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Abstract
Human milk and commercial dairy products play a vital role in humans, as
they can provide almost all essential nutrients and immune-active compo-
nents for the development of children. However, how to retain more native
immune-active components of milk during processing remains a big ques-
tion for the dairy industry. Nonthermal technologies for milk processing are
gaining increasing interest in both academic and industrial fields, as it is
known that thermal processing may negatively affect the quality of milk prod-
ucts. Thermosensitive components, such as lactoferrin, immunoglobulins (Igs),
growth factors, and hormones, are highly important for the healthy devel-
opment of newborns. In addition to product quality, thermal processing also
causes environmental problems, such as high energy consumption and green-
house gas (GHG) emissions. This review summarizes the recent advances of
UV-C, ultrasonication (US), high-pressure processing (HPP), and other emerg-
ing technologies for milk processing from the perspective of immune-active
components retention and microbial safety, focusing on human, bovine, goat,
camel, sheep, and donkey milk. Also, the detailed application, including the
instrumental design, technical parameters, and obtained results, are discussed.
Finally, future prospects and current limitations of nonthermal techniques as
applied in milk processing are discussed. This review thereby describes the
current state-of-the-art in nonthermal milk processing techniques and will
inspire the development of such techniques for in-practice applications in milk
processing.

KEYWORDS
microbial survival, milk components, nonthermal processing, nutrients

1 INTRODUCTION

Milk, a natural fluid secreted by the mammary gland of
female mammals, is considered to be the optimum feeding
regime and meets the complete nutritional requirements
of their neonates (van Lieshout et al., 2020). Milk not

only provides vital nutrients but also provides immune-
active components which facilitate, among others, the
development of the intestinal tract and immune system
(Lyons et al., 2020). However, owing to its vulnerability
to pathogens and spoilage micro-organisms, thermal treat-
ments are widely used in both the dairy industry and
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human milk banks. In the dairy industry, cow and goat
milk are the most popular and available milk sources
globally; high-temperature short time (HTST) pasteuriza-
tion, extended shelf-life (ESL), and ultra-high temperature
(UHT) treatments are most frequently applied to reduce
their bacterial loads. In Europe and the United States,
people generally consume HTST-treated milk while UHT-
treated milk is more popular in developing regions and
specific regions with scarce milk sources, where logistics
and sales need a longer shelf-life or ambient temper-
ature storage conditions. In human milk banks, donor
human milk (DHM) is usually pasteurized to make sure
it is microbiologically safe for which, currently, holder
pasteurization (HoP) is the most common method being
utilized. With this method, DHM is usually heated at
62.5◦C for 30min, destroying all high-risk viruses and non-
spore-forming pathogen bacteria (Escuder-Vieco et al.,
2018).

In general, the heating of milk is associated with
changes in organoleptic properties, like changes in flavor
or color (Al-Attabi et al., 2008). Recently, increasing evi-
dence shows that the heating of milk leads to a loss of
the inherent host defense capacity, through damage to the
immune-active proteins, enzymes, cytokines, and other
components (Brick et al., 2017; Escuder-Vieco et al., 2018;
Liu et al., 2020a; Xiong et al., 2020). On top of that, many
epidemiological investigations have revealed that consum-
ing raw (unprocessed) milk protects infants and children
from common upper respiratory infections, asthma, and
allergies (Braun-Fahrländer & Von Mutius, 2011; Brick
et al., 2020; Loss et al., 2011, 2015;Wyss et al., 2018), and this
protective effect seems to be associated with the proteins
damaged or modified upon heat treatment (Loss et al.,
2015). Additionally, Abbring et al. (2020) and Xiong et al.
(2020) found that heating above 70◦C would significantly
decrease the allergy-protective capacity and bacteriostatic
properties of bovine milk, respectively, showing that dam-
age to immune-active proteins already occurs at relatively
low heat processing temperatures. Moreover, it is gen-
erally reckoned that goat milk is more susceptible to
heat-induced damage in comparison with bovine milk
owing to its higher content of ionic calcium and lower
content of citrates. Consequently, nonthermal processing
would be of even larger benefit for goat milk treatments
(Barłowska et al., 2011).

With societalmodernization and global economic devel-
opment, both the global milk production and demand
for consumption of dairy products are increasing rapidly.
Meanwhile, consumers are more and more demanding
for natural or minimally processed foods with the fla-
vor and nutritive properties of fresh foods. On top of
that, greenhouse gas (GHG) emissions and global warm-
ing are increasingly aggravated. Consumers are becoming

more and more aware of the effect of individual dietary
behavior on the environment; this may thus change
their consumption habits and preferences. Within the
dairy industry, there are various processes that require
energy for operating plant facility systems and process-
ing equipment, and thermal processing is a multistep,
energy-intensive process (Nutter et al., 2013; Xu & Flap-
per, 2009). It was reported that the average GHG emissions
for processing, packaging, and distribution were 0.077,
0.054, and 0.072 kg CO2 equivalent kg−1 packaged fluid
milk, respectively (Nutter et al., 2013), even though the
detailed information on heat processing-induced GHG
emission is still limited and fragmented. However, it is
necessary to save the energy use associated with milk
processing.

Given those heat-induced changes to native proteins,
inferior organoleptic quality, and high energy consump-
tion from thermal treatments, there has been growing
interest in seeking alternative methods to process dairy
products, aiming for retention of nutritive and immune-
active components and better organoleptic quality (Masotti
et al., 2021; Rodriguez-Gonzalez et al., 2015). Also for
DHM, processing aimed at retention of immune-active
components is studied extensively, as it may lead to
quality improvement of such milk (Wesolowska et al.,
2019a). Nonthermal treatments are thus gaining more and
more attention in the dairy industry and human banks
in recent years. The term “non-thermal processing” is
often used to designate technologies that are effective at
ambient or sublethal temperatures. These emerging tech-
niques provide environmentally friendly and sustainable
food processing methods that have the prospect of low-
ering energy consumption, reducing water consumption,
and overcoming some limitations of current food man-
ufacturing practices (Singh & Huppertz, 2020). Among
those nonthermal treatments, ultraviolet-C radiation (UV-
C), high-pressure processing (HPP), ultrasonication (US),
pulsed electric field (PEF), and cold plasma (CP) are
the most investigated (Figure 1). Research on using these
emerging techniques in liquid milk processing is increas-
ing. This review summarizes the current state-of-the-art of
these most promising emerging techniques in dairy pro-
cessing, including human, bovine, goat, sheep , camel , and
donkey milk with a focus on retention of immune-active
components and microbial inactivation, which differs
from the other reviews focused on the physicochemical
properties of milk. As far as we know, a comprehen-
sive review focused on retaining immune-active compo-
nents by nonthermal techniques has not been reported.
This review will inform the dairy industry and human
milk banks to manufacture clean, safe, and highly nutri-
tive milk with simultaneous retention of immune-active
components.
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F IGURE 1 Promising emerging technologies for dairy processing

2 FUNDAMENTALS AND
DEVELOPMENTS OF NONTHERMAL
MILK PROCESSING

2.1 UV-C

Ultraviolet (UV) treatment is a physical disinfection tech-
nique that can be used to kill harmful bacteria in foods,
beverages, and environments. Since 1985, UV radiation has
been commercialized for water disinfection and purifica-
tion, brewing, soft drinks, and cheese-making (Chawla
et al., 2021; Tran & Farid, 2004). In 2016, the Euro-
pean Food Safety Authority (EFSA) already approved the
UV-C treated pasteurized milk (whole, semi-skimmed,
or skimmed) as a novel food (EFSA Panel on Dietetic
Products, 2016) for use. UV-C irradiation (1000–2000 J/L)
would not change the milk composition or give rise to
safety concerns. However, as far as the authors know,
this technology is not actually used in practice yet. As
shown in Figure 2, the disinfection effect of UV irradi-
ation was attributed to its ability to damage the genetic
material (DNA bases) and form pyrimidine dimers, which
would inhibit the synthesis of new DNA in cells, so that
viruses, bacteria, molds, and othermicroorganisms are not
able to reproduce, leading to cell death (Shama, 1999).
UV radiation can be classified into UV-A (320–400 nm),
UV-B (280–320 nm), UV-C (200–280 nm), and Vacuum-
UV (100–200 nm) according to its wavelength (Delorme
et al., 2020). The maximum UV absorption efficiency for

DNA lies between 250 and 280 nm (Bintsis et al., 2000).
UV-C, therefore, has the most potent antimicrobial activ-
ity. Further, UV-C does not require high investment and
maintenance costs or bring environmental problemswhen
compared to other processing techniques (Keyser et al.,
2008). Nowadays, UV-C has been considered one of the
most promising food processing technologies with great
commercialization potential, including in the area of bev-
erages and dairy products (Delorme et al., 2020; Jermann
et al., 2015). For its application, several factors are impor-
tant, such as the solids content, turbidity, geometry of the
UV device, and microbial species that need to be inacti-
vated (Delorme et al., 2020).However, a unified calculation
of UV-C dosage is difficult in practice as various types of
UV-C installations were used in those reports. A detailed
overview of this will be given in section 2.1.7. Recently,
the health-promoting effects of UV-C processed milk have
been reported by Schaefer et al. (2018), who found that
UV-C treated milk has a better immune-stimulating effect
than pasteurized milk, which has the potential to counter-
act the immunosenescence in the elderly when tested for
vaccine response efficiency.

2.1.1 UV-C treatment for donor human milk

Christen et al. (2013a) tried to use UV-C irradiation as
an alternative treatment for DHM, and found that bac-
terial decimal reduction dosage increases with the solids
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F IGURE 2 UV radiation-induced inactivation mechanism of microbes

F IGURE 3 (a) Relationship between decimal bacterial reduction and total solids concentration of human milk samples from Christen
et al. (2013a) and (b) bacterial growth for untreated, UV-C irradiated, and Holder pasteurized human milk and nutrient broth (NB) from
Christen et al. (2013b)

content, as shown in Figure 3a. In addition, UV-C irradia-
tion can achievemicrobial safety in humanmilk according
to the requirements of human milk banking guidelines
(a 5-log reduction of bacteria for most human banks)
without loss of bile salt stimulated lipase (BSSL) and alka-

line phosphatase (ALP) activity. The same authors then
compared the effect of UV-C on immune-active proteins
and bacteriostatic activity of DHM and concluded that
UV-C irradiation retained more of these proteins than
HoP, without compromising the bacteriostatic properties
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compared with untreated human milk, as shown in
Figure 3b. Pitino et al. (2019a) studied the effects of ther-
mal and nonthermal (UV-C and HPP) pasteurization on
the fatty acid composition of human milk. It was reported
that UV-C and HPP treatment did not alter the fatty acid
composition, but both increased the oxylipin concentra-
tion; higher concentrations of 18-carbon-derived oxylipins
were found after UV-C irradiation, indicating the occur-
rence of oxidation. However, the biological relevance of an
increased oxylipin concentration is still unclear.

2.1.2 UV-C treatment for bovine milk

There has been a lot of research focused on UV-C treat-
ment for bovine milk over the past decades. Recently, Atik
and Gumus (2021) investigated the effects of UV-C dosage
(from 60 J/L to 216.9J/L) on the microbiological quality
of bovine milk and found that a ∼2 log reduction in total
mesophilic aerobic bacteria count and a ∼4 log reduc-
tion in yeast/mold count was achieved in raw milk after a
107.8 J/L UV-C treatment. Moreover, Liu et al. (2020b)
reported thatUV-C treatment (4,500 J/L)was able to retain
80% of lactoferrin and almost 100% of IgG and lactoper-
oxidase (LPO) activity compared with raw milk. Zhang,
Liu, Li, Xu, Hettinga, et al. (2021) developed a nonther-
mal device that combined microfiltration (MF) and UV-C
and found that MF (1.4 μm pore size) combined with UV-
C treatment prolonged the shelf-life of skimmed milk to
at least 40 days. Moreover, the contents of lactoferrin and
immunoglobin G in milk did not change greatly during
refrigerated storage with retention of >95% (relative to the
raw skimmed milk on the first day of storage).

2.1.3 UV-C treatment for goat milk

The popularity and consumption of goat milk are increas-
ing all over the world. Until now, the studies of UV-C
treatments applied on goat milk are relatively rare. Kasa-
hara et al. (2015) evaluated the inactivation of Escherichia
coli in goat milk by UV-C and found that a 6-log reduc-
tion was achieved when using 10,000 mJ/cm2 of pulsed
UV. Sensory evaluation indicated that goat milk irradiated
with >5,000 mJ/cm2 showed significant differences in
aroma compared with raw milk, but no significant dif-
ferences in the overall flavors. Other studies showed that
a more than 5-log reduction in L. monocytogenes was
achievedwhen goatmilk received a cumulative UV dosage
of 15.8 mJ/cm2 (Matak et al., 2005). This dosage simultane-
ously increased the levels of free fatty acids and aldehydes,
but not enough to cause detectable differences in the odor
of milk (Matak et al., 2007). Besides, UV-C was also com-

bined with other nonthermal techniques, such as high
pulsed electric field (HPEF) to realize a better bacteri-
cidal effect (Hariono et al., 2020). Studies focusing on
retention of bioactive components by nonthermal tech-
niques have not been reported; however, Saipriya et al.
(2021) studied the influence of several unit operations on
immunoglobulins and lactoferrin and reported that ther-
mal treatments (pasteurization and boiling) decreased the
contents of lactoferrin and immunoglobulins in goat milk
to a large degree.

2.1.4 UV-C treatment for camel milk

Camel milk has gained attention and popularity due to its
specific bioactivities, such as potential antidiabetic (Han
et al., 2022) and autism prevention functionality (Deshwal
et al., 2020). Dhahir et al. (2020b) investigated the effects
of UV-C dosage on the viability of E. coli O157:H7 and
S. Typhimurium and changes to camel milk components
and found that UV-C treatment at 12.45 mJ/cm2 resulted
in a 3.9 log reduction in E. coli and S. Typhimurium, and
this dosage did not change the main protein profile or
induce lipid oxidization, as determined by secondary lipid
peroxidation products.

2.1.5 UV-C treatment for sheep milk

Studies related to UV-C treatment alone for sheep milk are
relatively rare until now. Only, Ansari et al. (2019) evalu-
ated the efficacy of UV-C radiation combinedwith thermal
treatment on the inactivation of Bacillus subtilis spores in
bovine milk and sheep milk and reported that UV-C pre-
treatment (DAct 2.37 ± 0.126 J/ml) followed by thermal
treatment at 110◦C for 30 s resulted in a 1.1 log CFU/ml
in sheep milk. UV-C irradiation could sensitize spores,
making the following thermal treatment more efficient in
inactivating B. subtilis spores.

2.1.6 UV-C treatment for donkey milk

Donkey milk has received much attention due to its
close chemical composition to human milk as well
as to its unique functional properties (Polidori &
Vincenzetti, 2013). However, very few studies on the
nonthermal processing of donkey milk were reported.
Recently, Papademas et al. (2021) evaluated the effect
of UV-C on the inactivation of six foodborne pathogens
inoculated in raw donkey milk, including Listeria inoc-
cua, Staphylococcus aureus, Bacillus cereus, Cronobacter
sakazakii, E. coli, and Salmonella enteritidis. It was
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reported that L. innocua was the most UV-resistant,
requiring 1100 J/L for complete inactivation while the
other bacteria were destroyed in the range of 200−600 J/L.

2.1.7 Summary of UV-C treatment

Detailed information about research involving UV-C treat-
ment in human and animalmilks is summarized inTable 1.
By reviewing studies whereUV-Cwas applied in dairy pro-
cessing, it is clear that theUV-Cdosages andunits are quite
different between these reports, which can be attributed
to the differences between in-house made or customized
devices, as well as different calculation methods. Before
realizing a large-scale industrialization of UV-C for dairy
processing, several factors should be taken into account,
such as the shape of UV-C lamp, output power, and radi-
ation mode. Until now, most reported UV-C devices are
simply in-house made devices operating in batch-mode,
which cannot guarantee a standardized or continuous pro-
cessing. In addition, relevant national regulations also
need to be issued to guarantee the safety ofUV-C processed
milk. These are the main challenges that hinder the com-
parability between studies, as well as the standardization
and commercialization of UV-C. Besides, another poten-
tial downside of UV-C applied in dairy processing is that
oxidization of milk fat and proteins may occur, due to the
high abundance of photosensitive lipids and amino acids
(Dyer et al., 2017). Thus, an appropriate UV-C dosage that
prevents oxidations or pre-fractionation of photosensitive
components before UV-C irradiation should be taken into
account.

2.2 Ultrasonication

In the food and pharmaceutical industry, US is widely
used for extraction, purification, meat tenderization, syn-
thesization, catalyzation, modification, sterilization, and
so on. (Dai et al., 2020; Wang et al., 2021; Wu et al., 2020).
Generally, the frequency of ultrasound ranges from 20 kHz
to 10 MHz, which could be divided into three regions:
low-frequency, high-power ultrasound (20−100 kHz,
intensity >1 W/cm2); intermediate-frequency, medium-
power ultrasound (100 kHz−1 MHz); and high-frequency,
low-power ultrasound (1−10 MHz, intensity <1 W/cm2),
(Chandrapala & Leong, 2015). Depending on the specific
application, an appropriate frequency range is selected.
Low-frequency US induces strong cavitation, which
affects the physical, chemical, and biochemical properties
of foods, while high-frequency US creates a relatively
gentle physical force and can be utilized for non-invasive
analysis and monitoring of foods, and non-destructive

separations of multicomponent mixtures (Chandrapala
et al., 2012; Leong et al., 2013). The application of US
for microbial inactivation could be traced back to the
1920s (Wood & Loomis, 1927), when its bactericidal effect
on algae was first reported. Since then, several studies
using US have been conducted, displaying a broad-
spectrum antimicrobial activity (Dai et al., 2020). Specific
mechanical vibration, acoustic streaming, and cavitation
generated from US are responsible for its bactericidal
effect. During US, the asymmetric collapse of cavitation
bubbles leads to liquid jets rushing through the center
of the collapsing bubbles with a speed as high as a few
hundred meters per second. This micro streaming can
erode cell walls and thereby inactivate microorganisms
(Hughes & Nyborg, 1962). Figure 4 shows SEM pictures
of Anoxybacillus flavithermus before and after US, and
it is obvious that initially, the cells were in their regular
rod shape whereas, after US, they were disintegrated into
small pieces. Next, the sonochemistry effects of localized
heating, high pressure, and highly reactive intermediates
produced (e.g., free radicals or reactive oxide species, ROS
production) causes DNA damage as well as thinning of
cell membranes, which also contributes to the microbial
inactivation (Bermúdez-Aguirre et al., 2011; Chandrapala
et al., 2012). An overview of the US -induced microbial
inactivation mechanism is shown in Figure 5.

Recently, US has been utilized as an alternative treat-
ment to traditional thermal approaches in food processing
(Chávez-Martínez et al., 2020; Dai et al., 2020).

2.2.1 Ultrasonication treatment for donor
human milk

For human milk, it was reported that US combined with
heating at 45◦C or 50◦C strongly increased the inactiva-
tion rates of both E. coli and Staphylococccus epidermidis,
compared with US alone. However, with the ongoing pro-
cess of US treatment, the actual temperature of the milk
increased as well, resulting in decreased retention of secre-
tory immunoglobulin A (sIgA), lysozyme, lactoferrin, and
BSSL, of which BSSL was the most vulnerable compo-
nent (Czank et al., 2010). Recently, Mank et al. (2021) tried
to use several nonthermal techniques to preserve insulin
in DHM and found that US retained 97% of insulin in
human milk, which is higher than both HoP (67%) and
HTST (78%). In addition, Parreiras et al (2020) studied
the effects of thermo-US on the microbial quality, antiox-
idant capacity, and retinol level of DHM and reported
that thermo-US induced a greater decimal reduction in
microorganisms than heat treatment alone; thermo-US
enhanced the antioxidative capacity of DHM while HoP
negatively affected it. However, in a study on the blood
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F IGURE 4 Micromorphology (SEM) of Anoxybacillus flavithermus before and after ultrasonication treatment from Khanal et al. (2014)

plasma-clotting capability of DHM, US was shown to be
almost equally detrimental as HTST, indicating that this
technique is not completely harmless to human milk’s
bioactivity (Hu et al., 2022).

2.2.2 Ultrasonication treatment for bovine
milk

The effects of thermo-US on aflatoxin M1 contents and
physicochemical and microbial properties of milk were
studied by Hernández-Falcón et al. (2018), who found
that treatments at 45◦C for 10 and 15 min exhibited
similar microbiological quality to heat pasteurized milk
(85◦C/15 s). In addition, thermo-US for 10 and 15 min
greatly reduced the levels of aflatoxinM1 inmilk due to the
US-induced hydrolysis of the molecular structure of myco-
toxins. Recently, Liu et al. (2020b) found that US (308 J/ml)
not only reduced the microbial load by 5-log but also better
preservedmore nativemilk serum proteins comparedwith
thermal pasteurization. Next, Zhang, Liu, Li, Xu, Zhang,
et al. (2021) developed an MF device combined with US to
further reduce the microbial load and extend the shelf-life
of skimmed milk and found that MF combined with US
(1296 J/ml) could remove all the bacteria and extended the
shelf-life up to >40 days when stored at 4◦C.

The application of US in milk processing is, how-
ever, limited, as it is usually a batch-mode process.
To overcome this, Van Hekken et al. (2019) developed

a continuous ultrasound system and characterized the
physicochemical and microbiological properties of soni-
cated raw bovine milk, which is conducive to commercial
scale-up.

2.2.3 Ultrasonication treatment for goat
milk

The application of US in goat milk processing usu-
ally aims to modify the physicochemical properties
(Hashemi & Gholamhosseinpour, 2020; Koirala et al.,
2021), whereas studies especially focused on microbial
inactivation or retaining bioactive components are rare.
Ragab et al. (2019) studied the effects of thermo-US treat-
ment on physicochemical properties and microbial load of
goatmilk and concluded that thermo-US>300Wachieved
the lowest microbial load. Ultrasonication decreased the
particle size of fat globules and casein micelles without
affecting the main compositions of casein micelles and
mineral balance. In addition, de Souza Soares et al. (2020)
studied the effects of US on lipase activity in goat cream
hydrolysis and reported that US did not induce cream
hydrolysis, but increased lipase activity andhydrolysis rate.
In addition, US at lower temperature (25◦C) showed a bet-
ter ultrasound effect than at 55◦C, suggesting that US may
act as an interesting alternative for goat cream hydrolysis
to remove unpleasant flavor or obtain shorter chain fatty
acids for specific purpose.
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F IGURE 5 The overview of antibacterial mechanism induced by ultrasonication (not drawn to scale) adapted from Dai et al. (2020);
A represents transmembrane protein damage, B represents membrane perforation, C represents DNA breakage, D represents metabolism
inhibition, E intracellular protein denaturation, and enzyme inactivation

2.2.4 Ultrasonication treatment for camel
milk

Gammoh et al. (2020) evaluated the effects of US and
lactic acid fermentation on the physicochemical and bioac-
tive properties of camel caseins and whey fractions. It
was reported that US decreased the average particle size
of both casein and whey nanoparticles; in addition, US
and fermentation both enhanced the antioxidative and
angiotensin converting enzyme (ACE)-inhibitory activities
of casein and whey (Gammoh et al., 2020). In addition,
Dhahir et al. (2020a) investigated the effects of US on
the milk-borne microorganisms (E. coli O157: H7 and S.
Typhimurium) and several components in camel milk and
found that US treatment for 15 min significantly reduced
the microbial load of these two bacteria, and US did not
show detrimental effects on the composition of fatty acids,
lipid peroxides, and protein fractions. Recently, Mudgil
et al. (2022) investigated the influences of US treatments
on microbial load, protein compositions, and bioactive
properties of camel milk and reported that US at >160
W for 10 min could realize a microbial safety for pub-
lic consumption without affecting its bioactive properties,
such as antioxidative capacity and cholesterol esterase
inhibition.

2.2.5 Ultrasonication treatment for sheep
milk

Sheep milk, one of the main bioactive dairy foods, is
claimed to have many health benefits (Mohapatra et al.,
2019). However, studies related to US have not been widely
reported. Balthazar et al. (2019) investigated the micro-
biological and physicochemical quality of semi-skimmed
sheep milk treated by US and found that US treatment
significantly lowered the total coliform count, inactivating
the Staphylococcus spp., and lactobacilli in semi-skimmed
sheep milk, while it kept an acceptable number of lactic
bacteria.

2.2.6 Ultrasonication treatment for donkey
milk

To our knowledge, studies focusing on microbial inactiva-
tion or immune-active components while using US have
not been reported for donkey milk. Miao et al. (2020)
investigated the effects of US on the physical stability of
donkey milk, and reported that caseins are more sensitive
to ultrasonic treatment in comparison with whey pro-
teins. In addition, centrifugal precipitation rate and surface
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F IGURE 6 Schematic diagram and workflow of HPP processing

hydrophobicity increased with the increasing ultrasonic
power.

2.2.7 Summary of ultrasonication treatment

A detailed description of applications of US in milk pro-
cessing is listed in Table 2, and most of these studies
are related with bovine milk processing. As an efficient
and novel microbial inactivation technique, US has huge
potential in milk processing. In addition, not all studies
show retention of milk immune-active components. Thus,
future research is needed to get a better understanding of
the effect of US on milk quality and find ways to imple-
ment it such that safety can be balanced with the retention
of milk’s beneficial components.

2.3 High-pressure processing

High-pressure processing (HPP) is a well-known cold ster-
ilization technique in food processing, where foods are
treated under high hydrostatic pressure up to 900 MPa
at chilled or mild temperature conditions to inactivate
enzymes, pathogens, and/or spoilagemicroorganisms, and
thereby increase safety and extend shelf-life (da Cruz et al.,
2010; Matser et al., 2004). Generally, the HPP is gener-
ated through three ways: direct compression by dynamic
pressure in pistons; indirect compression by static pressure
seals; and through heating of the pressuremedium (Huang
et al., 2014). A schematic diagram and workflow of HPP

processing are shown in Figure 6. HPP not only retains
the natural flavor and taste and some health-promoting
components like vitamins and lactoferrin but also is an
environmental-friendly technique (Penna et al., 2007). The
use of HPP treatment in raw milk sterilization has been
commercially available in Mexico since 2014 and was first
legally approved in Australia later in 2016 (Yang et al.,
2020). A Mexican company Villa de Patos produced the
first HPP milk products (Leche de vaca de Libre Pastoreo
and Leche de Oveja) in the world (https://villadepatos.
com/leches), and then another Australia company “Made
by Cow™” located in New South Wales also developed
HPP milk using raw milk from the Jersey cow breed
(http://www.madebycow.com.au/;Alc antara-Zavala et al.,
2018). Recently, the application ofHPP in both humanmilk
and milk of other mammals has achieved great progress
(Roobab et al., 2021).

2.3.1 HPP for donor human milk

Until now, HPP is the most common nonthermal tech-
nique applied in human milk research, where it has been
studied much more extensively than in industrial dairy
processing. On the one hand, this is attributed to the
susceptibility of immune-active proteins in human milk;
on the other hand, a batch-mode process is more suit-
able for DHM in human banks (Sousa et al., 2016) than
for industrial dairy processing. Viazis et al. (2007) first

https://villadepatos.com/leches
https://villadepatos.com/leches
http://www.madebycow.com.au/;
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investigated the influences of HPP on total IgA and
lysozyme activity in human milk compared with HoP and
found that HPP retained ∼80% of total IgA, while pas-
teurized milk retained only ∼50%. Pitino et al. (2019b)
compared the changes in DHM composition after thermal
pasteurization, UV-C irradiation, and HPP and concluded
that HPP (500 MPa for 8 min) best preserved the nutrients
and immune-active proteins. Recently, Mank et al. (2021)
found no loss of insulin after HPP treatment (500 MPa
for 5 min), while thermal treatments reduced this by 20–
25%. Similarly, another study reported that HHP treatment
at 400–500 MPa at 20◦C could reduce the counts of col-
iforms and total aerobic bacteria to undetectable levels
(< 1.0 logCFU/ml)while retaining almost all Igs, lysozyme
activity, s-CD14, and TGFβ−2 (Irazusta et al., 2020). In
addition, HHP treatment below 350 MPa and 38 ̊C allowed
the retention of almost 100% of BSSL while this enzyme
was absent after HTST or HoP treatments (Billeaud, 2021).
However, it was also challenged if HPP is the best way to
preserve human milk, as HPP at lower pressures (below
500 MPa) may not achieve comparable microbiological
safety as thermal pasteurization, such as HoP. Besides,
high costs associated with an investment in HPP equip-
ment should also be considered (Malinowska-Pańczyk,
2020).

2.3.2 HPP for bovine milk

Currently, studies focused on HPP are mainly concerned
with microbial inactivation, enzyme activities, and physic-
ochemical properties of bovine milk products, while they
have focused less on bioactive components, such as
immune-active proteins, in bovine milk, which may be
due to the fact that bovine milk has a relatively low level
of these components compared to human milk. Stratakos
et al. (2019) reported that HPP treatment at 600 MPa
for 3 min effectively reduced multiple bacteria by 5 log
CFU/ml, whereas most were not obviously reduced after
HPP treatment at 400 MPa for 3 min. Except for the dose-
dependent manner, Yang et al. (2020) found an interesting
phenomenon that using two cycles of HPP (2 × 2.5 min)
was more effective for microbial inactivation than a single
cycle of HPP (1 × 5 min) at the same pressure (600 MPa).
This may be attributed to the iterative compression and
decompression cycles during the process generating a
stronger percussive and lethal action on the microbes.

2.3.3 HPP for goat milk

So far, most studies on HPP treatment of goat milk studied
the reduction in microbial load and the modification of its

physiochemical properties (Deshwal et al., 2021); the latter
is out of scope for this review. In terms of microbial safety,
Razali et al. (2021) reported that microbial count in raw
goat milk is below detectable levels after HPP treatment
>400 MPa for 5 min at room temperature while 200 MPa
for 5 or 10 min would achieve about 2 log reduction. Tan
et al. (2020) reported that HPP-treated goat milk achieved
a microbial shelf-life of 22 days at 8◦C storage with no
increase in B. cereus, mesophilic aerobic spores, coliform,
yeast, and mold, but a slight increase in psychrotrophic
bacteria and total plate count.

2.3.4 HPP for camel milk

The studies on HPP treatments for camel milk have not
been extensively reported yet. Omar et al. (2018) com-
pared the effects of several industrial processing methods
on the chemical composition of camelmilk and foundHPP
treatment caused the least whey protein denaturation and
retained more native α-lactalbumin and lactoferrin than
HTST and UHT treatments.

2.3.5 HPP for sheep milk

Compared with HPP treatments for camel milk, the stud-
ies on HPP treatments for sheep milk have been largely
reported in earlier years (Alonso et al., 2012; Sakkas
et al., 2019), and most of these reports focused on the
physicochemical properties of cheese and yogurt. Recently,
Tsevdou et al. (2020) studied the influences of enzy-
matic/HPP treatment on the quality and bioactivities of
sheep milk yogurt and reported that HPP treatment both
solely or followed by transglutaminase improved the tex-
tural attributes of yogurt; moreover, the HPP and transglu-
taminase treatments both improved the anti-hypertensive
activity of yogurt and elicited an anti-inflammatory gene
expression profile, respectively.

2.3.6 HPP for donkey milk

Giacometti et al. (2016) assessed the feasibility ofHPP treat-
ment for raw donkey milk and found that a single HPP
treatment at 600 MPa for 180 s would cause protein aggre-
gation and form flocks. Then the authors tried to combine a
milder HPP treatment at 400 MPa for 100 s with low tem-
perature pasteurization (65◦C for 30 min) and obtained a
satisfactory microbiological quality during storage.

2.3.7 Summary of HPP treatment

Table 3 lists the detailed information of HPP application
in human and other animals’ milk. It could be found that



Nonthermal techniques for dairy 4341

T
A
B
L
E

3
Su

m
m

ar
y
of

H
PP

te
ch

no
lo

gy
ap

pl
ie
d

in
hu

m
an

an
d

an
im

al
s’

m
ilk

M
ilk

sp
ec
ie
s

O
bj
ec
ti
ve

D
ev
ic
e/
Pa
ra
m
et
er
s

R
es
ul
ts

R
ef
er
en
ce
s

H
um

an
co

lo
st
ru

m
Ig

sc
on

te
nt

,l
ys

oz
ym

e,
an

d
LP

O
ac

tiv
ity

U
ni

pr
es

sM
od

el
U
33

(W
ar

sa
w
,P

ol
an

d)
,

20
0,

40
0,

an
d

60
0

M
Pa

fo
r2

.5
,1

5,
an

d
30

m
in

20
0/

40
0

M
Pa

ha
d

no
/s

m
al

le
ffe

ct
on

Ig
s;

44
%

lo
ss

of
ly

so
zy

m
e

ac
tiv

ity
af

te
rp

as
te

ur
iz
at

io
n

bu
tn

ot
af

fe
ct
ed

by
H

PP
(S

ou
sa

et
al

.,
20

14
)

H
um

an
m

ilk
Ig

A im
m

un
or

ea
ct
iv

ity
an

d
ly

so
zy

m
e

ac
tiv

ity

St
an

st
ed

Fl
ui

d
Po

w
er

FP
G

57
40

M
ic
ro

(H
ar

lo
w
,E

ss
ex

,U
K
);

30
0-

65
0
M

Pa
fo

r
1-
7,

10
,1

5,
an

d
30

m
in

Ly
so

zy
m

e
ac

tiv
at

io
n

af
te

r>
40

0
M

Pa
fo

r3
0

m
in

,L
TL

T
w
ou

ld
no

ta
ffe

ct
sl

ys
oz

ym
e,
<

45
0

M
Pa

fo
r3

0
m

in
pr

ov
id

ed
be

tte
r

re
su

lts
th

an
LT

LT
fo

rl
ys

oz
ym

e
an

d
Ig

A
.

(M
ay

ay
o
et

al
.,
20

16
)

In
su

lin
re

te
nt

io
n

10
m

lm
ilk

,5
00

M
Pa

fo
r5

m
in

Fu
ll

re
te

nt
io

n
re

la
tiv

e
to

un
tr
ea

te
d

m
ilk

(M
an

k
et

al
.,
20

21
)

Im
m

un
e-

ac
tiv

e
an

d
an

tio
xi

da
nt

ac
tiv

ity
M

ul
ti-

ve
ss

el
Re

sa
to

U
ni

t(
Ro

de
n,

Th
e
N
et

he
rla

nd
s)
;2

00
,4

00
,6

00
,a

nd
80

0
M

Pa
fo

r1
s(

fla
sh

tr
ea

tm
en

ts
)a

ta
n

in
iti

al
te

m
pe

ra
tu

re
be

tw
ee

n
−
15

an
d

50
◦
C

Tr
ea

tm
en

ts
at

80
0

M
Pa

de
cr

ea
se

d
th

e
Ig

s,
H

PP
di

d
no

ta
ffe

ct
IL

-6
,I

L-
10

,a
nd

an
tio

xi
da

nt
ac

tiv
ity

,b
ut

re
du

ce
d

IL
-8

an
d

TN
Fα

at
50

◦
C
.

(R
am

íre
z
et

al
.,
20

21
)

Pr
es

er
va

tio
n

of
im

m
un

e-
ac

tiv
e

co
m

po
ne

nt
s(

Ig
A
,I

gG
,I

gM
,

C
D
14

,a
nd

TG
F-
β2

)

S-
IL

-1
00
−
25

0−
09

W
(H

P
Fo

od
Pr

oc
es

so
r,

St
an

st
ed

Fl
ui

d
Po

w
er

,L
td

.,
H

ar
lo

w
,U

K
);

40
0,

45
0,

an
d

50
0

M
Pa

fo
r5

m
in

at
20

◦
C

40
0

an
d

50
0

M
Pa

in
ac

tiv
at

ed
co

lif
or

m
an

d
to

ta
la

er
ob

ic
ba

ct
er

ia
w
ith

fu
ll

re
te

nt
io

n
of

im
m

un
ol

og
ic
al

co
m

po
ne

nt
s.

(I
ra

zu
st
a
et

al
.,
20

20
)

In
ac

tiv
at

io
n

of
B.
ce
re
us

sp
or

es
an

d
S.
au
re
us

55
L

H
ip

er
ba

ric
W

av
e
60

00
/5

5
(H

ip
er

ba
ric

,
Bu

rg
os

,S
pa

in
)w

ith
a
m

ax
im

um
pr

es
su

re
of

60
0

M
Pa

.

Th
e
es

tim
at

ed
m

ax
im

um
ba

ct
er

ia
li

na
ct
iv
at

io
n

w
as

at
59

3.
96

M
Pa

fo
r2

33
s,

re
ac

hi
ng

a
de

cr
ea

se
of

5.
8
an

d
6.
9
lo

g
in

S.
au
re
us

an
d

ve
ge

ta
tiv

e
B.
ce
re
us

,r
es

pe
ct
iv
el
y.

(R
oc

ha
-P

im
ie
nt

a
et

al
.,
20

20
)

Li
pi

d
Pr

of
ile

,B
SS

L
ac

tiv
ity

,a
nd

lip
op

hi
lic

an
tio

xi
da

nt
co

nt
en

t

U
40

00
/6

5
by

U
ni

pr
es

sE
qu

ip
m

en
t,

co
m

bi
ne

d
or

se
pa

ra
te

tr
ea

tm
en

to
f

10
0–

60
0

M
Pa

fo
r1

0
or

15
m

in
at

20
◦
C

BS
SL

w
as

de
cr

ea
se

d
at
>
60

0
M

Pa
,t

ot
al

ly
in

ac
tiv

at
ed

by
pa

st
eu

riz
at

io
n;

H
PP

si
gn

ifi
ca

nt
ly

de
cr

ea
se

d
th

e
lu

te
in

le
ve

l,
di

d
no

tc
ha

ng
e
th

e
fa

tty
ac

id
co

m
po

si
tio

n.

(W
es

ol
ow

sk
a
et

al
.,

20
19

b)

Le
pt

in
,a

di
po

ne
ct
in

,i
ns

ul
in

,
he

pa
to

cy
te

gr
ow

th
fa

ct
or

(H
G
F)

,
la

ct
of

er
rin

,a
nd

Ig
G

co
nt

en
ts

Sa
m

e
as

ab
ov

e
H

PP
le
ad

st
o
th

e
pr

es
er

va
tio

n
of

ad
ip

ok
in

es
,g

ro
w
th

fa
ct
or

,a
nd

la
ct
of

er
rin

,I
gG

m
uc

h
be

tte
ro

rc
om

pa
ra

bl
e
w
ith

H
ol

de
r

Pa
st
eu

riz
at

io
n.

(W
es

ol
ow

sk
a
et

al
.,

20
18

)

In
ac

tiv
at

io
n

of
S.
au
re
us

an
d
B.

ce
re
us

;p
re

se
rv

at
io

n
of

bi
oa

ct
iv
e

co
m

po
un

ds

U
nc

le
ar

de
vi

ce
;3

50
M

Pa
,3

8◦
C
,

co
m

pr
es

si
on

ra
te

at
1M

Pa
/s

,
4
cy

cl
es

of
5
m

in
.

m
ic
ro

bi
al

de
co

nt
am

in
at

io
n

of
6
lo

g
fo

rb
ot

h
S.
au
re
us

an
d
B.

ce
re
us

,r
et

en
tio

n
60

-1
00

%
of

lip
as

e,
a-

la
ct
al

bu
m

in
,c

as
ei
n,

ly
so

zy
m

e,
la

ct
of

er
rin

,a
nd

sI
gA

.

(D
em

az
ea

u
et

al
.,

20
18

)

D
en

at
ur

at
io

n
of

la
ct
of

er
rin

St
an

st
ed

Fl
ui

d
Po

w
er

FP
G

57
40

(M
ic
ro

Fo
od

La
b,

H
ar

lo
w
,E

ss
ex

,U
K
),

tr
ea

tm
en

t
fo

r1
5
m

in
at

20
◦
C

30
0,

40
0,

50
0,

an
d

60
0

M
Pa

de
na

tu
re

d
9%

,2
3%

,3
4%

,a
nd

48
%
,

re
sp

ec
tiv

el
y,

H
oP

de
na

tu
re

d
80

%
(M

ay
ay

o
et

al
.,
20

14
)

(C
on

tin
ue

s)



4342 Nonthermal techniques for dairy

T
A
B
L
E

3
(C

on
tin

ue
d)

M
ilk

sp
ec
ie
s

O
bj
ec
ti
ve

D
ev
ic
e/
Pa
ra
m
et
er
s

R
es
ul
ts

R
ef
er
en
ce
s

Bo
vi

ne
m

ilk
M

ic
ro

bi
ol

og
ic
al

pr
op

er
tie

sa
nd

sh
el
f-l

ife
K
ar

a
F&

B
Pr

od
uc

tio
ns

,S
dn

.B
hd

.;
45

0
M

Pa
an

d
60

0
M

Pa
fo

r5
or

7
m

in
at

15
◦

C
.

Sh
el
f-l

ife
to

22
da

ys
at

8
◦
C

w
ith

no
in

cr
ea

se
in
Ba
ci
llu
sc
er
eu
s,

m
es

op
hi

lic
ae

ro
bi

c
sp

or
es

,c
ol

ifo
rm

,y
ea

st
,a

nd
m

ol
d,

a
m

in
or

in
cr

ea
se

in
ps
yc
hr
ot
ro
ph
ic

ba
ct
er

ia
,a

nd
to

ta
lp

la
te

co
un

t.

(T
an

et
al

.,
20

20
)

Ph
ys

ic
oc

he
m

ic
al

pr
op

er
tie

sa
nd

m
ic
ro

bi
ol

og
ic
al

in
ac

tiv
at

io
n

Fo
od

Pr
oc

es
si
ng

Pr
es

sQ
FP

-6
(A

vu
re

Te
ch

no
lo

gi
es

A
B,

Ve
st
er

ås
,S

w
ed

en
)a

t
60

0
M

Pa
fo

r3
or

5
m

in
at

23
◦
C
.

C
om

pr
es

si
on

ra
te

of
45

0
M

Pa
/m

in

Tw
o
cy

cl
es

of
H

PP
ki

ll
m

or
e
ba

ct
er

ia
th

an
a
si
ng

le
cy

cl
e
w
ith

th
e

sa
m

e
to

ta
lt

im
e.

(Y
an

g
et

al
.,
20

20
)

Sa
fe

ty
(E
.c
ol
i,
Sa
lm
on
el
la

,a
nd

L.
m
on
oc
yt
og
en
es

),
sh

el
f-l

ife
,a

nd
qu

al
ity

Q
ui

nt
us

35
L

(A
vu

re
Te

ch
no

lo
gi

es
,U

.S
.A

.);
40

0–
60

0
M

Pa
fo

r1
−
5
m

in
H

PP
(6

00
M

Pa
fo

r3
m

in
)s

ig
ni

fic
an

tly
re

du
ce

d
th

e
to

ta
lv

ia
bl

e
co

un
ts
,E

nt
er

ob
ac

te
ria

ce
ae

,l
ac

tic
ac

id
ba

ct
er

ia
,a

nd
Ps
eu
do
m
on
as
sp
p.

in
m

ilk
an

d
pr

ol
on

ge
d

th
e
sh

el
f-l

ife
by

1w
ee

k.

(S
tr
at

ak
os

et
al

.,
20

19
)

Pr
ot

ei
n

de
na

tu
ra

tio
n

an
d

im
m

un
og

en
ic
ity

of
na

tiv
e
m

ilk
pr

ot
ei
ns

St
an

st
ed

IS
O
-L

A
B

FP
G
11
50

13
.6

L
un

it
(S

ta
ns

te
d

Fl
ui

d
Po

w
er

Lt
d,

Es
se

x,
U
K
);

40
0,

50
0,

an
d

60
0

M
Pa

fo
r1

5
m

in
at

∼
30

◦
C
,c

om
pr

es
si
on

,a
nd

de
co

m
pr

es
si
on

ra
te

sw
er

e
60

0
an

d
12

00
M

Pa
/m

in

H
PP

at
60

0
M

Pa
re

su
lte

d
in

pr
ot

ei
n

ag
gr

eg
at

io
n,

in
vo

lv
in

g
m

ai
nl

y
β-

LG
an

d
κ-

ca
se

in
,t

hr
ou

gh
th

io
l-d

is
ul

fid
e,

an
d

di
m

in
is
he

d
th

e
im

m
un

og
en

ic
ca

pa
ci
ty

of
m

ilk
pr

ot
ei
ns

.

(B
og

ah
aw

at
ht

ha
et

al
.,
20

18
)

G
oa

tm
ilk

Ba
ct
er

ia
li

na
ct
iv
at

io
n

an
d

m
ilk

qu
al

ity
A
vu

re
2L

-7
00

H
PP

La
bo

ra
to

ry
Fo

od
Pr

oc
es

si
ng

Sy
st
em

,2
00

,4
00

,a
nd

60
0

M
Pa

w
er

e
us

ed
fo

r5
,1

0,
an

d
15

m
in

at
25

◦
C

>
40

0
M

Pa
fo

r5
m

in
w
ou

ld
in

ac
tiv

at
e
al

lb
ac

te
ria

,g
iv
e
a
hi

gh
er

vi
sc

os
ity

,h
ig

he
rt

ot
al

so
lu

bl
e
so

lid
s,

an
d

pH
th

an
pa

st
eu

riz
at

io
n.

(R
az

al
ie

ta
l.,

20
21

)

Ph
ys

ic
oc

he
m

ic
al

ch
an

ge
s,

m
ic
ro

bi
ol

og
ic
al

pr
op

er
tie

s,
an

d
sh

el
f-l

ife
.

A
55

L
un

it
m

an
uf

ac
tu

re
d

by
H

ip
er

ba
ric

(S
pa

in
),

45
0

an
d

60
0

M
Pa

fo
r5

or
7
m

in
at

15
◦
C

45
0

M
Pa

–7
m

in
an

d
60

0
M

Pa
–5

m
in

ac
hi

ev
ed

a
sh

el
fl

ife
of

22
da

ys
at

8◦
C

st
or

ag
e
w
ith

an
on

ly
a
sl
ig

ht
in

cr
ea

se
in

ps
yc

hr
ot

ro
ph

ic
ba

ct
er

ia
an

d
TP

C
.

(T
an

et
al

.,
20

20
)

C
am

el
m

ilk
Ph

ys
ic
al

an
d

ch
em

ic
al

pr
op

er
tie

s,
an

d
pr

ox
im

at
e
co

m
po

si
tio

n.
H

PP
tr
ea

tm
en

ta
t2

00
,4

00
,6

00
,a

nd
80

0
M

Pa
fo

r3
0

m
in

us
in

g
a
St

an
st
ed

Is
o-

La
b
90

0
H

ig
h

Pr
es

su
re

Pr
oc

es
so

r
(S

ta
ns

te
d

Fl
ui

d
Po

w
er

,S
ta

ns
te

d,
Es

se
x,

U
K
)

H
PP

tr
ea

tm
en

ts
in

du
ce

d
th

e
le
as

tw
he

y
pr

ot
ei
n

de
na

tu
ra

tio
n

an
d

re
ta

in
ed

m
or

eα
-la

ct
al

bu
m

in
an

d
la

ct
of

er
rin

.
(O

m
ar

et
al

.,
20

18
)

Sh
ee

p
m

ilk
En

zy
m

at
ic
/h

ig
h

Pr
es

su
re

pr
oc

es
si
ng

on
th

e
qu

al
ity

an
d

bi
oa

ct
iv

ity
of

yo
gh

ur
t

H
PP

at
60

0
M

Pa
an

d
55

◦

C
fo

r1
0

m
in

or
co

m
bi

ne
d

w
ith

tr
an

sg
lu

ta
m

in
as

e.

H
PP

or
co

m
bi

ne
d

w
ith

tr
an

sg
lu

ta
m

in
as

e
tr
ea

tm
en

ts
sh

ow
ed

hi
gh

er
an

ti-
hy

pe
rt
en

si
ve

(A
C
E-

in
hi

bi
to

ry
ac

tiv
ity

)a
nd

im
m

un
om

od
ul

at
or

y
(in

fla
m

m
at

io
n-

re
la

te
d)

pr
op

er
tie

s.

(T
se

vd
ou

et
al

.,
20

20
)

D
on

ke
y
m

ilk
Ef

fe
ct
so

fH
PP

on
th

e
m

ic
ro

bi
al

qu
al

ity
of

pa
st
eu

riz
ed

do
nk

ey
m

ilk

H
PP

at
40

0
M

Pa
fo

r1
00

an
d

18
0

su
si
ng

Q
ui

nt
us

Fo
od

Pr
es

sQ
FP

35
0L

-6
00

de
vi

ce
.

H
PP

tr
ea

tm
en

ta
fte

rp
as

te
ur

iz
at

io
n

fu
rt
he

rd
ec

re
as

ed
th

e
co

un
ts

of
Ps
eu
do
m
on
as
sp
p.

an
d

to
ta

lm
es

op
hi

lic
co

un
td

ur
in

g
st
or

ag
e.

(G
ia

co
m

et
ti

et
al

.,
20

16
).



Nonthermal techniques for dairy 4343

HPP treatments were most applied in human milk pas-
teurization, followed by bovine milk. The application in
other animals’milk processing is relatively rare. Until now,
HPP treatment has been considered as the most promis-
ing and feasible nonthermal technique for dairy processing
due to its superiority in retaining bioactive components
without deteriorating the sensory and nutritional quality
of milk, although the necessity to perform it batch-wise is
an important limitation for animal milk.

2.4 Other nonthermal treatments and
emerging techniques

Besides these three common nonthermal techniques that
have been frequently studied for dairy processing, there
are some other techniques that have been studied not
as frequently, such as PEF, gamma irradiation, and CP,
which may still be useful for dairy processing (Soni et al.,
2021). However, no research has been done for these tech-
niques regarding the retention of immune-active proteins
or the bioactivity of milk. It is speculated that the immune-
active components in milk are of low abundance, which
is usually neglected in animals; on the other hand, the
detection expense is relatively higher by ELISA or LC-
MS/MS-based proteomics. Even though the commercial
ELISA kits for immune-active milk protein quantification
of mammals, such as camel and goat, are becoming avail-
able in certain countries, these are still not commonly
used.

PEF applies high electric field intensities (1−60 kV/cm)
for an extremely short duration (μs) at moderate tempera-
tures, to reduce the counts of both pathogenic and spoilage
microorganisms (Bendicho et al., 2002; Franco et al., 2018).
Sharma et al. (2014) applied PEF to whole milk and found
that PEF treatments at 22−28 kV cm−1 for 17−101μs at 50◦C
induced a 5−6 log reduction, resulting in counts below the
detection limit for P. aeruginosa, while E. coli, S. aureus,
and L. innocua were reduced to below the detection limit
at 55◦C. McAuley et al. (2016) compared the effects of
PEF (30 kV/cm, 22 μs at 53 or 63◦C) and thermal pas-
teurization (63 or 72◦C for 15 s) on microbiological and
physicochemical stability of milk and found that shelf-life
of PEF treatment of milk at 63◦C was similar to HTST pas-
teurization and PEF did not affect the physicochemical
properties of milk. The application of PEF processing of
milk has been reviewed by Bendicho et al. (2002), includ-
ing microbial and enzyme inactivation, and reduction of
micronutrients.

The application of ionizing radiation to reduce the risk
of pathogenic bacteria in foods is becoming increasingly
accepted by consumers. Gamma irradiation extends the
shelf-life of food products by destroying bacterial nucleic

acids (DNA) leading to the elimination of microbial con-
tamination. de Oliveira Silva et al. (2015) investigated the
effect of gamma irradiation (1, 2, and 3 kGy) on the bac-
teriological and sensory quality of raw milk, and found
that milk irradiated at 2 and 3 kGy had a significantly
(p < 0.05) lower bacterial load. In addition, they rec-
ommended a 2 kGy dose for raw whole milk because of
the positive effects on bacterial quality and minimal sen-
sory changes. As gamma irradiation is usually used for
surface disinfection of foods, such as vegetables, fruits,
and meat, it may potentially be used for powdered infant
formula. In general, the inactivation effects from ion-
izing irradiation are related to several factors, such as
irradiation manner, food matrix, and food components
(Osaili et al, 2007). Direct irradiation should be more effec-
tive than indirect irradiation; however, milk and infant
formula are complex systems with protein, fat, and carbo-
hydrate. It has been reported that compositional complex-
itymay reduce the radiation damage tomicroorganisms by
interaction with generated oxidative radicals during irra-
diation (McCarthy & Damoglou, 1996). Moreover, water
activity (aw) plays an important role in radiation damage,
as a low aw may reduce the generation of free radicals,
reducing the indirect irradiation damage to the nucleic
acid of micro-organisms. To evaluate the efficiency of
gamma irradiation in inactivating E. sakazakii in infant
formula, Osaili et al. (2007) used 0∼1 and 0∼9 kGy irra-
diation dosages to treat dehydrated and rehydrated infant
milk formula and found that theD10-value (dosage needed
to inactivate 90% of the bacterial population) were 0.3 and
1.0 kGy, respectively. Based on this, the lowest irradiation
dose to achieve a 3-log reduction of E. sakazakii in infant
milk formula was suggested to be 5.13 kGy. Additionally, a
recent study investigated the effects of gamma-irradiation
on the antibacterial properties of DHM and showed that
a hybrid method of freeze-drying followed by 2 kGy of
gamma-irradiation had a better antimicrobial effect on S.
aureus, S. Typhimurium, and E. coli compared with HoP
(Blackshaw et al., 2021).

Cold plasma, the fourth state of matter, is an electrically
energized matter in a gaseous state and can be applied
as a nonthermal food processing technology. The result-
ing charged particles, free radicals, and some radiation
generated at 30–60◦C by an electrical discharge under
atmospheric or vacuum conditions are able to inactivate
microorganisms by etching of cell surfaces by reactive
species, volatilization of compounds, and intrinsic photo-
desorption of ultraviolet (UV) photons, and destruction of
genetic material (Laroussi, 2005). As nonthermal technol-
ogy, CP processing of milk and dairy products has been
reviewed by Coutinho et al. (2018). More recently, Wu
et al. (2021) evaluated the sterilizing properties of dielec-
tric barrier discharge CP on milk and found that a voltage
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over 70V sustained for 120 s was similar to UHT treat-
ment. In addition, another study showed thatCP treatment
reduced the antigenicity of bovine casein and whey pro-
teins (Ng et al., 2021). Based on this, it can be speculated
that CP treatment may damage the immune-active pro-
teins by structure modifications, although related studies
have not been reported yet.

In addition, microwave heating is also applied in milk
processing, especially in human banks. Edyta et al. (2019)
found that microwave heating could obtain a lower D-
value than HoP, and heating at 62.5 or 66◦C for 5 or
3 min allowed the inactivation of the human milk micro-
biota. Recently, Martysiak-Żurowska et al. (2022) studied
the influence of microwave heating on the nutrients of
human milk and found that microwave heating (62.5◦C,
66◦C, and 75◦C for 1–10 min, respectively) did not cause
protein degradation. An intact protein pattern including
bile salt activated lipase, lactoferrin, β-casein, lysozyme,
and α-lactalbumin was observed by SDS-PAGE analysis. It
was also reported that the fatty acid composition did not
change after microwave heating.

Ohmic heating utilizes electrical conductivity for heat-
ing and is characterized by rapid and uniform heating of
fluid food by generating alternating current through the
food material. Balthazar et al. (2022) assessed the energy
consumption and bactericidal effect of ohmic heating. It is
reported that ohmic heating (8.33 V/cm) has a great poten-
tial for raw sheep milk pasteurization, which allowed a
shelf-life up to 2 weeks under 4◦C with 72–73 % less energy
consumption than conventional heating.

3 PROSPECT AND CHALLENGES

Nowadays, there is a trend for more fresh and nutritious
food around the world. The increasing global demand and
consumption of fresh milk and dairy products, as well as
the environmental issues surrounding its production, have
driven the dairy industry to explore innovative food pro-
cessing technologies. Besides, more and more evidence is
available showing that lower heat treatment ofmilk retains
more health-promoting components than that of highly
processed milk (Brick et al., 2020; Loss et al., 2015; Wyss
et al., 2018). There are thereforemultiple places around the
world, where interest in raw milk consumption is increas-
ing due to perceived health benefits. However, there is an
inherent safety risk to such rawmilk consumption, such as
pathogenic microorganisms. Nonthermal techniques may
be a solution to this problem, as they can achieve the
production of safe milk while keeping the immune-active
components intact. Except for these benefits resulting from
nonthermal treatments, it should be noted that such treat-
ments might also bring some challenges. For example,
nonthermal treatmentsmay not inactivate the endogenous

enzymes, such as proteases and lipases in milk, which
could have negative effects on the sensory properties, such
as the flavor (Wang et al., 2019).

3.1 UV-C

UV-C irradiation, an efficient sterilization method, dis-
plays a variety of advantages over conventional dairy
thermal treatment. Firstly, it is able to effectively inactivate
a wide range of pathogenic and spoilage microorganisms
while realizing a minimal loss of heat-sensitive immune-
active components in milk. In addition, UV-C radiation
is more cost-effective and energy-efficient compared to
thermal processing (Gayán et al., 2011). It was reported
that the total energy consumption of UV systems can
be up to 10,000 times lower compared to heat pasteur-
ization (Rodriguez-Gonzalez et al., 2015). UV-C radiation
is a simple and inexpensive technology, which does not
have high maintenance costs. Last but not least, it has no
toxic effects or waste generation (Gayán et al., 2014). Also,
implementation of this technology at an industrial scale is
already possible, as large units with continuous process-
ing can be used. However, there are also some limitations
to its application in milk processing, such as its lower
penetration efficiency in opaque liquids. To overcome this
problem, inducing turbulence in theUV-C equipmentmay
be applied, or UV-C may be combined with other treat-
ments such as MF (Zhang, Liu, Li, Xu, Hettinga, et al.,
2021).

3.2 Ultrasonication

Similar to UV-C, US also has a wide range of potential
advantages for milk processing. First of all, it inacti-
vates bacteria efficiently at a mild temperature, which
avoids or alleviates the heat damage to the heat-sensitive
components in milk (Liu et al., 2020b). In addition, US
belongs to an environmentally friendly, highly efficient,
non-toxic, and low-cost technology (Dai et al., 2020). Liu
et al. (2021) found that US retains more native MFGM
protein compared to equivalent shear-homogenization.
For its application in dairy processing, there are currently
still some challenges. One of the biggest concerns is the
formation and release of metal particulates during US, as
well as potentially increased oxidation (Reis et al., 2020).
Studies have shown that particulates from transducer
erosion did occur, but its level remained below accepted
drinking water limits, even after excessively long exposure
to ultrasound, suggesting that there are no actual health
implications (Mawson et al., 2014). Undesired volatile
compounds generated due to US are another concern for
their application in milk. Local high temperature and
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TABLE 4 Comparison in advantages of UV-C, US, and HPP

pressure originating from the collapse of bubbles generates
highly reactive hydrogen, hydroxyl radicals, and subse-
quent reactive oxygen species (ROS), which would result
in redox reactions with solutes, such as milk fat and pro-
tein, and thereby may lead to the formation of undesired
flavors in milk (Abrahamsen & Narvhus, 2022; Riener
et al., 2009). Finally, US is often limited to batch mode
processing, which is another challenge that does not favor
its application in practice. Although there is a wide range
of advantages to applying US for milk processing, more
research is needed to enable its efficient large-scale use.

3.3 High-pressure processing

The application of HPP in foodstuffs has been success-
fully commercialized for different foods like dairy, meat,

juice, seafood, and jams (Pottier et al., 2017). The health,
taste, and environmental benefits have led to more posi-
tive consumer attitudes toward HPP-treated foods (Olsen
et al., 2010). Compared with UV-C and US treatments,
HPP is better at retaining nutritional components and fla-
vors of milk, such as preventing the vitamins loss that may
occur by UV-C and the metal-associated flavors that may
originate from US. During HPP treatment, the generated
pressure is continuously and uniformly passed through
the foods without influence on the covalent bonds of
small molecules like vitamins, amino acids, and flavor
compounds. From the perspective of energy use, HPP
is not as good as UV-C; but much better in processing
capacity thanUS (Rodriguez-Gonzalez et al., 2015). Finally,
it is important to realize that the equipment required for
HPP is much more expensive than that for other non-
thermal technologies, making the costs of milk processing
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TABLE 5 Detailed information of commercial or large-scale UV-C, HPP facilities, and milk products

“–”represents not available data.

much higher, especially if done at a small-scale milk
processing, like in human milk banks.

3.4 Comparison of nonthermal
technologies

Table 4 provides an overview of the advantages and
disadvantages of the three main nonthermal processing
techniques. For the time being, the use of dairy prod-
ucts treated with HPP has been improved enormously, and

HPP is the most successfully commercialized emerging
nonthermal technique for dairy processing (as shown in
Table 5). However, it has a relatively high cost of installa-
tion and maintenance, which limits its further promotion.
UV-C has a low cost, low energy consumption, and has
just been commercialized in the US and European coun-
tries but it still needs to be further studied to overcome its
limited penetrating ability in opaque liquids. Ultrasonica-
tion has the most problems to be solved before it can be
industrially applied formilk processing, such as large-scale
instrument developments and lipid oxidation.
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4 CONCLUSIONS

In conclusion, with an increasing demand for natural and
minimally processed foods from customers, nonthermal
technologies have a great potential for use in the food
industry, especially for thermosensitive foods, such as
dairy products. This review summarizes the current
progress of nonthermal techniques applied in dairy
processing in the perspective of retaining immune-active
components and microbial inactivation both regarding
scientific research and application in practice. Generally
speaking, these nonthermal techniques all showed better
protective effects on immune-active components in milk.
Among those nonthermal techniques, UV-C, US, and
HPP were the most investigated; HPP has been already
commercialized on a relatively large scale while the
application of UV-C is still at a start-up time, and the US is
still in the research stage. For HPP treatment, large-scale
production is limited by the costs; for UV-C treatment,
a commercial UV-C device and a uniform calculation of
UV-C dosage are urgently needed before it is able to be
used in industry; for US, some adverse aspects must be
taken into consideration, such as oxidation on proteins
and milk lipids. Other nonthermal techniques are still in
a primary lab-research stage.
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processing by high intensity pulsed electric fields. Trends in
Food Science & Technology, 13(6), 195–204. https://doi.org/10.1016/
S0924-2244(02)00132-2

Bermúdez-Aguirre, D., Mobbs, T., & Barbosa-Cánovas, G. V. (2011).
Ultrasound applications in food processing. In Feng, H., Barbosa-
Canovas, G., & Weiss, J. (Eds.), Ultrasound technologies for food
and bioprocessing (pp. 65–105). Springer New York.

https://orcid.org/0000-0002-9017-4447
https://orcid.org/0000-0002-9017-4447
https://orcid.org/0000-0002-6665-3800
https://orcid.org/0000-0002-6665-3800
https://doi.org/10.1039/D0FO01175D
https://doi.org/10.1016/j.idairyj.2022.105375
https://doi.org/10.1080/10408390701764187
https://doi.org/10.3168/jds.2011-4979
https://doi.org/10.3168/jds.2011-4979
https://doi.org/10.24275/uam/izt/dcbi/revmexingquim/2018v17n1/Alcantara
https://doi.org/10.24275/uam/izt/dcbi/revmexingquim/2018v17n1/Alcantara
https://doi.org/10.1016/j.ifset.2019.02.002
https://doi.org/10.1016/j.ifset.2019.02.002
https://doi.org/10.1016/j.lwt.2020.110322
https://doi.org/10.1016/j.ifset.2022.102947
https://doi.org/10.1016/j.ultsonch.2018.10.017
https://doi.org/10.1016/j.ultsonch.2018.10.017
https://doi.org/10.1111/j.1541-4337.2011.00163.x
https://doi.org/10.1111/j.1541-4337.2011.00163.x
https://doi.org/10.1016/S0924-2244(02)00132-2
https://doi.org/10.1016/S0924-2244(02)00132-2


4348 Nonthermal techniques for dairy

Billeaud, C. (2021). High hydrostatic pressure treatment ensures
the microbiological safety of human milk including Bacillus
cereus and preservation of bioactive proteins including lipase
and immuno-proteins: A narrative review. Foods, 10(6), XX–XX.
https://doi.org/10.3390/foods10061327

Bintsis, T., Litopoulou-Tzanetaki, E., & Robinson, R. K. (2000).
Existing and potential applications of ultraviolet light in the
food industry–A critical review. Journal of the Science of Food
& Agriculture, 80(6), 637–645. https://doi.org/10.1002/(SICI)1097-
0010(20000501)80:6<637::AID-JSFA603>3.0.CO;2-1

Blackshaw, K., Wu, J., Valtchev, P., Lau, E., Banati, R. B., Dehghani,
F., & Schindeler, A. (2021). The effects of thermal pasteurisation,
freeze-drying, and gamma-irradiation on the antibacterial proper-
ties of donor human milk. Foods, 10(9), 2077. https://doi.org/10.
3390/foods10092077

Bogahawaththa, D., Buckow, R., Chandrapala, J., & Vasiljevic, T.
(2018). Comparison between thermal pasteurization and high
pressure processing of bovine skim milk in relation to denatura-
tion and immunogenicity of native milk proteins. Innovative Food
Science & Emerging Technologies, 47, 301–308. https://doi.org/10.
1016/j.ifset.2018.03.016

Braun-Fahrländer, C., & Von Mutius, E. (2011). Can farm milk con-
sumption prevent allergic diseases? Clinical and Experimental
Allergy, 41(1), 29–35. https://doi.org/10.1111/j.1365-2222.2010.03665.
x

Brick, T., Ege, M., Boeren, S., Bock, A., von Mutius, E., Vervoort, J.,
& Hettinga, K. (2017). Effect of processing intensity on immuno-
logically active bovine milk serum proteins. Nutrients, 9(9), 963.
https://doi.org/10.3390/nu9090963

Brick, T., Hettinga, K., Kirchner, B., Pfaffl, M. W., & Ege, M. J. (2020).
The beneficial effect of farm milk consumption on asthma, aller-
gies, and infections: From meta-analysis of evidence to clinical
trial. The Journal of Allergy and Clinical Immunology: In Practice,
8(3), 878–889. https://doi.org/10.1016/j.jaip.2019.11.017

Buhler, S., Solari, F., Gasparini, A., Montanari, R., Sforza, S., &
Tedeschi, T. (2019).UV irradiation as a comparablemethod to ther-
mal treatment for producing high quality stabilized milk whey.
LWT, 105, 127–134. https://doi.org/10.1016/j.lwt.2019.01.051

Chandrapala, J., & Leong, T. (2015). Ultrasonic processing for dairy
applications: Recent advances. Food Engineering Reviews, 7(2),
143–158. https://doi.org/10.1007/s12393-014-9105-8

Chandrapala, J., Oliver, C., Kentish, S., & Ashokkumar, M. (2012).
Ultrasonics in food processing—Food quality assurance and food
safety. Trends in Food Science & Technology, 26(2), 88–98. https://
doi.org/10.1016/j.tifs.2012.01.010

Chávez-Martínez, A., Reyes-Villagrana, R. A., Rentería-Monterrubio,
A., Sánchez-Vega, R., & Bolivar-Jacobo, N. A. (2020). Low and
high-intensity ultrasound in dairy products: Applications and
effects on physicochemical and microbiological quality. Foods,
9(1688), 1–27. https://doi.org/10.3390/foods9111688

Chawla, A., Lobacz, A., Tarapata, J., & Zulewska, J. (2021). UV light
application as amean for disinfection applied in the dairy industry.
Applied Science, 11(16), 7285. https://doi.org/10.3390/app11167285

Choudhary, R., Bandla, S., Watson, D. G., Haddock, J., Abughazaleh,
A., & Bhattacharya, B. (2011). Performance of coiled tube ultra-
violet reactors to inactivate Escherichia coli W1485 and Bacillus
cereus endospores in raw cow milk and commercially processed
skimmed cow milk. Journal of Food Engineering, 107(1), 14–20.
https://doi.org/10.1016/j.jfoodeng.2011.06.009

Christen, L., Lai, C. T., Hartmann, B., Hartmann, P. E., & Geddes,
D. T. (2013a). Ultraviolet-C Irradiation: A novel pasteurization
method for donor human milk. PLoS One, 8(6), e68120. https://
doi.org/10.1371/journal.pone.0068120

Christen, L., Lai, C. T., Hartmann, B., Hartmann, P. E., & Geddes,
D. T. (2013b). The effect of UV-C pasteurization on bacterio-
static properties and immunological proteins of donor human
milk. PLoS One, 8(12), e85867. https://doi.org/10.1371/journal.
pone.0085867

Coutinho, N. M., Silveira, M. R., Rocha, R. S., Moraes, J., Ferreira, M.
V. S., Pimentel, T. C., Freitas, M. Q., Silva, M. C., Raices, R. S. L.,
Ranadheera, C. S., Borges, F. O., Mathias, S. P., Fernandes, F. A.
N., Rodrigues, S., & Cruz, A. G. (2018). Cold plasma processing of
milk and dairy products. Trends in Food Science & Technology, 74,
56–68. https://doi.org/10.1016/j.tifs.2018.02.008

Czank, C., Simmer, K., & Hartmann, P. E. (2010). Simultane-
ous pasteurization and homogenization of human milk by
combining heat and ultrasound: Effect on milk quality. Jour-
nal of Dairy Research, 77(2), 183–189. https://doi.org/10.1017/
S0022029909990483

da Cruz, A. G., Fonseca Faria, J. d. A., Isay Saad, S. M., André Bolini,
H.M., Sant′Ana, A. S., & Cristianini,M. (2010). High pressure pro-
cessing and pulsed electric fields: potential use in probiotic dairy
foods processing. Trends in Food Science & Technology, 21(10),
483–493. https://doi.org/10.1016/j.tifs.2010.07.006

Dai, J., Bai,M., Li, C., Cui, H., & Lin, L. (2020). Advances in themech-
anism of different antibacterial strategies based on ultrasound
technique for controlling bacterial contamination in food indus-
try. Trends in Food Science & Technology, 105, 211–222. https://doi.
org/10.1016/j.tifs.2020.09.016

de Souza Soares, A., Júnior, B. R. D. C. L., Tribst, A. A. L., Augusto,
P. E. D., & Ramos, A. M. (2020). Effect of ultrasound on goat
cream hydrolysis by lipase: Evaluation on enzyme, substrate and
assisted reaction. LWT, 130, 109636. https://doi.org/10.1016/j.lwt.
2020.109636

de Oliveira Silva, A. C., de Oliveira, L. A. T., de Jesus, E. F. O., Cortez,
M. A. S., Alves, C. C. C., Monteiro, M. L. G., & Conte Junior, C.
A. (2015). Effect of gamma irradiation on the bacteriological and
sensory analysis of raw whole milk under refrigeration. Journal
of Food Processing and Preservation, 39(6), 2404–2411. https://doi.
org/10.1111/jfpp.12490

Delorme, M. M., Guimarães, J. T., Coutinho, N. M., Balthazar, C. F.,
Rocha, R. S., Silva, R., Margalho, L. P., Pimentel, T. C., Silva, M. C.,
Freitas, M. Q., Granato, D., Sant’Ana, A. S., Duart, M. C. K. H., &
Cruz,A.G. (2020).Ultraviolet radiation:An interesting technology
to preserve quality and safety of milk and dairy foods. Trends in
Food Science & Technology, 102, 146–154. https://doi.org/10.1016/j.
tifs.2020.06.001

Demazeau, G., Plumecocq, A., Lehours, P., Martin, P., Couedelo,
L., & Billeaud, C. (2018). A new high hydrostatic pressure
process to assure the microbial safety of human milk while
preserving the biological activity of its main components. Fron-
tiers in Public Health, 6,(306). https://doi.org/10.3389/fpubh.2018.
00306

Deshwal, G. K., Singh, A. K., Kumar, D., & Sharma, H. (2020). Effect
of spray and freeze drying on physico-chemical, functional, mois-
ture sorption and morphological characteristics of camel milk
powder. LWT—Food Science and Technology, 134, 110117. https://
doi.org/10.1016/j.lwt.2020.110117

https://doi.org/10.3390/foods10061327
https://doi.org/10.1002/(SICI)1097-0010(20000501)80
https://doi.org/10.1002/(SICI)1097-0010(20000501)80
https://doi.org/10.3390/foods10092077
https://doi.org/10.3390/foods10092077
https://doi.org/10.1016/j.ifset.2018.03.016
https://doi.org/10.1016/j.ifset.2018.03.016
https://doi.org/10.1111/j.1365-2222.2010.03665.x
https://doi.org/10.1111/j.1365-2222.2010.03665.x
https://doi.org/10.3390/nu9090963
https://doi.org/10.1016/j.jaip.2019.11.017
https://doi.org/10.1016/j.lwt.2019.01.051
https://doi.org/10.1007/s12393-014-9105-8
https://doi.org/10.1016/j.tifs.2012.01.010
https://doi.org/10.1016/j.tifs.2012.01.010
https://doi.org/10.3390/foods9111688
https://doi.org/10.3390/app11167285
https://doi.org/10.1016/j.jfoodeng.2011.06.009
https://doi.org/10.1371/journal.pone.0068120
https://doi.org/10.1371/journal.pone.0068120
https://doi.org/10.1371/journal.pone.0085867
https://doi.org/10.1371/journal.pone.0085867
https://doi.org/10.1016/j.tifs.2018.02.008
https://doi.org/10.1017/S0022029909990483
https://doi.org/10.1017/S0022029909990483
https://doi.org/10.1016/j.tifs.2010.07.006
https://doi.org/10.1016/j.tifs.2020.09.016
https://doi.org/10.1016/j.tifs.2020.09.016
https://doi.org/10.1016/j.lwt.2020.109636
https://doi.org/10.1016/j.lwt.2020.109636
https://doi.org/10.1111/jfpp.12490
https://doi.org/10.1111/jfpp.12490
https://doi.org/10.1016/j.tifs.2020.06.001
https://doi.org/10.1016/j.tifs.2020.06.001
https://doi.org/10.3389/fpubh.2018.00306
https://doi.org/10.3389/fpubh.2018.00306
https://doi.org/10.1016/j.lwt.2020.110117
https://doi.org/10.1016/j.lwt.2020.110117


Nonthermal techniques for dairy 4349

Deshwal, G. K., Tiwari, S., & Kadyan, S. (2021). Applications of
emerging processing technologies for quality and safety enhance-
ment of non-bovine milk and milk products. LWT—Food Sci-
ence andTechnology, 149, 111845. https://doi.org/10.1016/j.lwt.2021.
111845

Dhahir, N., Feugang, J., Witrick, K., Park, S., & AbuGhazaleh, A.
(2020a). Impact of ultrasound processing on some milk-borne
microorganisms and the components of camel milk. Emirates
Journal of Food andAgriculture, 32(4), 245–254. https://doi.org/10.
9755/ejfa.2020.v32.i4.2088

Dhahir, N., Feugang, J., Witrick, K., Park, S., White, S., &
AbuGhazaleh, A. (2020b). The effect of different ultraviolet-C light
doses on microbial reduction and the components of camel milk.
Food Science and Technology International, 27(2), 99–111. https://
doi.org/10.1177/1082013220935230

Dyer, J. M., Clerens, S., Thomas, A., Callaghan, C., Deb-Choudhury,
S., & Haines, S. (2017). Photo-oxidation of whey proteins: Molec-
ular markers of modification. International Dairy Journal, 66,
56–60. https://doi.org/10.1016/j.idairyj.2016.10.008

Edyta, M., Klaudia, K., Katarzyna, S., Małgorzata, P., Dorota, M., &
Bogumiła, K. (2019). Microwave heat treatment application to pas-
teurization of human milk. Innovative Food Science & Emerging
Technologies, 52, 42–48. https://doi.org/10.1016/j.ifset.2018.11.005

EFSA Panel on Dietetic Products. (2016). Safety of UV-treated milk
as a novel food pursuant to Regulation (EC) No. 258/97. EFSA
Journal, 14(1), 4370. https://doi.org/10.2903/j.efsa.2016.4370

Engin, B., & Karagul Yuceer, Y. (2012). Effects of ultraviolet light and
ultrasound on microbial quality and aroma-active components of
milk. Journal of the Science of Food and Agriculture, 92(6), 1245–
1252. https://doi.org/10.1002/jsfa.4689

Escuder-Vieco, D., Espinosa-Martos, I., Rodríguez, J. M., Fernández,
L., & Pallás-Alonso, C. R. (2018). Effect of HTST and holder pas-
teurization on the concentration of immunoglobulins, growth
factors, and hormones in donor human milk. Frontiers in
Immunology, 9(2222),. https://doi.org/10.3389/fimmu.2018.02222

Franco, I., Pérez, M. D., Conesa, C., Calvo, M., & Sánchez, L.
(2018). Effect of technological treatments on bovine lactoferrin:
An overview. Food Research International, 106, 173–182. https://
doi.org/10.1016/j.foodres.2017.12.016

Gabriel, A. A., & Marquez, G. G. F. (2017). Inactivation behaviors of
selected bacteria in ultraviolet-C-treated human breastmilk. Inno-
vative Food Science & Emerging Technologies, 41, 216–223. https://
doi.org/10.1016/j.ifset.2017.03.010

Gammoh, S., Aludatt, M. H., Tranchant, C., Al-Udatt, D., Alhamad,
M., Rababah, T., Kubow, S., Haddadin, M., Ammari, Z.,
Maghaydah, S., & Banat, H. (2020). Modification of the func-
tional and bioactive properties of camel milk casein and whey
proteins by ultrasonication and fermentation with Lactobacillus
delbrueckii subsp. Lactis. LWT—Food Sciecne and Technology,
129, 109501. https://doi.org/10.1016/j.lwt.2020.109501

Gayán, E., Condón, S., & Álvarez, I. (2014). Biological aspects in food
preservation by ultraviolet light: A review. Food and Bioprocess
Technology, 7(1), 1–20. https://doi.org/10.1007/s11947-013-1168-7

Gayán, E., Monfort, S., Álvarez, I., & Condón, S. (2011). UV-C inac-
tivation of Escherichia coli at different temperatures. Innovative
Food Science & Emerging Technologies, 12(4), 531–541. https://doi.
org/10.1016/j.ifset.2011.07.008

Giacometti, F., Bardasi, L., Merialdi, G., Morbarigazzi, M., Federici,
S., Piva, S., & Serraino, A. (2016). Shelf life of donkey milk sub-

jected to different treatment and storage conditions. Journal of
Dairy Science, 99, 4291–4299. http://doi.org/10.3168/jds.2015-10741

Guneser, O., & Karagul Yuceer, Y. (2012). Effect of ultraviolet light on
water- and fat-soluble vitamins in cow and goat milk. Journal of
Dairy Science, 95(11), 6230–6241. https://doi.org/10.3168/jds.2011-
5300

Han, B., Zhang, L., Hou, Y., Zhong, J., Hettinga, K., & Zhou, P. (2022).
Phosphoproteomics reveals that camel and goat milk improve
glucose homeostasis in HDF/STZ-induced diabetic rats through
activation of hepatic AMPK and GSK3-GYS axis. Food Research
International, 157, 111254. https://doi.org/10.1016/j.foodres.2022.
111254

Hariono, B., Wijaya, R., Kurnianto, M. F., Seminar, K. B., &
Brilliantina, A. (2020). Quality of goat milk exposed ultraviolet
and high pulsed electric field. In IOP Conference Series: Earth and
Environmental Science, 411, 012052. 10.1088/1755-1315/411/1/012052

Hashemi, S. M. B., & Gholamhosseinpour, A. (2020). Effect of ultra-
sonication treatment and fermentation by probiotic Lactobacillus
plantarum strains on goat milk bioactivities. International Journal
of Food Science & Technology, 55(6), 2642–2649. https://doi.org/10.
1111/ijfs.14517

Hernández-Falcón, T. A., Monter-Arciniega, A., Cruz-Cansino, N.
d. S., Alanís-García, E., Rodríguez-Serrano, G. M., Castañeda-
Ovando, A., García-Garibay, M., Ramírez-Moreno, E., & Jaimez-
Ordaz, J. (2018). Effect of thermoultrasound on aflatoxinM1 levels,
physicochemical and microbiological properties of milk during
storage. Ultrasonics Sonochemistry, 48, 396–403. https://doi.org/
10.1016/j.ultsonch.2018.06.018

Hu, Y., Kontopodi, E., Mank, E., van den Akker, C. H. P., van
Goudoever, J. B., Hettinga, K., van Elburg, R. M., Thaler, J.,
& Nieuwland, R. (2022). Processing methods of donor human
milk evaluated by a blood plasma clotting assay. Innovative Food
Science & Emerging Technologies, 76, 102938. https://doi.org/10.
1016/j.ifset.2022.102938

Huang, H., Yang, B., & Wang, C. (2014). Effects of high pressure
processing on immunoreactivity and microbiological safety of
crushed peanuts. Food Control, 42, 290–295. https://doi.org/10.
1016/j.foodcont.2014.02.030

Hughes, D., & Nyborg, W. (1962). Cell disruption by ultrasound. Sci-
ence, 138(3537), 108–114. https://doi.org/10.1126/science.138.3537.
108

Irazusta, A., Rodríguez-Camejo, C., Jorcin, S., Puyol, A., Fazio, L.,
Arias, F., Castro, M., Hernández, A., & López-Pedemonte, T.
(2020). High-pressure homogenization and high hydrostatic pres-
sure processing of human milk: Preservation of immunological
components for human milk banks. Journal of Dairy Science,
103(7), 5978–5991. https://doi.org/10.3168/jds.2019-17569

Jermann, C., Koutchma, T., Margas, E., Leadley, C., & Ros-Polski,
V. (2015). Mapping trends in novel and emerging food processing
technologies around the world. Innovative Food Science & Emerg-
ing Technologies, 31, 14–27. https://doi.org/10.1016/j.ifset.2015.06.
007

Kasahara, I., Carrasco, V., & Aguilar, L. (2015). Inactivation of
Escherichia coli in goat milk using pulsed ultraviolet light. Journal
of Food Engineering, 152, 43–49. https://doi.org/10.1016/j.jfoodeng.
2014.11.012

Keyser,M.,Műller, I. A., Cilliers, F. P., Nel,W., &Gouws, P. A. (2008).
Ultraviolet radiation as a non-thermal treatment for the inacti-
vation of microorganisms in fruit juice. Innovative Food Science

https://doi.org/10.1016/j.lwt.2021.111845
https://doi.org/10.1016/j.lwt.2021.111845
https://doi.org/10.9755/ejfa.2020.v32.i4.2088
https://doi.org/10.9755/ejfa.2020.v32.i4.2088
https://doi.org/10.1177/1082013220935230
https://doi.org/10.1177/1082013220935230
https://doi.org/10.1016/j.idairyj.2016.10.008
https://doi.org/10.1016/j.ifset.2018.11.005
https://doi.org/10.2903/j.efsa.2016.4370
https://doi.org/10.1002/jsfa.4689
https://doi.org/10.3389/fimmu.2018.02222
https://doi.org/10.1016/j.foodres.2017.12.016
https://doi.org/10.1016/j.foodres.2017.12.016
https://doi.org/10.1016/j.ifset.2017.03.010
https://doi.org/10.1016/j.ifset.2017.03.010
https://doi.org/10.1016/j.lwt.2020.109501
https://doi.org/10.1007/s11947-013-1168-7
https://doi.org/10.1016/j.ifset.2011.07.008
https://doi.org/10.1016/j.ifset.2011.07.008
http://doi.org/10.3168/jds.2015-10741
https://doi.org/10.3168/jds.2011-5300
https://doi.org/10.3168/jds.2011-5300
https://doi.org/10.1016/j.foodres.2022.111254
https://doi.org/10.1016/j.foodres.2022.111254
https://doi.org/10.1088/1755-1315/411/1/012052
https://doi.org/10.1111/ijfs.14517
https://doi.org/10.1111/ijfs.14517
https://doi.org/10.1016/j.ultsonch.2018.06.018
https://doi.org/10.1016/j.ultsonch.2018.06.018
https://doi.org/10.1016/j.ifset.2022.102938
https://doi.org/10.1016/j.ifset.2022.102938
https://doi.org/10.1016/j.foodcont.2014.02.030
https://doi.org/10.1016/j.foodcont.2014.02.030
https://doi.org/10.1126/science.138.3537.108
https://doi.org/10.1126/science.138.3537.108
https://doi.org/10.3168/jds.2019-17569
https://doi.org/10.1016/j.ifset.2015.06.007
https://doi.org/10.1016/j.ifset.2015.06.007
https://doi.org/10.1016/j.jfoodeng.2014.11.012
https://doi.org/10.1016/j.jfoodeng.2014.11.012


4350 Nonthermal techniques for dairy

& Emerging Technologies, 9(3), 348–354. https://doi.org/10.1016/j.
ifset.2007.09.002

Khanal, S. N., Anand, S.,Muthukumarappan,K., &Huegli,M. (2014).
Inactivation of thermoduric aerobic sporeformers inmilk by ultra-
sonication. Food Control, 37, 232–239. https://doi.org/10.1016/j.
foodcont.2013.09.022

Koirala, S., Prathumpai, W., & Anal, A. K. (2021). Effect of ultrasoni-
cation pretreatment followed by enzymatic hydrolysis of goatmilk
proteins and on antioxidant and angiotensin converting enzyme
(ACE) inhibitory activity of peptides thus produced. International
Dairy Journal, 118, 105026. https://doi.org/10.1016/j.idairyj.2021.
105026

Laroussi, M. (2005). Low temperature plasma-based sterilization:
Overview and state-of-the-art. Plasma Processes and Polymers,
2(5), 391–400. https://doi.org/10.1002/ppap.200400078

Leong, T., Johansson, L., Juliano, P., McArthur, S. L., & Manasseh,
R. (2013). Ultrasonic separation of particulate fluids in small
and large scale systems: A review. Industrial & Engineering
Chemistry Research, 52(47), 16555–16576. https://doi.org/10.1021
/ie402295r

Liu, Y., Boeren, S., Zhang, L., Zhou, P., & Hettinga, K. (2021).
Ultrasonication retains more milk fat globule membrane proteins
compared to equivalent shear-homogenization. Innovative Food
Science & Emerging Technologies, 70, 102703. https://doi.org/10.
1016/j.ifset.2021.102703

Liu, Y., Xiong, L., Kontopodi, E., Boeren, S., Zhang, L., Zhou, P., &
Hettinga, K. (2020b). Changes in the milk serum proteome after
thermal and non-thermal treatment. Innovative Food Science &
Emerging Technologies, xx, 102544. https://doi.org/10.1016/j.ifset.
2020.102544

Liu, Y., Zhang, W., Zhang, L., Hettinga, K., & Zhou, P. (2020a).
Characterizing the changes of bovine milk serum proteins after
simulated industrial processing. LWT, 133, 110101. https://doi.org/
10.1016/j.lwt.2020.110101

Loss, G., Apprich, S., Waser, M., Kneifel, W., Genuneit, J., Büchele,
G., Weber, J., Sozanska, B., Danielewicz, H., Horak, E., van
Neerven, R. J. J., Heederik, D., Lorenzen, P. C., von Mutius, E.,
& Braun-Fahrländer, C. (2011). The protective effect of farm milk
consumption on childhood asthma and atopy: The GABRIELA
study. Journal of Allergy andClinical Immunology, 128(4), 766–773.
https://doi.org/10.1016/j.jaci.2011.07.048

Loss, G., Depner, M., Ulfman, L. H., van Neerven, R. J. J., Hose, A. J.,
Genuneit, J., Karvonen, A. M., Hyvärinen, A., Kaulek, V., Roduit,
C., Weber, J., Lauener, R., Pfefferle, P. I., Pekkanen, J., Vaarala,
O., Dalphin, J.-C., Riedler, J., Braun-Fahrländer, C., von Mutius,
E., & Ege, M. J. (2015). Consumption of unprocessed cow’s milk
protects infants from common respiratory infections. Journal of
Allergy and Clinical Immunology, 135(1), 56–62. https://doi.org/10.
1016/j.jaci.2014.08.044

Lyons, K. E., Ryan, C. A., Dempsey, E. M., Ross, R. P., & Stanton,
C. (2020). Breast milk, a source of beneficial microbes and asso-
ciated benefits for infant health. Nutrients, 12(4),. https://doi.org/
10.3390/nu12041039

Malinowska-Pańczyk, E. (2020). Can high hydrostatic pressure pro-
cessing be the best way to preserve human milk? Trends in Food
Science & Technology, 101, 133–138. https://doi.org/10.1016/j.tifs.
2020.05.009

Mank, E., Kontopodi, E., Heijboer, A. C., van Elburg, R.M., Hettinga,
K., van Goudoever, J. B., & van Toledo, L. (2021). Thermoultrason-

ication, ultraviolet-C irradiation, and high-pressure processing:
Novel techniques to preserve insulin in donor human milk.
Clinical Nutrition, xx, xx, https://doi.org/10.1016/j.clnu.2021.09.
028

Marchesini, G., Fasolato, L., Novelli, E., Balzan, S., Contiero, B.,
Montemurro, F., Andrighetto, I., & Segato, S. (2015). Ultrasonic
inactivation of microorganisms: A compromise between lethal
capacity and sensory quality of milk. Innovative Food Science &
Emerging Technologies, 29, 215–221. https://doi.org/10.1016/j.ifset.
2015.03.015

Martysiak-Żurowska, D., Malinowska-Pańczyk, E., Orzołek, M.,
Kusznierewicz, B., &Kiełbratowska, B. (2022). Effect ofmicrowave
and convection heating on selected nutrients of human milk.
Food Chemistry, 369, 130958. https://doi.org/10.1016/j.foodchem.
2021.130958

Martysiak-Żurowska, D., Puta, M., Kotarska, J., Cybula, K.,
Malinowska-Pańczyk, E., & Kołodziejska, I. (2017). The effect
of UV-C irradiation on lipids and selected biologically active
compounds in human milk. International Dairy Journal, 66,
42–48. https://doi.org/10.1016/j.idairyj.2016.10.009

Masotti, F., Cattaneo, S., Stuknytė, M., & Noni, I. (2021). Current
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