis of β-lactoglobulin (0.543 mM) catalyzed by α-chymotrypsin
from bovine pancreas (0.1 g/L) in 0.1 M phosphate buffer at pH 7.8, 25 ◦C. The ultrasonic velocity was
measured at frequency 15.5 MHz. cP(t) represents the concentration of peptide bonds hydrolyzed, as
determined by 2,4,6-Trinitrobenzenesulfonic acid (TNBS) method following Adler-Nissen protocol [34].
Blue triangles: Reaction (R6), synthesis of ATP (adenosine 5′-triphosphate) from ADP (adenosine
5′-diphosphate, 3.6 mM, 6.2 mM and 9.0 mM) and phosphocreatine (14.8 mM) by creatine
phosphokinase from rabbit muscle (0.02 g/L) in an aqueous buffer solution (50 mM gly-gly buffer,
0.02% BSA, 5 mM Mg Acetate) at pH 7.4 and 30 ◦C. cP(t) represents the concentration of creatine
(and ATP) formed, as determined with colorimetric hexokinase assay by monitoring the production
of NADPH measured at 340 nm (hexokinase/glucose-6-phosphate dehydrogenase assay, Megazyme
Int. Ltd., Bray, Ireland). For this reaction u(t)− u0 < 0, however, for illustration purposes the sign of
u(t)− u0 was changed to positive. The ultrasonic velocity was measured at frequency 9.0 MHz.
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Green circles: Reaction (R4), hydrolysis of lactose (47.9, 19, 9.83 and 5.65 mM) catalyzed by
β-galactosidase (Escherichia coli, 369 U/g) at 20 ◦C in 50 mM phosphate buffer (10 mM MgCl2, 10 mM
mercaptoethanol) at pH 7.3. cP(t) represents the concentration of β-galactosidic bonds hydrolyzed
(glucose formed) as determined with colorimetric hexokinase assay by monitoring the production of
NADPH measured at 340 nm (Hexokinase/Glucose-6-phosphate dehydrogenase assay, Megazyme
Int. Ltd.) [8]. The ultrasonic velocity was measured in the frequency range 2 to 16 MHz, no effect of
frequency was observed.
Ultrasonic measurements were performed with HR-US 102P ultrasonic spectrometer (Sonas
Technologies, Dublin, Ireland).

Figure 4B. Comparison of ultrasonic and hexokinase assay profiles of hydrolysis of lactose by β-galactosidase in
aqueous solution.

Reaction (R4), hydrolysis of lactose (47.9 mM) by β-galactosidase (Escherichia coli, 369 U/g) at 20 ◦C in
50 mM phosphate buffer (10 mM MgCl2, 10 mM mercaptoethanol) at pH 7.3. The concentration of
hydrolyzed β-galactosidic bonds of lactose was calculated from the ultrasonic velocity profile (HR-US
102 ultrasonic spectrometer) using Equation (5) and ∆ar = 0.0144 kg/mol [8]. The circles represent the
concentration of glucose determined with hexokinase assay in the aliquots taken from the reaction
vessel at different reaction times. Frequency 5 MHz (no significant frequency dependence detected
within the analyzed range 2 to 15 MHz). Adapted with permission from Reference [8]. Copyright ©
2016 American Chemical Society.

Figure 4C. Comparison of ultrasonic and volumetric (oxygen gas released) monitoring of decomposition of
hydrogen peroxide in water at 25.0 ◦C catalyzed by an iron surface.

Reaction (R7). Frequency 2 to 12 MHz, HR-US 102SS ultrasonic spectrometer. The samples were taken
at different reaction time from the reaction vessel connected to a Hempel gas burette. No significant
frequency dependence was detected within the analyzed frequency range. The ultrasonic velocity
was converted to the concentration of hydrogen peroxide in the mixture using equation equivalent to
Equation (9) as described earlier [5].

For reactions progressed in buffers and accompanied by a release/consumption of H+ ions
(e.g., −NH3

+/− NH2 end groups of polypeptides in hydrolysis of proteins and −OH/−O− groups
of phosphates in synthesis of ATP) the hydration effects of protonation/deprotonation of molecules of
buffer also contribute to ∆ar. This contribution can be quantified through measuring the change of
ultrasonic velocity caused by the protonation/deprotonation of buffer (acid or base titration of buffer).
Such data can be used for recalculations of value of ∆ar obtained in a particular buffer into the value
for another buffer.

Figure 4A shows linear dependence of the change in ultrasonic velocity in solutions of
β-lactoglobulin with concentration of peptide bonds hydrolyzed. This agrees well with the kinetic
mechanism of hydrolysis of globular proteins (including β-lactoglobulin) catalyzed by proteases.
The hydrolysis of these proteins follows the so-called ‘one-by-one’ mechanism, in which the first step,
demasking, represents the hydrolysis of one or several peptide bonds on protein surface that allow an
enzyme to attack other bonds. Demasking is a limiting (slow) stage of the reaction. When the protein
globule is ‘opened’ by demasking, the protein is hydrolyzed at a significantly higher rate. Therefore,
polypeptides with intermediate degree of hydrolysis are nearly absent in the reaction mixture [36,37].

Figure 4B,C show good correlation between the ultrasonic reaction progress curves (parameter
∆ar obtained by Method 1) and the progress curves obtained with a discontinuous technique for
hydrolysis of lactose and decomposition of hydrogen peroxide [5,8]. The results of the application of
Method 2 are outlined in Table 1.
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2.4.4. Method 3

For reactions with constant (over the reaction) ∆ar achieving saturation (plateau on the reaction
progress curve), the value of ∆ar can be obtained from the values of u(t)− u0 and cP(t) at saturation
(t = ∞) according to the following relationship derived from Equation (5):

∆ar =
u(t = ∞)− u0

u0cP(t = ∞)
(14)

An example of this is the synthesis of ATP (Reaction (R6)) illustrated in Figure 8A. For the
conditions at which the reaction was carried out, the equilibrium of the reaction is shifted to the
products [38]. Therefore, at saturation cP(t = ∞) represents the known concentration of the reactant
(ADP) at time zero. According to Table 1 obtained by Method 3 ∆ar = −0.0310 ± 0.0003 kg/mol for
this reaction is in good agreement with the result of Method 2, ∆ar= −0.0306 ± 0.0009 kg/mol.

2.4.5. Method 4

For dilute mixtures in the absence of specific interactions between the components of reactants
and products, the parameters aR and aP or ∆ar can be estimated from the available databases of
ultrasonic or thermodynamic characteristics of the relevant atomic groups of substrates and products
(see as example discussion in [25]). This could be utilized in development of ‘libraries’ of concentration
increments of ultrasonic velocity of different reactions.

3. Monitoring of Chemical Reactions with Ultrasonic Attenuation

Ultrasonic attenuation, α, which represents the energy losses in compressions and decompressions
of medium in ultrasonic wave, contains several contributions: classical, αclass, scattering, αscatt, and
intrinsic, αin. In non-concentrated mixtures with limited level of attenuation these contributions are
expected to be additive:

α = αclass + αin + αscatt (15)

In non-concentrated dispersions, αin is an additive sum of the intrinsic attenuation in the particles
and in the continuous medium weighted by their volume fractions.

The classical contribution, αclass, represents the energy loses in the shear ‘portion’ of the
longitudinal deformation of the medium (reaction mixture) in the wave, αη , and also the energy
losses caused by the heat flow between the parts of ultrasonic wave of different temperature, αTH :

αclass = αη + αTH

αη = 8π2

3
η

ρu3 f 2; αTH = 2π2 Tρκe2

ucP2 f 2 (16)

where η is the viscosity (Pa s), ρ is the density (kg/m3), u is the ultrasonic velocity, e = − 1
m

(
∂V
∂T

)
P

is

the specific thermal expansion (m3/(K kg)) of the medium, V is the volume of the medium and m is
its mass (kg), cP is the specific thermal capacity (J/(K kg)), κ is the thermal conductivity (W/(m K))
of the medium and T is the temperature in the medium (K) [39]. The physical properties of the
medium (viscosity, specific thermal expansion, specific thermal capacity and the thermal conductivity)
in the above relationships represent the properties corresponding to the ultrasonic frequencies (MHz
frequency range), which sometimes may be different to those measured at low frequencies or at
thermodynamic limit (zero frequency).

In non-concentrated dispersions, the intrinsic contribution to ultrasonic attenuation, αin, is an
additive sum of the contribution of the structural relaxation in solvent/mixture [40] and (if it exists)
of the relaxation processes in fast chemical reactions. If components of the analyzed reaction are
involved in a relaxation process, which time scale is comparable with the period of oscillations in the
ultrasonic wave, perturbations of the equilibrium in the process caused by the oscillating pressure and
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temperature in the ultrasonic wave produce a relaxation contribution to the ultrasonic attenuation,
αrel , and to the ultrasonic velocity, urel . For a relaxation process described by Reaction (R1) and
characterized by the relaxation time τ, or by the relaxation frequency frel =

1
2πτ , the contribution

to attenuation caused by this process in dilute solutions is given by Equations (A11) and (A12) of
Appendix A.2. According to these equations the dependencies of the relaxation contributions αrel

f 2

and urel on the frequency have an S-shape profile with plateaus at low ( f � frel) and high ( f � frel)
frequencies and half transition point at f = frel . At frequencies close to frel , the absolute value of
both contributions decreases with frequency and vanishes at frequencies far above frel . At these high
frequencies, the relaxation process is ‘frozen’ as its relaxation time is much longer than the period of
oscillations of pressure and temperature in the ultrasonic wave. Measurements of the contribution of
relaxation processes to ultrasonic parameters, especially to attenuation, provide additional tools for
the monitoring of the chemical reaction.

The scattering contribution, αscatt, is originated by non-homogeneity of the medium. It is
discussed Appendix A.3. For particles of micron and submicron size at frequencies below 100 MHz
(i.e., the wavelength of ultrasound is much longer than the particle radius), the incident ultrasonic
wave is ‘scattered’ into the thermal and the viscous waves, originated at the border between the particle
and the continuous medium. The thermal wave is produced by the oscillations of temperature gradient
between the particle and the surrounding continuous medium, and the shear wave by the relative
oscillatory motion of particles and of the continuous medium. In this case the ultrasonic velocity, u, and
the ultrasonic attenuation, α, in a mixture consisting of the continuous medium (1) and the particles
(2) of radius r can be obtained as the real (Re) and imaginary (Im) parts of the complex propagation
constant K of the mixture outlined by Equation (A13) of Appendix A.3. The classical and intrinsic
contributions to ultrasonic attenuation and velocity are included in the parameters α1, α2, u1 and u2 of
this equation. According to Equations, for dispersions of solid particles of micron and submicron size,
the dependence of the scattering contributions αscatt measured at ultrasonic frequencies on the size of
the particle has a ‘bell’ shape profile. The ‘bell’ has two, normally unresolved, maxima at the particle
sizes close to (comparable with) the wavelength of the shear wave in the continuous medium and with
the wavelength of the thermal wave in the particle and in the continuous medium (examples of the
profiles are given in references [29,31,41]). The scattering contribution to ultrasonic velocity produces
an increase of velocity with size following the S-shape profile with plateaus at small and large sizes
and the transition sizes around the maxima of ultrasonic attenuation. Equations (A13) can be used in
calculations of particle size in dispersions and its change during the analyzed chemical reactions.

4. Measuring Procedures

The commercially available HR-US spectrometers are comprised of at least two identical ‘fill-in’
or ‘flow-through’ ultrasonic cells (sample compartments), which volume ranges from 0.03 to several
mL. Precision measurements of reaction progress often require the differential measuring regime of
HR-US spectrometers. In this case, one of the cells is used as a measuring cell and the second as a
reference cell. The ultrasonic parameters of media in both cells are monitored simultaneously during
the reaction analysis. The measuring cell is filled with a medium close in composition to the reaction
mixture. For example, for precision profiling of enzyme reactions in milks, milk can be used as a
reference liquid, while for reactions carried out in non-concentrated aqueous solutions water can be
placed in the reference cell. The measuring procedures are outlined below.

4.1. Procedure 1

Ultrasonic monitoring of the progress of analyzed reactions is carried out directly in the ultrasonic
cells of HR-US spectrometers. The cells are preset to a required temperature using embedded
temperature controller. The measuring cell is filled with the solution/dispersion containing the
reactant and the reference cell (if differential regime is required) with an appropriate medium.
The measurements of ultrasonic parameters are initiated, and the catalyst/enzyme is added to
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the measuring cell. The mixture is stirred using an embedded or externally controlled stirrer.
The measurements of the ultrasonic velocity and attenuation are constantly performed during
the reaction.

4.2. Procedure 2

The reference cell (if differential regime is required) is filled with an appropriate medium.
The reaction is activated in a container by mixing of the reactants and catalyst/enzyme. The mixture
is placed in the measuring ultrasonic measuring cell preset to a required temperature and the
measurements are performed as in Method 1. A disadvantage of this method is the time interval (up to
several minutes) required for thermal equilibration in the sample placed in the measuring cell, during
which the evolution of ultrasonic velocity is affected by the changing temperature. This time interval
can be shortened by bringing the temperature of reactants, catalyst and the mixing container to the
temperature of the ultrasonic cell prior the mixing.

4.3. Procedure 3. Measurements in Flow

The measuring flow-through cell of the HR-US spectrometer and the external reaction container
(reactor) are connected with tubing. The reference cell (if differential regime is required) is filled with
an appropriate medium. The reaction is activated in the reactor and the reaction mixture is constantly
pumped through the ultrasonic cell and returns back to the reactor. The ultrasonic measurements are
performed in flow. The volume of the commercially available flow-through cells ranges from 0.03 to
several mL.

HR-US spectrometers allow simultaneous monitoring of chemical reactions at several
frequencies [23]. Although the ultrasonic velocity profiles for a significant number of reactions
in solutions do not depend on frequency, this is not always the case, especially if the reactants
or products are involved in a relaxation process contributing to ultrasonic velocity (see Section 3).
A representative example is the hydrolysis of proteins in phosphate buffer outlined below. In this case
the multifrequency measurements allowed evaluation of the effects of frequency on the measured
evolution of ultrasonic velocity during the reaction, as well as provided additional information
on the reaction mechanism. The scattering contributions to ultrasonic parameters as well as
reactions accompanied by the formation of gel could also produce a dependence of ultrasonic
velocity on frequency, which can be quantified using multifrequency measurements. In addition
to this, the ultrasonic particle sizing normally requires measurements of the attenuation at several
frequencies. Also, the multifrequency measurements can be utilized for assessments of the formations
of non-homogeneities during catalyzed reactions, caused by phase separation, aggregation, etc., which
have a pronounced effect on the profiles of velocity and attenuation measured at different frequencies.

5. Add-On Capabilities

HR-US spectrometers are equipped with precision temperature controllers, which can be utilized
for the monitoring of reactions during preprogramed temperature profiles. This can be applied for
assessment of the effects of temperature and various temperature profiles on the reaction progress.
In this case the reaction in the ultrasonic cell is started (Procedure 1 or Procedure 2) simultaneously with
the activation of the desired temperature profile during which the ultrasonic velocity and attenuation
are monitored in real time.

Another useful capability includes the application of titration accessories for changing the
concentration of reactants, or catalysts/enzyme, or reaction inhibitors during the reaction. In this
case the reaction in the ultrasonic cell is started simultaneously with the activation of the desired
concentration (titration) profile during which the ultrasonic velocity and attenuation are monitored
in real time. If required, the contribution of the titrant to ultrasonic parameters can be measured
separately and subtracted from the reaction curves.
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6. Examples of Ultrasonic Reaction Progress Curves

This chapter discusses examples of the application of the outlined methodology of ultrasonic
real-time monitoring of the evolution of concentrations of reactants and products in various reactions
(reaction progress curves). The majority of the reactions were catalyzed by enzymes, however, catalysis
by metal surfaces is also illustrated. The discussed reactions were carried out in aqueous solutions,
in the continuous phase of complex dispersions (milks) and in nano bioreactors (nanodroplets of water
in w/o microemulsion).

6.1. Hydrolysis of Maltodextrin

Figure 5 shows the real-time ultrasonic profile of hydrolysis of maltodextrin, a mixture of linear
saccharides, Gn, composed mainly of 7 and 8 glucose units with average degree of polymerization
7.55 catalyzed by α-amylase (Bacillus amyloliqu efaciens). α-amylases are enzymes that hydrolyze the
α-(1-4) linkages of such polymers as starch, amylose, amylopectin, glycogen, and dextrins [42–44].
The hydrolysis can be represented as:

Gk+l + H2O→ Gk + Gl (R3)

where α-(1-4) glycosidic bonds (−O−) of Gk+l are hydrolyzed, producing oligomers of glucose with
lower degree of polymerization, Gk and Gl .

 

Figure 5 

  

Figure 5. Real-time ultrasonic profile of hydrolysis of maltodextrin catalyzed by α-amylase.
Monitoring of Reaction (R3) of hydrolysis of maltodextrin (average degree of polymerization 7.55)
catalyzed by α-amylase from Bacillus sp. in 10 mM phosphate buffer at pH 6.94 at 25 ◦C.

Figure 5A. Concentration profile of α-glycosidic bonds hydrolyzed.

Calculated from the measured increase of ultrasonic velocity (HR-US 102SS spectrometer) using
Equation (10) and the concentration increment of ultrasonic velocity of hydrolysis ∆ar = 0.024 kg/mol,
determined by Method 1 as shown in Figure 3. Frequency 8 MHz. No effect of frequency on velocity
profile was detected in the analyzed frequency range 5 to 8 MHz.

Figure 5B. Change in ultrasonic attenuation during hydrolysis of maltodextrin catalyzed by α-amylase.

Frequencies 5 and 8 MHz.
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The reaction was started by addition of a small amount (several µL) of concentrated solution of
the enzyme to the measuring ultrasonic cell of HR-US 102SS ultrasonic spectrometer preloaded with
1.4 mL of 0.025 kg/kg of maltodextrin in 10 mM phosphate buffer at pH 6.94 at 25 ◦C as described
by Procedure 1. The concentration of the enzyme after its addition was 0.016 g/kg. The observed
change in ultrasonic velocity was recalculated into the concentration of α-glycosidic bonds hydrolyzed
by applying Equation (10) and ∆ar = 0.0240 kg/mol, determined by Method 1 (Figure 3) using
Equation (12), where the term aw was neglected. The measurements were performed at frequencies 5
and 8 MHz. The ultrasonic velocity profiles at both frequencies coincide with each other within the
thickness of the line on Figure 5.

The average degree of polymerization, DP, and the molar mass, M, were calculated according
to Equation (11) and plotted in Figure 11. The degree of polymerization and the average molar
mass decrease during the reaction from 7.55 and 1.224 kDa respectively to 3.31 and 0.537 kDa at
reaction time of 1000 min. It is less than half of the degree of polymerization for the unhydrolyzed
maltodextrin. This level of polymerization is in good agreement with the previous results on the
mechanism of hydrolysis of oligosaccharides by α-amylase from Bacillus amyloliqu efaciens [42–44].
They demonstrated that the α-amylase cannot hydrolyze short oligomers, such as G5, G4, G3 or G2 and
the hydrolysis of oligomers with 6 units, G6, proceeds very slowly to G5 + G1 [43], while oligomers
with 8 units, G8 are mainly degraded to G6 + G2 and G5 + G3, and oligomers with 7 units, G7 produce
G6 + G1 and G5 + G2.

Overall the results presented in Figure 5 and Figure 11 (discussed below) demonstrate the
capability of the HR-US technique for precision monitoring of reaction progress in the hydrolysis of
oligosaccharides, which includes the real-time profiling of the average degree of polymerization and
the molar mass of these molecules.

6.2. Hydrolysis of Lactose

Figure 6 illustrates the ultrasonic profiles of hydrolysis of lactose (a milk sugar) by enzyme
β-galactosidase (Kluyveromyces lactis) in infant milk (Cow & Gate First Infant milk, 0.198 mol/kg or
6.8% kg/kg of lactose). The hydrolysis is described as:

Gal −O− R2 + H2O → Gal −OH + HO− R2 (R4)

where Gal and R2 represent the galactose and glucose moieties, and −O− represents β-galactosidic
linkage. The hydrolysis catalyzed by the β-galactosidase is accompanied by the production of
galacto-oligosaccharides, GOS, which are prebiotics, described as β-linked chains of galactose units
usually with terminal glucose. The term GOS includes the disaccharide galactose−galactose, however,
excludes lactose. The majority of GOS produced by Kluyveromyces lactis β-galactosidase are di and
tri-saccharides [8,45]. In the case of GOS R2 represents galactose, or glucose, or disaccharide moieties
of galactose-glucose or galactose-galactose. The GOS are produced at intermediate stages of the
hydrolysis and are subsequently hydrolyzed. Small amount (0.7% kg/kg) of GOS are also present
in infant milk as health benefit additives. For this type of hydrolysis, with multiple reactants and
intermediate products, the reaction progress can be described by the evolution the concentration
of β-galactosidic bonds hydrolyzed in the mixture (left Y scale on Figure 6A,B, molarity units).
This parameter represents the difference between the concentration of the linkages removed from
(hydrolysis of lactose and GOS) and added to (synthesis of GOS) the mixture. The presented in
Figure 6 concentration of β-galactosidic bonds hydrolyzed was calculated using Equations (7) and
(10). The concentration increment of ultrasonic velocity of hydrolysis of the −O− linkage, ∆ar, was
measured directly in milk using Method 1 (Figure 2A,C) and verified in aqueous solution using Method
2 (hexokinase assay, Figure 4) [8]. The reaction extent (supplementary Y axis) represents the ratio of the
concentration of β-galactosidic bonds in the milk hydrolyzed at time t, cbh(t), to the amount of bonds
at time zero hydrolysable by the enzyme, cb

0 (0.198 mol/kg of the bonds of lactose and 0.025 mol/kg
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of the bonds of galactooligosaccharides). The ultrasonic measurements were collected in the frequency
range 2 to 15 MHz. As no significant effects of frequency on the ultrasonic velocity profiles were
observed, only the data at 5 MHz are presented. Within the limits of experimental uncertainty (1% of
attenuation α) no significant changes of ultrasonic attenuation were observed during the hydrolysis,
thus, indicating an absence of effects of hydrolysis on microstructural characteristics of the dispersion.

The illustrated reaction progress curves allow assessment of the impact of temperature and
concentration of enzyme on performance of β-galactosidase in formulations for the reduction of levels
of lactose in infant milks [8]. These formulations are added to infant’s milk bottles prior to baby
feeding in order to overcome the frequently observed intolerance to lactose, a serious issue in the
healthy development of infants.
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Figure 6A. Monitoring of Reaction (R4) of hydrolysis of lactose by enzyme in infant milk.

β-galactosidase from Kluyveromyces lactis, Cow & Gate First Infant milk, 5 ◦C, 20 ◦C, 35 ◦C, 40 ◦C
and 50 ◦C, enzyme concentration 3.42 UU/g.

Figure 6B. Hydrolysis at 20 ◦C and enzyme concentrations 5.59, 3.42 and 1.39 UU/g.

The concentration profiles of β-galactosidic bonds hydrolyzed by β-galactosidase were calculated from
the measured increase in ultrasonic velocity (HR-US 102PT) using Equations (7) and (10), and the
concentration increment of ultrasonic velocity of hydrolysis calculated from the relationship obtained
earlier [8]: ∆ar(T) = 0.01812− 2.0034× 10−4T + 1.4713× 10−6T2 kg/mol. One ultrasonic activity
unit, UU, represents the amount of enzyme, which hydrolyses 1 µmol of β-galactosidic bonds in
Cow & Gate First Infant milk per min at 20 ◦C and reaction extent equal to zero [8]. The ultrasonic
measurements were collected in the frequency range 2 to 15 MHz. As no significant effects of frequency
on the ultrasonic reaction profiles were observed only the data at 5 MHz are presented. Adapted with
permission from Reference [8]. Copyright © 2016 American Chemical Society.

Figure 6C. Average degree of polymerisation and molar mass of the oligosaccharides (lactose +GOS) present in
the infant milk during the hydrolysis of lactose by β-galactosidase.

Calculated from the data of Figure 6A using Equation (11). The initial degree of polymerization was
obtained from UPLC-HILIC-FLD profiles of the milk published earlier [8]).

According to Figure 6A the time required for the reduction in concentration of the β-galactosidic
bonds to a particular level depends significantly on the temperature of the milk. A reduction of
50% is achieved at 14 min for 40 ◦C and 226 min for 5 ◦C. At 50 ◦C the reaction extent levels off at
45.6% [8]. This demonstrates the fast deactivation of the enzyme at 50 ◦C, which is in general agreement
with the results obtained for this enzyme in aqueous solutions [46]. The outlined dependence of the
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enzyme activity on temperature represents one of the key challenges for practical applications of
β-galactosidase in household environments.

The inset of Figure 6B shows that the time required for a particular level of hydrolysis at 20 ◦C is
inversely proportional to enzyme concentration.

Figure 6C shows the evolution of the average degree of polymerization and the average molar
mass of the oligosaccharides (lactose + GOS) present in the infant milk during hydrolysis of lactose
calculated according to Equation (11). The degree of polymerization at time zero was obtained from
the concentrations of lactose and added GOS (calculated from Table 1 and UPLC-HILIC-FLD profiles in
Caras Altas et al. [8]) is 2.08. At temperature 40 ◦C and reaction time 14 h, the degree of polymerization
is approximately 1.06, indicating almost fully complete hydrolysis to monomers glucose and galactose,
which is in good agreement with previously obtained conclusions on the high level of hydrolysis at
this temperature [45,47]. At 50 ◦C the degree of polymerization is approximately 1.4 at 14 h of reaction,
which is explained by the fast deactivation of the enzyme at this temperature.

6.3. Hydrolysis of Proteins

Figure 7 shows real-time ultrasonic profiles of hydrolysis of globular protein β-lactoglobulin
(from bovine milk) at different concentrations (0.547 and 0.273 mmol/kg) catalyzed by α-chymotrypsin
in 0.1 M potassium phosphate buffer at pH 7.8 at 25 ◦C. The hydrolysis is described by the
following reaction:

P1 − C(O)− NH − P2 + H2O→ P1 − COO− +−NH+
3 − P2 (R5)

where P1 − COO− and −NH+
3 − P2 represent the protein hydrolysates with C-terminal group and

protein hydrolysates with N-terminal group, respectively, and C(O)−NH represents the peptide bond.
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Figure 7. Real-time ultrasonic profiles of hydrolysis of protein β-lactoglobulin by proteolytic enzyme
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Figure 7A. Time profiles of ultrasonic velocity at frequency 15 MHz and concentration of peptide bonds hydrolyzed.
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Concentrations of β-lactoglobulin 0.55 and 0.27 mmol/kg. The concentration of peptide bonds
hydrolyzed calculated using Equation (10), and ∆ar = 0.070 kg/mol.

Figure 7B. Real-time profiles of average degree of polymerization and molar mass.

Calculated from the concentration of bonds hydrolyzed profile shown in Figure 7A according to
Equation (11).

Figure 7C. Time profiles for ultrasonic velocity and attenuation measured at different frequencies.

The hydrolysis was activated by addition of several µL of concentrated solution of enzyme
(α-chymotrypsin from bovine pancreas) to 1.1 mL solution of β-lactoglobulin in 0.1 M phosphate
buffer at pH 7.8 preloaded into the ultrasonic cell of HR-US 102 ultrasonic spectrometer as described
by Procedure 1. The concentration of enzyme in the ultrasonic cell was 0.0021 kg/kg. The ultrasonic
velocity profiles were recalculated into the profiles of concentration of peptide bonds hydrolyzed, by
applying Equation (10) and using ∆ar = 0.070 kg/mol determined by Method 2 (Table 1).

In contrary to the majority of reactions covered in this paper, the amplitude of the change of
velocity caused by the hydrolysis of β-lactoglobulin in phosphate buffer is dependent on frequency,
as illustrated by Figure 7C. The origin of this dependence is the relaxation process associated with the
proton transfer between −NH3

+ and −NH2 terminal amino groups of the protein hydrolysates and
the phosphate ions as discussed in the Section 9.2. According to Figure 7C, the amplitude of velocity
rise becomes to be frequency independent above 10 MHz (approximately). This result agrees with
the profiles of ultrasonic attenuation shown in the inset of Figure 7C (Section 9.2), thus, indicating
the ‘freezing’ of the relaxation process (see Section 3 and Appendix A.2) at frequencies above 10 MHz.
Therefore, the velocity profiles obtained at frequencies 15 MHz were used for determination of ∆ar

utilizing Method 2 (Figure 4), and for the subsequent calculations of the concentration of peptide
bonds hydrolyzed according to Equation (10) from the measured change in ultrasonic velocity.

Figure 7B shows the change of the average degree of polymerization, DP, and the molar mass, M,
during the hydrolysis calculated from the concentration of peptide bonds hydrolyzed, cbh(t), according
to Equation (11). The degree of polymerization at time zero, DP0, 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 linked with the peptide
bonds between them. At our experimental conditions (pH and ionic composition), β-lactoglobulin
in solution is expected to exist in the forms of single molecules and the molecules aggregated into
dimers [48]. Therefore, the average molar mass plotted in Figure 7B could be different to that measured
with light or neutron scattering techniques or other methods, which probe the size of aggregated
protein structures.

For concentration of 0.27 mmol/kg (0.005 kg/kg approx.) the average degree of polymerization,
DP, and the molar mass, M, change from 162 and 18.4 kDa for unhydrolyzed protein to 5.5 and
0.64 kDa respectively at 1200 min. For concentration of 0.55 mmol/kg (0.01 kg/kg approx.) those
values change to 6.2 and 0.70 kDa at 1200 min respectively.

The enzyme α-chymotrypsin cleaves peptide bonds selectively on the carboxyl-terminal side of
the large hydrophobic aromatic amino acids such as tryptophan, tyrosine, phenylalanine, with high
catalytic efficiency [49,50]. Apart from these amino acids, α-chymotrypsin also hydrolyses, although
more slowly, the peptide bonds on the carboxyl-terminal side of the leucine and methionine [51,52].
Therefore, the primary structure of β-lactoglobulin allows hydrolysis by α-chymotrypsin of 36 peptide
bonds of 162 amino acids present. This corresponds to the limiting value of the degree of polymerization
of 4.4, which is lower, however, close to the values obtained at long reaction times.

Hydrolysis of proteins into protein hydrolysates catalyzed by proteases is utilized in a broad
range of industries, from food to effective therapeutics, since the products of this reaction have
additional nutritional and functional value. Enzymatic protein hydrolysates containing short-chain
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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 [53,54]. These hydrolysates play important roles in various aspects of health being,
such as mineral binding, immunomodulatory, antioxidative, antithrombotic, hypocholesterolemic,
antihypertensive function, and others [55]. Development and production of protein hydrolysates is
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.

6.4. Synthesis of ATP

Figure 8 illustrates ultrasonic real-time profile of synthesis ATP by the transphosphorylation of
phosphocreatine to ADP catalyzed by creatine kinase at 30 ◦C described by reaction:

ADP + phosphocreatine→ ATP + creatine (R6)
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Figure 8A. Ultrasonic profile of concentration of ADP during synthesis of ATP.

Reaction (R6). Synthesis of ATP from ADP (3.6, 6.2 and 9.0 mmol/kg) accompanied by conversion
of phosphocreatine to creatine by enzyme creatine phosphokinase from rabbit muscle. The reaction
was performed in a buffer solution (50 mM gly-gly buffer, 0.02% BSA, 5 mM Mg Acetate at pH 7.4)
at 30 ◦C. The concentration profile was calculated from the measured change in ultrasonic velocity at
9.0 MHz (HR-US 102 spectrometer), using Equation (5) and the concentration increment of ultrasonic
velocity of hydrolysis, ∆ar = 0.031 kg/mol. For illustration purposes the decrease of ultrasonic velocity
during reaction is presented as ∆u = u(t) − u(t = ∞) were u(t = ∞) is the ultrasonic velocity at
reaction completion.

Figure 8B. Evolution of reaction extent in synthesis of ATP.

Calculated from the ultrasonic velocity profile using Equation (5).

The reaction was activated by mixing of enzyme and the solutions of ADP and phosphocreatine
in 50 mM gly-gly buffer, 0.02% BSA, 5 mM Mg acetate at pH 7.4 and loaded into the measuring
ultrasonic cell of the HR-US 102 ultrasonic spectrometer pre-equilibrated at temperature 30 ◦C,
following Procedure 2. The reaction was carried out at three different concentrations of ADP,
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3.6 mmol/kg, 6.2 mmol/kg and 9.0 mmol/kg, and at same concentration of phosphocreatine,
15 mmol/kg. The concentration of the enzyme was 0.18 µg/mL (185 U/mg). The ultrasonic velocity
profiles were recalculated into the profiles of concentration of ADP and the reaction extent by applying
Equation (5) and using ∆ar = −0.0310 kg/mol determined by Method 3 and verified by Method 2
(Table 1). The concentration of ATP synthesized during the reaction at time t is equal to the difference
of the initial concentration of ADP and the concentration of ADP at time t. According to Figure 8B,
which represents the reaction extent, the reaction reaches completion (reaction extent = 100%) after
approximately 10 h when the lowest concentration of ADP (3.6 mmol/kg) is used.

The enzyme creatine kinase occupies an important place in the regulation of muscle
bioenergetics by providing rapid replenishment of the concentration of ATP from the reservoir of
phosphagens [56,57]. A variety of methods have been applied for monitoring this reaction, including
direct and indirect colorimetric assays. The major benefits of application of HR-US technique is the
ability to monitor it precisely during the whole course of the reaction, without optical markers and/or
secondary reactions, and in various media including opaque mixtures.

6.5. Decomposition of Hydrogen Peroxide Catalyzed by Metal Surfaces

Figure 9 illustrates real-time ultrasonic monitoring of the decomposition of hydrogen peroxide
at 25.0 ◦C catalyzed by iron surface at two concentrations of hydrogen peroxide (2.81 mol/kg for the
main frame and 0.0743 mol/kg for the inset) [5]. Hydrogen peroxide is used in a variety of applications,
such as wastewater treatment, preparation of semiconductor materials and cleaning liquids for printed
circuit boards. The decomposition of hydrogen peroxide dissolved in water can be presented as:

H2O2 →
1
2

O2 + H2O (R7)

Prior to the measurements, water was saturated with nitrogen at the measuring temperature
to provide the consistency of its composition, and to prevent solubilization of CO2 and formation
of carbonic acid. After placing the aqueous solution of hydrogen peroxide into the temperature
controlled reaction container (100 mL) the reaction was activated by adding the catalyst, bare iron wire
(2 × 50 cm, 1 mm diameter, purity 99%+) precleaned with hydrochloric acid. The reaction vessel was
connected with the measuring cell of HR-US 102SS ultrasonic spectrometer using a flexible tubing
passing a peristaltic pump, as described in Procedure 3, and ultrasonic measurements were performed
in flow-through regime [5]. The ultrasonic velocity profile during the reaction is given as the change of
the relative ultrasonic velocity, which represents the difference between the ultrasonic velocity in the
solution and in pure water. As no significant dependence of ultrasonic velocity on frequency within
the frequency range 2 to 12 MHz was observed, only the data collected at 12 MHz are represented in
the figure.

As the solubility of oxygen in water is very low, most of the oxygen produced in this reaction
is released from the solution, with the exception of the initial stages (first minutes) when the
produced oxygen substitutes nitrogen in the solution. The change in ultrasonic velocity in water
caused by this substitution is at a level of 0.002 m/s and can be neglected when compared with the
observed changes of ultrasonic velocity in the analyzed reaction [5]. Therefore, when considering the
concentrations of reactants and products in the solution the reaction can be presented as: H2O2 → H2O .
Consequently, the concentration increment of ultrasonic velocity of the reaction, ∆ar, can be expressed
through concentration increments of ultrasonic velocity of water, aw, and hydrogen peroxide, aH2O2 :
∆ar = aw − aH2O2 . As aw represents the effect of addition of water to water on ultrasonic velocity it
is equal to zero. According to Figure 2B aH2O2 = a0 H2O2 + a1 H2O2 cH2O2 , where a0 H2O2 and a1 H2O2

are constants. Thus, for the Reaction (R7) ∆ar = −aH2O2 = −a0 H2O2 − a1 H2O2 cH2O2 (see Reference [5]
for details). Following this, the concentration profile of hydrogen peroxide (secondary Y axis in
Figure 9) during the reaction was calculated from the ultrasonic velocity profile using Equation (9)
where ∆a0 = −a0 H2O2 and ∆a1 = −a1 H2O2 .
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Concentrated (2.81 mol/kg main frame) and diluted (0.0743 mol/kg, inset) aqueous solutions of
hydrogen peroxide at 25 ◦C. The concentration profile of hydrogen peroxide was calculated from the
relative ultrasonic velocity using Equation (9), and the concentration increment of ultrasonic velocity
obtained earlier [5]. Adapted from Reference [5], with permission from The Royal Society of Chemistry.

At high initial concentration of hydrogen peroxide (2.81 mol/kg at time zero) the reaction rate
progressively decreases with time. It is interesting to note that the time profile of the concentration of
hydrogen peroxide does not correspond to the pseudo-first order reaction often applied for catalysis on
surfaces [5]. This can be explained by a complex multistep nature of the reaction [58,59], which is also
suggested by the ultrasonic results at the low initial concentration of hydrogen peroxide, 0.0743 mol/kg.
For this concentration, an approximately 50 min delay between the introduction of the iron surface in
the solution and the beginning of decomposition of hydrogen peroxide is observed. One of the possible
reasons for this delay is the ‘activation’ of the iron surface, which could include surface oxidation
(formation of Fe2+ ions catalyzing the decomposition [60–66]).

6.6. Encapsulation of Substrates and Enzymes. Monitoring of Reactions in Nano-Droplets

Enzymes are conventionally used in aqueous solutions. However, water is often a poor solvent
for applications in synthetic and industrial chemistry [67]. Water-in-oil microemulsions (w/o ME)
provide a favorable hydrophilic environment for enzyme activity [68]. In addition to this, the confined
environment inside the ME droplets affects the mobility of the enzyme atomic groups and their
hydration level, which can be applied for changing/controlling the enzymatic catalytical activity [67].
Examples of applications of microemulsions for enzyme catalysis of reactions include hydrolytic and
reverse hydrolytic reactions, esterifications and transesterifications, resolution of racemic amino acids,
oxidation and reduction of steroids, and synthesis of phenolic and aromatic amine polymers [68].

6.6.1. Microemulsion Phase Diagrams. Optimal Conditions for Encapsulation of Enzymes
and Reactants

The desired functioning of enzymes encapsulated in aqueous nanodroplets is significantly
determined by the level of hydration of enzyme molecules and of the molecules of substrates and
products. Therefore, successful encapsulation of enzymes and of the components of reactions involves
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identification of the parts of the w/o microemulsion phase diagrams where nanodroplets contain the
required for the hydration of enzyme and substrate/product amount of free water. HR-US titration
analysis allows for identification of these parts of microemulsion phase diagrams [31].
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Figure 10. Ultrasonic pseudo-ternary phase diagram of IPM microemulsion.

Ultrasonic pseudo-ternary (concentration scale, % kg/kg) phase diagram of water/isopropyl
myristate (IPM)/epikuron 200 (E200) and n-propanol (1:1) at 25 ◦C. The transition lines between
different sub-phases (hydration of surfactants, swollen micelles, microemulsion and coarse emulsion)
represent the ‘break’ points on the ultrasonic (velocity and attenuation) titration profiles of
surfactant/cosurfactant and oil mixture with water. The red point shown in the phase diagram
corresponds to the conditions (water (24% (kg/kg)), IPM (38% (kg/kg)), n-propanol (19% (kg/kg)),
E200 (19% (kg/kg)) utilized in the hydrolysis of maltodextrin catalyzed by α-amylase in the aqueous
droplets of this microemulsion system shown in Figure 11 (HR-US 102SS) ultrasonic spectrometer.

Figure 10 represents the ultrasonic phase diagram for microemulsion composed on
pharmaceutically acceptable ingredients: isopropyl myristate (IPM) microemulsion (oil-IPM,
surfactant-Epikuron 200 (E200)/cosurfactant-n-propanol (1:1), and water) at 25 ◦C. The diagram was
obtained from titration profiles of ultrasonic velocity and attenuation, performed by automatic stepwise
additions of water to 1.5 mL of a mixture of oil, surfactant and cosurfactant in the ultrasonic cell of
HR-US 102SS ultrasonic spectrometer. An example of an ultrasonic titration profile in 20:80 kg/kg
oil:surfactant/cosurfactant mixture is given in Figure 10. Overall, the ultrasonic titration profiles
provide a number of parameters reflecting different levels of microstructural organization of the
system [29,30,69]. The transitions between different states of the system are clearly identified by
an abrupt change of concentration profile of ultrasonic velocity, attenuation and their frequency
dependence. This includes the end of microemulsion phase represented by the blue line, above which
the mixture becomes opaque (phase IV). In addition to this, the ultrasonic titration profiles demonstrate
a range of transitions below the blue line, which allows distinguishing different ‘sub phases’, Ia, Ib,
II and III. The nature of these ‘sub phases’ is related to the state of water and surfactant, including
hydration water in the dispersed phase, hydration water in swollen reverse micelles and water in
aqueous nano-size droplets surrounded by surfactant, realized in ‘sub phase’ III [31]. According
to Figure 10 the sub-phase III shall provide a reasonable hydration level for hydrophilic enzymes,
substrates and products (see more discussions in [29–31,69]).



Catalysts 2017, 7, 336 24 of 43

6.6.2. HR-US Monitoring of Enzyme Catalyzed Reactions in Nanodroplets

Figure 11 compares the real-time ultrasonic profiles of hydrolysis of maltodextrin catalyzed by
α-amylase from Bacillus sp. in aqueous solution (discussed in the Section 6.1) and in the described
above w/o microemulsion consisting of oil (isoproprylmyristate, 38% kg/kg), cosurfactant (n-propanol,
19% kg/kg), surfactant (Epikuron 200, 19% kg/kg) and water (24% kg/kg). This composition of
microemulsion was ‘good’ for the hydrolysis of maltodextrin, since it corresponds to the phase III
of the diagram where ‘free’ water in macroemulsion droplets of approximately 10 nm diameter [29].
The water in the droplets shall provide a substantial hydration of the substrate (maltodextrin), of the
enzyme (α-amylase) and of the products of the Reaction (R3). The concentrations of the substrate and
of the enzyme in the aqueous phase of the microemulsion were close to those in the aqueous solution.
The reaction in the microemulsion was started by adding of small amount (40 µL) of concentrated
solution of the enzyme to the measuring ultrasonic cell of HR-US 102SS ultrasonic spectrometer
preloaded with 1.4 mL of microemulsion, which aqueous phase contained 0.025 kg/kg of maltodextrin
in 10 mM phosphate buffer at pH 6.94 at 25 ◦C according to Procedure 1.
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Figure 11. Real-time ultrasonic profile of hydrolysis of maltodextrin by α-amylase in aqueous solution
and in nano-droplets of IPM microemulsion.
Comparison of ultrasonic profiles of hydrolysis of maltodextrin catalyzed by α-amylase (Bacillus sp.)
in aqueous solution (conditions are outlined in the legend of Figure 5) and in microemulsion (oil
(IPM, 38% kg/kg), cosurfactant (n-propanol, 19% kg/kg), surfactant (E200, 19% kg/kg) and water
(24% kg/kg)).

Figure 11A. Ultrasonic velocity profile of hydrolysis of maltodextrin catalyzed by α-amylase in aqueous solution
and in microemulsion.

Maltodextrin with concentration 0.025 kg/kg at 25 ◦C in 10 mM of phosphate buffer at pH 6.94.
The concentrations of enzyme are 0.016 g/kg for aqueous solution and 0.015 g/kg for the aqueous
phase of microemulsion system. HR-US 102SS spectrometer. Frequency 8 MHz. No effect of frequency
on velocity profile was detected in the analyzed frequency range, 5 to 8 MHz for aqueous solution and
3 to 8 MHz for microemulsion. The concentrations of maltodextrin and the enzyme in microemulsion
are given per kg of aqueous phase (buffer).

Figure 11B. Real-time profiles of average degree of polymerization and of molar mass in aqueous solution and
in microemulsion.

Calculated from ultrasonic velocity profiles shown in Figure 11A according to Equation (11).

The ultrasonic velocity profiles were recalculated into the average degree of polymerization
and the molar mass of oligosaccharides in the reaction mixture using Equation (11). The value of
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∆ar = 0.0093 kg/mol in the microemulsion was determined according to Method 1 and Equation (12)
using the data shown in Figure 3 (b0 = −0.0062 kg/mol) and the concentration increment of ultrasonic
velocity of water, aw = 0.0031 kg/mol measured by additions of small amounts of water to the
microemulsion. For microemulsions aw represents the slope of the plot of ultrasonic velocity vs.
concentration of water illustrated in Figure 10. The negative value of ∆ar in microemulsion looks
unusual, if compared with aqueous solutions. However, this can be explained by the effects of the heat
exchange between the aqueous and oil phases of microemulsion during the compression cycle in the
ultrasonic wave on the apparent compressibility of solutes solubilized in microemulsion nano-droplets
as discussed previously [31]. The ultrasonic measurements in microemuslion were collected in the
frequency range 3 to 8 MHz. As no significant effects of frequency on the ultrasonic reaction profiles
were observed, only the data at 8 MHz are presented.

According to Figure 11, the reaction in microemulsion proceeds significantly faster than in solution,
which could be explained by a super-activity of the enzyme, often observed in microemulsions [70–72].
This conclusion is in agreement with the previous observations of the increase in the hydrolytic
activity of the α-amylase against the oligomer substrates in a presence of surfactants [42]. The average
degree of polymerization and the molar mass of maltodextrin at 100 min of reaction in microemulsion
are 3.3 and 0.56 kDa respectively, which is close to the values obtained in solutions at significantly
longer reaction time, 1000 min, as illustrated by Figure 11B. It is interesting that in microemulsion,
the decrease in ultrasonic velocity and in the degree of polymerization within 100 min of the reaction
is followed by a slow increase over a longer period of time. The increase could be attributed
to the previously observed alternative synthetic activities of α-amylase in restricted conditions
of encapsulated state. The activities include: (1) synthesis of −O− bonds between moieties of
glucose (G) in maltodextrin at the initial stage of reaction forming molecules with high degree
of polymerization ( Gn + Gk → Gn+k + H2O ); (2) synthesis of −O− bonds between the moieties of
glucose and n-propanol (P) present in microemulsion as cosurfactant and formation alkyl glucosides
( Gn + kP→ GnPk + H2O ) [73,74].

7. Ultrasonic Reaction Rates and Advance Chemical Kinetics

High precision of ultrasonic measurements of concentration of substrates and products during
analyzed reactions can be utilized in obtaining the reaction rates using Equation (8) and appropriate
digital differentiation (concentration vs. time) procedures. This provides the detailed ‘reaction rate vs.
concentration of reactant/product’ profiles over the whole course of reaction. Typically, the advanced
modeling of kinetic mechanisms of chemical reaction is based on functional relationships between
the reaction rate and the concentrations of reactants and products. The ultrasonic ‘reaction rate vs.
concentration of reactant/product’ profiles can be applied for verification of these relationships and
determination of the underlying kinetic and thermodynamic constants, including those involved in
complex mechanisms of inhibition as illustrated below.

Figure 12 represents an example of the ultrasonic reaction rate vs. concentration of reactant profiles
for hydrolysis of cellobiose (glucose disaccharide) at its different initial concentrations catalyzed by
cellobiase (β-glucosidase from Aspergillus niger (Novozyme 188)), in 10 mM acetate buffer (pH 4.9) at
50 ◦C measured using Procedure 2 [25]. The overall reaction can be expressed as:

G2 + H2O→ 2G (R8)

where G represents the molecule of glucose and G2 the molecule of cellobiose. The ‘reaction
rate vs. concentration of reactant’ profiles were calculated from the measured ultrasonic reaction
curves (∆ar = 0.0126 kg/mol) by averaging the slopes of two adjacent points in combination with the
Savitzky–Golay smoothing method [25].
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Figure 12. Ultrasonic reaction rate profile in hydrolysis of cellobiose by enzyme cellobiase. Evaluation
of reaction inhibition mechanism.
Squares: Experimental reaction rates per unit of concentration (g/L) of enzyme, during hydrolysis of
cellobiose, Reaction (R8).
50 ◦C in 10 mM acetate buffer at pH 4.9. Initial concentrations of cellobiose (curves from left to right in
the inset): 8.41, 18.30, 28.79, 35.71, and 53.96 mM [25].
Lines: Fittings applied to the reaction rates for verification of two kinetic Models 1 and 2.
Orange lines: Model 1: uncompetitive substrate (cellobiose, C) and competitive product (glucose, G)
inhibitions. Green lines: Model 2: uncompetitive substrate (cellobiose, C) and two sites for competitive
product (glucose, G) inhibitions. Adapted with permission from Reference [25]. Copyright © 2011
Elsevier Inc.

Previous studies of kinetics of the hydrolysis of cellobiose catalyzed by β-glucosidase from
A. niger have shown that the reaction follows uncompetitive cellobiose and competitive glucose
inhibitions [25,75,76]. The proposed model of such inhibition is illustrated in Figure 12 (Model 1).
According to this model, glucose binds to the free enzyme decreasing the apparent affinity of the
substrate, whereas cellobiose inhibits hydrolysis by binding to the enzyme–substrate complex, thus
reducing its effective concentration. The parameter Km = k−1+k2

k2
represents the Michaelis constant,

k1 and k−1 are the rate coefficients for the formation of complex EC, and k2 is the catalytic coefficient
(see Figure 12). The inhibition constants are presented by the parameters KcG and KcG (constants
of dissociation of GE to G + E and CEC to EC + C). The expression for the reaction rate, r, for this
model [77] is given as:

r =
2k2C

Km

(
1 + G

KcG

)
+ C

(
1 + C

KuC

) (17)

where C is the concentration of cellobiose and G is the concentration of glucose in the reaction mixture.
Figure 12 shows the ultrasonic reaction rate profiles (squares) over the course of reaction for different
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initial concentrations of cellobiose (8.41, 18.30, 28.79, 35.71, and 53.96 mM) and their fitting (combined
fitting of all curves) using Equation (17).

Although Model 1 describes reasonably well the profiles for low initial concentrations of cellobiose
(8.41, 18.30 and 28.79), a significant deviation of this mathematical model from the experimental data
can be noticed at the highest initial concentration of cellobiose (53.96 mM, main frame of Figure 12).
More importantly, at a high initial concentration of cellobiose, the experimental reaction rate curve
exhibits an S-shape profile that cannot be reproduced by Equation (17) [25]. Thereby, a new, updated
kinetic inhibition model was proposed as illustrated in Figure 12 (Model 2). Model 2 suggests two
(instead of one) binding sites for glucose on the enzyme. For simplicity, it was suggested that both
sites are characterized by the same dissociation constant, KcG. Additionally, it was speculated that the
second site for glucose binding may be related to the known secondary, transgalactosylation, activity
of the enzyme [25]. The equation for the rate representing Model 2 is given as:

r =
2k2C

Km

(
1 + G

KcG

)2
+ C

(
1 + C

KuC

) (18)

Figure 12 shows the fitting (combined fitting of all curves) of the experimental data with
Equation (18) at different initial concentrations of cellobiose. This fitting describes the experimental
results very well and provides the kinetic and thermodynamic constants of the reaction, k2, Km, KcG
and KuC [25].

8. Application of Extended Capabilities of Ultrasonic Spectroscopy

8.1. Dynamic Range

One of the important features of HR-US technique is its capability to work with solutions of low
and high concentrations (e.g., dynamic range). This includes precision monitoring of changes in small
fraction of reactants presented in large concentration. Applications of this feature are illustrated by the
two following examples.

8.1.1. Ultrasonic Monitoring of Reverse Reactions

Figure 13A illustrates the ultrasonic reaction progress curve of hydrolysis (Reaction (R8)) of
disaccharide cellobiose consisting of two molecules of glucose catalyzed by β-glucosidase from
Aspergillus niger in 10 mM acetate buffer at pH 4.9 at 50 ◦C measured using Procedure 2 [25]. The parameter
∆ar = 0.0126 kg/mol was obtained by Method 1, and verified by Method 2 (hexokinase assay).

Figure 13B illustrates the ultrasonic reaction progress curve of the reverse Reaction (R8), synthesis
of cellobiose from glucose, catalyzed by the same enzyme. The synthesis was initiated by adding the
enzyme β-glucosidase to the solution of glucose in 10 mM acetate buffer at pH 4.9 at 50 ◦C using
Procedure 2 [25]. At equilibrium in Reaction (R8) the concentration of cellobiose represent only small
fraction of concentration of glucose. Therefore, relatively high concentrations of glucose (0.56 mol L−1

for the profile presented in the Figure 13B,C) were used. The presented ultrasonic velocity profile
was obtained at frequency 5.3 MHz, however, no significant effect of frequency on the profiles were
observed in the analyzed frequency range 2 to 20 MHz [25]. The change in the concentrations of
glucose was calculated from the ultrasonic velocity profiles using Equation (5) and the parameter
∆ar corrected for small deviation from the above value caused by high concentration of glucose [25].
As can be seen from the Figure 13C less than 3% of glucose present in the solution reacted at the
saturation level. In spite of this small fraction of glucose consumed by the synthesis, the reaction profile
is well resolved by the HR-US technique. The obtained saturation level provides the equilibrium
concentration of glucose in the solution for Reaction (R8), which allows calculations of the equilibrium
constant of the reaction, Keq. The equilibrium constants Keq (expressed through mole fractions of
cellobiose, water and glucose) obtained in this way in solutions of different concentration of glucose
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are shown in Figure 13D and correspond to the average value of 1.8 ± 0.1. The obtained equilibrium
constants allowed the calculations of the standard Gibbs energy of reaction ∆Go = −8 kJ/mol, which
agrees with the results obtained by other techniques [25].

 

 

 

Figure 13  

Figure 13. Real-time ultrasonic profile of hydrolysis and of reverse reaction of synthesis of cellobiose
by enzyme β-glucosidase. Evaluation of reaction equilibrium constant and Gibbs energy.

Figure 13A. Ultrasonic reaction profile of hydrolysis of cellobiose by β-glucosidase.

Reaction (R8). 15.6 mmol/kg of cellobiose and 0.32 g/L of β-glucosidase. Squares represent the
concentration of β-glycosidic bonds hydrolyzed (glucose formed) determined by colorimetric
hexokinase assay by monitoring the production of NADPH measured at 340 nm (Megazyme Int.
Ltd.) [8]. ∆ar = 0.0126 kg/mol was applied in calculations of the profile of concentration of glucose.

Figure 13B. Time profile of concentration of glucose during reverse reaction (glucose condensation) catalyzed
by β-glucosidase.

20.3 g/L of β-glucosidase in aqueous solution of glucose at concentration 0.56 mol/kg, at 50 ◦C in
10 mM acetate buffer at pH 4.9. The change in concentration of glucose was calculated from the
ultrasonic velocity profile [25].

Figure 13C. Time profile of the overall concentration of glucose present in the reactional mixture during the
reverse reaction catalyzed by β-glucosidase.

Figure 13D. Equilibrium constant, Keq, of reaction of glucose condensation obtained at different concentrations
of glucose.

50 ◦C in 10 mM acetate buffer at pH 4.9. The presented ultrasonic velocity profiles were obtained at
frequency 5.3 MHz with HR-US 102 ultrasonic spectrometer. No significant effect of frequency on the
profiles were observed in the analyzed frequency range 2 to 20 MHz [25].
The concentrations of enzyme are given as mass (g) of Novozyme 188 liquid preparation (concentration
of protein 184 mg/mL, density 1.23 g/mL at room temperature) per liter of solution.
Adapted with permission from Reference [25]. Copyright © 2011 Elsevier Inc.

8.1.2. Assessment of Enzyme Deactivation during Long-Time Reactions

Quantitative assessment of deactivation of enzyme during catalyzed processes is an important,
however, often difficult and expensive task [78]. Figure 14 illustrates a direct ultrasonic assessment
of stability of β-galactosidase in Cow & Gate First Infant milk at 20 ◦C during hydrolysis of lactose
catalyzed by this enzyme over 24 h. The small concentration of enzyme utilized in the test was chosen to
provide small (however measurable) change of concentration of the substrate (3% or 13 cm/s increase
in ultrasonic velocity over 24 h), so that the hydrolysis occurred at nearly constant concentration of
the substrate (as shown in the inset of Figure 14) [8]. The reaction was started by injection of a small
(several µL) of diluted solution of enzyme (0.005 UU/g) to the measuring ultrasonic cell of HR-US 102
spectrometer containing 1.2 mL of infant milk, as described by Procedure 1. The concentration profile
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shown in Figure 14 was calculated from the measured ultrasonic velocity by applying Equations (5)
and (7). The mainframe of Figure 14 also shows the reaction profile expected in an absence of enzyme
deactivation (see [8] for details).
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Figure 14. Ultrasonic assessment of deactivation of enzyme β-galactosidase during long time hydrolysis
of lactose in milk.

Main frame. 24 h evolution of concentration of β-galactosidic bonds in Cow & Gate First Infant Milk during
hydrolysis of the bonds by β-galactosidase.

Reaction (R4). β-galactosidase from Kluyveromyces lactis, 0.005 UU/g, at 20 ◦C. The concentration profile
was calculated from the monitored change of ultrasonic velocity using Equation (10) and ∆ar = 0.0147
kg/mol. The black line represents the measured (HR-US 102 spectrometer) profile. The blue line
represents the reaction profile expected in an absence of enzyme deactivation (see [8] for details).

Inset. Total concentration of β-galactosidic bonds present in the reactional mixture during hydrolysis in Cow
& Gate First Infant Milk.

Calculated from the same as in the main frame ultrasonic profile according to Equation (5), where c0

represent the concentration of β-galactosidic bonds of lactose and GOS in milk.
The ultrasonic measurements were collected in the frequency range 2 to 15 MHz. As no significant
effects of frequency on the ultrasonic reaction profiles were observed, only the data at 5 MHz are
presented. Adapted with permission from Reference [8]. Copyright © 2016 American Chemical Society.

According to the figure, at times above 16 h the reaction profile deviates from the one predicted
in an absence of enzyme deactivation, which could be interpreted as a beginning of progressive
enzyme deactivation.

8.2. Titrations in Analysis of Effects of Enzyme Concentration

The effect of concentration of enzyme on its activity is an important factor in the design of enzyme
based formulations. It is commonly assessed by measuring the initial reaction rates in a set of samples
containing enzyme of different concentrations. Figure 15 illustrates an alternative methodology
for the assessment of the effects of concentration of enzyme β-galactosidase on its activity in milk.
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The methodology utilizes titration capabilities of HR-US technique. The measurements were performed
by titrating the infant milk in the ultrasonic cell with concentrated solution of β-galactosidase at 20 ◦C
using pre-programmed precision injections by HR-US 102 titration accessory. Each injection was
followed by a short period of stirring and a period without stirring. The mainframe of the figure
represents ultrasonic velocity profiles (secondary Y axis) during time intervals between the stirring
periods and subsequent injections. The circles on the inset in Figure 15 represent the initial rates
of hydrolysis, r0, calculated from the slopes of linear parts of the dependences at each step of the
titration (see [8] for details). According to the figure, the initial reaction rate, r0, 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 analyzed concentration range.

 

 

 

 

 

 

 

 

Figure 15 

Figure 15. Ultrasonic assessment of effects of enzyme (β-galactosidase) concentration on its activity in
hydrolysis of lactose in milk.

Main frame. Time profiles of ultrasonic velocity in Cow & Gate First Infant Milk after automatic stepwise
additions of β-galactosidase (Kluyveromyces lactis) at 20 ◦C.

The change in the concentration of β-galactosidic bonds (lactose and GOS, Reaction (R4)) hydrolyzed
was calculated from the measured increase in ultrasonic velocity (HR-US102PT spectrometer) according
to Equations (10) and ∆ar = 0.0147 kg/mol.

Inset. The initial rates of hydrolysis.

The circles represent the initial rates of hydrolysis, obtained from the slopes shown in the mainframe
corrected for ‘inhibition’ effects [8]. Triangles represent the initial reaction rates obtained from separately
measured ultrasonic progress curves as those shown in Figure 6B.
The ultrasonic measurements were collected in the frequency range 2 to 15 MHz. As no significant
effects of frequency on the ultrasonic reaction profiles were observed, only the data at 5 MHz are
presented. Adapted with permission from Reference [8]. Copyright © 2016 American Chemical Society.

8.3. Temperature Profiling

Reversible and irreversible effects of temperature on activity of enzymes is one of the key
properties determining the enzymes applicability. They are commonly assessed by measuring the
initial reaction rates in a set of samples at different temperatures. Figure 16 illustrates an alternative
methodology, based on the measurements in a single sample utilizing the programmed temperature
profiling capabilities of HR-US technique for the enzyme β-galactosidase (Reaction (R4)) in milk [8].
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Figure 16. Ultrasonic assessment of reversible and non-reversible effects of temperature on activity of
β-galactosidase in milk.
Effect of temperature on the rate of hydrolysis of β-galactosidic bonds (lactose and GOS, Reaction (R4))
in Cow & Gate First Infant Milk catalyzed by β-galactosidase (concentration 0.042 UU/g), reversible
and irreversible deactivation of enzyme.

Figure 16A. Temperature of the milk in ultrasonic cell in during single sample programmed temperature profiling.

Figure 16B. Ultrasonic velocity profiles at time intervals of constant temperature.

HR-US-102PT ultrasonic spectrometer.

Figure 16C. Irreversible loss of enzyme activity with temperature.

Diamonds: The fractions of deactivated enzyme measured at subsequent (to the indicated temperatures)
20 ◦C time intervals, and presented as % of activity at the precluding 20 ◦C interval. Circles.
The fractions of deactivated enzyme at each elevated temperature, calculated as the average of the
fractions for the precluding and the subsequent 20 ◦C interval.

Figure 16D. Effect of temperature on activity of active enzyme.

Triangles: Calculated from the slopes ultrasonic velocity vs. time (B). Squares: the enzyme activities
obtained from separately measured reaction profiles (Figure 2) [6]. Adapted with permission from
Reference [8]. Copyright © 2016 American Chemical Society.

The measuring and the reference cells of HR-US 102 spectrometer were filled with 1.1 mL of infant
milk. After equilibration at temperature 20 ◦C, 2 µL of β-galactosidase from Kluyveromyces lactis
(aqueous solution, 21.6 UU/g, see figure legend for details) was added to the ultrasonic measuring
cell, using Procedure 1. After the stirring of the sample using a mechanical mini stirrer for 30 s, the
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temperature profile (20 min time intervals at 20–30–20–40–20–50–20 ◦C, Figure 16A) was activated.
The measured ‘ultrasonic velocity vs. time profiles’ (Figure 16B) provided the concentration of
β-galactosidic bonds hydrolyzed, and the reaction rates r0, calculated from the slopes ultrasonic
velocity vs. time using Equations (8) and (10) with correction for inhibition effects (see [8] for details).
The diamonds on Figure 16C illustrate the fraction of non-reversibly deactivated enzyme caused
by heating from 20 ◦C to a particular temperature and subsequent cooling to 20 ◦C measured as a
reduction of r0 at 20 ◦C. The circles represent the fractions of deactivated enzyme at each elevated
temperature, estimated as the average of the fractions for the precluding and the subsequent 20 ◦C
interval. Figure 16D represents the level of activity of active enzyme at each elevated temperature
interval calculated as a ratio of r0 to the concentration of active enzyme expressed with ultrasonic
activity units, UU (see Figure 6 legend for UU definition). The enzyme activities obtained from
separately measured reaction profiles (e.g., Figure 6A) were added to the figure as opened squares.
The highest specific activity was observed at 50 ◦C, which exceeds by approximately 2.5 times the
activity at 30 ◦C. This agrees with previous results in buffers for chromogenic substrate ONPG [79].
Figure 16 shows that an exposure of the reaction mixture to temperature of 40 ◦C and above causes
progressive irreversible deactivation of enzyme, which is particularly fast at 50 ◦C. The ultrasonic
attenuation, measured during the test, has decreased with temperature, however, recovered to the
original values at each 20 ◦C interval, thus, indicating an absence of irreversible effects of temperature
on the milk microstructure during the test. The illustrated results allow optimization of the efficiency
of commercial enzyme formulations for lactose-intolerant infants (see [8] for details).

9. Monitoring of Ultrasonic Attenuation

9.1. Structural Rearrangements and Particle Sizing

Figure 17 represents real-time ultrasonic monitoring of enzymatic removal of the ‘hairy’ layer
of hydrated protein nanoparticles (casein micelles, 120 nm diameter approx.), followed by particle
aggregation and gelation in milk at 30 ◦C [80]. The κ-casein ‘hairy’ layer provides steric stability of the
particle dispersion. Its enzymatic removal leads to particle aggregation and formation of particle gel,
which is utilized in cheese making (renneting process).

The measurements were performed according to Procedure 2 using HR-US 102 ultrasonic
spectrometer in multifrequency regime in which the data measured at several pre-selected frequencies
between 2 and 15 MHz were collected simultaneously. The enzyme (rennet, chymosin) was added to
milk reconstituted from skim milk powder. The volume fraction of micelles, 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’ (over ultrasonic scattering profile, attenuation vs. size, see examples
of the profiles in [30,41,81]) size of the protein particles during the process using the particle sizing
module of HRUS 102 software, which utilized the equations as those discussed in Appendix A.3.
The volume fraction of casein micelles was assumed to be constant. The physical parameters of
the casein micelles and of the continuous medium utilized in these calculations were taken from
data published by Griffin et al. [82]. 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 [80].

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 first 8 min of reaction. The decrease in diameter from the
initial size (120 nm [83]) is approximately 20 nm, which corresponds to the expected size of the particle
‘hairy’ layer [83]. This is followed by the increase of the 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 gel network, as indicated by rheological (rise of shear storage modulus) data [80].
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Figure 17. Ultrasonic real-time monitoring of evolution of size of protein nano particles during
enzymatic ‘haircut’.

Main frame. Ultrasonic attenuation and particle size profile at 14.5 MHz in milk during enzymatic (chymosin)
hydrolysis of the hairy layer of hydrated protein nanoparticles.

Casein micelles, volume fraction 0.1 in milk at 30 ◦C. The average particle size was calculated using
HR-US particle size software module.

Inset. Effect of frequency on ultrasonic attenuation profiles of the hydrolysis.

Measurements with HR-US 102 spectrometer (Ultrasonic Scientific, Dublin, Ireland). Adapted with
permission from Reference [80]. Copyright © Proprietors of Journal of Dairy Research 2005.

9.2. Fast Chemical Kinetics

Figure 7C (inset) represents the attenuation profile of hydrolysis of peptide bonds of
β-lactoglobulin (Reaction (R5)) catalyzed by protease α-chymotrypsin in 0.1 M phosphate buffer
at pH 7.8) measured with HR-US 102 ultrasonic spectrometer using Procedure 1. As described in the
Section 6.3 at pH 7.8 this reaction results in production of protonated, −NH3

+, and deprotonated,
−NH2 terminal amino groups of oligopeptides. The ionization constant, pKa, of these groups is 7.7 [84].
Consequently, these groups can participate in the reaction of proton transfer between them and the
ions of the phosphate buffer: −NH3

+ + HPO4
−2 
 −NH2 + H2PO4

− [85–87]. Ionizable groups of
amino acid side chains with pKa values close to pH 7.8, which are exposed to contact with water
as a result of hydrolysis, can also participate in the proton exchange with the ions of the phosphate
buffer [85–87].

For common experimental conditions the relaxation frequency of the process of proton transfer is
expected to be within low MHz range [85–89]. This agrees with our results presented in Figure 7C
according to which at frequencies below 10 MHz (approximately) the amplitude of velocity rise during
the process depends on the frequency, and a substantial increase of α

f 2 during the reaction is observed.
It is interesting to note that in contrary to the phosphate buffer, Tris, Bis-tris, Tes or Tricine and similar
buffers do not show similar excessive attenuation in solutions of proteins at neutral pH in the low
MHz frequency range [85]. When Equations (A11) and (A12) are considered, the observed frequency
dependence of the rise of velocity and of α

f 2 during the reaction indicates that the relaxation frequency
frel of the proton transfer is at the lower side of the analyzed frequency range (2.7 MHz to 15.5 MHz),
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or below it. At frequencies above 10 MHz (approximately), the frequency dependence of the rise of
ultrasonic velocity and the amplitude of the rise of α

f 2 vanish. At these high (relative to frel) frequencies,
the relaxation process is ‘frozen’ as the period of oscillation of pressure and temperature in ultrasonic
wave is significantly shorter than the relaxation time of the proton transfer. Although quantitative
analysis of the evolution of frequency dependence of ultrasonic velocity and α

f 2 during hydrolysis of
β-lactoglobulin is outside of the scope of this paper, it shall be stated that such analysis provides new
insights into the mechanisms of protein hydrolysis and can be used as a tool for real time monitoring
of this reaction in phosphate buffer as well as real-time measurements of production of terminal amino
groups of oligopeptides during hydrolysis of proteins.

Figure 5B illustrates the attenuation profile during the hydrolysis of maltodextrin. The decrease
in attenuation cannot be explained only by the decrease in classical contribution to attenuation if ‘low’
frequency viscosities, η, of solutions maltodextrins maltodextrins [90–93] are applied to Equation (16).
A relaxation process associated with conformational rearrangements within maltodextrins (see
discussion of ultrasonic attenuation in aqueous solutions of carbohydrates in [94]) could be a reason
for the observed attenuation decrease. Detailed analysis of this phenomenon shall provide additional
capabilities for ultrasonic monitoring and analysis of hydrolysis of oligo and polysaccharides.

10. Conclusions

High-resolution ultrasonic spectroscopy can be successfully employed for real-time,
non-destructive analysis of reactions catalyzed by enzymes and other catalysts in solutions and
complex liquid dispersions. This technique provides precision reaction progress curves (concentration
of reactant/product vs. time) over the whole course of reaction, and also can be utilized for analysis
of structural rearrangements (change of particle size, aggregation) during reactions. It does not
require optical transparency or optical markers and is applicable for reactions in continuous media
and in micro/nano bioreactors (e.g., nanodroplets of microemulsions). The accuracy of commercial
high-resolution ultrasonic spectrometers in measurements of change of ultrasonic velocity (down to
0.2 mm/s [23]) corresponds to µM level of precision in monitoring of the evolution of the concentrations
of reactants and products [5,8,25]. This precision stands for mixtures with low and high concentration
of substrates, which allows efficient assessment of stability of enzymes/catalysts and analysis of ‘low
yielding’ reactions. The high precision can be used for measurements of the detailed ‘reaction rate
vs. concentration’ profiles over the course of reaction, utilized in advanced modelling of reaction
kinetics and inhibition effects. 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 activity in a single sample. As ultrasonic measurements characterize the
properties of the bulk medium, the unwanted effects of surfaces, often associated with reflectance
spectroscopies and electrode techniques, are excluded. Since most of the chemical reactions in liquids
are accompanied by hydration or solvation effects the described methodology should be applicable
to a variety of reactions catalyzed 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. Overall, the capabilities of this technique could
make it a valuable tool in the field of catalysis based technologies.
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Appendix A.

Appendix A.1. Degree of Polymerization and Average Molar Mass

For a mixture of polymers consisting of monomers linked with the same covalent bond the
average degree of polymerization, DP, and the average molar mass, M are defined as:

DP =

k
∑

n=1
cnn

k
∑

n=1
cn

; M =

k
∑

n=1
cn Mn

k
∑

n=1
cn

(A1)

where cn is the concentration (number of moles in 1 kg of mixture) of molecules consisting of n
monomeric units, Mn is their molar mass, and k is the maximum number of monomeric units in the
polymer molecules. For linear polymers, the total concentration (number of moles in 1 kg of mixture)
of bonds, cb(t), between the monomers at time t is given as:

cb(t) =
k

∑
n=1

cn(n− 1) =
k

∑
n=1

cnn−
k

∑
n=1

cn (A2)

The total number of monomer units in all polymer molecules in 1 kg of the mixture, cm, is given as:

cm =
k

∑
n=1

cnn (A3)

The parameter cm is not affected by the breaking of the bonds between monomeric units within
the molecules of polymer and, therefore, is constant over time. Following the above Equation (A2) can
be rearranged as:

k

∑
n=1

cn = cm − cb(t) (A4)

The concentration cb(t) can be presented as:

cb(t) = cb
0 − cbh(t) (A5)

where cb
0 is the concentration of the bonds at time zero (t = 0) and cbh(t) is the concentration of bonds

broken during the time interval between time zero and time t. At t = 0 cbh(t) = 0. Application of
Equations (A3)–(A5) to the first of Equation (A1) results in:

DP =
DP0

1 + cbh(t)DP0−1
cb

0

(A6)

where DP0 is the average degree of polymerization at time zero (t = 0).
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The sum
k
∑

n=1
cn Mn in the second Equation (A1) represents the total mass of the molecules of the

polymer in 1 kg of the mixture, which is the polymer weight fraction in the mixture, wp:

k

∑
n=1

cn Mn = wp (A7)

This and Equations (A1)–(A5) provide the following useful relationship:

DP0 − 1
cb

0 =
M0

wp0 (A8)

where wp
0 and M0 are the polymer weight fraction and the average molar mass at time zero (t = 0).

Derivation of an equivalent to Equation (A6) relationship for average molar mass, M, requires an
appropriate relationship between the weight fraction of polymer, wp, and the concentration of bonds
broken by the reaction, cbh(t). For reactions of hydrolysis, which are accompanied by a consumption of
one mole of water molecule per one mole of bonds hydrolyzed, wp = wp

0 + MH2Ocbh(t), where MH2O
is the molar mass of water. Application of this relationship to Equations (A1)–(A5) and (A7) provides:

M =
M0 −MH2O

1 + cbh(t) M0

wp0

+ MH2O (A9)

For hydrolysis of polymers composed of the monomer units of the same molar mass the following
relationship is correct Mn = (M1−MH2O)n + MH2O, where M1 is the molar mass of the free monomer.
Application of this relationship to Equation (A1) results in:

M = (M1 −MH2O)DP + MH2O

M0
= (M1 −MH2O)DP0

+ MH2O
(A10)

These equations allow easy recalculations of the average degree of polymerization of such
polymers to their average molar mass, which is especially useful for calculations of DP0 or M0.

Appendix A.2. Relaxation Contribution to Ultrasonic Velocity and Attenuation

For a relaxation process described by Reaction (R1) and characterized by the relaxation time τ,
the contribution to attenuation caused by this process in dilute solutions is given by the following
relationship [17,18]:

αrel
f 2 =

πρu
RT

∆VS
2Γ

frel

frel
2

frel
2 + f 2 (A11)

where R is the gas constant, Γ = (
k
∑

i=1

ai
2

cAi
+

l
∑

i=1

bi
2

cBi
)
−1

is the term representing the equilibrium

concentrations of the reactants, cAi , and products, cBi , and the stoichiometric coefficients ai and
bi of Reaction (R1), frel =

1
2πτ is the relaxation frequency of the process, determined by the kinetic

constants of the reaction and the concentrations of the reactants and products, ∆VS is the volume effect
of the reaction at adiabatic conditions given by: ∆VS = ∆VT − e

cP
∆H, where ∆VT is the volume effect

of the reaction (change of volume of the solution as a result of transferring of a1, a2, . . . , ak moles of
reactants A1, A2, . . . , Ak to b1, b2, . . . , bk moles of products B1, B2, . . . , Bk) at constant temperature and
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∆H is the enthalpy of reaction. The contribution of the relaxation process to ultrasonic velocity, urel , at
|urel | � u (e.g., dilute solution) is given as:

urel = −
ρu3

2RT
∆VS

2Γ
frel

2

frel
2 + f 2 = − frelu2

2π

αrel
f 2 (A12)

According to Equations (A11) and (A12) the relaxation contribution αrel
f 2 is positive and the

contribution urel is negative. The dependencies of both contributions on the frequency have an S-shape
profile with plateaus at low ( f � frel) and high ( f � frel) frequencies and half transition point at
f = frel . At measuring frequencies significantly lower than frel the relaxation contribution to the

ultrasonic attenuation is given as αrel
f 2 = πρu

RT
∆VS

2Γ
frel

and to the ultrasonic velocity as urel = −
ρu3

2RT ∆VS
2Γ.

At frequencies close to frel the absolute value of both contributions decreases with frequency and
vanish at frequencies far above frel . At these high frequencies, the relaxation process is ‘frozen’ as
its relaxation time is much longer than the period of oscillations of pressure and temperature in the
ultrasonic wave.

Appendix A.3. Ultrasonic Particle Sizing

Heterogeneous dispersions produce ‘scattering’ contribution to ultrasonic velocity and
attenuation, which is a function of the particle’s size and the volume fraction [95–98]. Generally,
analysis of the scattering from particles requires numerical solutions. Nevertheless, in the long
wavelength regime, (i.e., when the wavelength of ultrasound is much longer than the particle
radius), explicit expressions for the ultrasonic scattering in dispersions could be utilized [99].
The basic mechanism of the interaction of ultrasonic wave with particles in dispersions in this regime
can be illustrated with two major scattering contributions, thermoelastic and viscoinertial [22,99].
These contributions result from the ‘scattering’ of the incident ultrasonic waves into the thermal and
viscous waves on the border between the particle and the continuous medium. The thermoelastic
and viscoinertial mechanisms normally dominate the scattering contribution to ultrasonic attenuation
in dispersions of micron and submicron size range and for the operational frequency range of
high-resolution ultrasonic spectrometers (1 to 20 MHz). For the long wavelength regime, the
approximation formulas describing the ultrasonic velocity and attenuation in dispersions of spherical
particles can be presented as [100,101]:

K2 = k1
2
(

1− 3φiB0

k1
3r3

)(
1− 9φiB1

k1
3r3

)
(A13)

where:
K = ω

u + iα is a complex propagation constant of the dispersion,
u is the ultrasonic velocity and α is the ultrasonic attenuation coefficient in the dispersion,
φ is the volume fraction of the dispersed phase,

i =
√
−1,

r is the particle radius,
ω = 2π f is the angular frequency, f is the ultrasonic frequency,
k1 = ω

u1
+ iα1 is the complex propagation constant of the continuous phase,

u1 is the ultrasonic velocity and α1 is the attenuation in the continuous phase,

B0 = ik1
3r3

3

(
ρ1k2

2

ρ2k1
2 − 1

)
− ik1

3r3ξH
z1

2

(
1− β2ρ1cp1

β1ρ2cp2

)2
,

B1 =
−ik3

1r3

9

(
(ρ1−ρ2)(1+Tν+is)
(ρ2+ρ1Tν+iρ1s)

)
,

1
H = 1

(1−iz1)
− κ1

κ2

tan(z2)
tan(z2)−z2

,

s = 9δ
4r

(
1 + δ

r

)
,
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Tν = 1
2 + 9δ

4r ,

z1 = (1 + i) r
δ1

, z2 = (1 + i) r
δ2

,

ξ = Tβ1
2u1

2

cp1
,

δ =
√

2η1
ωρ1

, δ1 =
√

2κ1
ωcp1ρ1

, δ2 =
√

2κ2
ωcp2ρ2

,

k2 = ω
u2

+ iα2 is the complex propagation constant of the dispersed phase,
u2 is the ultrasonic velocity and α2 is the attenuation coefficient in the dispersed phase,
η1 is the viscosity of the continuous phase,
β1 = ρ1e1, β2 = ρ2e2 are the coefficients of volume expansion for the continuous phase and the

dispersed phase,
cp1, cp2 are the specific heat capacities of the continuous and dispersed phase at constant pressure,
ρ1, ρ2 are the densities of the continuous and dispersed phases,
κ1, κ2 are thermal conductivities of the continuous and dispersed phases,
T is temperature in K.

Appendix A.4. Materials and Instruments Utilized in Previously Unpublished Illustrations

All aqueous solutions were prepared by weight using purified water (Milli-Q gradient ultrapure
purification system, conductivity 0.056 µS/cm, resistivity 18 MΩ cm, TOC max. value 100 µg/L).
Phosphate buffers were prepared from dibasic (anhydrous BioUltra cat. 60353) and monobasic
(anhydrous BioUltra cat. 60218) potassium phosphate.

Ultrasonic measurements were performed with HR-US 102 range spectrometers and their
accessories from Sonas Technologies Ltd. (Dublin, Ireland).

Figures 3 and 7.
β-lactoglobulin from bovine milk from Sigma-Aldrich Co. (St. Louis, MO, USA), cat. L3908,

lyophilized powder. α-chymotrypsin from bovine pancreas, Sigma-Aldrich Co, cat. C3142, Type VII,
lyophilized powder, with a declared activity of ≥64 U/mg protein. 2,4,6-Trinitrobenzenesulfonic acid
(TNBS) from Sigma-Aldrich Co., cat. P2297.

Figures 3 and 8.
ADP, adenosine 5′-diphosphate sodium salt, from Sigma-Aldrich Co., cat. A2754. Phosphocreatine

disodium salt hydrate from Sigma-Aldrich Co., cat. P7936. Creatine phosphokinase from rabbit muscle,
Sigma-Aldrich Co., cat. C3755, type I, lyophilized powder, with a declared activity of ≥150 U/mg
protein. Gly-gly (diglycine) from Sigma-Aldrich Co., cat. G1002, BSA from Sigma-Aldrich Co., cat.
B4287. Magnesium acetate Sigma-Aldrich Co., cat. 22864-8.

Figures 5 and 11.
Maltodextrin from Sigma-Aldrich Co., cat. 419680, 14.5 dextrose equivalents (corresponds to

average degree of polymerization 7.55). α-amylase from Bacillus sp., Sigma-Aldrich Co., cat. A6380,
Type II-A, lyophilized powder, with a declared activity of 2680 U/mg protein, concentration 0.016 g/L.
BCA assay: Bicinchoninic acid (4,4′-dicarboxy-2,2′-biquinoline) from Sigma-Aldrich Co., cat. 391778;
Na2CO3 anhydrous powder from Sigma-Aldrich Co., cat. 451614; aspartic acid from Sigma-Aldrich
Co., cat. A93100; CuSO4 anhydrous powder from Sigma-Aldrich Co. cat. 451657.
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