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Abstract
The use of low intensity ultrasound has gotten surprising consideration over the last decade as a method for enhancing the
catalytic activity of enzyme. Ultrasounds have the potential to significantly influence the activity of the enzymatic processes,
provided that the energy input is not so high as to inactivate the enzyme. By providing the variation in parameters, various
physical and chemical effects can be attained that can enhance the enzymatic reaction. Ultrasonic reactors are known for their
application in bioprocesses. However, the potential of their applications is still limited broadly due to the lack of proper
information about their operational and performance parameters. In this review, the detailed information about ultrasonic reactors
is provided by defining the different types of reactors and number and position of ultrasonic transducers. Also, it includes
mechanism of intensification and influence of ultrasonic parameters (intensity, duty cycle, and frequency) and enzymatic factors
(enzyme concentration, temperature, and pH) on the catalytic activity of enzyme during ultrasound treatment.
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Introduction

The rapid growth in biotechnology is continually attracting
new strategies and solutions for further advancement of
bioprocess performances. Ultrasound has gotten surprising
consideration over the last decade as a rapid method for en-
hancing the efficiency of bioprocesses (Nadar and Rathod
2017). Ultrasonication is a branch of acoustics that can be
applied to solids, liquids, and gases at frequencies above the
human hearing range. Ultrasound is defined as a sound wave
having a frequency that exceeds the human ear’s hearing limit
(20 kHz). In a somewhat arbitrary fashion, ultrasound is con-
sidered existing in one of two broad regimes termed (i) low
intensity ultrasound and (ii) high intensity ultrasound (Saito
et al. 2004). Low intensity ultrasound uses a low power den-
sity (< 0.1Wcm−2) and a high frequency (0.1 to 100MHz),
whereas high intensity ultrasound uses a high-power density

(> 1 Wcm−2) and lower frequencies (<0.1MHz) (Rokhina
et al. 2009).

Ultrasound waves consist of a cyclic succession of expan-
sion (rarefaction) and compression phases imparted by me-
chanical vibration (Tole and Ostensen 2005). Compression
cycles exert a positive pressure and push the liquid molecules
together, while expansion cycles exert a negative pressure and
pull the molecules apart. This causes cavitation and bubble
collapse process (Vernès et al. 2020). In the presence of the
small solid surfaces (composite reactions), the collapse of
bubbles near the solid surface leads to formation of microjets
which improve the mass transfer and speed up the transport
process. In the time interval of cavitation and bubble collapse,
the temperature and pressure inside the bubble reach greater
than 5000 K and 1000 atm (Bhangu and Ashokkumar 2017).
As an effector of such local variation, ultrasounds have the
potential to influence the activity of the enzymatic reactions, if
the energy input is not so high as to inactivate the enzyme
(Rojas et al. 2016). Ultrasounds (US) having frequencies rang-
ing from 20 kHz to 5 MHz are a type of mechanical energy
which do not shows ionizing radiation properties (Vartolomei
et al. 2019). In earlier research, ultrasound having a frequency
above 30 kHz was used as a method of enzyme inactivation in
order to prevent the nutritive value of fruits and vegetables
from undesirable effects (browning and off flavor), but
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recently, it has been found that activity of enzyme can be
enhanced under milder condition of ultrasound irradiation.
Enzymes are very sensitive to ultrasound treatment. An en-
zyme’s catalytic activity is affected due to the continuous
generation of waves and cavitation bubbles that leads to alter-
ation in the loop and domain regions of enzyme (Nadar and
Rathod 2017).

An ultrasonic (US) reactor is a system used for the produc-
tion of ultrasound. Different types of US reactor are employed
for various applications dependent upon their special features.
The occurrence of cavitation and acoustic streaming are the
most important features of ultrasonic reactor design (Fang
et al. 2018; Kumar et al. 2007a, 2007b). Acoustic streaming
causes physical effects and also enhances chemical processing
limited by mass transfer. Sonochemical reactors are applied in
various chemical and physical processes such as biotechnolo-
gy, chemical synthesis, wastewater treatment, polymers deg-
radation, waste water treatment, extraction, emulsification,
crystallization, petrochemical industries, and leaching
(Asgharzadehahmadi et al. 2016; Sutkar and Gogate 2009).
These reactors are very sensitive and unresistant to operational
parameters. The proper knowledge and understanding of
physical and chemical phenomena is required to control the
operational parameters (Asgharzadehahmadi et al. 2016).

Over the past years, there have been relativelymany review
papers discussing the application of ultrasound in areas of
chemical engineering, textile engineering, and medicine
(Zhang 2017; Carovac et al. 2011). However, to date there
have been relatively few review articles considering the use
of ultrasound in bioprocess and biotechnology. An early
review, that considered the manner in which ultrasound
affects biotechnological process, was published by Sinisterra
(1992) under the title “Application of ultrasound to biotech-
nology.” However, due to the unavailability of suitable pub-
lished material at that time, the author of that work presented a
number of unpublished examples of his own research
(Sinisterra 1992). In 2003, Chisti reviewed published studies
of reactions catalyzed by live cells using ultrasound, concen-
trating totally in that work on the enhancement effect of ultra-
sonic waves on live biological system and the design require-
ments for ultrasonic reactors (Chisti 2003). Rokhina et al.
reviewed the use of low frequency ultrasound in biotechnolo-
gy and focused mainly in areas where sonochemistry can be
profitably connected with biotechnology (Rokhina et al.
2009). Recently, a mini review of the ultrasound-assisted in-
tensification of enzyme activity has been published (Nadar
and Rathod 2017). In that work, the authors presented an
overview of the influence of ultrasonic parameters on enzyme
activity along with preparation techniques for immobilization
of ultrasound-irradiated enzyme(s) (Nadar and Rathod 2017).

The aim of the present review article is to provide a suitably
deep yet widely accessible analysis of factors and develop-
ments associated with the exposure of enzymatic reactions to

ultrasound. Also, we will briefly discuss the mechanism of
enhancement of enzymatic activity and also provide in-depth
knowledge about ultrasonic reactors and their types. Finally,
ultrasonic and other factors that affect the enzyme activity will
be discussed. This review will attempt to discuss all aspects
and provide all the aspects related to enhancement of the ac-
tivity of different enzymes within a single US generating plat-
form. The information presented in this reviewwill potentially
be useful to those wishing to use US in bioprocess technolo-
gies, such as food processing, enzymatic conversions, chem-
ical synthesis using enzyme, and for research scholars inter-
ested in fundamental studies of enzyme regulation using
ultrasound.

Mechanism of enhancement of enzymatic
activity using ultrasound

Introduction of ultrasound in liquid medium results in the
cyclical generation of bubbles followed by their collapse.
This process is termed as acoustic cavitation (Ashokkumar
2011). The process of cavitation is represented in Fig. 1. The
collapse of bubbles leads to formation of microjets which
improve the mass transfer and speed up the transport of solu-
tion reaction components (including the enzyme) both
throughout solution and, also crucially, towards the solid or
liquid interface (Yachmenev et al. 2002). Ultrasound energy
can also change the secondary and tertiary structures of en-
zymemolecules in such a way as to affect the enzyme activity.
A study conducted on β-D-glucosidase showed an increase in
α-helix content and a decrease in parallel and antiparallel β-
sheet of β-D-glucosidase upon the application of ultrasound
with significant activation of enzyme activity (Sun et al.
2019). One additional feature that is often overlooked is that
cavitation creates a hydrodynamic shear force in the liquid
medium due to the quick breakdown of microbubbles, which
helps in the deterioration of large materials into small parti-
cles, in this manner fundamentally expanding the surface zone
for enzymatic attack (Dijkink and Ohl 2008; Badve et al.
2015).

In principle, sonication can result in the formation of free
radicals (involving hydrogen and hydroxyl group) due to the
sonolysis of water with subsequent reaction and rearrange-
ment to create super-oxides and hydrogen peroxide also tak-
ing place (Riesz and Kondo 1992; Riesz et al. 1985). These
free radicals can interact with the amino acid residues of en-
zymes thereby damaging their chemical structure and decreas-
ing the activity of the enzyme (Salvi et al. 2001; Dean et al.
1991). However, the probability of enzyme molecules
interacting with these free radicals is small due to the typically
low concentration of both the generated radical species and
the enzyme itself. Ultrasonic shockwaves produced due to
sudden collapse of microbubbles can also stabilize the enzyme
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by preventing the agglomeration of the enzyme to a precipi-
tated form (Subhedar and Gogate 2013).

Ultrasonic reactors for enhancement
of enzymatic reaction

An ultrasonic reactor is a system that has the capability to
transform electrical energy into ultrasonic vibrations. A reactor
consists of a generator, a transducer, and an application system
(Khaire and Gogate 2021; Savin et al. 2007). The generator is
the source of energy, and the transducer converts the energy
produced by generator into mechanical energy in the form of
vibrations (Cárcel et al. 2012). Magneto-strictive and piezo-
electric transducers are the most common type of transducers
used in ultrasonic reactors. Magneto-strictive transducers are
made from high strength metallic alloys, and they are very
stable, consistent, and resistant to degradation. However, pie-
zoelectric transducers are most commonly used, because of
their high energy transfer efficiency as compared to magneto-
strictive transducers (Subhedar and Gogate 2013). Reactor ef-
ficiency can be enhanced by choosing an appropriate type of
transducer and having sufficient knowledge about the number
of transducers and their position in the reactor. Use of multiple
transducers in the reactor helps to create a uniform distribution.
Multiple transducers provide better control of hydrodynamic
conditions, and they allow mixing and also yield the ability to
use multiple frequencies. The use of ultrasonic waves always
heats the solution and reactor during use. Therefore, cooling
and temperature regulation of the system should also be care-
fully planned (Gogate and Patil 2017).

Types of ultrasonic reactors Ultrasonic horns and ultrasonic
baths are the most common type of ultrasonic reactor used for
enhancement of enzymatic activity at laboratory scale. In the
ultrasonic horn reactor, the transmitting element which sub-
merges in the liquid medium consists of a horn linked to the
transducer. Ultrasonic horn is an immersion type of reactor in
which the ultrasonic waves are directly transmitted into the
medium via the vibrating horn (Chemat and Khan 2011).
Cavitation effects are very high close to the vibrating horn
and decrease exponentially on moving away from the vibrating
surface. The efficiency of horn type reactors is very low for
large-scale operations as compared to reactors based on multi-
ple transducers (Sabnis et al. 2020) Additionally, erosion of the
horn tip can occur as a result of the high power applied to the
horn, and particle peeling can increase the chance of stress
induced fatigue failure (Gogate and Kabadi 2009). However,
certain modifications can be made in the shape and position of
the horn to increase the sonochemical yield. Barbell-shaped
horns, donut-shaped ultrasonic horns, concentrator horns, and
telsonic horns are some of the modified horn examples (He
et al., 2015). However, for fundamental physical reasons, these
horn designs are not powerful enough for scale up purposes
because they lack the capacity for transmission of significant
energy into large tank volumes (Subhedar and Gogate 2013).
Horns can also be used longitudinally in the vessel for different
applications. Longitudinal horns usually have higher surface
area of irradiation in the medium, and the magnitude of energy
efficiency in this type of ultrasonic is higher than the conven-
tional one. Moreover, the broad irradiation area of longitudinal
ultrasonic horns leads to uniform distribution of cavitational
activity in the whole reactor volume, a situation which can be

Fig. 1 Cavitation bubble
formation. A Rarefaction. B
Compression (Islam et al. 2014)
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more beneficial in pilot scale, in comparison with simple ultra-
sonic horns (Gogate and Patil 2017).

Ultrasonic baths are also commonly used ultrasonic reactors in
which transducers are attached at the bottom of the reactor and
ultrasound irradiations are transmitted into the system indirectly
through the base and/or walls of the bath (Dong et al. 2020). The
cavitational intensity of ultrasonic baths is less as compared to
ultrasonic horns because they are indirect irradiation-based ultra-
sonic reactors. They are generally applied where specific ultra-
sonic intensity is not required. The maximum operating capacity
of the ultrasonic bath is about 3 l, but baths with higher capacity
(up to 1000 l) are also possible with some modification in terms
of larger number of transducers in different configurations.
Although ultrasonic bath-type reactors are suitable for
laboratory-scale to large-scale operations, there is a limit to the
number of transducers that can be attached to the system for a
large-scale operation (Asgharzadehahmadi et al. 2016). The de-
sign of dual frequency and triple-frequency flow-cell-type reac-
tors are based on the use of multiple transducers, and they can be
very effective in continuous operations (Kumar et al. 2007a,
2007b). These reactors produce a beat frequency inside a cham-
ber that continually oscillates through the fluid in the chamber
thereby ensuring constant processing. There are two sets of
magneto-strictive transducers (i.e., three in each side) attached
on the two opposite walls in a dual frequency flow cell. In the
case of a triple frequency flow cell, there are three transducers
attached in each set per side such that they have equal power
dissipation on each side. The use of multiple transducers is help-
ful in concentrating the ultrasonic waves towards the central zone
of vessel (Asgharzadehahmadi et al. 2016; Gogate and Kabadi
2009) (Table 1).

Factors affecting enzymatic reactions

Ultrasonic frequency The frequency of an ultrasound is an
important factor for enzymatic reactions. The ultrasound

frequency has a direct influence on the cavitation bubble col-
lapse. Ultrasonic irradiation of enzyme at an optimum fre-
quency can cause conformational changes in the enzyme’s
protein structure leading to changes in its activity. Research
was conducted on the effect of ultrasound frequency on cel-
lulase activity, which shows the increase in cellulase activity
due to low frequency ultrasound with short duration of time
(de Carvalho Silvello et al. 2020). The researchers observed
incremental increases in the catalytic activity of immobilized
cellulose by 6.6, 14.8, 17.8, and 10.4% at frequencies of 18,
20, 24, and 26 kHz, respectively. This increase in catalytic
activity was suggested to be due to the US energy’s ability
to increase the surface area of substrate in contact with the
immobilized enzyme molecules. However, a very slight de-
crease was observed in catalytic activity at 29 kHz which was
suggested to be due to the rapid collapse of cavitation bubbles
at these higher frequencies, leading to formation of excess
heat (Wang et al. 2012a, 2012b). In other research, the effect
of ultrasound frequency on alkaline protease catalytic activity
was analyzed by exposing enzyme to three different frequen-
cies 40, 80, and 100 kHz. The yields under ultrasound were
better than that of shaking and at 80 kHz, and the highest yield
was found. Thus, ultrasound irradiation using an optimum
frequency facilitates improved results (Xiao et al. 2011).

Ultrasonic power or intensityUltrasonic intensity is an impor-
tant factor which plays a major role in enhancing or inhibiting
the effects of ultrasound on enzyme activity. Sun et al. (2019)
conducted an experiment on the effect of ultrasonic intensity
on β-d-glucosidase catalytic activity and found that the activ-
ity was increased with increasing ultrasonic intensity up to
181.5 W/cm2. However, in that study the authors found that
the enzyme activity started decreasing after 181.5 W/cm2.
These results indicated that use of low intensity ultrasound
may create cavitation and mechanical oscillation which leads
to conformational changes in enzyme and increase its contact
with the substrate. Under the condition of high intensity ultra-
sound, inhibition of enzyme activity occurred. The reasons for
this decrease were suggested to either due to the mechanical
denaturation of the enzyme byUS or its chemical denaturation
due to interaction with free radicals in solution (Sun et al.
2019). In another study, the effect of ultrasound intensity on
cellulase activity was explored by irradiating an enzyme to
various intensities with maximum activity observed at
17.3W/cm2. The explanation for this was that low intensity
ultrasound broke the weak chemical interactions (such as hy-
drogen bonds or Van der Waals forces) which allowed more
rapid conformational alteration within the active site of en-
zyme (Subhedar and Gogate 2014).

Duty cycle The duty cycle (DC) is another important parame-
ter in ultrasound that can affect the enzyme activity, when we
talk about pulsed or discontinuous ultrasound, DC is one of

Table 1. Comparison of cavitational yield in ultrasonic reactors
(Gogate and Kabadi 2009)

Type of reactor Cavitational yield (mol/W)

Ultrasonic horn 0.0005

Ultrasonic bath 0.01

Dual frequency flow cell 0.011

Triple frequency flow cell 0.018

Longitudinal horn reactor 0.077

Cavitation yield measurements can be determined as the amount of iodine
liberated when potassium iodide solutions are subjected to ultrasound
(Weissler’s reaction (Weissler et al., 1950)). The general unit for
cavitational yield is μmol/(W/mL) where W is the power supplied in
Watts.
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the things that we talk about with respect to pulsing the sound.
A DC is on time to total time (Meunier et al. 2007). The use of
a duty cycle (a discontinuous regular application) is more
economical than designs based on continuous energy applica-
tion. It keeps the temperature of the reaction sample at opti-
mum levels and protects the enzyme from denaturation. It also
helps to control the ultrasonic exposure of the enzyme and
further leads to a reduction in energy consumption (Fretias
et al., 2019). A study was conducted on β-d-glucosidase for
evaluation of the effect of a duty cycle on its catalytic activity.
The results indicated that the activity was enhanced when the
duty cycle application fraction was between 33.33 and 40% of
the total time. However, a slight decrease in yield was found
when duty cycle ranged from 40 to 100%. The reason for the
decrease in yield at higher duty cycle was due to extensive
cavitation which affected the active conformation of the en-
zyme (Omar et al. 2017; Freitas et al., 2019). A lower duty
cycle seems to be a better choice for the activation of an
enzyme (Sun et al., 2019). In another study on lipase, the
trialing of different duty cycles showed amaximum in enzyme
activity at a DC of 66.67%. The exact reason for the observed
maximum activity at a DC of 66.67% is unknown (Jadhav &
Gogate, 2014).

Concentration of enzyme Concentration of enzyme plays a
critical role in analyzing the effects of ultrasound irradiation.
At very low enzyme concentrations, the probability of enzyme
molecules effectively interacting with micro streams generat-
ed due to acoustic cavitation is quite small (Liu et al., 2008;
Nadar & Rathod, 2017). Conversely, above the optimum con-
centration, excessive enzyme molecules impede the energy-
transfer process, thereby decreasing the available energy for
cavitational phenomenon (Save et al., 1994). Excess enzyme
molecules also increase the probability of forming aggregates
of enzymes due to cavitation, which results in a lower degree
of enhancement. Enzyme kinetics can also be affected by high
enzyme concentrations with a relative decrease in the specific
rate of reaction due to competition for substrate by enzyme
molecules at high concentration of enzyme (Jadhav &Gogate,
2014).

pH and temperature pH and temperature both play important
roles in determining the effects of ultrasound irradiation-based
enhancement of enzyme activity (Sun et al., 2019; Huang
et al., 2017). Extremes of pH and temperature can lead to
partial or complete inhibition of enzyme catalytic activity.
Wei-ming Wang et al. (2012) investigated the effect of pH
on the ultrasound enhancement of amylase activity applied
for the enzymatic treatment of cotton fabric (Pan et al.,
2001; Zhang et al., 2016). The authors found that treatment
efficiency was significantly increased when pH values were
increased to 6. However, antagonistic effects have been found
for the catalytic activity of amylase at pH values above 6

(Wang et al., 2012). Souza et al. studied the effects of temper-
ature on the activity of alpha amylase on ultrasound treatment
(Souza et al., 2013a, b; Leaes et al., 2013). They observed
three times increase in catalytic activity of alpha amylase
when the temperature was increased by 40%with concomitant
application of ultrasonic irradiation. The results indicated that
the cavitation is higher at lower temperature and optimum
temperature range is required to break strong interaction such
as hydrogen bonding, dipole attractions, and Van der Waal
forces existing between the substrate and active sites on the
enzyme (Souza et al., 2013a, b).

Conclusion

In summary, low intensity ultrasound can be used as a tool for
enhancement of enzymatic activity. It is a very effective tool
for activation of enzymes by changing the structural confor-
mation of the active site and can also be effective in improving
the stability of enzymes, maximizing solution transportation,
and preventing unwanted protein aggregation. Cavitation phe-
nomenon (produced from ultrasound) can be utilized to attain
higher reaction rates. Choosing an appropriate reactor is a
critical task for specific enzymatic enhancement reactions.
An ultrasonic reactor appears to be very effective for enzymat-
ic intensification reactions. It is economically beneficial due to
their special features such as acoustic cavitation and acoustic
streaming. Parameters such as ultrasonic frequency, ultrasonic
intensity, duty cycle, temperature, pH, and treatment time de-
termine the activation or inhibition of enzyme. Controlling
these parameters and maintaining uniform distribution of
cavitational activity within the reactor is one of the important
challenges to be faced in optimization and scaling-up of ultra-
sonic reactors. There is lack of proper information about the
optimal enzyme working environment. Therefore, it is neces-
sary to collect complete information on ultrasonic effects un-
der various experimental conditions. This will be helpful in
developing mathematical models for easy (easier) prediction
of changes in the efficiency of the process.
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