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ARTICLE INFO ABSTRACT

Keywords: Alternative methods for improving traditional food processing have increased in the last decades. Additionally,

Dairy the development of novel dairy products is gaining importance due to an increased consumer demand for

gltfﬁso‘}nd palatable, healthy, and minimally processed products. Ultrasonic processing or sonication is a promising alter-

Nropf}rltles | native technology in the food industry as it has potential to improve the technological and functional properties
on-therma. . . . . . . .

Processing of milk and dairy products. This review presents a detailed summary of the latest research on the impact of high-

intensity ultrasound techniques in dairy processing. It explores the ways in which ultrasound has been employed
to enhance milk properties and processes of interest to the dairy industry, such as homogenization, emulsifi-
cation, yogurt and fermented beverages production, and food safety. Special emphasis has been given to ul-
trasonic effects on milk components; fermentation and spoilage by microorganisms; and the technological,
functional, and sensory properties of dairy foods. Several current and potential applications of ultrasound as a

Emerging technologies

processing technique in milk applications are also discussed in this review.

1. Introduction

Emerging food processing technologies are focussed on the produc-
tion of palatable, healthy, safe, nutritious and minimally-processed
foods. The search for such alternative processes has driven attention
to emerging food technologies such as non-thermal technologies, to
avoid altering the flavour or nutritional content of foods during pro-
duction. High-intensity ultrasound (HIU) is a promising emerging
technology, especially designed for economy, simplicity, and energy-
efficiency. HIU has attracted considerable interest in food science and
technology due to its wide range of applications, either in processing or
evaluation of products [1,2]. HIU offers a great potential to control,
improve, and accelerate processes without damaging the quality of food
and other products. Hence, HIU applications in the food industry
including the dairy industry continue to be subject of research.

Ultrasound (US) is defined as sound waves of high frequency, above
the threshold of human hearing (~20 kHz), ultrasound application can
be divided in high intensity - low frequency (I = 10-1000 W/cm? and F
= 20-100 kHz) and low intensity - high frequency (I < 1 W/cm? and F >

* Corresponding authors.

1 MHz) [3]. Ultrasound generates alternating high- and low-pressures,
causing compression and expansion (rarefaction) cycles in the me-
dium. Rarefaction leads to the formation of cavitation bubbles, which
are tiny vacuum bubbles that occur when the negative pressure exerts.
The vacuum bubbles grow over several compression/rarefaction cycles
until they cannot absorb more energy and the cavitation bubble un-
dergoes an implosive collapse releasing energy (Fig. 1). This process of
bubble generation, growth and implosion is regarded as acoustic cavi-
tation or implosion [4]. Cavitation bubbles generate extreme conditions
of temperatures (5000 K) and pressures (500 atm) which can generate
very high shear forces [5]. The violent collapse of a cavitation bubble
gives rise to physical and chemical effects in the liquid such as micro-
streaming, agitation, turbulence, microjetting, shock waves, generation
of radicals, sonoluminescence etc. [6]. Chemical reactions taking place
within these environments are the formation of highly reactive radical
species [7-10]. When an argon-saturated water is sonicated, formation
of H and OH radicals takes place as H radicals are reducing in nature,
whereas OH radicals are oxidizing in nature. At present, it is known that
the radical yield increases with an increase in frequency, it reaches a
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maximum value and decreases with further increase in the frequency.
The highest sonochemical yield is obtained between 200 and 800 kHz
[11]. In general, the release energy to the medium, causes structural
damage in a nano- micro- or macro-scale [12].

The ultrasound-induced chemical and physical effects provoke
changes in milk constituents that lead to significant effects in milk and
dairy product properties. These effects are the main topic of this review.
Ultrasound has been used in food and dairy processing, in applications
such as, the enhancement of whey ultrafiltration, extraction of func-
tional foods, reduction of product viscosity, homogenization of milk fat
globules, crystallization of ice and lactose and for cutting of cheese-
blocks [13]. In recent years, the research of HIU applied on dairy or
dairy by-products has been aimed at reducing processing time or
enhance the physicochemical quality of different foods. A large number
of studies have been published since 2018. Most of them with very
consistent results on the benefits of HIU for the quality parameters of
fresh milk, cheese, butter, ice cream, fermented milk products, whey
protein preparations, and other beverages.

However, application of ultrasound on the processing of foods have
evidenced negative impact of heat on thermo-labile compounds such as,
vitamins, and pigments [14]. But the application of ultrasound in bev-
erages has also showed healthy benefits such as increase of levels of
antioxidants and bioactive compounds [15]. The effect of HIU applica-
tion in dairy systems has taken an important place in food science and
technology. Its effects on microorganisms have been extensively inves-
tigated as a method for preservation [16,17] due to its role improving
safety and delaying food spoilage [18]. As well as in the inactivation of
milk enzymes [19]. One of the most relevant uses of ultrasound is in
fermentation processes [20] and in the production of functional fer-
mented beverages, with considerable improvement in sensory proper-
ties [21]. The purpose of this review is to provide an overview of the
latest research on the application of HIU in the processing and preser-
vation of milk and dairy products and to highlight the technological
improvements that could be obtained through its application. Particular
attention is given to the effects on physicochemical, functional and
sensory properties of dairy systems.

2. Physicochemical properties

The ultrasonication processing conditions in foods are highly dis-
similar among studies. Variations on intensity, time, pulsations and
probes are still wide and heterogeneous. However, promising results in
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physicochemical properties are found in all these studies for potential
application in the dairy industry. Those benefits are discussed in this
section and the summary of the results are listed in Table 1.
Physicochemical parameters in dairy products are highly important
for quality acceptance. Consumer preference is based on physicochem-
ical quality characteristics, such as colour and texture. Furthermore,
processors directly depend on these parameters to guarantee a longer
shelf life of the product, proper technological characteristics for further
processing, or nutritional benefits for the consumers [23]. Parameters
such as pH, fat globule characteristics, oxidative stability or change of
the composition are of importance for dairy processors. Hence, to
improve those parameters have been always a common aim among re-
searchers and processors. HIU has the potential and already provided
positive effects on the physicochemical parameters. Nevertheless,
comparisons and combinations with other techniques (i.e. micro-
fluidisation or pasteurization), or application on new products, are
gaps of knowledge that has been partially researched in the last years.
HIU application in milk and other milk-based beverages, have shown
some advantages on quality physicochemical parameters. Lately, buffalo
milk [24], sheep milk [18], and supplemented milk [25-27], in addition
to bovine milk [28-30] have been evaluated after the application of
HIU. In general, positive effects of HIU have been confirmed, mainly on
size of fat globule or fat crystal size, fat droplets and other milk particles,
and altered the curd matrix [24,26,30,31]. The alteration on the size of
milk components resulted in physical benefits for the food, for instance;
gel strength increase, gel hardness, gel formation acceleration, specific
surface area increase, curd firmness reduction, and small particle size
distribution of fat [24,26,28,30,31]. More details on milk components,
structural, and functional properties will be given in the next sections.
Particle fat size reduction by ultrasonication depends on the ultra-
sound power applied [32]. For dairy, reduction of droplet size is
important in processes such as emulsification. This reduction of size is
the first step in the process [33]. First, acoustic vibration lead to a
dispersion of fat droplets into the aqueous fraction of the milk through
turbulence. Later, cavitation promotes the breakup of fat droplets [34].
Ultrasonication has the capacity to disintegrate the milk fat globule
membrane, leading to a reduction of fat globules, smaller than 1 pm, and
a modification to a granular surface of the fat globule, due to casein
micelles interacting with the disrupted membrane [35]. The mechanism
has been proposed in a non-dairy matrix by Kaci et al. [36]. They pro-
pose that ultrasonication causes a splitting of big existing droplets to the
aqueous phase. There, those droplets are reduced in size by cavitation, a
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Fig. 1. Ultrasonic cavitation (Modified from Soria and Villamiel [22]).
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Table 1

Recent research (2018-to date) about ultrasound effect in physicochemical

properties of milk and dairy products.

Sample Experimental Effect of ultrasound Reference

parameters

Milk and milk-based beverages

Raw sheep milk Ultrasonic probe.VC HIU did not affected [18]

Vibra Cell Ultrasound, proximate composition,
model VC 130 (Sonics free amino acids, or
Inc., USA), 20 kHz. amino acid profile.
Maximum power = 78

W (for 6 or 8 min) or

104 W (for 4 or 6 min).

Pulse duration of 4 s.

Anhydrous milk A 110 mL flow cell HIU had no effect on [26]
fat and milk system (sonolab SL10 melting behaviour, but
fat/rapeseed ultrasonic, Syrris Ltd, it reduced the fat
oil blends UK). 20 kHz, 40 W at crystal size. No effect

28 °C. Recycling mode  on hardness evaluated
with a flow rate of 200 by needle penetration.
mL/min’ and a total
volume of 500 mL
samples collected at 0,
2.5,5, 7, and 10 min of
ultrasonication.
Pasteurized full An 800 mL milk flow HIU accelerates the [25]

fat milk. cell system (200 mL/
min) was used for the
study (Sonolab SL10
ultrasonic, Syrris Ltd,
United Kingdom) 20
kHz, 10, 30 and 50 W
at 27, 50, 30 min and
70 °C. Energy in the
flow = 91, 273 and
454 W/L, respectively.

Raw bovine DRC-8-DPP-FGS,
milk Advanced Sonic

Processing Systems,
USA). Continuous
ultrasonication (16
and 20 kHz, nominal
1200 W. 100 W/cm®
and delivered 1.36
kW/pass 14 to 18 min.

Pasteurized Ultrasonicator
fresh bovine VCX500, Sonicsa,
milk Newtown, USA). 20

kHz frequency for 3
min with 100% power
(500 W.

Bovine milk Ultrasonic processor
(Sonics & Materials,
Inc, VCX 1500 HV,
USA), 20 kHz. 1500 W,
Amplitude of 95% for

10 or 15 min.

acid gel formation at
30 W and 50 °C. Protein
denaturation is
promoted by HIU
increase of
temperature.
Sonication power
higher than 30 W and
higher temperature
than 50 °C, reduced fat
globule size from 3.39
to 3.89 ym to 0.37-1.9
pm. The specific surface
area is increased by HIU
(from 2.07 to 45.09
mzag’lfat).

Droplets diameters are [28]
highly reduced as more
passes and shorter
exposure to
ultrasonication. An
increase of submicron
droplets was observed
at inlet temperature of
54 °C. US reduces
gelling times and
increases curd firmness
at 42 °C.
Ultrasonication does [30]
not modify pH, enzyme
activity along 21 d,
compared to control.
US did show a
dispersion of 1 ym
particles, which could
be by reduction of fat
globules size. US have a
reduced denaturation
of a-lacto-albumin and
k-casein.

HIU for 10 min reduced [29]
pH and increased
specific gravity. Total
solids were increased
after 7 d of storage.
Physical stability is
improved by 15 min of
HIU, after 7 d of
storage. Increased
percentage of settled
solids.

Table 1 (continued)
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Sample

Experimental
parameters

Effect of ultrasound

Chocolate milk
beverage

Cheeses and creams
Fresh raw milk

Fresh cream

Retentate of
ultrafiltered
milk

An ultrasonic device
was used. Disruptor,
800 W, (Indaiatuba,
Brazil), 19 kHz.
Nominal power of 400
W. Energy density 0.3,
0.9, 1.8, 2.4, and 3.0
kJ/em®. with 13 mm
diameter probe.
Maximum
temperature of 42 °C.

Ultrasonic processor
Hielscher UP400s , 24
kHz, 400 W, amplitude
of 100 and 50% for 0,
5, and 10 min.

Ultrasound processor
(APU400; Adeeco Co.,
Iran), 20 kHz, 100 and
300 W for 0, 5, 10 and
15 min. A pulse mode
of on-time 2 s and off-
time 4 s was used. A
12 mm in diameter
ultrasonication probe
was immersed to a
depth 2 cm
Temperature = 50 °C.
Ultrasonic
Homogenizer (model
no. HD2200, Bandelin,
Germany), 20, 40, and
60 kHz for 20 min at
intensity of 80%.

Fermented milk products

Fermented milk
products

A review of multiple
ultrasound
parameters.

L* is increased with 10
min of HIU and C* is
reduced by HIU, after
14 d of storage. a* and
b* are not affected.
Higher energy densities  [27]
of HIU lead to higher
homogenization of the
beverage and smaller
particle size
distribution of fat
globule. HIU affected
the antioxidant activity,
ACE inhibitory activity,
fatty acid profile, and
volatile profile.
Ultrasonication also
reduced the losses of
nutrient compounds,
and allows a better
preservation of short
chain fatty acids and
medium chain fatty
acids.

HIU increased cheese [41]
yield (%), despite an

increase of exudate.

Yellow tones and

coloration in cheese is
promoted by HIU at 10

min. But not L*, a*, nor

C* colour coordinates

are affected. pH

increased from 6.6 to

6.74 after 5 min of
ultrasonication but

reduced at 10 min.

Cream particle [43]
diameter (0.296-5.867

um) and particle size
distribution were

improved with HIU.

HIU reduces

yellowness.

HIU reduced pH and [42]
improved titratable

acidity at the end of

storage period.

However, there was not

linear relationship

between frequency and

acidity.

US reduces processing [44]
time and improves
quality, stability, and
emulsification of
products. It may be
beneficial when is used
as pre-treatment
(before inoculation),
but it can be
detrimental when it is
applied during
fermentation. Main
reported problems are
formation of large

(continued on next page)

Reference
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Table 1 (continued)

Sample Experimental Effect of ultrasound Reference
parameters
protein aggregates, and
reduction of firmness.
Yogurt and ice A review of multiple Ultrasound promotes [45]
cream ultrasound parameters  fat drop reduction,
applied in the increases viscosity,
production of yoghurt whey coagulation, and
and ice cream water-holding capacity.
As well, Ultrasonication
reduces ice crystal size
and decreases freezing
time.
High-protein An ultrasonic device HIU reduced pH during [52]
fermented (Sonopuls HD 2200; 9 d of storage. Water-
milk Bandelin, Germany), holding capacity was
30 W 22.5 W em ™2, reduced by HIU when
energy input of 1765 pH of 4.8 and 5.0 was
J/kg". Booster horn reached. A slightly
(SH 213 G), and a effect on particle size
probe equipped witha  reduction was
titanium flat tip (TT13;  observed. HIU highly
d'13mm,1%5mm). altered yogurt visual
appearance. Sonicated
yogurt had an increase
of homogeneity.
Whey protein concentrates and other whey products
Chocolate whey An ultrasound 720 W of HIU for 208 s [31]
beverage processor with a 13- highly reduced droplet
mm probe was used size, contributing to
(Unique, Desruptor kinetic stability. HIU
800 W, Indaiatuba, increased lightness
Brazil), 19 kHz, 800 compared to 160 W for
W, 5000 J/ml. Two 937 s, but it did not
different processes: A modify Chroma. HIU
= 20% (160 W for 937  application in any way
sun 30 mL, with 34 °C  increased the stability
of final temperature). of the whey beverage
B =90% (720 W for and reduces hue angle.
208 s in 30 mL, with Zeta values were
71 °C of final increased with 160 W
temperature). for 937 s
ultrasonication.
Whey protein Ultrasonic processor HIU promotes [46]
concentrate (Sonics: VCX 750, narrowed size
Vibra Cell Sonics, distribution and smaller
Sonics & Materials Inc, particle size (0.68 +
USA). Maximum net 0.23 pm), than controls
power = 750 W and (2.453 £+ 0.717 pm).
220 V. 20 kHz, 20% HIU increased the heat
amplitude for 19.75 stability from 178 to
min. Temperature = 1076, heat coagulation
185 °C inlet and 85 °C  time, the solubility of
outlet. protein from 72.22 to
79.21, and protein
aggregation.
Prebiotic inulin- A 13 mm diameter Zeta potential was [48]

enriched
whey
beverage.

probe was attached to
an ultrasonic device
(Unique, Desruptor,
800 W, Brazil), 19
kHz, 0, 200, 400 and
600 W for 3 min.
Temperature < 56 °C.

slightly reduced by the
highest power of US
(-19 + 1 mV). US (400
W) promotes cell
membrane rupture and
increased homogeneity.
Particle size
distribution is also
decreased (5 to 12 pym)
by 600 W. Colour of
ultrasonicated samples
trended to be bluer,
duller and with higher
Hue values.
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collapse of micro-bubbles resulting from ultrasound waves. The collapse
leads to highly localized turbulence that disperses all around the liquid
(see Fig. 2).

Further benefits by HIU application in milk and milk compositions,
may be classified as technological. HIU have shown to increase the zeta-
potential in milk and the stability of the product. Some authors have
found that HIU does not promote the nutrient composition change, the
free amino acids, or the formation of products from lipid oxidation
[18,24,26]. On the other hand, HIU has shown a reduced effect on
protein denaturation of lacto-albumin [30] and a rising of casein asso-
ciation with fat globules [28], which is beneficial for gelling formation.
More information about effects on chemical composition is offered in the
Section 3. HIU also reduced pH of milk and increased total solids,
without effect on yellowness and redness [27,29]. From the nutritional
point of view, HIU application has the capacity to allow better preser-
vation of fatty acids in milk, compared with common processes such as
pasteurization [27].

A factor that may be considered as important to achieve an effect of
HIU on physicochemical characteristics of milk and dairy products is the
time of HIU application. In Table 1, a trend can be observed when
processing time is lower than 10 min. No effects are observed on milk pH
or enzyme activity when ultrasonicating for 3 min [30]. In addition, no
effect was observed on melting activity or hardness of anhydrous milk
fat blends with rapeseed oil after 0 to 10 min [26]. As well, no effect was
observed on proximate composition of raw sheep milk when HIU was
applied for 6 min [18]. In heavy cream, a non-consistent effect was
observed on characteristics such as droplet size and melting peak, and
the effect on firmness was not consistent when ultrasonication was from
1to90s [37].

A disadvantage reported from the HIU application in milk, could be
that ultrasonication has the capacity to modify colour, an important
reduction of lightness and chroma may be detrimental for appearance
[29]. More importantly, there is a report of denaturation of major pro-
teins in pasteurized milk, by HIU application [4,25]. The colour of milk
and dairy products depends on a variety of factors. The most relevant
factors seem to be the diet, the breed, and the physiological state of the
animal. From the diet, carotenoids and retinol deposited by the animal
in the milk, seems to be the main factors responsible for milk colour.
Other natural dietary components involved in colour of dairy are xan-
thophills, riboflavins, and tocopherols [38,39]. Carotenoids and retinol
are sensitive to physicochemical factors. After harvesting, milk colour
may depend on factors such as fat concentration, photo-degradation,
storage conditions, homogenisation or presence of additives. Casein
micelles and fat globules are able to disperse light. Hence, milk shows
high values of whiteness and lightness. However, any treatment
affecting the physical structure of milk may affect its colour [40]. Colour
in thermo-sonicated milk changes, having a higher L*, related to a
higher homogenization and smaller size of fat globules. Furthermore,
cavitation may also promote the release of encapsulated triacylglycer-
ols, cholesterol, and phospholipids in the fat globule, which could
change the light dispersion and the milk product [35].

HIU applied in solid or semi-solid dairy products have also shown
benefits in the physicochemical parameters of the product, when the
technology is applied in raw milk for producing cheese and cream
production. An increase in yield was observed in the Mexican Panela
cheese production when HIU was applied for 5 or 10 min to the raw
material. This could be an interesting result from the economical point
of view. However, other parameters such as syneresis or yellowness
were increased, while pH was reduced only when 10 min of ultra-
sonication was applied to the milk. In cheese, similarly to milk and
cream, duration seemed to have an interaction with the potency of
sonication for affecting characteristics [41]. In feta-type cheese, HIU
reduced the pH of the cheese after storage of 60 d. Furthermore, HIU
improved the water-holding capacity and gumminess of the product.
The authors reported an effect of ripening period and frequency of
ultrasonication (variations of 20 to 60 kHz), but no significant
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Fig. 2. Representation of droplet lipid size by high-intensity ultrasound during emulsification (Modified from Kaci et al. [36]).

interaction between both variables [42]. In cream and butter, the pos-
itive effects of HIU are similar. In both foods, HIU increase apparent
viscosity, firmness and hardness. More relevant findings are that HIU
reduced the churning time and melting peak [37,43]. Which may also
have an important impact on the economics of the production.

HIU application in fermented milk products is well documented. Two
reviews have recently been published on the use of the HIU technology
on fermented products and in yogurt and ice cream. HIU is an excellent
technology for pre-treatment processing, but it does not offer positive
effects in the product, when it is applied as post-processing treatment.
When it is applied in post-fermentation, it may lead to formation of
visible large particles, which affects the texture, reducing firmness [44].
HIU has the potential to increase homogeneity, viscosity, firmness,
water-holding capacity, and strength of gel in yogurt. Furthermore, HIU
has shown to reduce the crystal size and the freezing time in ice cream
[45].

Whey proteins utilization has taken high relevance from different
points of view. Whey has also a very high nutritional value. In Table 1,
the effect of HIU on some beverage products from whey is provided.
Whey proteins have been used in different formulations to produce new
dairy products. The use of HIU to improve physicochemical properties
on these kind of products is thoroughly documented. Similar to milk,
HIU by cavitation effect, reduced droplet size, improved stability and
heat stability of the whey beverages, promoted narrowed size distribu-
tion and increased homogeneity of the beverages [31,46-48]. Ultra-
sound net power tested for effects on whey proteins in beverages or
emulsions varied from 0 to 800 W [31,46-49]. Effects on protein in-
ternal structure were observed with a power density of 250 W/L (F = 20
or 28 kHz), which will be discussed in the next section [47]. With a net
power of 400 W (F = 19 kHz), reductions of Zeta potential have been
reported, together with kinetic stability and a decrease in particle size,
leading to a higher homogenization in a prebiotic beverage enriched
with whey [48]. Higher net power such as 720 and 750 W have resulted
in the reduction of particle sizes, an increase of Zeta values, lightness,
and kinetic stability [31], as well as an increase of heat stability and
protein solubility [46]. High net power such as 500 and 800 W resulted
in an increase of in the degree of hydrolysis [49,50] A possible disad-
vantage of applying high net powers such as 600 W is that HIU may
modify the colour of the product giving the beverages a blue colour with
high hue tones compared to control samples [48].

Time of ultrasonication for whey protein beverages or emulsions is
again a factor of importance. There is enough evidence that times longer

than 15 min may increase the release of sulfhydryl groups, leading to an
increase of free thiols in the solutions [26,50], as well as the formation of
protein crosslinking [26,51].

The most frequently used ultrasound frequencies that have an effect
on physicochemical properties of dairy, reported in this section, are
around 20 kHz (19-24 kHz). Despite variations in the ultrasonication
time or power, the size reduction of fat globules and a higher homoge-
nization are common effects in liquid and semiliquid dairy by applying
this range of ultrasonication frequencies. The change in colour param-
eters of milk and milk-based products is apparently promoted by vari-
ations in ultrasonication power. Yellowness and lightness are the
coordinates more easily modified with ultrasonication powers greater
than 400 W. Higher ultrasonication powers seem to promote changes in
chroma or a* coordinates. A reduced number of studies applied a
different range of frequencies (40 & 60 kHz) [42]. Nevertheless, no
linear relationship between frequency and pH or acidity was found,
which implies that ultrasonication may improve those variables, but the
changes are not uniform. Furthermore, no improvement of protein or fat
content in cheese can be observed by increasing the ultrasonication
power [42].

3. Chemical properties
3.1. Whey proteins

The effect of ultrasound on milk proteins has been extensively
documented in recent years (Table 2). Ultrasound effectiveness as a
pretreatment tool to modify the molecular structure of food proteins is
well known [53]. Abadia-Garcia et al. [54] reported that the density of
ultrasound in whey protein before hydrolysis with plant proteases exerts
a significant effect on proteolysis, reducing hydrolysis time by up to 95%
in bromelain hydrolysates. Hence, ultrasound increases the suscepti-
bility to enzymatic hydrolysis, which could be used to produce bioactive
peptides from whey proteins. In this regard, Uluko et al. [55] reported
an increase in the number of peptides after pretreatment with ultra-
sound to improve the hydrolysis of the milk protein concentrate. All
these effects are due to the changes ultrasound produced in the milk and
dairy products’ proteins. On this topic, Wu et al. [50] observed an in-
crease in the inhibitory and immunomodulatory activities of whey
protein hydrolysates due to the effects of ultrasound-pretreated whey
proteins. They suggested that ultrasound improves enzymolysis in whey
proteins for the generation of new bioactive peptides, which can be used
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Table 2

Effects of ultrasound on the components of dairy products and milk ingredients:

proteins, enzymes, fat, and lactose.

Sample Experimental Effect of ultrasound Reference
parameters
Whey sweet, Ultrasonic Protein [54]
protein content homogenizer (model rearrangement and
onwhey 8.13g/L  not specified), 0.092, aggregate formation
0.151, and 0.220 W/ due to changes in
mL, 20 kHz, 13 mm denaturation
probe, 12, 52.5 and enthalpy, reduction
32.25 °C; 5, 10 and of reactive thiol
15 min. Papain and groups, and changes
bromelain hydrolysis in secondary
after ultrasound structure.
application.
Reconstituted Ultrasonic horn Reduction of fat [24]
buffalo’s milk (3000, Misonix globule diameter by
and fresh Incorporated, USA); up to 92% (sub-
buffalos milk 44, 54 and 66 W, 20 micron level) and
kHz, 3 mm probe, increase in surface
45°C; 5, 7.5, 10, area. Decreased the
12.5, 15, 17.5 and 20 size of milk particles.
min. Improved the gel
strength. Increased
free saturated fatty
acids and gel
hardness.
Whey protein Ultrasonic probe Modification of the [56]
concentrate 10% (XL2020, Misonix protein structure to
w/wW sonicator, USA), 550 make it more
W, 20 kHz, 10 mm susceptible to
probe, 25-30 °C; 2.5, transglutaminase.
5 and 7.5 min.
Transglutaminase
hydrolysis after
ultrasound
application.
Buffalo’s milk Ultrasonic Smaller and more [99]
homogenizer uniform globules of
(Kirchfeld, Germany), fat as the frequency
430 and 338 W, 28 and duration of the
kHz, 0.5 cm tip, ultrasound increases.
20 °C; 5,10 and 15
min.
Fresh cream, fat Ultrasonic processor Denaturation of [43]
content 30% (APU400, Adeeco protein chains, which
Co., Iran); 100 and were opened to cover
300 W, 20 kHz, 12 the fat globules.
mm probe, pulse 2 s Fragmentation of fat
on and 4 s off, 50 °C; globules.
5, 10 and 15 min.
Whey protein Ultrasonic processor Decrease in the [571
concentrate, 10% (VCX 750, Vibra Cell consistency index in
w/w, pH 6.5-7.1 Sonics, USA), 750 W the protein solution,
(amplitude 20%), 20 greater elasticity,
kHz, 13 mm probe, reduction in the size
49 °C, 20 min. of aggregates, and
greater
hydrophobicity
surface.
Semi-skimmed Ultrasonic equipment There was no release [18]
sheep milk (VC 130, Sonics and of free fatty acids or
Materials Inc., USA), changes in the protein
78 and 104 W, 20 profile of fresh and
kHz, probe 5 x 60 frozen stored semi-
mm diameter; pulse skimmed sheep milk
4,6 and 8 s at due to ultrasound.
40-69 °C. Storage
time (30, 90 and 180
days).
Reconstituted Ultrasonic processor There was no [20]

whey powder,
6% (in water)

(S-4000, QSonica
LLC, USA), 20 kHz.
Microbiological
preservation of whey
(480 W and 600 W,

denaturation and
precipitation of
serum proteins
compared to
pasteurization;
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Sample Experimental Effect of ultrasound Reference
parameters
45 and 55 °C; 6.5, 8 smaller diameter
and 10 min) and dairy ~ particle size.
cultures activation
(84 W and 102 W, 37
and 43 °C, 150 s).
Full cream UHT Ultrasonic processor The protein, casein, [84]
milk (VCX 750, Sonics and and lactose contents
Materials, USA), 750 were unchanged. The
W, 20 kHz, 13 mm fat content increased
probe, 24-26 °C; 2.5, due to the increase in
5, 6, 7.5, and 10 min. the surface area of the
globules. The
lactoperoxidase and
alkaline phosphatase
enzymes were not
inactivated.

Whey protein Ultrasonic horn Decrease in [58]
concentrate, 50 (Branson Sonifier, denaturation
g/kg (w/w) USA), 450 W enthalpy with 5 min

(amplitude 50%), 20 ultrasound.

kHz, 19 mm probe, 6 Prolonged sonication

+4°C; 1,5, 10, 20, caused protein

30 and 60 min. aggregation. Minor
changes in secondary
structure and
hydrophobicity of
proteins.

p-Lactoglobulin Ultrasonic horn Increase of thiol [59]
(B-LG) and (Branson Sonifier, content and
a-Lactalbumin USA), 450 W superficial
(a-LA), 1.5% w/ (amplitude 50%), 20 hydrophobicity of
w, pH 7.0 kHz, <10°C;1, 5,10, B-LG. Minor changes

20, 30, and 60 min. in secondary and
tertiary structures.
a-LA was the most
affected.

Fresh pasteurized Ultrasonic horn In fresh milk, the fat [78]
skim milk, (Sonifier 450, globule size was
reconstituted Branson, USA), 450 reduced but the
micellar casein W (amplitude 50%), casein micelle size
powder and 20 kHz, 10 °C; 1, 5, was unchanged.
reconstituted 20, 30, and 60 min. Soluble whey protein
casein powder, increased and there
50 and 150 g/kg was no change in
solutions soluble calcium

content.

Reconstituted Ultrasonic sonifier Change in the surface [73]
micellar casein (Branson Sonifier hydrophobicity of
and tetrasodium 450, USA), 450 W proteins. Surface
pyrophosphate, (amplitude 50%, charge was inaltered.

50 g/kg solutions  actual power 31 W),
20 kHz, 19 mm horn,
6+4°C;1,5,10 and
30 min.

Reconstituted Ultrasonic sonifier Breakdown of whey/ [74]
calcium-enriched  (Branson Sonifier whey and whey/
skim milk, 10% 450), 450 W (actual casein aggregates,

w/w solutions, power 31 W), 20 kHz, making them heat

pH 6.7 19 mm horn; 1, 10 stable. Decreased
and 20 min, <10 °C. gelation and syneresis
times and increased
viscosity.

Raw milk, Ultrasonic horn Decreased fat globule [88]
ultrafiltrate (Branson Sonifier size in milk.
retentate, skim 450, US), 450 W Formation of
milk, skim milk (operated at 101 and flocculated fat
concentrate and 189 W), 20 kHz, 19 particles in cream
cream. mm probe, 50 and < treated at < 10 °C.

10°C;30sand 1, 10

and 30 min.

Whey protein Mono-frequency, Ultrasonication [47]

emulsion gels,
10% w/w, pH7.0

simultaneous dual
frequency ultrasound
(Meibo
Biotechnology Co.,

reduced alpha-helix,
but increased beta-
sheets, beta-turn and
random coil, increase

(continued on next page)
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Sample Experimental Effect of ultrasound Reference Sample Experimental Effect of ultrasound Reference
parameters parameters

China), 250 W/L; 20, of random windings and whey protein USA), 43-48 W/cm?, the size of particles

28 and 20/28 kHz; for exposing tryptophan concentrates, 20 kHz, 1.2 cm probe, and changes in the

5,10, 15 and 20 min.  residues. Multi- 10% (w/w) 15 and 30 min. Bath composition of the
frequency highly (SO375T, molecular weight of
increased the Sonomatic), 1 W/ protein fractions.
secondary structure cm?, 40 kHz, 15 and Ultrasonic probe
change. 30 min. showed a decrease in

Whey protein Ultrasound Aggregation and [60] molecular weight and
isolate, 15% w/w  equipment (no gelation due to a protein fractionation.

specified) at 300 W/ greater number of Whey protein Ultrasound processor Improvement in [61]

cm?, 24 kHz, <30 °C. disulfide bonds. isolate (100 g/L) (JY92-2D, NingBo surface

30 min. and calcium Scientz hydrophobicity and

Whole non- Ultrasonic flow cell Increase in gel [25] lactate (final Biotechnology Co. simple sulfhydryl
homogenized (Sonolab SL10 strength due to concentration of Ltd, China); 0, 10.19,  groups, which led to
pasteurized milk ultrasonic, Syrris Ltd, denaturation of whey 1.20 mmol/L), 12.74, 15.29 and microstructural

United Kingdom); 91,  proteins. Changes in pH7.0 17.83 W/em? (0,200,  changes. HIU (200 to

273 and 454 W/L; 20 the fat globule 400, 600 or 800 W), 800 W for 20 and 40

kHz; 27, 50 and membrane increased 20 kHz, 0.636 cm min) reduces the

70 °C; 30 min, its association with probe, 3 s on/1 s off, particle size.

average residence caseins, facilitating 25 + 2 °C, 20 and 40

time in the flow cell the formation of min.

4.13 min. highly functional fat Whey protein Ultrasound processor Higher molecular [51]
globule/protein isolate, pH 7.0, (JY92-2D, Ningbo size. Losses of free
complexes. 50 mg/mL, Scientz amino groups. Effects

Fresh cow milk Ultrasonic processor Increase in the size, [75] heated at 75 °C Biotechnology Co. on the p-sheet, p-turn,

(S-4000, Misonix, physical stability, and for 15 min and Ltd, China), 600 W and random coil of

country not encapsulation cooled at 25 °C (41-45 W/cm), 20 serum proteins.

specified), 600 W capacity of micellar kHz, pulse 1 s on and

(amplitude 25%, casein due to the 2 s off, 25 °C; 20, 40

50%, and 100%), 25 electrostatic and 60 min.

kHz, 19 mm repulsion between Recombined milk Turbiscan tube The recombined [100]

sonotrode; 0.5, 1, 2 casein molecules, emulsions (Formulaction, emulsion and raw

and 4 min. which increased the France). One- milk presented
availability of interior transductor plate flocculation and
hydrophobic areas. using 400 kHz, 2.45 coalescence in the
Anhydrous milk fat ~ Ultrasonic flow cell Acceleration of the [26] W/cm? (Submersible cream layer of the

(Sonolab SL10 crystallization Transducers, Sonosys emulsion.

ultrasonic, Syrris Ltd, ~ process in mixtures Ultraschallsysteme

United Kingdom), 40 with a high content of GmbH, Germany) and

W, 20 kHz, 28 °C; 2.5,  rapeseed oil. 1.6 MHz, 2.2 W/cm?

5, 7, and 10 min. Reduction in crystal (Nebulizer, APC
size without effects Inter- national Inc.,
on lipid oxidation. USA), 5 min, 35 °C;

Prebiotic whey Ultrasonic device Improvement in the [48] and two-transducter
beverages (Unique, Disruptor, kinetic stability of plate (400 kHz).

Brazil); 200, 400 and beverages, avoiding Inhomogeneous Ultrasonic processor Higher heterogeneity [89]

600 W, 19 kHz, 13 phase separation due goat milk (UP100H, Hielscher, of fat globules

mm probe, without to the decrease in Germany), 100 W (between 0.3 and 4

controlled particle size, (operated at pm) and increased

temperature denaturation of whey amplitude 60 and total area; destruction

(maximum proteins, and gelling 100%), 30 kHz, probe  of the fat globule

temperature 53 °C), of polysaccharides. 7 and 10 mm, membrane and

3 min. temperature not formation of casein-

Commercial whey Cell disruptor (JY92- Increase in the degree  [49] specified; 3, 6, and 9 fat globule
protein 1IN, Ningbo Scientz, of hydrolysis of the min. complexes.
concentrate, 5% China), 20 kHz, 800 enzymes. Decreased Fresh samples of US pretreatment: Lactose recovery up [97]
w/v W, 13 mm probe, antigenicity of paneer whey ultrasonic horn to 94.5% after

<50 °C, 1-10 min. p-lactoglobulin from (Sonics and ultrafiltration and

Water bath sonication 50.81% to 48.82%, Materials, USA), 100 sonocrystallization.

(70 °C). Hydrolysis contrary to heat W (80% duty cycle),

with alcalase, papain treatment. 20 kHz; 5, 10 and 15

and trypsin after min.

ultrasound Thermosonication

application. pretreatment: 60 °C,

Retentate of Ultrasonic The fat and protein [42] 100-250 W; 5, 10, 15
ultrafiltered milk ~ homogenizer content in cheese was and 25 min.

(HD2200, Sonopuls not affected during Whey protein Ultrasonic processor Homogeneous [46]

Bandelin Company, maturation (60 days). concentrate, (VCX 750, Vibra Cell distribution and

Germany), intensity Proteolysis and concentration Sonics, USA), 750 W decreased particle

Whey protein
isolates (WPI)

of 80%; 20, 40 and
60 kHz, probe and
temperature not
specified, 20 min.
Probe (V1A, Sonics
and Materials Inc.,

lipolysis were
accelerated.

Ultrasonic bath [70]
showed a reduction in

not specified

(amplitude 20%), 20
kHz, temperature not
specified, 19.75 min.

size, increased
solubility, greater
thermal stability,
significant alteration
in the secondary
structure.

(continued on next page)
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Sample Experimental Effect of ultrasound Reference Sample Experimental Effect of ultrasound Reference
parameters parameters
Yogurt, pH 5.7 to Electrodynamic Increase in the [80] groups and surface
5.1 vibration exciter- number of large hydrophobicity and
shaker (TV 51110, particles (greater charge.
Tira GmbH, Schalkau, than0.9 mm) from 34 Whole milk Ultrasonic Homogenization of [62]
Germany), 25 to to 242 particles per powder, 13% w/  homogenizer (XL200, fat globules,
1000 Hz, acceleration 100 g of yogurt. w + 0.02% Misonix, USA), 50 W, denaturation of
amplitudes 5, 10, 15, Protein aggregation. sodium azide 22.5 kHz, 30 min serum proteins,
20 and 25 m/s%; 200 s (0-500 J/mL), aggregation of fat
and 20 min. without or with globules and proteins.
Pasteurized heavy Ultrasonic probe Weakening of the fat [37] temperature control
whipping cream (Misonix Inc., USA), globule membrane. (20-80 °C).
(40% fat) 85 W, 20 kHz, 1.27 Low melting point Sodium caseinate, Ultrasonics processor Reduction in micelle [104]
cm probe; amplitude triacylglycerol whey protein (Viber Cell 750, size and
of 108 y for 10, 30, crystallization during isolate and milk Sonics, USA), 34 W/ hydrodynamic
60, and 90 s. whipping and melting protein isolate em?, 20 kHz, 45 °C, volume of proteins.
of high-melting-point solutions at 12 mm probe, 2 min. MPI emulsions
triacylglycerols. Solid 0.5-5 wt%. showed very small
fat content was droplet sizes and
reduced when stability against
ultrasonication was coalescence.
applied for 90 s. Reconstituted Ultrasonic bath (Aqua  Lactose [98]
Whole raw bovine Ultrasonic milk Milk fractionation [34] lactose solutions Scientif Instruments, crystallization in
milk fractionation and formation of a (lactose India), 120 W, surface 80%-92%, achieving
prototype device with  vertically increasing monohydrate area of 225 cm?, recovery after 4 min
fully-submersible fat concentration 12-18% w/vand 30 °C, 2-8 min. of sonication.
plate transducers gradient, with larger acetone 80% v/
(Sonosys Germany), fat globules on the V).
283-625 W, surface. Fresh pasteurized Ultrasonic processor Reduction in fat [76]
22.2-57.9 °C. Batch homogenized (VC750, Vibracell globule size. Changes
sonication: 2 MHz skim milk Sonics and Materials, in viscosity of yogurt
(330 W/L); 5, 10 and US); 150, 262, 375, due to protein
20 min. Stage-based 562 and 750 W; 20 denaturation,
fractionation: 1 MHz kHz, <87 °C, 10 min. decreasing the
and 2 MHz (single or content and
dual), maximum composition of
power or 50%, 5 min. soluble protein and
Skim milk Ultrasonic reactor, At low frequencies [79] forming insoluble
20 kHz, 30 °C,pH 6.7  and high pH high-molecular-
and 8.0; 20, 400, and  disruption of casein weight co-aggregates.
1600 kHz; 101, 8.6, micelles and protein Fresh pasteurized Ultrasonic unit (102 Finer sonoemulsified [87]
and 11 kW/m?; < release from the homogenized CE, Branson Sonifier), oil globules,
30 °C, pH 6.7-8.0. micellar phase to the skim milk (93% 176 W, 20 kHz, 12 stabilized by partially
serum phase. The v/v) and flaxseed ~ mm probe, water denatured serum
released protein oil (7% v/v) temperature at proteins.
formed aggregates 22.5 °C, 1-8 min.
with surface charge Fresh pasteurized Ultrasonic horn (102 Modification in the [53]
similar to micelles. homogenized CE, Branson Sonifier),  size of casein
Homogenized Ultrasonic processor, Microstructural [101] skim milk 90 and 180 W micelles, fat globules,
pasteurized fresh 24 kHz, 22 mm changes in yogurt, (applied powers), 20 and soluble particles
milk diameter probe, 5 obtaining a kHz, 12 mm probe, depending on the
min, 45 °C. honeycomb network 22-37 °C; 15, 30, 45 ultrasonic power.
with a porous nature and 60 min. Whey proteins were
and smaller particle denatured and
sizes (<1pm). formed soluble
Raw milk Ultrasonic processor, Significant increases [102] serum-serum,/serum-
400 W, 24 kHz, probe  in levels of free fatty casein aggregates.
22 mm, amplitude acids and oxidation. Whey protein Ultrasonic processor Particle size [63]
70% and 100%; 50, Milk composition isolate, 10% w/ (VCX800, Vibra cell reduction and
100, 200, and 300 s. skewed by sonication. w, pH 7.0 Sonics, USA), 107 W/ increase of free
CO,, reduced cm? (40% surface sulfhydryl
pyrolytic processes amplitude), 20 kHz, groups in preheated
and formation of 13 mm probe, 10 son  whey protein
oxidation products 5 s off, samples were solutions. Disulfide
caused by ultrasound. preheated before bond formation after
Cristallyzed Sonicator (S-3000, Decreased [92] ultrasonication; 5, 10, gelation due to
anhydrous milk Misonix Inc., USA); crystallization 20 and 40 min. reduction in free
fat 50, 30, 20 and 5 W; induction time and sulfhydryl content.
20 kHz, pulse 10 son  generation of smaller p-lactoglobulin Sonifier (150, Modifications in the [71]
and 5 s off, 10 s. crystals. (BLG), 2 mg/L, Branson Ultrasonic secondary structure
Whey protein Ultrasonic probe, Little effect on the [103] pH 6.5 Corp., USA), 135 W/ of BLG. Formation of
isolate 130 W, 15 min, pulses emulsifying cm? (amplitude 120 BLG dimers, trimers,

of 10's, < 65 °C.

properties of whey
proteins, unlike high
pressures, which
increased free SH

pm), probe not
specified, 20 kHz,
with cooling
(25-35 °C) and

and oligomers. More
exposed hydrophobic
surfaces.

(continued on next page)
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Sample Experimental Effect of ultrasound Reference Sample Experimental Effect of ultrasound Reference
parameters parameters
without cooling Whey protein Ultrasonic processor Increased degree of [50]
(25-65 °C); 5, 15, 30, JY92-11, hydrolysis in whey
and 60 min. Haishukesheng protein. Whey protein
p-lactoglobulin Sonicator (Branson Formation of [66] Ultrasonic Equipment  display, resulting in a
(BLG, 4 mg/mL) Sonifier 150, Branson  products of the Co., Ningbo, China); 43.7% increase in
in the presence of ~ Ultrasonic Corp., Maillard reaction 100, 200, 300, 400, free sulfhydryl
D-arabinose, D- USA), 9.5 W (135 W/  (MRP). Ribose and 500 W; 20 kHz, content and a 62.6%
lactose, D- cm?), 20 kHz, induced BLG 1.5 cm probe, 2 son 2 increase in surface
glucose, D- 10-15 °C, 60 min. modification in 76% s off, <25 °C, 15 min. hydrophobicity.
ribose, D- and three bound Alcalase hydrolysis Decrease in the
galactose and D- anhydroribose units. after ultrasound a-helix content and
fructose Minor alterations in application. significant increase in
monohydrates secondary and B-sheets.
(217.5 mM) tertiary structures. Reconstituted milk Ultrasonic horn Particle size [64]
The MRPs showed protein (CTXNW-10B, reduction. Increase in
high antioxidant concentrate, Hongxiang solubility and
capacity. ultrafiltered milk ~ Biotechnology Co., emulsifying activity
o -Casein and whey Ultrasonic processor No change in band [67] with 15% solid China), 600 W (50% index. Increase in
powder, 2.0 mg/ (Sonics Vibracell VC intensity on SDS- content amplitude), 20 kHz, surface
mL and 40 mg/ 505, USA), 500 W, 20  PAGE gels, therefore 50 mm probe, 5 s on hydrophobicity
mL, respectively kHz, 13 mm probe, there was no change 3soff, <50°C;0.5,1, without changes in
60 °C, 30 min. in protein 2, and 5 min. the molecular weight
concentration. No of proteins.
change in IgE binding a-lactalbumin Ultrasonic processor Improvement of [105]
values (allergy). (a-LA), 100 mg/ (DY-1200Y, laccase-catalyzed
Fresh Cheddar Ultrasound reactor Better fat separation [86] mL, pH 6.0 Deyangyibang cross-linking of a-LA.
cheese whey with submersible from whey and Instruments Co. Ltd, Increase in the
(pasteurized) stainless-steel plate greater oxidative China), 400 W (12.74 surface
transducers (Sonosys stability of W/em?), 20 kHz, 2 hydrophobility and
Ultraschallsysteme lyophilized fat- cm diameter probe, strength of the gel
GmbH, Germany) at enriched layers. pulse 2sonand5s without significant
45, 66, 143, 46, 95.5 off, 14-20 °C; 20, 40, changes in the
and 187.5 W; 400 and 60, 80, or 100 min. conformational
1000 kHz at 37 °C. a-LA was catalyzed structure of the a-LA
Milk protein Equipment not Improvement in [55] by laccase in the conjugates catalyzed
concentrate, specified (JY92-1IN), degree of hydrolysis presence of ferulic by laccase.
15.4 g/100 mL 800 W, 13 mm probe,  during enzymatic acid.
<50°C;1,3,5,and 8 hydrolysis. Micellar casein Cell disruptor, 58 W/ Increased surface [77]
min. Neutrase Production of new concentrate L, 20 kHz, pulse on 3 s hydrophobicity and
hydrolysis after low-molecular- and off 2 s; 0.5, 1, 2, reduced particle size.
ultrasound weight peptides. and 5 min. Changes in secondary
application. structure, with an
Raw milk Continuous system, Sub-micron lipid [28] increase in p-sheets
standardized to 16/20 kHz, 1.36 kW/ droplets embedded in and random coils and
3% fat paso; 0.15, 0.3, and protein chains of the a reduction in a-helix
0.45 L/min; 14-18 curd matrix. and p-turns.
min, 42 or 54 °C. Skimmed fresh Cell disruptor (JY92- Smaller particle sizes. [106]
Fresh skim milk Batch sonicator Decreased total [85] goat’s milk 1IN, Ningbo Scientz, Increased
and cream (Branson Ultrasonics plasmin activity China), 800 W, 20 denaturation of
2000 series, USA); 77,  dependent on storage kHz, 13 mm probe for ~ serum proteins and
104 and 115 W, 20 time in skim milk. 0-20 min. soluble Ca and P
kHz, 115W, 1 and 3 Decrease in fat content.
min (two 30 s globule size. Reconstituted Ultrasonic horn Reduction in size of [65]
intervals with a 1 s- whey protein- (Branson Sonifier, suspended insoluble
break), 72 °C. concentrate and US), 450 W, 20 kHz, aggregates, compact
Crystallized Sonicator (S-3000, Decrease in the [93] isolate 19 mm probe, 6 + network of densely
anhydrous milk Misonix Inc., USA), induction time of 4°GC; 1,5, 10, 20 and packed whey protein
fat with and 0.3175cm tip, 10 and  crystallization and in 60 min. aggregates.
without the use 15 min, stirring at the generation of
of US 200 rpm. more crystals and
more viscous as a drug or a functional ingredient. Ahmadi et al. [56]reported that
materials. ultrasonication of whey protein concentrate partially replaces heat
Milk inoculated Ultrasonic generator Homogenizing effect, [95]

with starter
culture for
yogurt
production

(CP502, Cole-Parmer
Instrument Company,
USA); 450, 225 and
90 W; 1, 6 and 10
min; 450, 90, and
225 W; 13 mm probe;
1, 6, and 10 min. US
before inoculation:
450, 90, and 225 W;
6 min. US during
inoculation: 450, 90,
and 225 W, 8 min.

producing fat
globules of an
average diameter
equal to 2 um or less.

denaturation prior to transglutaminase treatment. This improves the
rheological, functional, and textural properties of whey protein systems.
Furthermore, the ultrasonication increased the stability of the foam and
reduced the syneresis, obtaining uniform gels with higher hardness.
Despite the differences in the characteristics of the equipment and
experimental conditions, in all these studies the production of bioactive
compounds from samples containing serum proteins was reported,
except in the studies by Uluko et al. [55] and Ahmadi et al. [56], who
used milk protein concentrate with caseins in its composition.

Arzeni et al. [57] found that ultrasound treatment modifies the
functional properties of serum proteins, such as gelation, viscosity, and
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solubility. This is due to molecular modifications (increase in hydro-
phobicity and variation in particle size), which are dependent on the
nature of the protein and the degree of denaturation and aggregation.
On the contrary, Chandrapala et al. observed that ultrasound treatment
in serum protein concentrate caused minor changes in the protein
structure, preserving the functional properties [58]. Later, the same
researchers also reported that the effect of ultrasonication on serum
proteins differs substantially when mixtures and/or pure serum proteins
are used. Under the same ultrasound conditions, a-lactalbumin is more
affected than p-lactoglobulin, with significant increases in surface hy-
drophobicity. Meanwhile, in the mixture of the two proteins, it de-
creases surface hydrophobicity because the thiol exposed in
B-lactoglobulin interacts with the disulfide bond of a-lactalbumin [59].
Another study with serum protein mixtures reported changes in the
physical properties of gels containing large amounts of a-lactalbumin.
This suggests that the combined effect of ultrasound- and heat-mediated
protein deployment, followed by aggregation and gelation due to a
greater number of disulfide bonds, led to the formation of a stronger
network with greater water-holding capacity [60]. The effects of ultra-
sound treatment on the properties of whey proteins are dependent on
the experimental conditions (see Table 2). This accounts for the changes
in the functional properties of whey proteins observed by Arzeni et al.
[57], with temperatures <49 °C during sonication at 750 W (amplitude
20%), while Chandrapala et al. [58,59] kept the samples at <10 °C
during processing at 450 W (50% amplitude).

Jiang et al. [61] reported that ultrasound treatment had a consid-
erable impact on the physical, functional, and oxidative properties of
serum proteins in the presence of calcium lactate. They found that ul-
trasound extensively modified the microstructure and increased the
strength of the gel, emulsion capacity, and radical scavenging capacity
2,2-diphenyl-1-picrilhidrazil (DPPH). Ultrasound treatment modifies
and restructures whey proteins, solving problems associated with their
heat stability and solubility and facilitating their use as a functional
ingredient in heat-processed products and protein-rich foods [46].
However, the temperature during the whole milk ultrasound process is
important. In this regard, Nguyen and Anema [62] showed that
controlled (60 °C) and uncontrolled (<90 °C) temperatures caused the
denaturation of serum proteins and gels with greater firmness and
shorter gelation time compared to untreated milk. When the ultra-
sonication temperature was kept below 60 °C, gels with very high
firmness were produced without denaturation of the serum proteins.
Similar results were obtained by Shen et al. [63], who reported that HIU
modifies serum proteins and improves their gelation properties. The
water-holding capacity, strength, and firmness of the gel were positively
correlated with the content of free surface sulfhydryl (-SH) in preheated
protein isolate (WPI) solutions. However, the correlation was negative
with the size of the preheated WPI particles and the content of -SH free
of acid-induced WPI gels.

Changes in protein functionality are closely related to surface hy-
drophobicity and reduction in particle size. It has been reported that
power ultrasound (20 kHz, 600 W, 50% amplitude) can significantly
improve the solubility, emulsification, and gelation of reconstituted and
ultrasonicated milk protein concentrate [64]. Zisu et al. [65] also re-
ported a reduction in gelation time and syneresis, as well as improve-
ments in gel resistance in ultrasound-treated isolate and reconstituted
whey protein concentrate. Shear forces generated a reduction in the size
of the suspended insoluble aggregates, leading to reduced turbidity.
They treated dairy ingredients (reconstituted whey protein concentrate,
whey protein, and milk protein retainer) with ultrasound for at least 1
min and up to 2.4 min in pilot-scale ultrasonic reactors. They observed a
decrease in viscosity and an improvement in heat stability in ingredients
containing whey proteins due to the reduction in particle size. These
properties were maintained after spray-drying.

Casein, p-lactoglobulin, and a-lactalbumin are the main allergens in
milk proteins. Stanic-Vucinic et al. [71] found that ultrasound treatment
at 20 kHz frequency, 9.5 W (135 W/cm?) for 5, 15, 30, and 60 min and
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raising the sample temperature from 25 to 65 °C did not decrease the
allergenicity of p-lactoglobulin. They monitored allergenicity in indi-
vidual patients’ sera, basophil activation test, and skin prick testing in
41 cow’s milk allergy patients. Ultrasound treatment induces changes in
secondary structure and the formation of dimers, trimers, and oligomers
and increases the exposition of hydrophobic surfaces. As well, makes the
crosslinking of p-lactoglobulin more efficient by crosslinking with en-
zymes that require nucleophilic residues for its action to take place.
Similarly, Tammineedi et al. [67] reported that HIU at 20 kHz frequency
and 500 W power for up to 30 min at 60 °C did not reduce the aller-
genicity of a-casein or whey proteins, unlike other technologies such as
UV-C light, which reduced the allergenicity of milk proteins 25%-27.7%
after 15 min of treatment. Li et al. [68] stated that HIU treatment was
effective in reducing the allergenicity of shrimp after 0, 2, 8, 10, and 30
min at 30 kHz, and 800 W at 0 °C and 50 °C. The allergenicity of the
boiled shrimps treated at 0 °Cy 50 °C decreased by nearly 50% and 40%,
respectively, with 10 min of ultrasound treatment.

As mentioned in section 1, HIU has cavitation as the mechanism
responsible for its effects. Cavitation generates hydrogen peroxide that
induces protein oxidation. Free radicals and superoxides promote pro-
tein crosslinking and HIU also modifies the hydration status of proteins
[13,69]. Fig. 3 (a) depicts the effect of HIU on the structure of whey
protein. Traditional heat treatments induce serum protein aggregation,
which is dependent on the formation of disulfide bonds. However, HIU
treatment induces structural changes. Jambrak et al. [70] reported that
after treatment with an ultrasonic probe of 20 kHz, ultrasound caused a
decrease in particle size, narrowed their distribution, and significantly
increased the specific free surface, whereas ultrasonic bath treatment
with 40 kHz ultrasound for 15 and 30 min showed significant changes in
the composition of the molecular weight of whey protein fractions. The
ultrasound-induced structural changes in proteins were associated with
partial cleavage of intermolecular hydrophobic interactions, rather than
peptide or disulphide bonds. Yanjun et al. [64] applied ultrasound (12.5
W and 50% amplitude for 0.5, 1, 2, and 5 min) to reconstituted milk
protein concentrate and observed significant changes in physical and
functional properties but no significant change in protein molecular
weight as evaluated on sodium-dodecyl sulfate-polyacrylamide gel.
Probably ultrasound duration treatment was not enough to appreciate
changes in secondary and primary structure of proteins. Frydenberg
etal. [60] studied the mechanisms mediating the effects of HIU (24 kHz,
300 W/cm?) on whey proteins on the molecular level. They observed no
change in secondary structure by circular dichroism. However, these
authors pointed out that other methods, such as IR spectroscopy, could
be applied in order to further investigate the impact of ultrasonication
on whey protein secondary structure. They suggest that HIU and heat
combined mediates an unfolding of the proteins, making the intra-
molecular bonds more accessible to the forces of ultrasound. They
concluded that the a-La:f-Lg ratio is also important for the inter- and
intramolecular interactions formed subsequent to ultrasound-mediated
unfolding of the proteins, where higher amounts of a-La appears asso-
ciated with higher degree of disulfide bonding.

It is important to point out that at low temperatures HIU does not
significantly modify the protein secondary and tertiary structures.
Stanic-Vucinic et al. [66] investigated whether HIU can promote gly-
cation of p-lactoglobulin by Maillard reaction to safely modify food
proteins and their functions. They showed that glycoconjugation of
B-lactoglobulin occurs efficiently in the presence of various sugars,
especially ribose, and demonstrated improved functional properties of
the obtained glycoconjugates with a minor influence on protein sec-
ondary and tertiary structures, with a significant increase in the content
of early and intermediate Maillard products, fluorescence, darkening
intensity and activity and antioxidant solutions. Here, the temperature
of the reaction was 10-15 °C whereas in a previous work [71] was
25-35 °C and 25-65 °C. This difference could explain the different ef-
fects observed in the secondary structure of proteins.
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Fig. 3. Effect of HIU on whey protein structure (a) and casein micelle structure (b) (modified from Nunes and Tavares [72]).

3.2. Caseins

The effect of ultrasound on caseins is summarized in Table 2.
Structural changes have been observed in size, physical stability, and
encapsulation capacity of casein due to ultrasound [53,62,73-77].
Chandrapala et al. [78] reported no change in casein micelle size or
soluble calcium concentration (mineral balance) of fresh skim milk
treated with ultrasound at 450 W, 20 kHz, 10 °C, for 1-60 min). As well,
soluble whey protein increased and viscosity decreased due to break-
down of whey-casein protein aggregates in reconstituted casein treated
with ultrasound. Liu et al. [79] reported similar results when recon-
stituted skim milks (10% w/w total solids, pH 6.7-8.0) were ultra-
sonicated (20, 400 or 1600 kHz at a specific energy input of 286 kJ/kg)
at a milk temperature of <30 °C. Application of ultrasound to milk at
different pH altered the assembly of the casein micelle in milk, with
greater effects at pH 8.0 and frequency of 20 kHz. Sonicated milk at 20
kHz caused greater disruption of casein micelles causing release of
protein from the micellar to the serum phase than when sonicated at 400
and 1600 kHz. Regarding protein gels (casein), Chandrapala et al. [73]
reported that ultrasonication before the addition of tetrasodium pyro-
phosphate (TSPP) formed a firm gel with a fine protein network and low
syneresis. On the contrary, when ultrasound was applied after the
addition of TSPP, it formed a weak and inconsistent gel with high syn-
eresis. The advantages of ultrasound application to the breakdown of
protein aggregates have been widely used in the development of
calcium-fortified dairy products, including the acid gelation of these
products [74]. The use of alkaline pH and ultrasonication in fresh milk
have been broadly used to create natural casein micelle nanocapsules
with high nanoencapsulation efficiency. This maintains their natural
structure and morphological characteristics due to electrostatic re-
pulsions that facilitate interior hydrophobic areas [75]. It can be bene-
ficial in the encapsulation of unsaturated fatty acids, oils, and other
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hydrophobic compounds used to enrich and fortify food and pharma-
ceutical products.

Regarding the benefits of HIU in the manufacture of yogurt, Sfakia-
nakis et al. [76] reported a positive increase in viscosity, a decrease in
the pH rate, and a decrease in the duration of pH lag phase of milk
during yogurt production fermentation, compared with homogenized
milk with conventional pressure. They attributed these positive effects
in yogurt made with ultrasonicated milk to the formation of aggregates
between whey (denatured whey proteins) and casein molecules. Shan-
mugam et al. [53]obtained similar results and reported the formation of
soluble aggregates of serum-serum/serum-casein in skim milk homog-
enized, pasteurized, and treated for 30 min with ultrasound, reducing
the turbidity of the milk without modifications. In studies with yogurt,
Korzendorfer et al. [80] reported the formation of compact yogurts with
large particles and low water retention and viscosity due to ultra-
sonication (30 kHz) of denatured (95 °C, 256 s) skim milk standardized
in protein and inoculated with starter cultures (Lactobacillus bulgaricus
and Streptococcus thermophilus) with a vibration exciter and shaker
during the fermentation process. In another study, Korzendorfer and
Hinrichs [52] reported the feasibility of applying ultrasound during the
thermophilic fermentation of milk. This allowed them to obtain high-
protein yogurt with reduced viscosity, which facilitates further pro-
cessing. In the studies of Sfakianakis et al. [76] and Shanmugam et al.
[53], the milk was previously treated with ultrasound before the yogurt
fermentation process.

Zhang et al. [77] showed changes in the functional properties and
structural characteristics of ultrasound-treated micellar protein
concentrate before spray-drying. They observed a significant increase in
conductivity, solubility, emulsification, and gelation as the ultra-
sonication time increased. They explained the changes by citing the
exposure of hydrophobic regions from the interior to the surface of the
molecules, as well as the reduction in particle size and changes in
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secondary structures.

Traditional heat treatments such as pasteurization do not alter the
structure of the casein micelle due to its lack of tertiary structure,
however heat treatments such as ultrapasteurization induce the pre-
cipitation of soluble calcium and the solubilization of colloidal calcium
phosphate, dissociating k-casein and some o-caseins from micelles,
leading to aggregation and complexation with serum proteins and in-
dividual caseins [81-83]. In contrast, HIU does not produce changes in
the native structure but rather with the reduction in particle size
[77,78]. Fig. 3 (b) depicts the effect that HIU has on the structure of the
casein micelle.

3.3. Enzymes

In enzyme studies (Table 2), Jiang et al. [51] reported that ultra-
sonication and preheating applied to increase the crosslinking of trans-
glutaminase catalyzed whey protein isolate and produced polymers with
high molecular weights. This in turn produced an increase in emulsi-
fying activity and foaming stability. Therefore, these products have
potential as emulsifiers and foam stabilizers for processing and storing
food products. In the case of ultrasonicated fresh milk, Balthazar et al.
[18] found that, in sheep’s milk, there were no changes in the protein
profile or free amino acids, maintaining the quality of the product and its
suitability for the production of dairy products. Barukci¢ et al. [20]
obtained interesting results in sweet whey, and reported an increase in
stability due to the homogenization caused by the effect of ultrasound.
Hence, HIU has the potential to replace conventional pasteurization
because whey proteins, being heat-labile, do not precipitate. Cameron
et al. [84] also suggested that ultrasonication is an effective means of
pasteurization in raw milk; however, it should be combined with an
adequate heat treatment to achieve inactivation of alkaline phosphatase
and lactoperoxidase. Vijayakumar et al. [85] reported a decrease in total
plasmin activity of up to 94% in skim milk and cream treated with HIU
and heat (thermosonication). However, the enzymatic activity after 30
d increased up to 5-10 times in skim milk and remained unchanged in
cream. This confirms that thermosonication helps to extend the shelf life
of milk due to the inactivation of proteases.

3.4. Fat

Structural changes in fat globules of milk by HIU effect modify their
integrity, reducing the size and diameter to submicron levels when
compared to shear homogenization (Table 2). Abesinghe et al. [24] re-
ported that ultrasonicating buffalo’s milk for 15 min significantly re-
duces the size of the fat globule compared to traditional
homogenization. This led to the formation of better gelling properties for
yogurt production while avoiding syneresis. However, lipolytic
rancidity was significantly increased due to the increase in the content of
free saturated fatty acids in milk. Torkamani et al. [86] reported a
decrease in oxidative volatile compounds in skim milk whey powder
obtained from pasteurized and ultrasound-treated liquid whey. The
volatiles were below the detection threshold and showed oxidative
stability during 14 d of storage.

Several authors have described the importance of milk proteins as
natural emulsifiers that stabilize emulsions produced with ultrasound
assistance [43,87]. Shanmugam and Ashokkumar [87] reported that
whey proteins stabilize sono-emulsified oil globules, which contributes
to the production of gels with better textural attributes compared to
those produced with non-ultrasound-treated pasteurized skim milk.
Amiri et al. [43] reported similar results and observed that ultrasound
treatment of whipped cream fragments reduces the size of fat globules.
Consequently, denatured proteins open to cover the globules, confining
air bubbles and improving the stability and firmness of the whipped
cream.

Chandrapala et al. [78] found that the fat globule size was reduced to
10 nm in fresh skim milk treated with ultrasound for 60 min. The
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formation of flocculated fat particles in ultrasonicated cream at low
temperatures (<10 °C) could reduce the energy demand compared to
traditional homogenization, carried out at 50 °C [88]. Karlovi¢ et al.
[89] also reported that milk proteins, especially caseins, adsorb to the
membrane surface of fat globules, functioning as natural emulsifiers in
ultrasound-treated goat’s milk. In this regard, O’Sullivan et al. [90]
showed different emulsifying properties in ultrasound-treated milk
proteins. Milk protein isolate produced emulsions with smaller droplet
sizes and without coalescence after 28 d. Meanwhile, emulsions pro-
duced from whey protein isolate and sodium caseinate had the same
droplet sizes as controls without ultrasound (120 nm), despite the
reduction in protein size.

HIU application to milk cream modifies the physical properties of
butter, depending on the ultrasonication duration. HIU changes the
texture and melting behaviour when applied for 10 s. The hardness of
the butter is increased due to crystallization of low-melting-point tri-
acylglycerols. It is promoted by forming a narrow lattice. On the other
side, the use of long ultrasonication times causes the lattice to melt [37].
Ultrasonication of raw whole cow’s milk at 2 MHz, compared to 1 MHz,
is more effective for manipulating smaller fat cells retained in the later
stages of skimming, eliminating 59% of fat. At 1 MHz, it removes only
47% of the fat after three stages of ultrasound-assisted fractionation
[34]. The temperature range of operation utilized in this study is within
the ‘optimal’ range between 20 and 55 °C, previously reported by Leong
et al. [91]. An aggregation of homogenized fat globules occurs when
there is no control on milk temperature treated with ultrasound
(>90 °C). Possibly, due to an incorporation of denatured serum proteins.
This aggregation is detrimental to the acid gelation of milk [62].

Ultrasound constitutes a technology with potential for application to
accelerate the crystallization of mixtures of anhydrous milk fat and
vegetable oils, as it is used in dairy ingredients. Martini et al. [92]
altered the crystallization behaviour of a lipid model system (anhydrous
milk fat) by HIU application. They suggested that HIU may be used as an
additional processing variable to improve the lipid crystal lattice and its
low-lipid physicochemical characteristics. This would allow for obtain-
ing more viscous materials in lipid-based foods such as mayonnaise,
margarine, and spreads, which could be formulated with healthier lipids
without affecting the physicochemical and sensory qualities. Wagh et al.
[93] also reported that ultrasonication of anhydrous milk fat leads to a
decrease in the induction time in crystallization, coupled with the gen-
eration of a higher number of crystals and greater viscosity.

In cheese, Torkamani et al. [94] reported different results when
evaluating the effects of ultrasound treatment on lipid oxidation in
cheddar cheese serum. They found no changes in the composition of
phospholipids or in the FFA concentration. However, Jalildazeh et al.
[42] reported that ultrasonicated, ultrafiltered milk retentate improves
the organoleptic properties of feta-type white cheese, mainly due to
lipolysis (content of free fatty acids [FFAs]) and proteolysis (nitrogen
soluble in water) that occur during the maturation process (60 d). The
differences in the results of these investigations could be due to the
characteristics of the treated samples and the experimental and subse-
quent storage conditions. Torkamani et al. [94] used freshly pasteurized
Cheddar cheese whey (fat content not measured), ultrasonicated with a
sonotrode and a plate transducer system at 400, 1000 y 2000 kHz for 10
and 30 min at 37 °C. Besides, Jalilzadeh et al. [42] used retentate of
ultrafiltered milk (containing 16% fat) using an ultrasonic homogenizer
for 20 min at lower frequencies (20, 40 y 60 kHz). Hence, the phe-
nomena of lipolysis and proteolysis occurred naturally during the
ripening of the cheese.

In milk inoculated with a thermophilic culture for yogurt, ultra-
sonication before or after inoculation significantly reduces fat globule
size and decreases fermentation time [95]. Regarding the quality of the
yogurt, they reported an increase in water-holding capacity and vis-
cosity and a decrease in the syneresis.
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3.5. Lactose

Studies that address ultrasound and its effect on carbohydrate
metabolism in milk are primarily focused on the hydrolysis of lactose
during fermentation processes for the formation of organic acids (mainly
lactic, acetic, and propionic acids). This part will be addressed in the
“Fermented dairy products” section.

The benefits of ultrasound treatment in the fermentative activity of
beneficial strains in milk have reduced the required fermentation times
to lower the pH. This facilitates breakdown for the release of extracel-
lular and intracellular enzymes that promote lactose hydrolysis [62],
including changes in the number of viable cells [96].

Khaire and Gogate [97] reported a reduction in hydrodynamic size in
lactose recovered from ultrasound-treated whey. The pretreatment
whey thermosonication improved lactose sonocrystallization in terms of
recovery and chemical characteristics so that time of 25 min and power
of 250 W resulted in higher recovery (up to 94.5%). In another study by
Patel and Murthy [98] on ultrasonicated reconstituted lactose, sponta-
neous nucleation and seed growth accelerated growth in length and
thickness, resulting in rod-shaped seed crystals. Therefore, sonocrys-
tallization using acetone as an antisolvent resulted in a novel process for
the rapid recovery of lactose.

Regarding the ultrasound frequency applied, 91% of the consulted
papers applied frequencies between 20 and 30 while only 7% of the
studies applied frequencies between 0.025 and 1 kHz and 2% used fre-
quencies higher than 1000 kHz. The application of frequencies between
20 and 60 kHz have resulted in modifications in the structure of proteins
and formation of aggregates due to denaturation, reduction in particle
size [24,25,28,43,46-48,51,54,56,58,59,61,70,79] and reduction in fat
globule size [24,43,78,88,99]. Additional observations at these fre-
quencies (20 to 60 kHz) were whey protein denaturation and casein-fat
globule aggregation [62,101,102] as well as proteolysis during cheese
maturation [42]. Contrarily other studies did not show any change in
dairy protein properties [18,20] probably due to other experimental
parameters such as power, intensity, time or temperature of the ultra-
sonication treatment. At frequencies between 0.025 and 1 kHz an in-
crease in large yogurt protein aggregates were observed [80] while the
use of frequencies between 400 and 2000 promoted milk fractionation
and formation of an increasing fat concentration gradient [34] as well as
the separation of whey fat which contributes to improve the oxidative
stability of cheese [86]. In conclusion, the use of frequencies around 20
kHz present the optimum results regarding the milk chemical
components.

4. Rheological and textural properties

The success of any food in a market depends on factors such as its
nutritional contribution, safety, shelf life, convenience, and mainly its
sensory attributes. The rheological properties are useful for the devel-
opment of new products, calculation of processes, transportation, and
quality control of products [107]. Furthermore, these properties are
influenced by the microstructure of the product. The effect of applying
ultrasound on the rheological properties in milk and dairy products
depends on factors such as the volume of the sample, the heat generated,
and the density of the ultrasound [56]. Flow properties identify the type
of fluid. Newtonian fluids are characterized by a flow index (n) equal to
1, and most dairy products behave like non-Newtonian fluids with n
values less than 1.

These fluids are known as pseudoplastics or shear-thinning fluids
since their apparent viscosity decreases with increasing shear rate (y)
[27]. Various mathematical models can describe the different flow
patterns of fluids. The most commonly applied models for pseudoplastic
fluids are the Power Law model (t = ky™) and the Herschel-Bulkley
model (t = ky" + 10), where n is the flow index (dimensionless), k is
the consistency index (Pa.s™), and 7 is the yield stress (Pa). In these
models, k is taken as an analogy of viscosity. The effect of ultrasound
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treatments on the n and k indices has been evaluated by some authors of
studies in milk and dairy products, which are discussed below.

Regarding the viscoelastic properties, these provide valuable infor-
mation about solid or semi-solid dairy products, such as creams, cheeses,
and fermented dairy products [101,108]. Tests such as the deformation
or frequency sweep can provide information about the behaviour of the
storage modulus (G’) and the loss modulus (G’*), which define the elastic
and viscous behaviour of the materials, and are also related to the
softness and firmness of gel-like structures, as is the case with fermented
products. In addition, these types of tests can also provide information
about possible long-term flow behaviour, an important indicator for
packaging selection and shelf-life determination [109].

Texture is an important attribute to consumers and it can determine
the acceptance of a specific product [110]. This attribute depends on the
microstructure of the product and is evaluated by consumers through
the senses. However, one way to obtain more objective data is through a
texture profile analysis (TPA). Here, the sample is subjected to two de-
formations to simulate chewing [109,111]. Findings related to param-
eters such as firmness, adhesiveness, cohesiveness, and elasticity are
obtained from the resulting graph [111]. Most research on the effect of
ultrasound on the textural properties of dairy products has been done on
fermented products. Table 3 summarizes the effects of applying ultra-
sound on the rheological and textural properties of milk and dairy
products, which are discussed below.

4.1. Milk, reconstituted products, and emulsion

The changes in the rheological properties of dairy products after
ultrasound application have been studied. Monteiro et al. [27] applied
HIU (19 kHz and 400 W) at different energy densities (0.3 kJ/crn3, 0.9
kJ/em®, 1.8 kJ/cm®, 2.4 kJ/em®, and 3.0 kJ/em®) to pasteurize
chocolate-flavored milk (65 g whey powder, 35 mL whole milk, 3 g
cocoa powder, 10 g crystal sugar and 1 g gelatin). In general, when the
energy density increased, the milk presented lower values for consis-
tency index (k) and higher values for flow index (n; more Newtonian
fluids). The apparent viscosity of the samples was observed to decrease
at the maximum energy density. On the other hand, the highest values
for k and the lowest for n were recorded at energy densities of 0.3 and
0.9 kJ/cm?. With regard to reconstituted products, HIU application can
help reconstitute powdered milk. Nguyen and Anema [62] applied US
(22.5 kHz and 50 W) for reconstitute whole milk and evaluate their
effect on gels formed by acidification with glucono-d-lactone (GDL,
2.2% w/w). The authors observed that the gels obtained by acidification
from the milk reconstituted by the HIU showed superior firmness to the
gels obtained from the control milk (80 °C, 30 min). This effect previ-
ously observed was attributed to a higher destruction of the structure.
That is, the US broke the fat globules (see section 2) into smaller par-
ticles and promoted denaturation of the milk proteins (see section 3). It
increased the pH for the start of gelation, thus decreasing the gelation
time of milk to form stronger gels. The rheological and textural prop-
erties of gels obtained from reconstituted milks can improve if properly
combined during the ultrasonication, considering time, intensity, and
temperatures above 60 °C.

Gregersen et al. [25] evaluated the acid formation of milk gels sub-
jected to different powers and temperatures (Table 3). The modulus G’,
interpreted as gel strength during acid gelation, increased with ultra-
sound treatment and its values were affected by the temperature and
power of the treatment. For example, it was observed that ultrasound
(20 kHz, 50 W at 50 °C) increased the modulus G’ by up to 10 times. This
phenomenon was attributed to the structural changes that the fatty cell
membrane underwent and the denaturation of serum proteins (see sec-
tion 3). These changes probably facilitate interactions between fatty
cells and caseins, increasing the strength of the gels.

Aslan and Dogan [107] studied the effect of ultrasound on dairy
emulsions (7, 10 and 15% olive oil, 14% sucrose, 11% skimmed milk
powder, 0.2% xanthan gum and 0.3% mono-diglycerides as emulsifier)
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Table 3 (continued)
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Table 3
Effect of ultrasound on the rheological and textural properties of milk and dairy
products.
Sample Experimental Effect of ultrasound Reference
parameters
Dairy emulsions Ultrasonic processor Ultrasonication [107]
(7-15% olive oil, UP400S with a promoted lower
14% sucrose, titanium probe values in apparent
11% skimmed (H22D, 1 = 22 cm). viscosity and k with
milk powder). 24 kHz for 3 min, weaker structures.
energy density and
amplitude were 85
W/cem? and 120 um
respectively.
Yogurt (Raw cow Ultrasonic processor Increases in HIU [110]
milk with 3.02% UW3200 with an power promoted
fat, 3.01% ultrasonic probe decrease in apparent
protein). (TT13, diameter = viscosity.
13 mm). 24 kHz, 15
min, 100, 125 or 150
W, 70 °C.
Conventional
Process: 90 °C, 10
min. In both process,
samples of 800 mL
were transferred into
beakers (1L).
Yogurt (Fat Ultrasonic processor Thermosonication [101]
content: 0.1, 1.5 (BerHielscher UP increased the viscosity
and 3.5%) 4008S) with an of the product and the
ultrasonic probe storage modulus G’.
(Horn H22D,
diameter dip = 22
mm). 200 mL milk
samples in 250 mL
beaker. 24 kHz, 400
W, 10 min, 45-72 °C.
Conventional
Process: 90 °C, 10
min.
Soft cheese (Raw Ultrasonic processor Thermosonication [113]
whole milk). (Hielscher UP400S) increased cheese yield
with a 22 mm (20.6%) and
diameter probe. 24 decreased hardness.
kHz, 400 W, 15s; 1, The cheeses obtained
10, and 30 min; 63 or from thermosonicated
72 °C. Sample of 500  milk crumbled easier,
mL. Conventional which is desirable in
Process; 63 °C, 10 this product.
min or 72 °C, 15s.
Acid-induced gels Ultrasonic flow cell Gel strength increased [25]

from milk
(Commercial full
fat milk with
3.5% fat).

Cream cheese (Raw
milk with 3%
fat).

Yogurt (Milks were
sonicated during
fermentation At

(Sonolab SL10).
Frecuency of 20 kHz;
at 27, 50, and 70 °C
wirth different
power levels (10, 30,
and 50 W); samples
of 100 mL.

Ultrasonic processor
(Sonifier 450) with a
probe of 12.7 mm
diameter. 450 W), d
= 12.7 mm. 24 kHz,
4-63 °C; 0, 20, 50,
80, and 100 W; 0-30
min. Sample of 500 g
in glass vessels of
600 mL.

Ultrasonic water
bath (300 W, V=19
L; RK 1028/H;

with ultrasound
treatment and varied
with power and
temperature. The
firmness of the gel was
a consequence of the
denaturation of whey
proteins and changes
in the membrane of
the fat globule.
Reduction in the size [108]
of fat globules. The
viscoelastic-elastic
behaviour (G’ > G**)
was not affected by
TS. Modulus G* and
spreadability were
better at < 50 W.
Higher power did not
benefit spreadability
and rheological
properties due to
particle coalescence.
Sonicated set gels [178]
exhibited syneresis
and were softer than

Sample Experimental Effect of ultrasound Reference
parameters
pH 5.2 and Bandelin, Germany) controls. Sonication
42 °C) and sonicated at 35 increased particle
kHz for 5 min at numbers, but the
42 °C. effect was less
pronounced when YF-
L 901 was used,
indicating EPS as a
tool to reduce
syneresis and particle
formation due to
vibrations.
Rheological
parameters and size of
microgel particles
were more influenced
by starter cultures
than by sonication.
Protein-enriched Ultrasonic device The yogurt obtained [117]
Greek yogurt (Sonopulus HD by US during
(bovine raw milk ~ 2200) equipped with ~ fermentation
standardized to a titanium flat tip exhibited lower values
3.5 to 12.0% (TT13; diameter = in G’, showing gels
protein. Milks 13 mm, length =5 with weaker structure.
were sonicated mm). 20 kHz, 20 W HIU reduced the
during (Sonopuls), equipped  firmness of the gels by
fermentation with a titanium flat up to 80%.
from pH tip (d = 13 mm,
5.8-5.1). length 5 mm).
Whipped cream Ultrasound processor ~ Ultrasound changes [43]
(Fresh cream (Adeeco APU400). depended on the
with a fat content ~ Frecuency of 20 kHz intensity and duration
of 30%) at 100 and 300 W for  of the ultrasonication.
0, 5, 10, and 15 min With increasing
at 50 °C. Samples of power, the size of the
200 mL. fat globules increased
and the firmness was
lower. In general, the
modulus G’ increased
in the US samples,
evidencing an
improvement in the
structure of the cream.
Chocolate milk Disruptor Indaiatuba  The consistency index [27]
beverage (Indaiatuba 800 W) k recorded its highest
equipped with a 13 values at an energy
mm diameter probe. density of 0.3 kJ/cm®
Frecuency of 19 kHz and 0.9 kJ/cm®. A
at400 W with energy ~ higher energy density
densities of 0.3-3.0 decreased k and
kJ/cm®. increased the flow
Conventional index (n), a
Process: high- consequence of a more
temperature short- intense destruction of
time (HTST) the microstructure.
pasteurization
(72°C/15s).
Yogurt 10 mm ultrasonic Ultrasonication [24]
(reconstituted horn (Misonix Inc, increased gel hardness

buffalo’s milk)

model 3000) with
stainless steel micro
tip (diameter = 3
mm). Frequency of
20 kHz at 66 W
during 15 min at
45 °C. Shear
homogenization:
1188 J/mL energy
density.

by up to 98%, as well
as adhesiveness,
gumminess, elasticity
and cohesiveness.
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preparation. They compared the emulsification of olive oil in milk-based
media by mechanical agitation and HIU application (Table 3). They
observed that the HIU promoted a decrease in the apparent viscosity and
the k index compared to emulsions obtained by mechanical agitation.
The effect was a consequence of the decrease in the size of the oil
droplets and a more effective distribution of the proteins in the system.
Furthermore, it has been speculated that denaturation of proteins caused
by HIU reduces the apparent viscosity and the k index. Cavitation gen-
erates shear forces that change the molecular structure of proteins, thus
affecting their functional properties [47]. HIU has been reported to in-
crease the solubility of whey proteins [46], improve emulsifying prop-
erties, and reduce its viscosity [112].

4.2. Cheese and cream

High-intensity ultrasound has been used to produce cheese with the
aim of pasteurizing the milk. In addition, it has been observed that
applying HIU to milk improves the milk’s curdling properties since HIU
breaks the fat globules into smaller particles and alters their membrane
[102,108,113]. These changes reduce curdling time [102] and increase
the firmness of the curd [102,106]. Zhao et al. [106] evaluated the ef-
fects of applying HIU (20 kHz, 800 W, 0-20 min) on the curd properties
of goat’s milk with renin. With a 10-min ultrasonication, the curd pre-
sented a denser gel crosslinked network, resulting in a more homoge-
neous microstructure with abundant pores, but smaller than the milk
curd without sonication. This suggests that the curd of goat’s milk
treated with HIU will show greater firmness, registering values of G’ pax
(maximum value for the storage modulus) higher than 100 Pa, even
higher than those reported in cow’s milk. Similar effect was observed in
the adhesiveness (the strength of the internal bonds of the sample).
Hence, it can be assumed that HIU promotes strong interactions between
the components of the milk, improving the setting properties.

Regarding studies carried out on cheese, Bermtidez-Aguirre and
Barbosa-Canovas [113] reported that fresh cheese obtained from milk
treated with thermosonication (400 W, 24 kHz, 63 °C, 30 min) was
softer and more brittle than cheese from the control milk (without
thermosonication). Those characteristics resulted in an easier cheese to
crumble, which is a desirable attribute of fresh cheese. These authors
explained this behaviour by noting that the microstructure of thermo-
sonicated milk cheese presented a more homogeneous structure
compared to non-sonicated milk cheese. Moreover, they noted that
thermosonication improved homogenization of proteins and fat and
increased retention of water molecules in the matrix. Hence, it can be
assumed that HIU promotes strong interactions between the components
of the milk, improving the setting properties.

In a recent study, Almanza-Rubio et al. [108] applied HIU (20 kHz,
0-100 W at 4-63 °C for 3-30 min) to raw milk (3% fat) intended for the
production of cream cheese. Regarding the texture, the spreadability of
cream cheese (<100 N) obtained from thermosonicated milk at <50 W,
50 °C, and long times (<30 min) was lower than that of cheese obtained
from milk without thermosonication (209 N). These values were lower
than those registered in commercial cheeses made from whole milk
(127-20115 N). However, a power greater than 50 W increased the size
of the fat globules as a result of their coalescence, and most likely pro-
moted a greater denaturation of the proteins, thus altering the mem-
branes of the fat globules. The results showed that the viscoelastic
behaviour (G* > G’’) of cream cheese was not affected by thermosoni-
cation. The increase in dissipation energy significantly reduced the G’
and G”’ modulus as well as their complex viscosity (1*), the reduction of
these parameters was maximized at a power of 50 W, and higher values
caused slight improvements in rheological properties. The thermosoni-
cation at <50 W reduced the size of the fat globules, increasing their
retention in the cheese and promoting a decrease in spreadability and
the G’ modulus. In general, these results suggest that the thermosoni-
cation application allows for improving the textural and rheological
properties of cream cheese under specific conditions.
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On the other hand, Amiri et al. [43] evaluated the effect of HIU on
the structural properties whipped cream a fat content of 30%, consid-
ering ultrasound intensity and time (20 kHz, 100 and 300 W, 0-15 min)
at 50 °C. Compared to the control (sample without sonication), the HIU-
treated cream increased the G’ values, showing a more rigid structure.
However, as the intensity of the process increased, the modulus G’
decreased. The chains of the denatured proteins presented a more open
conformation that allowed them to cover the new fat globules, resulting
in a more elastic network. However, increasing the time and power of
the HIU treatment promoted greater denaturation of proteins and fatty
cells, originating a structure with weaker infrastructural bonds and thus
decreasing G’. The firmness, consistency, and cohesiveness of the cream
increased with HIU, but these properties decreased with increasing
sonication time of up to 15 min. The above results suggest that HIU
treatment can improve the textural and rheological properties of
whipped cream. This effect was attributed to the fat globule disruption
(see section 2) and the denaturation of the milk proteins (see section 3).

4.3. Fermented dairy products

Most studies of the effect of ultrasound on dairy foods have evaluated
the production of fermented products such as yogurt [44]. Yogurt
quality is associated with physical properties developed as a conse-
quence of the formation of a homogeneous gel, which occurs due to
destabilization and aggregation of protein micelles when pH drops
during fermentation [114,115]. The texture of the gel largely de-
termines consumer preferences, and depends mainly on the viscosity, gel
structure, and particle size distribution [44,110]. In addition to the
characteristics of the gel formed during the fermentation, the final
structure will depend on the type of yogurt, since in the case of set-style
yogurt, the fermentation takes place in the container, while in stirred
yogurt, mechanical agitation is necessary after fermentation [114]. Set-
style yogurt is intended to present a gel with a homogeneous structure,
no syneresis, and a smooth and homogeneous consistency [114]. On the
other hand, in the case of stirred yogurt, the gel structure is less ho-
mogeneous and compact, with a soft and creamy texture and low levels
of syneresis [101,114]. It has been reported that ultrasound applied
before or during fermentation affects the gel formation (Fig. 4a), thus
modifying the texture of the final product. The application of HIU can
positively or negatively affect the texture of fermented products; HIU
applied before fermentation improves the texture (Fig. 4b), while HIU
applied during fermentation (Fig. 4c) negatively affects the texture [44].

Riener et al. [101] compared the rheological properties of yogurt
obtained using thermosonication (24 kHz, 400 W, 45-72 °C, 10 min)
and conventional heating (90 °C for 10 min) in full-fat (11.6% total
solids, 3.0% protein, 3.5% fat, 0.8% ash and 0.14% acidity), semi-skim
(9.5% total solids, 3.1% protein, 1.5% fat, 0.8% ash and 0.12% acidity),
and skim milk (8% total solids, 3.2% protein, 0.1% fat, 0.8% ash and
0.12% acidity). The milk at 40 °C was inoculated with commercial
yoghurt starter culture. Yogurt obtained from HIU-treated milk had a G’
value up to 25% higher than its counterpart made from conventionally
heated milk. As discussed in section 3, denaturation of whey proteins by
conventional heating facilitates their interactions with other milk
components. However, the level of protein denaturation was lower in
the thermosonicated milks, so apparently, protein denaturation was not
a determining factor in gel firmness in this research [101]. Apparently,
protein denaturation was not a determining factor in gel firmness.
Subsequently, Riener et al. [115] also observed similar effect related to
the properties of textures and rheology under the same operating con-
ditions previously described above [101]. The texture profile analysis
(TPA) revealed that the firmness of the yogurt obtained from thermo-
sonicated milk (1.8 N) was higher than that of its counterpart obtained
from milk treated conventionally (0.90 N). The thermosonication also
increased the chewiness and gumminess of the yogurt, while its adhe-
siveness and elasticity did not show significant differences from those of
the control yogurt (milk without thermosonication). Regarding the flow
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Fig. 4. Schematic representation of gel formation and microstructure in a) yogurt obtained in the traditional fermentation, b) yogurt obtained from ultrasound pre-
treated milk and c) yogurt with sonication during fermentation. Adapted from Munir et al. [116] and Nobel et al. [114].

properties, both samples maintained their pseudoplastic character;
however, compared to the sample without TS, the consistency index, an
analogy of viscosity, increased 2.4-fold when HIU was applied.

Gursoy et al. [110] produced yogurt with thermosonicated raw cow
milk (11.56% total solids, 3.02% fat, 3.01% protein, 4.74% lactose and
pH was 6.47) inoculated with 2.5% of commercial starter cultures
(Streptococcus thermophilus and Lactobacillus delbrueckii subsp. Bulgar-
icus). They observed that an increase in power (100-125 W) during
thermosonication (24 kHz, 15 min, 70 °C) reduced syneresis and
increased apparent viscosity. The milk subjected to thermosonication to
form gels with a stronger and more viscous network [43-
45,101,110,115]. Furthermore, increased HIU potency promoted a
more extensive dissociation of protein micelles into smaller particles,
thus contributing to the formation of gels with a stronger network [110].

Frydenberg et al. [60] recently studied the role of protein in-
teractions in gel network properties and reported the effect of HIU (24
kHz, 300 W/cm?, 2078 J/mL) on the properties of serum protein isolate
(WPI) gels with different a-lactalbumin:f-lactoglobulin ratios. Sonicat-
ion was observed to increase the hardness of the WPI gels as a
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consequence of the increase in disulfide bridges. Shen et al. [63]
observed that the application of ultrasound at a frequency of 20 kHz for
20 min in glucono-6-lactone-induced whey protein isolated gels (10%
w/v) breaks non-covalent bonds, promoting a reduction in the particle
size of serum proteins and an increase in free sulfhydryl (-SH) groups,
allowing new particles to interact via disulfide bonds to form a denser
and stronger internal network, and resulting in firmer and stronger
elastic gels (G’). Furthermore, as mentioned at the beginning of this
section, sonication can also be applied during the fermentation process,
which is useful for semi-continuous or continuous yogurt production.
Applying HIU during fermentation has been reported to reduce
fermentation time [95,114]. However, application of HIU during
fermentation results in the formation of large particles that may not be
desirable in yogurt, impoverishing its rheological properties [114].
These authors [114] applied HIU (45 kHz, 17 kW/mS, 42°C,pH 4.6-5.7)
during fermentation for yogurt production. The results showed that
sonication during fermentation promoted the formation of large
colloidal particles, whose size and stability was closely related with the
pH reduction during fermentation. In a critical pH range of 5.1-5.4,
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sonication for 5 min was sufficient to promote the formation of large
particles in the system. This effect may be the consequence of a kine-
matic mechanism, sonication during fermentation increased the shear
force and promoted the collision of gel fragments in a system with low
C-potential (pH 5.4), which facilitated the formation of bonds between
particles. These groups are different from the homogeneous gel network;
since they are unstable due to a higher presence of weaker bonds. The
formation of large particles that may not be desirable in yogurt, which
impoverishes its rheological properties.

As previously described, the firmness of the gels obtained during
fermentation can be increased by applying a thermosonication pre-
treatment to the milk. Nguyen and Anema [62] reported that after
application of HIU (22.5 kHz, 50 W, 3 min) to reconstitute whole milk at
temperatures of 20 and 40 °C under these conditions, the denaturation
of whey proteins was practically nil. However, when the HIU process
temperature stabilized above 60 °C, the denaturation of the whey pro-
teins was 80%. As previously mentioned, heating of the milk (~90 °C,
30 min) and thermosonication prior to fermentation denature the whey
proteins for subsequent interactions in the gel network. However, it has
been reported that the firmness of yogurt can be improved by homog-
enizing milk using HIU at temperatures below 60 °C.

In this regard, Abesinghe et al. [24] prepared yogurt from recon-
stituted buffalo’s milk (16.7% total solids; 7.76% fat and 4.83% protein)
ultrasonicated (20 kHz, 66 W, 15 min). The sonicated milk was inocu-
lated with commercial starter cultures (Lactobacillus bulgaricus, Strepto-
coccus thermophilus, S. lactis, S. diacetylactis and S. cremoris) and
incubated at 42 °C until the pH reached 4.5. TPA analysis revealed that
compared to non-homogenized milk and homogenized milk, the hard-
ness of yogurt from HIU-homogenized milk increased by up to 98% and
121% respectively. This phenomenon occurred because the sample size
(50 mL) could allow a higher level of energy transfer during the process,
which promoted the denaturation of the proteins, thus increasing the
firmness of the gel. The other textural properties, adhesiveness, gum-
miness, and elasticity, were also improved by applying HIU. Except for
gumminess, an increase in these properties is desirable in this type of
product.

In general, the application of HIU during the fermentation process
does not improve the textural and rheological properties of the yogurt.
In this sense, Korsendorfer et al. [178] studied the impact of short-time
sonication during fermentation on physical properties of set-style and
stirred yogurt. They fermented skim milk with a low exopolysaccharide-
producing starter (EPS; YC-471) and a high EPS (YF-L 901) and soni-
cated for 5 min at a pH of 5.2. Sonicated set gels exhibited syneresis and
were softer than the controls. The authors proposed EPS as a tool to
reduce syneresis and particle formation due to vibrations since the
rheological parameters and the size of microgel particles were more
influenced by starter cultures than by sonication. However, this may be
advantageous in obtaining another type of yogurt, as reported by
Korzendorfer et al. [117]. These authors applied HIU (20 kHz, 20 W) to
produce Greek yogurt from bovine raw milk standardized to 3.5, 4.0,
6.0, 8.0, 10.0, and 12.0% (wt/wt) protein inoculated with mesophilic
(Lactococcus lactis ssp. lactis and Lactococcus lactis ssp. cremosris) or
thermophilic starter cultures (Lactobacillus delbrueckii ssp. bulgaricus
and Streptococcus thermophiles) and fermented until pH 4.6. Samples
were sonicated during fermentation from pH 5.8-5.1. The G’ modulus
decreased by 74% when going from 2489 Pa to 644 Pa in HIU-treated
yogurt and the control sample, respectively. The phase angle experi-
enced the opposite effect when increasing from 13.2° to 13.5°,
evidencing a more viscous than elastic behaviour in the sonicated
samples. These rheological characteristics were desirable because, due
to the high protein content (10%) of the milk in the fermentation
without HIU, mechanical agitation was required to achieve a smoother
consistency.

As observed in Table 3, the most reported frequencies for different
dairy products were 19, 20, 24 and 35 kHz showing similar effects on the
rheological properties of milk and emulsion, such as a reduction of the
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parameter k and a decrease in the cheese softness. In fermented dairy
products, the rheological properties depended on the stage of produc-
tion when the sonication was applied. Sonication of milk at 24 kHz
before fermentation offers higher yogurt firmness than when sonication
was applied during fermentation.

5. Functional properties

Diverse studies have evaluated the influence of high-intensity ul-
trasound processing on bioactive or functional compounds as described
in Table 4.

The effect of HIU treatment on protein content in milk has been
widely studied. Milk proteins ensure the supply of essential amino acids
in the diet, improve physical performance, and, in the case of immu-
noglobulins, show an immunoprotective effect. Other peptides possess
antithrombotic, antimicrobial, antioxidant, and antihypertensive activ-
ity (through inhibition of the angiotensin-converting enzyme; Fox et al.
[120]. Cameron et al. [84] reported that protein content in raw milk
significantly increased from 3.03% to 3.25% after ultrasound processing
(750 W, 20 kHz, and 124 um amplitude) for 15 min at room tempera-
ture, whereas protein content remains unchanged (3.11% to 3.12%) in
ultra-high temperature (UHT) milk after processing by ultrasound. On
the contrary, Bermtidez-Aguirre et al. [121] reported that in thermo-
sonicated (400 W, 24 kHz, 36 to 120 um amplitude, 63 °C) raw whole
milk, protein content diminished from 3.28% to 3.02%, a function of the
intensity of treatment. These findings were attributed to protein dena-
turation by heat. Previously, the authors reported that thermosonication
(400 W, 24 kHz, 120 pm amplitude) UHT milks with different fat con-
tents (fat-free, 1%, 2%, 3.4%) did not have a significant influence on
protein content [122]. However, Gammoh et al. [123] reported an
increment of aromatic amino acid content in extracts of camel milk
whey proteins and caseins after ultrasound processing. Villamiel and De
Jong [19] evaluated the effects of continuous-flow high-intensity ul-
trasound processing (with and without heat) on whey proteins and ca-
seins. The authors reported that ultrasound led to denaturation of both
whey proteins, o-lactalbumin and f-lactoglobulin. This denaturation
was higher in whole milk and ultrasound combined with heat, which
was due to the modification of the tertiary and/or quaternary structures
of casein, without altering the micelle as presented in section 3. Gursoy
et al. [110] analyzed the effects of ultrasound treatment on protein
content in yogurt produced with thermosonicated milk. The protein
content varied from 1.20% at 150 W to 1.14% for control yogurt. In the
case of lipids, it was reported that thermosonication of whole milk
caused the disintegration of fat globule membranes and the release of
triacylglycerides, showing a higher value of fat content after sonication
(4.24%) compared to unprocessed milk (4.04%; [35]). In the industry,
ascorbic acid is a heat-sensitive compound present in many foods. Both
ascorbic acid and phenolic compounds have elevated antioxidant ac-
tivity. Guimaraes et al. [124] reported that ultrasonication reduced the
ascorbic acid content (from 18 to 14 mg/100 mL), whereas the content
of phenolic compounds (from 634 to 777 mg of equivalents to gallic
acid/100 mL) increased when a prebiotic whey sour beverage was
processed at 19 kHz and 600 W for 3 min.

Functional compounds are highlighted for their high potential to
protect the human body against reactive oxygen species (ROS) and
reduce oxidative stress [125]. Diverse studies have demonstrated an
incremental increase in antioxidant activity in milk and dairy products
subjected to sonication. For instance, Parreiras et al. [126] evaluated the
influence of thermosonication of human milk (40 kHz, a power of 100 W
and at 60 °C for 4 min) on antioxidant activity, expressed as ABTS free
radical scavenging and DPPH inhibition (%) and retinol content. They
reported that thermosonicated human milk exhibited higher antioxidant
activity than raw and pasteurized human milk. In addition, its retinol
content was similar to those of the pasteurized and raw samples. Simi-
larly, ultrasonicated (30 kHz, 400 W, and room temperature) camel milk
protein extracts showed higher antioxidant activity than unprocessed
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Table 4
Influence of ultrasound treatments on milk bioactive compounds.
Sample Experimental Effect of ultrasound Reference
parameters
Milk (fat free, 1%, Ultrasonic Probe Protein content varied [122]
2%, and whole) (Hielscher USA Inc., from 3.10% to 3.17%
USA, model and from 2.72% to
UP400S) at 400 W, 2.7% in fat-free and
24 kHz, 120 pm whole UHT milk
amplitude during respectively.
30 min at 63 °C.
Milk Ultrasonic Probe Protein content [84]
(Vibra-Cell High augmented from 3.03%
Intensity VCX 750. to 3.25% in raw milk.
Sonics and Protein content in
Materials, Inc., USA) sonicated UHT milk did
at 750 W, 20 kHz, not change (3.11% to
124 pm amplitudeat  3.12%).
24-26 °C.
Milk Ultrasonic Probe Protein content [121]
(22 mm diameter, decreased from 3.28%
Hielscher USA, Inc., to 3.0%.
model UP400S) at
400 W, 24 kHz, 120
pm amplitude at
63 °C.
Casein solutions Ultrasonic Sonication improved [131]
with Aspergillus disintegrator (Model  the production of
oryzea fungal MSE Soniprep 150) angiotensin-converting
protease at amplitude 4 um, enzyme inhibitor
nanoparticles 1.5W. peptides and shortened
the bioprocessing time
by six times
Milk 450 Sonifier IT Synergistic effect [19]
(Branson Ultrasonic between heat and
Corp.), at 150 W and ultrasound in the whey
20 kHz, 120 pm and casein protein
amplitude at 30, 55 denaturation.
and 75.5 °C during
56, 70 and 102 s.
Milk Ultrasonic Probe) Fat content increased [35]
Hielscher®, USA from 4.04% to 4.24%.
model UP400S) at
400 W, 24 kHz, 120
pm amplitude.
Yogurt from Ultrasonic probe Protein content was [110]
sonicated milk (TT13, with a similar to yogurt from
diameter of 13 mm, untreated milk.
Bandelin Sonopuls
UW3200, Germany)
at 24 kHz, 100, 125
and 150 W at 70 °C.
Camel milk casein Benchtop sonicator Antioxidant activity, [123]
and whey (Omni Sonic Ruptor aromatic amino acid
proteins 400 150 Ultrasonic content, and
Homogenizer, angiotensin I-
Kennesaw, USA) at converting enzyme
30 kHz and 400 W (ACE) inhibitory
for 45 min. activity increased in
whey proteins and
caseins.
Human milk Ultrasound bath Higher antioxidant [126]
(BRANSONIC, activity in
model CPX3800H) thermosonicated
at40kHzand 100W  human milk than in
and Intensity of raw milk. Similar
1591 mW/cm?. retinol content.
Chocolate milk Ultrasonic probe The greatest [27]
beverage (13 mm), Disruptor, antioxidant activity
800 W, (Indaiatuba, (87.2%) and ACE-
Brazil) at 19 kHz at inhibitory activity
0.3,0.9,1.8, 2.4 and (82.4%) was obtained
3.0 kJ/em® at the highest energy
density.
p-lactoglobulin Ultrasonic probe Ultrasound improved [132]

solution

(VCX 800, Vibra
Cell, Sonics, USA

the ABTS radical
scavenging (60.8%)
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Sample Experimental Effect of ultrasound Reference
parameters
(13-mm high grade with respect to native
titanium alloy) at p-lactoglobulin
20 kHz, 800 W, 60 (19.5%).
W/em?, at 0, 45, 50
and 55 °C
Whey protein Ultrasound Gel strength enhanced, [61]
isolate and processor (JY92-2D, solubility decreased,
calcium lactate NingBo Scientz emulsification activity
Biotechnology Co. reduced and emulsion
Ltd, China), 10.19, stability were
12.74,15.29 17.83 enhanced by ultrasonic
W/cm? (0, 200, 400, treatment combined
600 or 800 W), 20 with calcium lactate.
kHz, 0.636 cm Antioxidant activities
probe, 3son/1soff,  of sonicated whey
25+2°C,20and 40  protein isolate
min. dispersions mostly
increased.
Prebiotic soursop Ultrasonic device At 600 W the ascorbic [124]
whey beverage (Unique, Disruptor, acid content and
800 W, Indaiatuba, antioxidant activity
Brazil) at 19 kHz, 3 decreased. Total
min and 200, 400 phenolic content and
and 600 W. ACE inhibitory activity
augmented.
Skim milk Ultrasonic processor Ultrasound [129]
(UPI1000HD, significantly changed
Hielscher the renneting
Ultrasonics GmbH, properties
Germany), 20 kHz, (rennetingtime, rennet
cross section 3.1 cm?  curd firmness and
(101 kW/my) horn- rennet gel network) in
transducer, <30 °C, milk at pH 8.0 and re-
15 min. adjusted to pH 6.7.
Gelation time was
reduced from 40 to
35.3 min and curd
firmness was
augmented from 6.6 to
13.9 after sonication.
Raw milk DRC-8-DPP-FGS Sonicated milk at 42 °C [28]
(Advanced Sonic gelled faster and
Processing Systems, formed firmer curds
Oxford, CT with a than the raw milk
2.4 kW dual- control.
frequency reactor
cell (parallel
diaphragm plates))
at 16-20 kHz, 1.36
kW/pass at flow
rates of 0.15, 0.30,
and 0.45 L/min, 42
or 54 °C.
Goat’s milk 13 mm ultrasonic Rennet coagulation [106]
probe placed at the time of sonicated
centre and to a goat’s milk (after
depth of about 3cm,  10-15 min) was similar
at20kHz and 800 W to untreated milk.
during 0 — 20 min
Reconstituted skim  Horn-transducer Ultrasound caused [79]
milk ultrasound disruption of casein
processing unit micelles and re-
(UPI1000hd, assembly of proteins.
Hielscher
Ultrasonics,
Germany), at 20,
400 and 1600 kHz,
specific energy of
286 kJ/kg and <
30 °C.
Yogurt from Ultrasonic processor Thermosonication [110]

sonicated milk

Bandelin (Sonopuls

UW3200, Germany)
at 24 kHz, 100, 125
and 150 W at 70 °C.

reduced the serum
separation of yoghurt
along storage.

(continued on next page)
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Table 4 (continued)

Sample Experimental Effect of ultrasound Reference
parameters
Reconstituted milk Ultrasonic horn Solubility augmented [64]

protein
concentrate

Whey protein
suspensions

Milk for yogurt

(CTXNW-10B,
Hongxianglong
Bictechnology Co.
Ltd., China) at 600
W, 20 kHz, during
0to5minat <50°C

Ultrasonic probe
(Sonics and
Materials Inc., USA,
Model: V1A) power
600 W at 40 or 20
kHz, 600 W, during
15 and 30 min
Ultrasonic (UP 4008,

from 35.78% to
88.30% after 5 min of
HIU processing. The
US-treated samples
presented higher
elasticity than the
control.

Foam capacity and
stability was improved.
Solubility augmented

Gels made from

[133]

[115]

elaboration Hielscher, Germany) thermosonicated milk

fitted with an showed lower syneresis
ultrasonic probe (51% to 38%) than
(Horn H22D, 22 mm those pasteurized (62%
diameter tip) at 24 to 40%).
kHz, 400 W and
45 °C for 10 min.

ACE = Angiotensin-converting enzyme; UHT = Ultra high temperature

pasteurization

extracts [123]. Some studies analyzed the influence of different HIU
energy densities (0.3-3.0 kJ/cm®) on antioxidant activity in a chocolate
milk beverage. The ultrasonicated beverage at the highest energy den-
sity (3.0 kJ/cm®) showed superior antioxidant activity (87.2%) to that of
pasteurized milk (76.7% [27]). Also Jiang et al. [61] observed an in-
crease in DPPH radical scavenging activity and ferrous reducing power
of sonicated (600 and 800 W for 40 min) whey protein isolate
dispersions.

Milk and many dairy products have peptides with the capacity to
inhibit the angiotensin-converting enzyme (ACE). ACE inhibition exerts
an antihypertensive effect as a consequence of a decrease in angiotensin
I1 [127]. Guimaraes et al. [124] analyzed the influence of ultrasound on
ACE inhibition in a prebiotic whey sour beverage; they reported that as
sonication power augmented from 0 to 600 W, ACE inhibition increased
from 18% to 23%.

Ultrasound processing is able to improve the functional properties of
dairy systems. The bioactivity of functional compounds increased when
ultrasound processing was applied [84,123]. This fact is extremely
important because an increase in these compounds may indicate a
greater antioxidant and anticarcinogenic activity. In the last years, an
increment in natural antioxidants has been increased. In the case of milk
and dairy products antioxidant and anticarcinogenic activity could be
due to sulfur containing amino acids, vitamins A, E, carotenoids, among
others, which could provide greater benefits to the health of consumers
[128].

5.1. Functional characteristics

HIU has been applied in the processing of milk and dairy products to
improve their functional properties, such as gelation, solubility, and
foaming [51,106,129]. Reconstituted skim milk was ultrasonicated at
20, 400, and 1600 kHz, leading to casein micelle disruption, which can
influence the functional properties of milk products [79]. Zhao et al.
[106] evaluated the influence of ultrasound (20 kHz, 800 W for 0-20
min) on goat’s milk and observed that the rennet coagulation time was
similar to that of unprocessed milk. However, they also found an in-
crease in coagulum strength, gel firmness, water-holding capacity and
cross-linking of milk gels at the ultrasound times of 0-10 min. Similarly,
the rennet gelation time and curd firmness were improved when skim
milk was sonicated at 20 kHz [129].

19

Ultrasonics Sonochemistry 73 (2021) 105467

Another important functional property of milk or dairy products is
their solubility. In this case, Yanjun et al. [64] analyzed the effect of HIU
pretreatment (20 kHz, 200 W) on solubility of reconstituted milk protein
concentrate. Solubility increased significantly from 35.78% to 88.30%
after 5 min of ultrasound pretreatment. The authors considered this
effect a consequence of the changes in the three-dimensional structures
of globular proteins.

Thermosonication (45 °C during 10 min at 24 kHz) of preheated milk
at different fat concentrations (0.1%, 1.5%, and 3%) reduced the syn-
eresis in yogurt. The syneresis ranged from 62% to 40% and from 51% to
38% in yogurt from conventionally heated and thermosonicated milks
respectively [115]. Another potential application of HIU in the cheese
industry is ultrasound-assisted cutting. Yildiz et al. [130] reported ad-
vantages such as high precision, low product loss, less deformation and
friction, the ability to handle sticky or brittle food, and less degradation
of lipids when obtaining low peroxide values in cuts of cheddar,
mozzarella, and Swiss cheese.

6. Microbiological properties
6.1. Fermented dairy products

In recent years, several products have been proposed as carrier foods
for probiotics to improve the health and nutrition of consumers. Pro-
biotics are live microorganisms that, in adequate amounts, confer a
health benefit on the host, [134], mainly through the process of
replacing or including beneficial bacteria in the gastrointestinal tract.
Lactic acid bacteria (LAB) have probiotic potential and are used as
starter cultures in the production of fermented foods and dairy products.
Lactose is hydrolyzed by p-galactosidase to produce galactose and
glucose. These products are further metabolized by LAB and synthesize
organic acid byproducts such as lactic acid during milk fermentation,
decreasing the pH of milk (to approx. 4.0). This growth condition is
unfavorable for pathogenic bacteria and most spoilage bacteria over the
LAB. To exert any beneficial health effect, the concentration of pro-
biotics in a product must be at least 107 cfu/mL [135]. Most commercial
probiotics incorporated in dairy products are strains belonging to the
genera Lactobacillus and Bifidobacterium. However, species from other
genera, e.g., Bacillus and Saccharomyces, are also used as probiotics
[136].

Three decades ago, Toba demonstrated that HIU processing results in
a significant improvement in milk fermentation [137]. The interest in
probiotics as healthy food additives, together with the impact of HIU on
fermentation, has stimulated research in this area [50,95,138-140].
Nowadays it is known that HIU allows the release of f-galactosidase
from yogurt starter cultures to improve viability [141]. Thus, HIU
stimulates cellular growth and proliferation, and shortens the lactic
fermentation time [138,142]. Some reports about these effects are
outlined in Table 5. An increase in metabolic activity resulting from HIU
has also been observed in non-dairy fermentation [143-147].

When cells are subjected to low intensity and sub-lethal sonication,
their plasma membrane permeability is increased and their morphology
is altered [148-150] with the formation of temporary pores, also called
sonoporation, on cells after treatment ([150]. These cell changes have
been attributed to intense micro-convection induced by HIU and cavi-
tation in the liquid medium as mentioned in Section 1. The propagation
of HIU waves also causes oscillatory motion of the fluid elements of the
liquid, which induces micro-mixing in the medium [151]. This effect
was first investigated by Sakakibara et al. [152]. In their detailed study,
they observed an increase in the hydrolysis of lactose during the process
of milk fermentation with Lactobacillus delbrueckii under HIU treatment
(200 kHz, 17.2 kW/m?). They found that cell viability decreased due to
HIU. However, another relevant finding was that the viable cell count
increased again when HIU was stopped because HIU did not destroy the
cells” propagation abilities. Subsequently, Wang et al. [153] reported
that when HIU (200 kHz, 17.2 kW/mz) is used in milk fermentation, the
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Table 5
Effect of ultrasound on microorganism performance in fermented dairy products.
Sample Experimental parameters Starter culture Effect of ultrasound Reference
Reconstituted Sonicator (Ohtake Works, Tokyo, 20 kHz, 3% starter culture (Lactobacillus delbrueckii Ultrasonic treatment of milk released 8- [137]
skim milk (100 60 W) for 20 min at 0 °C. Batch method. ssp. bulgaricus B-6, L. delbrueckii ssp. bulgaricus ~ galactosidase from starter bacteria during
g/liter) Inoculated reconstituted skim milk was B-5b or L. helveticus LH-17). fermentation and used for hydrolysis of lactose
sonicated at 41 °C for 8 h. The milk was then in situ.
incubated at 41 °C for an additional 12 h.

Fresh milk A fermenter and an ultrasonic generation L. delbrueckii ssp. bulgaricus B-5b, L. helveticus ~ High viable cell count and high degree of [140]
system (model US150V, Cho-onpa Kogyo LH-17, L. delbrueckii ssp. lactis SBT-2080 and lactose hydrolysis (70% vs. 40% in
Co., Japan) at 200 kHz and 17.2 kW/m? for L. acidophilus SBT-2068. conventional fermentation).
2,4,6,8and 12h at 37 + 0.2 °C.

Fresh milk Ultrasound generator (20 kHz, 500 W, Cole Streptococcus thermophilus, Lactobacillus Improved homogenization. Reduced total [95]
Parmer) at power levels of 20, 50, and 100.  bulgaricus, Bifidobacterium and Lactobacillus fermentation time by 0.5 h. Higher amplitude
450 W and 225 W for 1, 6 and 10 min. acidophilus. improved the water-holding capacity and

viscosity and reduced syneresis.

Skim milk Seed culture: 28, 33, 40 and 68 kHz, the Lactobacillus paracasei. Peptide content increased 64.23%. Peptide [154]
pulse duration 30, 50, 100, 200 and 300 s, yield was 14.2%. Extracellular enzyme
the ultrasonic treatment time 0.5, 1, 2, 3 and activities increased. The effect disappeared in
4 h and the ultrasonic power 80, 100, 120, the progress of fermentation after the
140, 160 and 180 W/L. Fermented milk: 28 ultrasound was removed.
kHz, ultrasonic pulsed model of on-time 100
s and off-time 10 s and power 100 W/L for
30 min after the fermentation time of 9 h at
37°C.

Nonfat dry milk Sonicator (type US-150 V, Cho-onpa Kogyo,  Lactobacillus delbrueckii ssp. bulgaricus B-5b High ultrasonic intensity decreased the viable [152]
Tachikawa, Japan) at 200 kHz and 12.9 kW/ cell count, but the count increased again after
m?, 14.7 kW/m? and 17,2 kW/m?. sonication stopped.Lactose was hydrolized at
Ultrasonic irradiation was continuous for 12 55% vs. 35.6% in control fermentation.

h at 37 °C.

Nonfat dry milk Sonicator (type US-150 V, Cho-onpa Kogyo,  Lactobacillus delbrueckii ssp. bulgaricus B-5b High degrees of lactose hydrolysis and high cell ~ [153]
Tachikawa, Japan) at 200 kHz and 17.2 kW/ viabilities were obtained with the combination
m? . Ultrasonic irradiation was continuous of pH-controlled sonicated fermentation and
for 16 h or for 2, 4, 6 or 8 h at 37 °C. static incubation.

Reconstituted Ultrasound system with Sonotrode BS2d34 Bifidobacterium infantis, Bifidobacterium Ultrasound reduced the fermentation time [169]

skim milk (Hielscher Ultrasonics GmbH, Germany) at animalisssp. lactis (BB-12), and required to reach a pH of 4.7, ruptured bacteria
an amplitude of 50% (aprox. 100 W) and 20  Bifidobacterium longum (BB-46) cells, and released intracellular enzyme
kHz for 7, 15, and 30 min at 30-40 °C. p-galactosidase.The lower the concentration of
lactose, the higher the amount of
oligosaccharides in the fermented milk with
ultrasound treatment.

Reconstituted Ultrasound system with Sonotrode BS2d34 Bifidobacterium breve ATCC 15700, With ultrasound treatment, lactose [170]

skim milk (Hielscher Ultrasonics GmbH, Teltow, Bifidobacterium infantis, Bifidobacterium consumption by bacteria increased. The
Germany) at an amplitude of 30% (aprox. animalis ssp. lactis (BB-12), and production of major organic acid in the later
100 W) and 20 kHz for 7, 15, and 30 min at  Bifidobacterium longum (BB-46) stage of the milk fermentation was stimulated.
30-40 °C.

Pasteurized milk Ultrasonic system (power sonic 405, Korea) Lactobacillus acidophilus LA-5, Lactobacillus The optimal time span of ultrasound treatment [96]
at amplitude of 30% (approx. 116 W) and casei LC, Lactobacillus reuteri LR-MM53, was 10 min for all fermented milk samples,

40 kHz for 0, 5, 10, 15, and 20 min at 37 °C.  Bifidobacterium bifidum (BB-12) and which can be applied to increase the number of
Bifidobacterium longum (BB-536) viable cells of probiotic bacteria and
B-galactosidase enzyme.

Dried skim milk Ultrasonic homogenizer SonoPuls mini20 Lactococcus mixed culture, Streptococcus Ultrasonication of fermenting milk allowed for  [172]
(Bandelin, Germany) with 2.5 mm probe thermophilus and Lactobacillus delbrueckii ssp. acceleration of fermentative process by 10%
transducer operating at 30 kHz and 2to 8 W,  bulgaricus and improved the quality of the final product.
for 1-3 min.

Whey Ultrasonic processor S-4000 (QSonica LLC, Lactobacillus acidophilus La-5 Better microbiological quality and sensory [20]
USA) at 20 kHz and 84 W over 150 s. First properties of whey in comparison to
stage: at 480 W and 600 W were combined at pasteurization. With ultrasound, whey
45 °C and 55 °C for 6.5, 8 or 10 min. Second fermentation lasted 30 min less and resulted in
stage: activation of dairy cultures at 84 W a higher viable cell count.
and 102 W for 75 s and 150 s respectively.

Milk UP100H ultrasound apparatus (Hielscher; Lactobacillus plantarum AF1 Cell membrane permeability of sonicated [175]
Germany) at 100 W, 30 kHz and 25% samples was increased 88%-94%. Ultrasound
amplitude for 5, 10, and 15 min. improved metabolism of Lactobacillus,

increased antioxidant activity and quality of
fermented milk.

Feta-type cheese Ultrasonic Homogenizer (model no. Lactobacillus bulgaricusand mesophilic Sonication at 60 kHz accelerated lipolysis and [42]
HD2200, Bandelin Company, Germany) at Lactococcus lactis proteolysis. The pH values at the end of storage
20, 40, and 60 kHz for 20 min at an intensity were lower than that of control. The highest
of 80% acidity was found in the sample sonicated at 20

kHz.
Skim dry milk Ultrasound device (Volna-M UZTA-0.4/22- Kefir containing Lactococcus lactis subsp. The use of ultrasound (120 W/L, 3 min) [179]

OM) at 22 + 1.65 kHz and 60 W/L, 90 W/L,
120 W/L intensity for 1, 3, 5 min.

Lactis and cremoris, Lactobacillus kefir,
Acetobacter subsp. aceti, Saccharomyces lactis.
Yoghurt containing Streptococcus salivarius
ssp. Thermophilus, Lactobacillus delbrueckii ssp.

20

affected the composition of microflora.
Ultrasound increased antioxidant activity and
improved the accumulation of biologically
active compounds.

(continued on next page)
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Table 5 (continued)
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Sample Experimental parameters Starter culture Effect of ultrasound Reference
bulgaricus YF-L811, YF-L703, YF-L705 b YF-
L706 and Kefir fungi
Skim pasteurized Ultrasonic water bath (300 W, 19 L; Starter cultures YC-471 and YF-L 901 (Chr. Sonicated set gels exhibited syneresis and were ~ [178]
milk Bandelin, Germany) and sonicated at 35 kHz ~ Hansen, Hgrsholm, Denmark) that consist of softer than controls. Sonication increased
for 5 min at 42 °C. Lactobacillus delbrueckii ssp. bulgaricus and particle numbers, but the effect was less
Streptococcus thermophiles strains pronounced when YF-L 901 was used,
indicating EPS as a tool to reduce syneresis and
particle formation due to vibrations.
Rheological parameters and size of microgel
particles were more influenced by starter
cultures than by sonication.
Skim milk Ultrasonic device (Sonopuls HD 2200; Lactococcus lactis ssp. lactis and Lactococcus Ultrasound led to a softening of the set gel, [117]

Bandelin, Germany) at 20 kHz with a
nominal maximum ultrasonic output of 200
W and in pulse mode of 15 (0.2 s on, 0.8 s

lactis ssp. Cremoris. YC-471 (Chr. Hansen A/S,
Hgrsholm, Denmark) containing Lactobacillus
delbrueckii ssp. bulgaricus and Str.

facilitating subsequent stirring; improved the
visually perceived coarseness; and resulted in
reduced viscosity.

off). The amplitude was set to 10%. thermophilus.

release of 3-galactosidase from L. bulgaricus cells is more effective in pH-
controlled fermentation and static incubation. Other authors have
addressed the effects of HIU on the yield of yogurt peptides in the
fermentation of skim milk by Lactobacillus paracasei with the aid of ul-
trasound (28 kHz, pulsed model, 100 W/L for 30 min). The peptide
content increased by 49.5% and the number of viable cells increased by
43.5% compared with those in the untreated samples [154]. The authors
showed that HIU increased the extracellular enzyme activities of the
acid, neutral, and alkaline proteases in the fermented media. Other
beneficial effects of HIU are the activation of enzymes in enzyme-
modulated reactions [155]. If the right types of cavitation can be iden-
tified, optimized, and controlled, then combinations of these bio-effects
could be successfully implemented in milk fermentation.

6.1.1. Mechanism of ultrasound in fermentation processes

The mechanism of ultrasonic stimulation for the improvement of
fermentation is largely attributed to the cavitation effects and sonopo-
ration. During cavitation, the microjets formed increase the cell porosity
and helps to transfer the oxygen to interior cells enhancing the mass

a. Cell damage partial and

full lysis c. Modified enzime
d. Nucleus 1
stability
rupture and
release of DNA

e. Breakage of extracellular
polymer substances

h. Release of nitric acid,
nitrous acid and hydrogen
peroxide

f. Altered
membrane
permeability

1. Decreased cellular
stability

transfer [156]. Under these conditions, ultrasound enhances the growth
of microorganisms due to increased cell membrane permeability for
substrates, gases, and other nutrient components [157]. The mass
transfer effects generated due to acoustic cavitation could also be used to
simply enhance the rates of chemical reactions or chemical processes
such as dairy fermentation. The physical and chemical effects generated
during acoustic cavitation have been used for a number of applications
[158,159]. Chemical reactions could be initiated by the acoustic cavi-
tation process or may simply refer to increased reaction rates/effi-
ciencies of reactions that would otherwise occur at a slower rate or lower
efficiency [10]. Thermal, cavitation and shearing effects are the forces
inducing the changes. Among the physical effects reported are: push and
pull effect of micro-bubble, micro-streaming (liquid flow around micro
bubbles) that tears the lipid membrane, penetration of micro bubbles
into a cell x[44], cell damage due to temperature, changes to ultra-
structures within cells, modified enzyme stability; nucleus rupture and
release of DNA; breakage of extracellular polymer substances; altered
membrane permeability (enhanced mass transport inside and outside
the cell); and alteration of cell surface charge [160]. Whereas the main

Ultrasound
Irradiation

Fig. 5. Molecular effects of ultrasound. Modified from Rokhina et al. [160]. Physical changes: [thermal effects (a), and non-thermal effects (cavitation and shearing,
b, ¢, d, e, f, gl, and chemical changes: (h,i = cavitation-induced generation of radicals).
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chemical changes include: the formation of free radicals and HyO,
[161,162], membrane disruption through lipid peroxidation [163,164];
conformational unfolding of proteins located on the surface of the cell
membrane; membrane permeabilisation [163]; release of compounds
(nitric acid, nitrous acid and hydrogen peroxide); and decreased cellular
stability [160]. The molecular effects of ultrasound are illustrated in
Fig. 5 (a to i).

6.1.2. Effect of ultrasound on bacteria during fermentation

A low level of sonoporation improves the permeability of cell
membranes, resulting in improved mass transfer of substrates across the
microbial cell membrane and efficient removal of by-products of cellular
metabolism, which eventually improves microbial growth [155]. The
ultrasound effect in exposure duration less than 20 min, colonies of
bacteria grew on the media, but their sizes are very small. For example,
increasing the exposure duration causes the lactobacillus to adhere
together and develop streptobacillus or filaments. This could be due the
activation of some special proteins in the cell wall of the bacteria [165].
In comparison to lactococcus, lactobacillus is more affected by ultrasound
shock, the reduction of lactobacillus population was obvious in different
stages. Micro-cracks and ruptures are formed on the cell wall. In short
exposure times, bacteria recover damages like micro-cracks and micro-
voids, but in prolonged exposure times results in an excessive level of
sonoporation that produces severe mechanical shear and cell disruption
that induce the release of intracelular compounds, enzymes, poly-
saccharides and polymers to the environment and eventually lead to cell
death [155,166].

Many studies have been published regarding the use of low-
frequency ultrasound (100 kHz) as a promising solution to improve
microbial fermentative productivity [167,168]. This application has
mainly been focused on the metabolite production of probiotics
[143,146,169,170]. With the use of ultrasound, the increase in the
viability of bacteria and the breakdown of complex compounds such as
sugars and proteins offer the opportunity for the development of new
functional and bioactive dairy products [50,171]. Shershenkov and
Suchkova [172] investigated the effects of ultrasound (30 kHz, 2-8 W,
1-3 min) on the metabolic activity of lactic acid bacteria (Lactococcus
mixed culture, Streptococcus thermophilus, and Lactobacillus delbrueckii
ssp. Bulgaricus) added to milk and observed that ultrasound allowed for
the acceleration of the fermentative process by 10% and improved the
quality of the final product. Lye et al. [173] showed that ultrasound
increases cell membrane permeability. They also found that HIU en-
hances the cholesterol-lowering ability of Lactobacilli for the develop-
ment of new functional and bioactive dairy products. Nguyen et al.
[169] studied the effect of HIU processing (20 kHz) on the fermentative
activities of four strains of Bifidobacterium in milk. They noted that HIU
reduced the fermentation time required to reach a pH of 4.7. HIU
released the intracellular enzyme p-galactosidase, and the lower the
concentration of lactose, the higher the amount of oligosaccharides
found in the fermented milk with HIU treatment. In an additional study,
HIU also stimulated the production of major organic acids in the later
stage of milk fermentation [170].

Milk-borne bioactive peptides can easily be released during enzy-
matic hydrolysis of casein [131]. Thermosonication promotes the
disassociation of casein micelles into subunits that can form strong
networks by re-aggregating during fermentation [101]. Baruk¢ic et al.
[20] noted the influence of HIU (480 W, 10 min, 55 °C) on fermentation
of pasteurized or thermosonicated whey. HIU (84 W, 150 s) increased
the number of viable Lactobacillus acidophilus La-5 during the activation
process and the whey fermentation by ultrasonicated culture lasted 30
min less.

According to Huang et al. [174] HIU promotes microbial growth by
loosening cell bunches, increasing membrane permeability, adjusting
the culture medium, and providing effects on cellular components,
cellular functions, and genetics. They concluded that ultrasound alters
the characteristics of enzymes and substrates and the reactions between
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them, providing an optimal environment for the reactions at a molecular
level. In the same way, Gholamhosseinpour and Hashemite [175]
studied the impact of HIU (100 W, 30 kHz, 25% amplitude for 5, 10, and
15 min) on Lactobacillus plantarum AF1 during milk fermentation. They
found that cell membrane permeability of sonicated samples was
increased 88%-94% compared to the control. p-galactosidase activity
and cell population increased with ultrasonication time. As well,
glucose, galactose, and lactic acid increased significantly with fermen-
tation and ultrasonication time. Antioxidant activity was enhanced
significantly during a 24-h fermentation after 15 min of HIU application.

The effect of HIU on cheese production has also been addressed.
Jalilzadeh et al. [42] studied the properties of Iranian ultrafiltered feta-
type cheese after HIU application. Ultrasonication (20, 40, and 60 kHz
for 20 min at an intensity of 80%) accelerated lipolysis and proteolysis.
The highest rates on the lipolysis index were observed on day 60 of
ripening for samples sonicated at 60 kHz. The highest acidity was found
in the sample sonicated at 20 kHz. HIU may improve organoleptic
properties due to higher lipolysis and proteolysis. Ojha et al. [176]
investigated the influence of ultrasonication (20, 45, 130, and 950 kHz)
on the growth kinetics of Lactobacillus sakei. The growth rate of L. sakei
increased following ultrasonication at 20 kHz. The authors observed
significant changes on the cell surface of L. sakei with the appearance of
sonoporation. Their results revealed that HIU was influencing various
metabolic pathways. The modification of bacterial activity by HIU could
be attributed to both the mechanical effects, in which the shear forces
cause the disruption of cell membranes, and the free radicals generated
by cavitation. However, it is important to point out that HIU effects vary
among bacteria types. Gao et al. [162] reported that HIU application
resulted in lethal damage to E. aerogenes and B. subtilis (up to 4.5-log
reduction), whereas Staphylococcus spp. was not affected noticeably.
The main reason for bacterial resistance to ultrasonic deactivation was
due to the properties of the bacterial capsule. Microbes with a thicker
and “softer” capsule were highly resistant to the ultrasonic deactivation
process. The same authors reported that E. aerogenes was more sensitive
to ultrasound in water than in reconstituted skim milk with different
protein concentrations. Furthermore, high-frequency US was not able to
inactivate E. aerogenes in milk when applying a power of 50 W for 60 min
[177].

Potoroko et al. [179] evaluated the effectiveness of low-frequency
ultrasound (22 + 1.65 kHz, 60-120 W/L) during the pre-fermentation
stage, noting its influence on the accumulation of exopolysaccharides
(EPS), vitamin C content, antioxidant activity, and the accumulation of
biologically active compounds. Overall, their results showed that
reconstitution of dry milk with ultrasound improves accumulation of
biologically active compounds and raises the nutritional quality of the
fermented product. Recently, Niamah [96] investigated the effects of
ultrasound (40 kHz, 116 W for 0, 5, 10, 15, and 20 min) on the growth of
five different strains of probiotic bacteria (L. acidophilus LA-5, Lactoba-
cillus casei LC, Lactobacillus reuteri LR-MM53, Bifidobacterium bifidum BB-
12, and Bifidobacterium longum BB-536) in fermented milk. Bacteria
strains were ruptured by ultrasonication, causing an increase in the
extracellular release of p-galactosidase enzyme. The optimal time span
of ultrasound treatment was 10 min for all fermented milk samples, and
it can be applied to increase the number of viable cells of probiotic
bacteria and p-galactosidase enzyme. Korsendorfer et al. [117] revealed
that HIU is a promising tool to weaken the gel and facilitate further
processing. This enables new approaches to the manufacture of Greek
yogurt, particularly to avoid production of acid whey and develop
products with novel textures. The same authors pointed out that inves-
tigating ultrasonication parameters such as point of time, pH, duration,
and amplitude will help optimize the treatment. However, the funda-
mental molecular mechanism influencing the behaviour of microor-
ganisms subjected to ultrasonic waves remains to be fully explained.

Most studies that used ultrasound for fermentation purposes applied
20 to 30 kHz and their results were very effective. The fermentative
process was accelerated, showing an increase cell membrane
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permeability, higher released of RB-galactosidase, higher degree of
lactose hydrolysis, stimulation of the production of major organic acids
and also positively affected the composition of microflora in fermented
drinks [20,42,95,137,154,169,170,172,175,179]. It is important to note
that when frequency increased to 40 kHz [42,96], 60 kHz [42] or 200
kHz [140,152,153] the effects of ultrasound on the fermentation process
or product quality did not improve.

6.2. Spoilage and pathogenic microorganisms

Ultrasonic processing inactivates microorganisms that cause
spoilage, making it a potential alternative to conventional technology
[62]. The acoustic cavitation generated by applying low frequencies
instantly forms microbubbles that collapse and generate high rates of
micro shear in the milk, causing rupture and shear in the bacteria wall
[177]. The cell wall of Gram-positive bacteria contains more peptido-
glycan and is thicker than the wall of Gram-negative bacteria, making
the former more resistant to physical and chemical treatments
[180,181]. Some reports about these effects are outlined in Table 6.

Gera and Doores [182] showed that the D values for the inactivation
of Escherichia coli (Gram-negative) were significantly lower than for
L. monocytogenes (Gram-positive), suggesting that E. coli is more sensi-
tive to ultrasonication than L. monocytogenes. These researchers sug-
gested that the presence of lactose exerts a protective effect on bacteria
and E. coli exhibits nonlinear (tailed) inactivation kinetics. Meanwhile
L. monocytogenes showed linear logarithmic inactivation kinetics. Her-
ceg et al. [183] also confirmed a higher susceptibility of E. coli compared
to S. aureus (Gram-positive) in ultrasound-treated cow’s milk. On the
other hand, Lim et al. [184] reported that thermosonication induces
vegetative cells of spore-forming anaerobic bacteria that form heat-
resistant spores, allowing higher rates of deterioration than traditional
pasteurization. Cold sonication (ultrasound treated milk at 12.5 + 5 °C
with subsequent pasteurization treatment) might be an appropriate
method but needs more research to optimize conditions and understand
the effect. Lim et al. [184] reported significant increases in the total
aerobic bacteria count of skim milk stored for up to 50 d at 4 °C, inoc-
ulated with Paenibacillus amylolyticus (a bacterium of psychophilic
contamination, thermotolerant and spore-forming), ultrasonicated, and
heated.

Basic tests of microbiological quality in milk include the total aerobic
count (mesophilic, psychrophilic, and/or thermophilic bacteria,
depending on the incubation temperature) and the total coliform bac-
teria count, indicators of product stability during storage and of inade-
quate hygienic practices respectively. In this regard, control of total
aerobic mesophilic bacteria and total coliforms by ultrasonication has
been reported in sheep’s milk [18], buffalo’s milk x[99], and rennet
cheese whey [21]. In these studies, the temperature of the milk was
maintained at 40-69 °C, 20 °C, and 35-55 °C during ultrasonication.
Therefore, in addition of heating, other variables such as the frequency,
intensity and time of treatment must be considered in the effects that
ultrasound has on the counts of mesophilic bacteria. In this regard, in
sheep’s milk [18] the experimental conditions were 78 and 134 W, 20
kHz and 4-8 min, while in buffalo milk [99] these conditions were 430
and 338 W, 28 kHz and 5-15 min. In both studies, a decrease in the
counts of this group of bacteria was reported despite the fact that the
ultrasound temperature in buffalo milk was maintained at 20 °C; so, it is
likely that the effect of ultrasound on the bacterial flora is due to in-
crease in potency and treatment time. In cow’s milk [185] a decrease in
the counts of mesophilic bacteria was also observed at different in-
tensities (power 400 W, intensities of 0.86-2.85 W/cmz, 24 kHz, 63 °C)
and longer treatment times (30 min).

D’Amico et al. [186] also reported significant reductions of up to 5
log in total aerobic bacteria counts in ultrasonicated raw milk in com-
bination with mild heat (57 °C). Likewise, Hernandez-Falcon et al. [29]
reported a significant decrease in the aerobic mesophilic counts during
storage of homogenized and non-homogenized cow’s milk treated with

Table 6
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Recent studies of the effect of ultrasound on pathogenic bacteria and deterio-
ration in milk and dairy products.

Sample Experimental Effect of ultrasound Reference

parameters

Buffalo’s milk Ultrasonic Significant decrease [99]

homogenizer (Son in counts of aerobic,

prep 150 MSE, coliform, and

Korea), 430 and 338 Staphylococcus

W, 28 kHz, at 20 °C; bacteria as the power

5, 10, and 15 min. and time of exposure
to ultrasound
increased.

Semi-skim milk, Equipment (Sonics Significant decrease [18]
fresh and Materials Inc., in total aerobic

USA), 130 W mesophilic bacteria,

(operated at 78 and total coliforms, and

104 W), 20 kHz, Staphylococcus spp.,

between 40 and preserving some

69 °C; 4, 6, or 8 min. bacteria from lactic
acid immediately
after US and after 7
d storage at 4 °C.

Reconstituted and Ultrasonic processor The 480 W and 55 °C [20]

whey powder (S-4000, OSonica combination was the
LLC, USA), 480 and best treatment for
600 W, 20 kHz, at 45 bacterial
or 55°C; 6.5, 8, or 10 inactivation, making
min. it an alternative to
pasteurization.

Whole raw milk Ultrasonic processor After 10 min, thermal [185]

(UP400S, Hielscher pasteurization was

USA), 400 W achieved (5 log

(operated to 0.86, reductions of

1.71, 2.57 and 2.85 L. innocua with

W/em?), 24 kHz, for intensities of 90%

30 min at 63 °C. and 100%).
Intensities of 60%,
90%, or 100%
reduced the natural
flora of raw milk by 3
log during the first
10 min, unlike
pasteurization which
reduced it by 1.89
log.

UHT milk Ultrasonic processor After 10 min of [84]
inoculated with (VCX 750, Sonics and treatment with US,
E. coli, Materials, USA), 750 elimination of 100%
L. monocytogenes W (operated at 100%  of E. coli and 99% of
and P. fluorescens  amplitude), 20 kHz, L. monocytogenes. 6
of culture to yield at 24-26 °C; 2.5, 5, 6, min were sufficient to
1 x 10* or 1x10° 7.5 and 10 min. eliminate
CFU/mL P. fluorescens in

100%.

Raw, thermized, Ultrasonic processor The shelf life of milk [187]
and/or (UP 2005, IKA, cannot be extended
homogenized United Kingdom), by using ultrasound
pasteurized milk 200 W, 24 kHz, at or the thermization/

15-25 °C depending ultrasound

on time sonication; 2, combination (55 °C/

4, 8 and 16 min. 15 s). The total viable
count and the
psychrotrophic count
increased
significantly during
storage at 4° C.

Raw milk Sonifier probe (450, Ultrasound treatment [186]
incubated and Branson Ultrasonics, with and without
inoculated UHT USA), 150 W (118 W/ mild heating (57 °C)
milk cm?), 20 kHz, 20 and was effective for

57°C;1,3,4,0r 6 reducing total

min. aerobic bacteria in
raw milk and
L. monocytogenes in
inoculated UHT milk.

Bovine milk [188]

(continued on next page)
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Table 6 (continued)

Table 6 (continued)
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Sample Experimental Effect of ultrasound Reference Sample Experimental Effect of ultrasound Reference
parameters parameters
Ultrasound system US application was Raw cows milk Ultrasonic processor Significant [189]
(Sonics and Materials inefficient for (5-4000, Misonix inactivation of
Inc., USA), 500 W microbial control in Sonicators, USA); mesophilic bacteria
(operated at 75 W), raw milk; significant 600 W (60, 90 and (3.68 log) was
20 kHz, at 5 °C, 15 reduction of only 120 p m amplitude), obtained with 120
min. 0.61, 1.23, 1.15, and 20 kHz at 20, 40 or pm, 9.84 min, and
0.77 log CFU/mL in 60 °C; 6, 9 or 12 min. 45.34 °C.
the counts of Cow’s milk Ultrasonic processor Decrease in counts of [29]
mesophilic aerobes, (VCX 1500 HV., aerobic mesophilic
total coliforms, Sonics and Materials, bacteria and
E. coli, and S. aureus USA); 1500 W (95% Enterobacteriaceae
respectively. amplitude), 20 kHzat during storage.
Nonfat, low-fat and  Ultrasonic tank (W Biphasic inactivation [193] 48-55°C for 10 or 15
full-cream milk 338, Honda of L. monocytogenes, min.
samples Electronics Co., with slow lag phase Retentate of Ultrasonic The highest [42]
inoculated with Japan), 600 W; 28, inactivation (sub- ultrafiltered milk homogenizer inactivation rate of
L. monocytogenes. 45, and 100 kHz lethal cell damage) inoculated with (HD2200, Sonopuls E. coli 0157:H7 and
(multi-frequency), and log phase cell E. coli 0157:H7, Bandelin Company, S. aureus was
temperature increase inactivation. Faster S. aureus, CL Germany), intensity observed in samples
up to >60 °C, 50 min. inactivation in whole sporogenes and of 80%; 20, 40 and sonicated at 60 kHz.
milk. P. chrysogenum 60 kHz for 20 min. There were no
Pasteurized skim Ultrasonic processor Reduction in at least [195] significant
milk and (Sonicator 3000, 5 log for thermophilic differences between
inoculated UHT Misonix Inc., USA), bacteria different sonication
milk 500 W (amplitude (Pseudomonas, frequencies for the
0-216 pm), 20 kHz at ~ Brochothrix, and deactivation of
10-84 °C for 0.17-5 Enterobacteriaceae) P. chrysogenum or CL
min. and in 1-2 log for sporogenes.
Bacillus atrophaeus Fresh Ultrasonic processor US alone had no [21]
spores at 84.8 °C, unpasteurized (UP400S, (Hielscher effect on microbial
216 pm, and 5.8 min. sweet whey Ultrasonics GmbH, reduction. The
5%, 10%, and 15% Ultrasonic Complete [177] Germany), 400 W combination of 400
reconstituted homogenizer (Sonic inactivation of (60, 80 and 100% of W and 55 °C was
skim milk, Ruptor 250, Omni E. aerogenes was not nominal output more effective for
inoculated with International, USA); achieved. The higher powder), 24 kHz at microbial
E. aerogenes 108 8.2,8.5and 9.2 W, the protein 55 °C; 5, 6.5, and 8 inactivation.
CFU/mL) 20 kHz at < 30 °C, concentration in min.
10-60 min, 15 mL. milk, the lower the Raw cow’s milk Ultrasonic processor The lowest [190]
Ultrasound generator inactivation of (S-4000, Misonix enterobacteria count
(K80, Meinhardt E. aerogenes. Sonicators, USA), (1.06 log) was
Ultraschalltechnik, 600 W (60, 90 and obtained with 120
Germany), 50 W, 850 120 p m amplitude), pm, 12 min, and
kHz, <20 °C, 10-60 20 kHz at 20, 40, and 60 °C.
min, 5 mL. 60 °C; 6, 9, and 12
UHT whole milk, Ultrasonic processor Significant decrease [182] min.
UHT skim milk (UP400S, Hielscher, in L. monocytogenes Raw skim milk Ultrasonic equipment Cold sonication and [184]
inoculated with USA), 85 W/cm?, 24 and E. coli counts as inoculated with (Branson 2000, thermosonication
E. coli and kHz, < 35 °C, 5-55 treatment time 10° CFU/mL Branson Ultrasonics, were not appropriate
L. monocytogenes min. increased. High D- Paenibacillus USA), 2200 W (21, to reduce the total
(mid-log or mid- values indicate the amylolyticus 42, 63, 72 and 84% aerobic bacteria
stationary) protective effect of amplitude), 20 kHz count during storage
milk on these for 10, 20, 30 and 60 over 50 d at 4 °C;
bacteria. Log phase is min. counts of spore-
more sensitive to forming decomposing
treatment than lag bacteria increased.
phase. Raw whole milk Ultrasonic processor Inactivation of E. coli, [192]
Prebiotic whey Ultrasonic device Non-thermal [48] inoculated to a (UP400S, Hielscher P. fluorescens, and
beverage (Unique, Desruptor, processing final Inc., USA), 400 W (70  D. hansenii at 100%
Brazil), 800 W (ultrasound) was concentration of and 100% intensity. S. aureus
(operated at 200, 400  comparable to HTST 10° CFU/mL amplitude), 24 kHz at ~ was resistant to the
and 600 W), 19 kHz treatment (75 °C, 15 (E. coli, S. aureus, 15-46 °C during strongest treatment,
at maximum s) for the inactivation P. fluorescens and  sonication for 500, with an irrelevant log
temperature 53 °C for  of aerobic mesophilic D. hansenii var. 100, 200, and 300 s. reduction.
3 min. bacteria, molds, and hansenii)
yeasts. UHT milk Ultrasonic processor Gram-positive [180]
Raw milk Ultrasonic processor Gram-negative [183] (UP200H, Hielscher organisms S. aureus

(S-4000, Misonix
Sonicators, USA);
600 W (60, 90 and
120 p m amplitude),
20 kHz at 20, 40 or
60 °C; 6, 9 for 12 min.

bacteria (E. coli) are
more susceptible to
ultrasound than
Gram-positive
bacteria (S. aureus).
Greater inactivation
in long periods and
higher temperature
and amplitude.

24

GmbH, Germany), 50
and 100% amplitude
(62.5 and 125 p m),
24 kHz, at 23-60 °C
during sonication for
5, 10, and 15 min.

and L. monocytogenes
were more resistant
to ultrasound than
L. plantarum and

L. pentosus. Gram-
negative organisms
were more
susceptible to
ultrasound than

(continued on next page)
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Table 6 (continued)

Sample Experimental Effect of ultrasound Reference
parameters
Gram-positive
organisms.
Standardized milk Continuous At 54 °C and with [28]
ultrasound unit (DRC-  flow rates of 0.3 and
8-DPP-FGS, 0.45 L/min, the total

aerobic count was
reduced by more than
1 log CFU/mL and
the psychrophilic
counts below the
detection limit (10
CFU/mL).

Advanced Sonic
Processing Systems,
UK) with a 2.4 kW
dual-frequency
reactor with 2-low-
frequency (16 and 20
kHz, 1200 W); inlet
temperatures: 42 or
54 °C, outlet
temperatures:

19-31 °C for 2, 3 and
6 min.

ultrasound and heat (thermosonication at <45 °C). Baruk¢i¢ et al. [20]
reported significant decreases in viable cell count in thermosonicated
whey (45-55 °C). Conversely, Chouliara et al. [187] observed significant
increases in total viable counts and in psychrotrophic counts from raw
milk, thermized milk (55 °C by 15 s), pasteurized milk, and ultra-
sonicated (75 °C by 15 s) milk. At the end of storage, the lowest counts
were obtained in pasteurized-ultrasonicated milk.

Ultrasonication alone seems to be ineffective for decontamination of
milk. Engin and Yuceer [188] reported that ultrasonication of raw milk
(5 °C) was ineffective for reducing mesophilic bacteria to acceptable
levels. The counts for this group of bacteria decreased by only 0.61 log.
Similarly, these authors reported a reduction of only 1.23 log for total
coliform bacteria and 0.77 log for Staphylococcus aureus in raw milk
treated with ultrasound at 5 °C, making the use of this technology by
itself inefficient. On the other side, Herceg et al. [189] reduced the
counts of mesophilic bacteria in raw cow’s milk with thermosonication.
The studies carried out by Hernandez-Falcén et al. [29] demonstrate the
efficacy of ultrasound and heat (thermosonication at < 45 °C) for a
significant reduction in Enterobacteriaceae counts during storage of
cow’s milk at 8 °C over 1, 7, and 14 d. Similar results were reported by
Juraga et. al. [190], who found that thermosonication treatment of raw
milk was efficient to achieve significant reduction in counts of Entero-
bacteriaceae of up to 1.06 log CFU/mL when temperatures of 60 °C were
used for 12 min.

Ultrasound treatment has been reported to significantly decrease
Staphylococcus spp counts in sheep’s milk [18], buffalo’s milk [99],
Iranian feta-type cheese stored (0-28 d) and made from thermized
ultrafiltered milk inoculated with S. aureus [42]. The results obtained by
these researchers are due to the use of heat in combination with ultra-
sound, a more efficient method of achieving a reduction in Staphylo-
coccus spp to acceptable levels.

Listeria monocytogenes is a foodborne pathogenic microorganism that
survives in a wide range of temperatures (1-45 °C) and pH levels
(4.1-9.6). It competes with other microorganisms that grow in refrig-
eration [191]. Milk and dairy products are prone to its contamination
due to production facility conditions, environments, and storage tem-
peratures. The decrease of 5 log of Listeria innocua in raw cow’s milk by
thermosonication at 63 °C constitutes an alternative to conventional
pasteurization technology [185].

Pathogens like E. coli can form biofilms within pasteurization
equipment and their presence indicates post-pasteurization and fecal
contamination. In this regard, Cameron et al. [84] suggested that E. coli
and Pseudomonas fluorescens have been eliminated by up to 100% in raw
milk after 10 and 6 min of ultrasound treatment, while L. monocytogenes
was reduced by 99% within 10 min of treatment. However, Marchesini
et al. [192] showed that treatment with HIU for more than 100 s leads to
sensorial deterioration due to the formation of unpleasant flavors in the
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milk and inadequate disinfection for direct consumption. However,
short ultrasonication preserves the structural and functional integrity of
Debaryomyces hansenii, a yeast naturally present in milk that could be
used as part of starter cultures to promote milk curdling. Similar results
were obtained by D’Amico et al. [186] in UHT milk inoculated with
L. monocytogenes. They observed 5 log reductions when the ultrasound
treatment was carried out in continuous flow and combined with gentle
heat (58 °C).

Gabriel [193] also reported the inactivation of L. monocytogenes in
skim, whole, and low-fat milk treated with ultrasound in a multi-
frequency modality. They achieved decimal reduction times of 24.81,
29.17, and 30.64 min respectively. Jalilzadeh et al. [42] also reported a
significant reduction in E. coli O157:H7 counts in Iranian feta-type
cheese made from thermized ultrafiltered milk during 0-28 d storage.
Other pathogenic bacteria causing opportunistic and nosocomial in-
fections, such as Enterobacter aerogenes, have been reduced in recon-
stituted skim milk by low and high frequency ultrasound, depending on
the treatment time and the concentration of proteins in the milk [177].
Penicillium is the mold genus most frequently isolated from cheese
samples whose strains with psychrotrophic characteristics can grow
during cold storage. In this regard, Jalilzadeh et al. [42] found no sig-
nificant differences between different ultrasonication frequencies for the
deactivation of P. chrysogenum in Iranian feta-type cheese ultrafiltered
and stored for 30 d. Jelic¢i¢ et al. [21] also reported the inactivation of
molds and yeasts in ultrasound- and heat-treated rennet cheese whey.

Ultrasound assisted by the active lactoperoxidase system or the
addition of Hy04 is more efficient for reducing or eliminating microbial
counts compared to ultrasound alone. In this regard, Shamila-Syuhada
et al. [180] reported the inactivation of the pathogenic bacteria Staph-
ylococcus aureus, L. monocytogenes, and Salmonella enterica ssp. enterica
serovar Typhimurium, as well as inactivation of deterioration microbiota
such as E. coli, P. fluorescens, L. plantarum and Lactobacillus pentosus.
Ultrasonication, in the presence of HyO5 (from 0.01 to 0.1%), had a
greater effect in reducing microbial counts at an amplitude of 62.5 pm
and for 5 min compared to ultrasound alone. However, the addition of
H,0; to milk for cheese making could be considered as long as the HyO,
is eliminated at the end of the process [180].

Thermophilic bacteria and spores can survive pasteurization and
reduce product quality and shelf life due to production of acids, lipases,
proteases, and unpleasant flavors during storage [194]. Ganesan et al.
[195] showed the effectiveness of ultrasonication and heating
(72-85 °C) on pasteurized milk to reduce Bacillus spores by 1-2 log.
They identified some bacteria and groups of thermophilic bacteria in
pasteurized milk, such as Pseudomonas, Lactococcus, Leuconostoc, Bro-
chothrix, and unknown members of Enterobacteriaceae, that can be effi-
ciently inactivated at 84.8 °C, 216 pm, and 5.8 min of thermosonication.
On the other hand, Jalilzadeh et al. [42] did not report significant dif-
ferences between different frequencies of ultrasound for the deactiva-
tion of Clostridium sporogenes.

More than 50% of the articles cited here report the use of frequencies
of 20 kHz, while the remaining 50% applied frequencies between 24 and
100 kHz. In all of them the main observations are reductions in the
counts of total aerobic bacteria, mesophilic, psychrophilic and thermo-
philic bacteria and molds and yeasts [28,29,48,186,189,190,195],
including a decrease in total coliforms and pathogenic bacteria such as
S. aureus [18,183], L. monocytogenes [84,186], Pseudomonas fluorescens
[84], E. coli [183], and Enterobacter aerogenes [177]. In contrast, other
studies have reported that ultrasonication is an inappropriate technol-
ogy for reducing the total aerobic count [187-189] and very low re-
ductions in the counts of coliforms, E. coli, and S. aureus [188], and
increases in the counts of spore-forming bacteria [184] have been found.
This difference could be due to the effect of other variables in the
application of ultrasound such as the temperature [188]. The use of
frequencies greater than 20 kHz has also produced significant decreases
in the counts of aerobic bacteria [99,185] , coliforms [99], S. aureus
[42,99,180] , |Listeria inoccua [185], E. coli [42,84,182],
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L. monocytogenes [84,180,182,193], and P. fluorescens [84].
7. Sensory properties

As mentioned in previous sections, HIU, as an emerging technology,
has been designed to enhance quality including the sensory properties of
food products. This section aimed to present up-to-date reports on the
effects of HIU on the sensory properties of dairy foods and the role of
volatile compounds in sensory quality. Most available articles on this
topic have been collected and presented in Table 7.

7.1. Dairy products

7.1.1. Milk

HIU minimizes the typical changes in sensory properties induced by
the extreme heat of pasteurization [196,197]. Nevertheless, this tech-
nology is not yet widely accepted in the dairy industry [198]. HIU is not
currently being used in fluid milk for processing or preservation, in part
because of limited knowledge about its effects on shelf-limiting enzymes
and sensory and other quality parameters [167,198]. More than 10 years
ago, Chouliara et al. [187] reported that ultrasonication failed to extend
the shelf life of milk products as documented by sensory evaluation.
However, it is evident that not much has changed since then. A rubbery
aroma and an off-taste that lies between “burnt” and “foreign” have been
reported in milk after HIU (200 W) treatment for 2 min [187] or
for<200 s [102]. Some authors have attributed these changes to dena-
turation of proteins [19,62,199]. Others agree that the undesirable fla-
vor of sonicated milk is due to alterations in physical properties and
degradation of components by the high heat of cavitation [115] and
oxidation of PUFA hydroperoxides (Fig. 6). This oxidation generates
volatile compounds in milk after  HIU application
[53,101,115,187,188,192,200,201].

The off-flavor of sonicated milk seems to increase with sonication
time. Juri¢ et al. [202] ultrasonicated (24 kHz, 200 W) milk for longer
than 6 min and it resulted in a sensory unacceptable product that tasted
like “foreign-metal,” “burnt,” and “rubbery.” They observed a decrease
in MUFA and PUFA with a simultaneous increase in saturated fatty
acids, and the rubbery aroma was less intense after reducing the soni-
cation power from 400 to 100 W. Lipid oxidation can be controlled by
decreasing the sonication time and the temperature in the system to
reduce the adverse sensory aroma formed in sonicated milk
[85,172,193,203]. As reported by Vijayakumar et al. [85], no significant
differences were found between the intensities of offensive “eggy” and
“rubbery” odor attributes after HIU for 1 to 3 min of skim milk,
pasteurized commercial skim milk, and cream. Leong et al. [91]
observed that, only in extended ultrasonication of 20 min using 1 MHz at
elevated temperatures, HIU promoted the derivation of oxidative vola-
tiles above the human sensory threshold. Paniwnyk [204] stated that the
highest concentrations of deterioration products were seen at 1000 kHz
and energies above 271 kJ/kg for raw milk and 102 kJ/kg for pasteur-
ized skim milk. That author suggests that this information could be of
interest when designing larger scale up reactors for use in the dairy in-
dustry to ensure milk sensory quality retention. Recently, Lim et al.
[184] applied high-power (165 W, amplitude of 200 pm;.,/60 s), low-
frequency sonication (20 kHz) to milk and suggested that the rubbery
aroma in the ultrasonicated samples may originate from heat-induced
oxidation of lipids into volatile compounds, instead of from a radical
mechanism. They observed that the rubbery aroma dissipated very
quickly. These authors pointed out that, at the frequency they used, the
cavitation bubbles were larger and less numerous than what would be
present at higher frequencies. Large bubbles collapse more violently
than small bubbles, but the result is fewer free radicals [102,203], so low
frequencies could provide better results in terms of aroma of the treated
milk.

Milk of other species has also been ultrasonicated, aiming to improve
its sensory characteristics and enhance the bioactive composition.
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Table 7
High-intensity ultrasound studies of dairy foods with sensory assessment.
Sample Experimental parameters Effect of ultrasound Reference
Milk Ultrasonic processor (24 Thermized milk [187]
kHz, 200 W, model UP sonicated for 2 min
2005, IKA, U.K.) at 24 retained an acceptable
kHz for 0, 2, 4, 8, and 16 taste and odor after 4
min. The processor was days of storage while its
fitted with an ultrasonic untreated counterpart
probe with a 22 mm had deteriorated in
diameter tip. During flavor.
sonication sample was at
15-25 °C.
Milk US system (Sonics and No major differences in [188]
Materials Inc., USA) aroma-active
comprised of 20 kHz compounds in sonicated
frequency acoustic power  milk, but some volatiles
unit (VibraCell-500W), a were generated by HIU
transducer and a in the milk.
sonotrode. The treatment
was applied at 5 °C. The
sonotrode was applied at
75 W for 15 min. The
power density of the US
treatment was 150 W L1,
The US intensity was 135
JmL L
Milk Ultrasonic processor A significant increase in [102]
(UP400S, Hielscher Inc., a burnt off-flavor with
USA) at 400 W and 24 kH  increasing intensity and
equipped with a 22 mm 200 s of the ultrasound
diameter horn. Samples treatment. The rubbery
were sonicated for for 50, aroma was less intense
100, 200, and 300 s. on reducing the
sonication power from
400 to 100 W.
Milk Ultrasonic processor (S- HIU treatment longer [202]
4000, Misonix Sonicators, than 6 min resulted in
USA) set at 600 W, milk tasting like
frequency od 20 kHz. “foreign-metal,”
“burnt,” and “rubbery.”
Milk Ultrasonic processor (UP Milk beverages [205]
100H; Hielscher, homogenized by
Germany) at 100 W, 30 ultrasound and
kHz, amplitude of 60% containing mint and
for 5 and 10 min. rosemary showed the
highest acceptability.
Milk Ultrasonic processor A rubbery aroma [184]
(Branson 2000, Branson appeared in the
Ultrasonics, USA) at ultrasonicated samples
2,200 W max power and but dissipated over time.
20 kHz.
Fermented Ultrasonic bath (model Sensory properties of the — [222]
milk drink  RK103H, Banelin, thermosonicated
Germany), samples were samples were better
treated at 35 kHz and than those of the
60-80 °C for 1, 3, and 5 thermally treated
min. Samples were samples after storage.
submerged in a 90 °C for
thermal treatment for 1
min.
Milk and A batch sonicator The extreme conditions [85]
cream (Branson Ultrasonics of thermosonication
2000 series, USA), with a used in the research
maximum output power experiments did not
of 2.2 kW was used. significantly increase
Ultrasound was generated  the intensity of offensive
at 20 kHz, and 77, 104 rubbery and eggy odor
and 115 for 1 and 3 min. attributes in skim milk
Sonication was conducted ~ and cream.
in 30-s intervals, with a 1-
s break.
Yogurt Ultrasonic processor (UP Thermosonicated [115]

4008, Hielscher,
Germany), at 400 W and
24 kHz for 2.5, 5, 10, 15
and 20 min with a

yogurts showed superior
texture and color.
Samples with a fat
content of 0.1% scored

(continued on next page)
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Table 7 (continued)

maximal capacity of 1 L
operating at 25 kHz with
maximum power of 150
W. Ultrasound
application time was 5, 5,
and 2 min for Genoise,
cake, and mousse,
respectively.

Sample Experimental parameters Effect of ultrasound Reference
continuous application. best in overall
Samples were acceptability.
equilibrated for 5 min at
45 °C.
Yogurt Ultrasonic water bath A short sonication of 5 [114]
(200 W, 300 x 240 x 200 min during a 360 min-
mm, 12 L; USC1200TH, fermentation induced
VWR International the formation of large
GmbH, Germany). The particles, which were
ultrasound input was perceived as grainy in
equivalent to an average stirred yogurt samples.
power density of 17 kW/
m®. Both water baths
were operated at 42 °C.
Yogurt Ultrasonic processor Ultrasonication of milk [207]
(VC750Vibracell©; Sonics  led to yogurts with off-
and Materials Inc., USA), flavors and burned and
20 kHz at 150, 262, 375, pungent characteristics.
562, or 750 W Increasing US amplitude
(corresponding to 20%, did further intensify the
35%, 50%, 75% or 100% off-flavors and decrease
of the processor’s total the degree of likeness.
power) for 10 min.
Whey Ultrasonic device Ultrasonication and [21]
(UP400S, Hielscher thermosonication
Ultrasonics GmbH, treatments considerably
Germany), 400 W, improved sensory
amplitude 20%-100% properties of rennet
and 24 kHz for 5, 6.5and  cheese whey in
8 min. Samples (100 mL) comparison with
were placed into 300 mL simulated
glasses. Power level of pasteurization
100% , 80% and 60% processes.
corresponded to
approximately 400, 320
and 240 W.
Whipped Ultrasound processor Ultrasound treatment [43]
cream (APU400, Adeeco Co., for 5 min at 300 W
Iran) at 20 kHz and at 100 recorded the best
and 300 W for 0, 5, 10, texture and body. The
and 15 min at 50 °C (an sonicated sample had
ultrasound pulse mode of  the desirable color.
on-time 2 s and off-time 4  Ultrasound improved
s). the organoleptic
properties.
Cheese Sonopuls Ultrasonic Ultrasound significantly [42]
Homogenizer (model improved the color and
HD2200, Bandelin Co., appearance of feta
Germany) at 20, 40, and cheese, with no
60 kHz for 20 min at 80% difference in texture.
intensity. Improvement of
organoleptic properties
due to higher lipolysis
and proteolysis.
Genoise, Ultrasonic bath (R.E.U.S., Ultrasound-assisted [201]
cake, and France) with 14 x 10 cm preparations were
mousse internal dimensions and considered superior

according to the sensory
analysis and
physicochemical data.

Komes et al. [205] applied HIU (100 W for 5 and 10 min) to goat’s milk
and added plant extracts during the development of milk beverages. The
product exhibited significantly improved sensory properties in com-
parison to plain goat’s milk, with the highest overall acceptability
determined for samples enriched with mint and rosemary.

7.1.2. Yogurt
Texture, flavor, and aroma contribute largely to the sensory
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perception and consumer acceptability of yogurt. Flavor, mouthfeel, a
smooth and thick consistency in the mouth during consumption are key
aspects of quality in yogurt [73,80,208-213]. HIU application prior to
culturing allows yogurts with superior sensory properties compared to
yogurts elaborated with untreated milk [115,211]. For instance, HIU is
able to improve yogurt texture [95,101,211] but not much research has
been done on yogurt properties from the sensory standpoint. Flavor and
aroma are highly dependent on the presence of volatile components.
Acetic acid is an undesirable end-product in fermentation of milk by
Bifidobacteria owing to its “vinegary” flavor and aroma. In contrast,
lactic acid is a milder, sweeter acid that does not generate an objec-
tionable odor [215]. Nguyen et al. [170] provided evidence that ultra-
sonication stimulates the production of major organic acids in the later
stage of milk fermentation. Nonetheless, HIU decreased the ratio of
acetic acid to lactic acid and the ratio of total acetic and propionic acids
to lactic acid in yogurt fermented with different species of Bifidobacteria.
A recent sensory study of the effects of HIU on yogurt by Sfakianakis and
Tzia [207] showed that ultrasonication of milk led to yogurts with lower
degrees of likeness and off-flavors (pungent and fatty flavors). These
authors recommended that adequate descriptive sensory evaluation of
ultrasonicated yogurt be carried out and that each individual sensory
characteristic and its relation to the degree of likeness be taken into
account. Furthermore, before HIU is considered a potential alternative
to conventional processing to obtain good quality yogurt, sensory
characteristics with the greatest impact on quality must be identified.
More extensive studies, including sensory assessment of products, need
to be done before declaring HIU acceptable in yogurt manufacturing.

7.1.3. Whey

Whey is a major by-product of the dairy industry originating from
cheese and casein manufacture. It is widely used as an ingredient in
foods due to its unique functional properties, i.e., emulsification, gela-
tion, thickening, foaming [133], and fat- and flavor-binding capacity
[216]. In addition, it offers numerous nutritional advantages to formu-
lated products. Whey proteins create viscosity and facilitate whipping,
foaming, and aeration. Elasticity and hardness of whey protein isolates
are correlated to sensory perception of food texture [208]. Jelicic et al.
[21] observed that rennet cheese whey, after ultrasonication (400 W and
320 W) and preheating (45 °C), considerably improved sensory prop-
erties in comparison with simulated thermal processes. Mouthfeel of
whey samples was considerably better, there was no occurrence of
sediment, and color remained unchanged in almost all samples. Barukcic
et al. [20] obtained similar results and observed that thermosonication
(480 W, 55 °C, 8 min) resulted in fermented whey with a noticeable
increase in the viable cell count at the end of fermentation and an
improvement in sensory properties. The rubbery flavor reported in milk
after HIU treatment [101] was not present in whey suspensions soni-
cated at 20 kHz and 15 W for 15 min [217].

Torkamani et al. [94] mentioned that low amounts of aldehydes and
a slight increase in concentration will be enough to change the flavor
profile of whey once oxidation reactions are triggered. The most com-
mon whey protein-based ingredients are whey protein isolate and whey
protein concentrate [218]. Whey proteins are hydrolyzed to produce
bioactive peptides with improved sensorial properties such as color,
flavor, and texture [219]. However, when proteins are hydrolyzed via
enzymatic processes, they taste bitter and are not accepted by most
consumers [220,221]. Physical modification of whey proteins appears to
have major advantages over other techniques. However, sensory and
consumer properties remain to be evaluated in sonicated whey and
whey products [39].

7.1.4. Other dairy foods

The use of HIU in the production of dairy products can affect pro-
teolysis and the formation of compounds derived from lipid oxidation.
Jalilzadeh et al. [42] applied HIU (20, 40, and 60 kHz for 20 min at 80%
intensity) to feta cheese and observed a significant improvement in color
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Fig. 6. Ultrasound-induced modifications that lead to changes in sensory properties of dairy products.

and appearance, with no difference in texture. Further, they noted
improvement in organoleptic properties due to higher lipolysis and
proteolysis by HIU. Further studies are required to determine the impact
of proteolysis and lipid oxidation due to HIU on the sensory quality of
the processed product during storage, such as cheese [38].

Pingret et al. [201] compared sensory and physicochemical proper-
ties of three foam-type products prepared conventionally and with ul-
trasonic methods. Ultrasound used to assist foam-type food preparations
(in this case a sponge cake, a chocolate Genoise, and a chocolate
mousse) resulted in more homogeneous products that were not only well
accepted by the panelists, but even preferred to conventionally prepared
food preparations, as some organoleptic characteristics were improved.

Most sensory studies applied 20 kHz frequency obtaining favorable
results. Few studies applied frequencies of 40 kHz or 200 kHz and the
findings were similar than those with 20 kHz application.

7.2. Volatile compounds

The formation of volatile compounds by enzymatic and fermentation
processes in foods plays an important role in the sensory properties of
milk and dairy products. Ultrasound has been suggested for potential
applications in the dairy industry [13] due to significant improvements
it has demonstrated in the processing of dairy products. It has been well
evidenced that HIU induces the formation of volatile compounds due to
the oxidation of lipids. A complex mixture of secondary oxidation
products such as volatile, non-volatile and polymeric compounds are
formed through the decomposition reaction of hydroperoxides (Fig. 7).

Volatile products

11 l\oz

Dihydroperoxides
Fatty acyl
groups Epoxy compounds
Ketodienes
—  Hydroxy compounds

Non volatile carbonyls

Dimers and polymers

Fig. 7. Types of compounds formed from hydroperoxides decomposition
(Modified from [223]).
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Only the secondary oxidation products are responsible for the undesir-
able changes in the aroma and flavour properties of foods [224]. This
flavours are due to the formation of carbonyls and methional formed via
photoxidative degradation of sulfur containing amino acids including
methionine. Riboflavin, which is present in substantial amounts in milk,
plays an important role as a photosensitizer in this process [224].

Ultrasound-induced cavitation produces free radicals and other
reactive species that are susceptible to promoting oxidation of fat [101],
induced by redox reactions in the medium [8]. In sonicated milk, such
oxidation of lipids could induce the generation of volatile compounds,
resulting in rapid deterioration of milk quality. As flavor profile is a
function of the volatile components present in milk, ultrasonication
could affect the flavor profile of milk and dairy products as mentioned in
the section 7.1.

Studies of volatile formation in dairy products after ultrasound
application are shown in Table 8. Chouliara et al. [187] applied HIU to
milk and found an increase in volatile compounds (pentanal, hexanal,
heptanal, and octanal) that were mainly products of lipid oxidation.
These increased in concentration as sonication and storage time
increased.

Riener et al. [101] and Chouliara et al. [187] reported comparable
changes generated with a frequency of 24 kHz, showing that ultra-
sonicated pasteurized milk generates compounds that attribute a
“rubbery” odor and a “burnt” and “strange” taste. However, Vercet et al.
[211] previously pointed out that this offensive “cooked” flavor, which
was distinguished during milk manothermosonization, was not detect-
able when milk was fermented in yogurts. This could be due to masking
of the “cooked” flavor by flavor compounds generated through
fermentation. Bermtidez-Aguirre et al. [35] also reported changes in
ultrasonicated milk compounds. These ultrasound effects gained
importance due to the impact of volatiles on dairy products’
acceptability.

Mongenot et al. [225] used ultrasound for emulsification of cheese
aroma and found that it resulted in an unbalanced aroma in flavour of
butyric acid. Their study of aroma profile showed that it was necessary
to consider each fatty acid to estimate the efficiency of carriers and
emulsification methods. Modification of milk compounds by HIU is
mainly related to protein modifications. Villamiel and de Jong [19]
observed increased denaturation of both a- lactalbumin and f- lacto-
globulin in sonicated milk. Denaturation of these proteins resulted in
exposure of the free sulfhydryl groups considered responsible for the
“cooked” character of milk. Marchesini et al. [102] sonicated raw milk
for cheese production and observed significant increases in free fatty
acid levels and oxidation. The results of their sensory evaluations
revealed a significant increase in a burnt off-flavor as intensity and
duration of ultrasonication increased. They recommended using CO; as
a technical step to reduce pyrolytic processes and the consequent for-
mation of oxidation products. In another study, Marchesini et al. [192]
observed the production of volatile compounds dodecanoic acid,
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Table 8
Volatile components and acid in dairy products assessed after high-intensity

ultrasound.

Sample Experimental parameters  Effect of ultrasound Reference
Cheese aroma Sonifier (Bioblock In terms of flavor [225]
Scientific model) at 20 quality, the best system
kHz with a maximal of cheese aroma
power output of 600 W encapsulation is
for 5 to 20 min. obtained using
ultrasound and
maltodextrin as
support.
Milk Ultrasonic processor (UP Ultrasound generated [214]
4008, Hielscher, volatiles considered to
Germany), at 24 kHz and ~ produce adverse
400 W for 2.5, 5, 10, 15 sensory aspects of
and 20 min with a sonication of milk.
continuous application at
45 °C.
Raw, Ultrasonic processor (24 Volatile compounds [187]
thermized, kHz, 200 W, model UP (pentanal, hexanal,
and 2005, IKA, U.K.) at 24 heptanal, and octanal)
pasteurized kHz for 0, 2, 4, 8, and 16 identified in all
milk min at 15-25 °C. samples were mainly
products of lipid
oxidation that
increased in
concentration with
sonication and storage
time.
Milk Ultrasonic processor Significant increases in [102]
(UP400S, Hielscher Inc., free fatty acid levels
USA) at 400 W and 24 and oxidation in
kHz equipped with a 22 sonicated milk.
mm diameter horn.
Samples were sonicated
for for 50, 100, 200, and
300 s.
Milk Transducers (Sonosys At extended processing [203]
Ultraschallsysteme of 20 min using 400
GmbH, Germany) of and 1000 kHz
nominal frequency 1 ultrasound at elevated
MHz and 2 MHz applied temperatures, it
in single- and multi-stage ~ promoted the
processing. 20, 400, derivation of oxidative
1000, 1600, and 2000 volatiles above the
kHz; 4, 20, 45, and 63 °C. human sensory
threshold.
Whey 20 kHz sonotrode No changes in [94]
(Branson Digital Sonifier, phospholipid
Branson Ultrasonic composition or in lipid
Corporation, USA). oxidation beyond the
Rectangular plate detectable odor
transducers at 400, 1000, thresholds for volatile
and 2000 kHz and 8-390  compounds at any
kJ/kg tested frequency.
Milk 400-W ultrasonic Possible markers [192]
processor (UP400S, (dodecanoic acid,
Hielscher Inc., USA) for octanoic acid,
50, 100, 200, and 300 s. 5-dodecalactone, and
The average acoustic decanoic acid methyl
power was 160.4 J s 1. ester) of milk sensory
degradation caused by
US treatments.
Milk A rectangular ultrasound Low-temperature [86]
reactor operating at 400 sonication of milk
and 1,000 kHz (Sonosys better controlled the
Ultraschallsysteme formation of oxidative
GmbH, Germany) at volatile compounds
23-390 kJ/kg (70 W, 50 below threshold
and 100%) and 37 °C. concentrations.
Milk A stainless steel vessel Lipid oxidation [227]

fitted with 100 mm x
100 mm plate
transducers (Sonosys,
Germany) at 1 MHz, 348
W; and 2 MHz, 280 W.

volatiles were below
sensory detection
levels, with no
oxidation observed.
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Table 8 (continued)

Sample Experimental parameters  Effect of ultrasound Reference
Yogurt Ultrasound system Ultrasonication of milk [207]
(VC750Vibracell©; led to yogurts with
Sonics and Materials Inc, increased
USA). Sample was concentration of
sonicated at 20 kHz and ketones, aldehydes,
150, 262, 375, 562, or hydrocarbons, and
750 W (corresponding to  dimethylsulfide.
20%, 35%, 50%, 75 or
100% of the processor’s
total power) for 10 min.
Yogurt Sonopuls Ultrasonic Ultrasonication of milk [42]
Homogenizer (model no. led to yogurts with
HD2200, Bandelin increased
Company, Germany) at concentration of
20, 40, and 60 kHz for 20  ketones, aldehydes,
min at an intensity of hydrocarbons, and
80%. dimethylsulfide.
Milkfat Flow cell (Sonolab SL10 Ultrasound had no [25]
ultrasonic, Syrris Ltd, effect on secondary
UK) at 40 W and 20 kHz oxidation products
in recycling mode witha  (heptanal and
flow rate of 200 mL/min  nonanal), suggesting
at 28 °C and a total no lipid oxidation
treatment volume of 500  promotion.
mL.

Chocolate An ultrasonic device Ultrasound allowed [27]1
milk (Disruptor, 800 W, better preservation of
beverage Indaiatuba, Brazil) at volatile compounds

400 W of nominal power  compared with high-
and energy densities of temperature short-time
0.3 kJ/em®; 0.9 kJ/cm?; pasteurization.
1.8 kJ/em®; 2.4 kJ/cm®,
and 3.0 kJ/cm®,
Camel milk Ultrasonic processor Formation of volatile [228]

(Ultrasonic Processor FS-
900N, Hanchen
Instrument, China), set at
900 and 20 kHz.

compounds in milk
occurred, probably due
to fatty acid oxidation,
consistent with the

observed reductions in
some fatty acids (C18:1
trans, C18:1¢9,
C20:1n9, and
C22:6n3).

octanoic acid, 8-dodecalactone, and decanoic acid methyl ester in
ultrasonicated milk (24 kHz, 160.4 J/s, 100 s). They suggested that these
compounds were associated with the presence of metallic, burned, and
sharp flavors and gummy textures in milk.

A study by Mortazavi and Tabatabai [226] showed that 20-min
pulsed ultrasonication of ice creams resulted in the best sensory fla-
vor, texture, and mouthfeel evaluations. Similarly, Chandrapala and
Leong [196] emphasized that one possible concern when using HIU to
separate milkfat is the potential for fat oxidation (i.e., lipolysis). They
suggested that greater efforts should be made to limit excessive fat
oxidation leading to rancid off-flavors in the final product.

Torkamani et al. [94] examined the effects of ultrasonication on the
oxidation of lipids in cheddar cheese whey. The highest concentration of
hydroxyl radical formation was in the sonicated whey (400 and 1000
kHz). No changes in phospholipid composition or lipid oxidation at any
tested frequency or specific energy were detected. In another study,
Torkamani et al. [86] reported the effect of ultrasound-enhanced fat
separation on whey powder phospholipid composition and stability.
Oxidative volatile compound content decreased in defatted whey pow-
ders below published odor detection threshold values for all cases. HIU
enhanced fat separation from freshly pasteurized whey while improving
whey powder oxidative stability. Contrarily, Johansson et al. [227]
demonstrated that ultrasonication did not influence oxidative changes
in milk. They showed that ultrasound operation under stable cavitating
conditions (beyond 1 MHz) avoids exposure to cavitation-generated
radicals that oxidize fat and eliminated the generation of off-flavors.
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Volatiles derived from lipid oxidation were below the sensorial human
detection levels.

Sfakianakis and Tzia [207] reported that the volatile components
present in yogurt made from conventionally homogenized milk resulted
in the presence of off-flavors and led to a reduction of likeness of yogurt.
Burned, pungent, or fatty characteristics may be the main characteristics
responsible for rejection. Ultrasonication of milk led to an increase in
ketones, aldehydes, hydrocarbons, and dimethylsulfide concentrations
in yogurts. The authors proposed two statistical models to describe the
degree of likeness by sensory characteristics or volatile components. In a
recent study, Jalilzadeh et al. [42] reported that ultrasound accelerated
lipolysis and proteolysis in Iranian ultrafiltered feta-type cheese; the
highest rates of lipolysis and proteolysis were observed on day 60 of
ripening for samples sonicated at 60 kHz. An interesting finding in this
study was that ultrasound treatment improved the organoleptic prop-
erties of the cheese. The results showed that sonication can improve
microbial, physicochemical, and sensorial properties of ultrafiltered
white cheese. Therefore, ultrasound could also add sensory value to
dairy products. Gregersen et al. [26] demonstrated that HIU avoids the
formation of secondary oxidation products (heptanal and nonanal), in
milk fat and rapeseed oil blends and emphasized that not only oxidation
products can cause lipid-derived off-flavors. The heat and pressure
generated locally by HIU may also result in self-accumulated volatiles
that affect product quality. However, the use of ultrasonication pro-
cessing by a large number of small transducers might be a gentler pro-
cess, limiting lipid oxidation.

HIU as a non-thermal method for pasteurization of chocolate milk
beverages also proved more effective than conventional pasteurization
by HTST. Monteiro et al. [27] reported that the treatments subjected to
the highest energy densities (2.4 kJ/cm and 3.0 kJ/cm) allowed for the
identification of a higher number of volatile compounds. In particular,
the compounds 8-nonen-2-one and octanoic acid were identified in all
HIU treatments, which was not observed in the HTST-treated samples,
whereas hydroxyacetone, dihydroxyacetone, 2-hydroxy-gamma-butyro-
lactone, 2-cyclopentene-1-one, 2-hydroxy-, and furfural were identified
only after treatment with an energy density of 2.4 kJ/cm. These results
suggest that heat degrades the majority of volatile compounds, while
ultrasound better preserves these compounds in chocolate milk bever-
ages than does HTST pasteurization. Recently, Dhahir et al. [228]
investigated the inactivation of pathogenic bacteria in camel milk using
ultrasound processing (900 W, 20 kHz, 100% power level). In their
study, milk temperature was kept low (20 + 3 °C) during ultrasound
treatment and therefore any increase in volatile compounds would be
attributed to the sonication reactions. The mechanisms by which soni-
cation increases the formation of volatile compounds in milk are prob-
ably due to fatty acid oxidation. This is consistent with the observed
reductions in some fatty acids (C18:1 trans, C18:1c9, C20:1n9, and
C22:6n3).

At frequencies between 10 and 20 kHz, the oxidation of lipids in raw
milk and dairy products remains below sensory detection levels
[25,227] and better preservation of the compounds is obtained than
those generated by the conventional process [27]. The significant in-
crease in the levels of free fatty acids and oxidation of raw milk by ul-
trasound effect can be observed at a frequency above 20 kHz with
appearance of undesirable volatile compounds [170,187,214].

8. Summary and Future perspectives

It has been shown with extensive examples that the physicochemical
and functional properties of milk and dairy products can be improved by
the application of HIU. Acoustic cavitation-generated physical processes
reduce the particle size and distribution of milk components, modify
protein (casein, lactalbumin, and lactoglobulin) structures, and enhance
enzyme activity, which lead to textural and shelf-life advantages
benefiting both consumers and producers. HIU is a potential technology
for adoption in the dairy industry, at least from the point of view of
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physicochemical and functional properties of dairy foods. Few disad-
vantages are observed in HIU application, except for some color varia-
tions and slight protein oxidation. Additionally, ultrasonication of milk
can lead to products with lower degrees of likeness and off-flavors. More
studies are needed that focus on proteolysis, lipolysis and fatty acid
oxidation in order to identify the sensory characteristics with the
greatest impact on quality. Ultrasonication alone seems to be ineffective
for decontamination of milk, but efficient control of bacteria can be
achieved by using ultrasound in combination with heat. Many studies
have focused on the effects of ultrasound on whey protein. Structural
changes in serum proteins induce susceptibility to enzymatic hydrolysis,
facilitating the production of bioactive peptides and improving func-
tional, rheological, and textural properties. A few studies of casein mi-
celles show that ultrasound can alter the micelles and the distribution of
P and Ca between the micellar and serum phases, improving gelation
and syneresis. This could be an advantage in the cheese industry.

Ultrasound reduces the size of the fat globule, providing an alter-
native to traditional homogenization. The fat-protein interaction im-
proves stability in cream and emulsions. As for lactose and enzymes,
some studies have elucidated advantages in lactose crystallization and
decreased activity of plasmin, lactoperoxidase, and alkaline phospha-
tase. Future research should examine the effects of ultrasound as a green
technology in milk and genuine dairy products in order to scale this
technology to the industry. Viscosity and elastic properties, which
depend on the microstructure of the food, are affected by the application
of ultrasound. Some of these changes may be desirable in some products,
but undesirable in others. Ultrasound offers an excellent opportunity to
manipulate the microstructure of dairy products because it makes it
possible to enhance textures and obtain new textures that improve the
quality of existing or new products. This represents a wide opportunity
to continue evaluating the effect of the different conditions of the US
process because the mechanisms by which the microstructure of dairy
products is modified are unclear and in some cases contradictory. On the
other hand, it is necessary to perform further studies of sensory evalu-
ation to correlate the microstructural changes with the perception of the
consumer. The effects of ultrasound on beneficial microorganisms used
for fermentation applications have been presented. Up to now, the
research has focused on the practical applications of US in the dairy
industry rather than on the mechanisms of its effects on bacteria cells
used for fermented dairy products. Ultrasonic processing of milk or dairy
products has demonstrated efficient preservation or enhanced diverse
functional properties, as well as improved process efficiency to develop
value-added products. However, deeper knowledge is needed regarding
the use of ultrasound as a tool for bioactive component production and
enzymatic hydrolysis to increase the quantity and quality of functional
dairy products. Specifically, more research is warranted to understand
the interaction between ultrasonication parameters and sensory attri-
butes of the final product. Finally, ultrasound’s effects on probiotics’
role in prolonging shelf life, health-promoting effects, and production
for global consumers should also be considered.

Although ultrasound treatment alone has been efficient for control-
ling groups of microorganisms (mesophilic bacteria, psychrophilic
bacteria, and total coliforms), the combination of heat and ultrasound is
more appropriate for the control of pathogenic and spoilage bacteria.
However, more studies are needed to evaluate the behaviour of micro-
organisms during cold storage and maturation (mainly cheeses). Future
studies should focus on the use of other emerging technologies that help
counteract the negative effects of heat application in milk and its
products, particularly on the sensory qualities and nutritional value of
foods. Despite the large number of publications regarding HIU treat-
ment’s effects on quality properties of dairy products, only a few studies
have assessed the effects of HIU on sensory characteristics. These studies
mention that HIU preserves the sensory properties and quality of the
final dairy product without causing the common side effects associated
with conventional heat treatments. Ultrasonicated milk develops off-
flavors and lipid oxidation, but these undesirable off-flavors seem to
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diminish with time after ultrasonication. Further research that focuses
on sensory characterization of the product produced with ultrasonic
application is needed to determine the ideal parameters for product
quality. A balance between microbial, enzymatic, and sensory effects
must be found before ultrasound technology is widely applied in the
dairy industry. HIU induces chemical changes that, under certain con-
ditions, could generate volatile compounds associated with modifica-
tions in flavor and general acceptability of milk and dairy products.
These undesired reactions can be minimized by employing ultrasound at
frequencies lower than 50 kHz where the number of free radicals formed
is negligible. From the studies discussed in this review, it can be
concluded that 20 kHz is an optimum frequency to obtain favourable
changes in milk and dairy properties.
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