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To extend the shelf life and retain bioactive proteins in milk, this study utilized microfiltration (MF) combined
with ultrasonication to treat skim milk and investigated its efficiency in removing bacteria and retaining
bioactive proteins compared with HTST pasteurization and microfiltration alone. Results showed that micro
filtration combined with ultrasonication at 1296 J/mL could completely remove the bacteria in skim milk.
Ultrasonication further extended the shelf life (4 ◦ C) of microfiltered skim milk, which could reach at least 40
days when MF was combined with ˃1296 J/mL ultrasonication. In addition, ELISA showed that HTST
pasteurization significantly decreased the levels of IgG by ~30%, IgA by ~ 50%, IgM by ~60%, and lactoferrin
by ~40%, whereas the activity of the enzymes lactoperoxidase and xanthine oxidase were also decreased by ~
20%. Compared with HTST, MF alone or combined with ultrasonication retained these bioactive proteins to a
larger degree. On the other hand, proteomics indicated both damage to casein micelle and fat globule structures
in milk when ultrasonication at >1296 J/mL was applied, as shown by increases in caseins and milk fat globular
proteins. Simultaneously, this ultrasound intensity also decreased levels of bioactive proteins, such as comple
ment factors. Taken together, this study provided new insights that may help to implement this novel combi
nation of non-thermal technologies for the dairy industry aimed at improving milk quality and functionality.

1. Introduction
Bovine milk is an important source of nutrients for human beings. In
addition to nutrition, bioactive proteins in milk, including xanthine
oxidase (XO), immunoglobulins (Igs), lactoperoxidase (LPO), and lac
toferrin (LTF), play an important role in regulation, transport, catalysis,
fatty acid binding, antibacterial activity, and other biological functions
[1,2]. Recently, Abbring, Xiong, Diks, Baars, Garssen, Hettinga and van
Esch [3], for example, reported the allergy-protective capacity and
immunologically activity of raw milk whey proteins.
Thermal treatments, such as spray-drying, ESL, UHT, are widely used
to realize the microbial safety, and thereby aim to extend the shelf life of
milk products. However, more and more studies showed that many bioactive components are damaged during such heat treatments, although
HTST pasteurization would retain relatively more bioactive components

than more intense heat treatments [4,5]. In dairy industry, based on the
microbial quality of the raw milk, its shelf life could be only extended to
approximately 7–14 days by HTST pasteurization (72–75 ◦ C for 12–15
s), which limits the development of pasteurized milk products in Asian
and other developing regions, where logistics and sales would require
dairy products to have a longer shelf life. In the past few decades, pro
longing the shelf life of pasteurized milk has been extensively studied,
for example by the use of microfiltration alone or combined with ther
mal treatments [6,7]. Until now, non-thermal treatments are still quite
new for milk processing. Among non-thermal techniques, UV-C, ultra
sonication, and high pressure processing are the most promising alter
natives, and recently several studies have reported the ability of these
non-thermal treatments to sufficiently kill relevant bacteria [8,9].
Microfiltration (MF), a pore size of 1.4 µm, has been widely applied
in dairy industry, since it can remove bacteria, somatic cells and some
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spores from skim milk without damaging other components [10,11].
The efficiency of MF in removing bacteria relies on the applied pore size,
and a pore size of 1.4 µm is able to realize an optimal balance between
removal of bacteria and membrane flux, with little effects on the level of
proteins, mineral and lactose [7].
Even though MF membranes are efficient in removal of bacteria
(achieving a 3–6 log reduction) and spores, MF cannot make sure a
100% removal of pathogens [12]. Thus, MF was usually used as pre
treatment before pasteurization or another thermal treatment, to ensure
the safety of dairy products. There have been a lot of reports on the shelf
life of milk processed by the combination of microfiltration and heat
treatment, however, few studies focused on the combination of MF with
other non-thermal treatments, which could have great potential for both
extending shelf life and retaining bioactive protein. In our previous
study, a MF system combined with UV-C was developed and showed a
satisfactory result in killing bacteria and retaining bio-active proteins
[13]. Ultrasonication, as a new technique in milk processing, would kill
bacteria or viruses by generating strong acoustic cavitation and shearing
[14] and may therefore be useful in combination with microfiltration.
However, the efficiency of MF combined with ultrasonication in
improving microbial and protein quality has not been reported yet. To
guarantee microbial safety, generally a higher ultrasonication power or
prolonged treatment time is needed, which might damage the heatsensitive proteins and may bring off-flavors in milk [15,16]. There
fore, studies on how to ensure the microbial inactivation while avoiding
adverse effects on bioactive proteins are needed. This study therefore
aimed to improve the quality of skim milk by combining microfiltration
with different intensity of ultrasonication treatments and investigated
the changes of bioactive protein and microbial shelf life. A proteomics
approach based LC-MS/MS was used to analyze the changes of whey
proteins as caused by different processes applied. This study could
provide new ideas for extending the shelf life of skim milk as well as
retaining the bioactive proteins, thereby facilitating the understanding
on the application of ultrasonication in dairy processing.

microfiltration combined with ultrasonication treatment. Samples were
collected into sterile plastic bottles after each process and cooled to
approximately 6 ◦ C on ice immediately. All the treatments were
completed within 10 h.
Part of the skim milk was used for the protein analyses, while another
part was put into 15 mL sterile bottles (polypropylene) under highhygiene conditions and stored at 4 ◦ C for the shelf-life study. On first
day of treatments, 3 bottles were randomly selected from each treatment
group for the determination of bacterial count, coliform count, and
spore count. During the shelf life, 3 bottles were randomly selected to
determine bacteria count every 4 days, whereas IgG and LTF were
quantified every 8 days. The workflow of the experiments is shown in
Fig. 1.
2.2. Skim milk processes
2.2.1. HTST pasteurization
The 10 L skim milk was HTST (72 ◦ C-15 s) treated using a UHT/HTST
heat exchanger system (Power Point International, Toda-Shi, Japan),
and aseptically filled into sterilized bottles.
2.2.2. Microfiltration
For MF treatment, a laboratory scale microfiltration unit (GCM-C-03,
Guochu Technology, Fujian, China) equipped with three tubular
ceramic membranes (TAMI Industries, Nyons, France) was used. The
pore size and length of membranes were 1.4 µm and 500 mm respec
tively, and the total membrane area was 0.312 m2. During the micro
filtration process, the temperature of the skim milk was kept between 45
and 50 ◦ C, the cross-flow velocity and the transmembrane pressure
(TMB) were 7.0 m/s and 75 kPa respectively. After each run, the
membrane was immediately rinsed with deionized water at 60 ◦ C for 20
min, then rinsed with 2% NaOH (w/v) at 80 ◦ C for 30 min, and then
neutralized with deionized water at room temperature. After that, 1%
HNO3 (v/v) was used to rinse at 50 ◦ C for 30 min, and the whole
microfiltration system was neutralized again with deionized water.

2. Material and methods

2.2.3. Ultrasonication
Ultrasonication was performed using an ultrasonic processor (JY99IIDN, Ningbo Scientz Biotechnology Co., Ltd., China) with a probe of 20
mm (diameter), and the probe was kept 3 cm below the milk surface. A
sample of 300 mL skim milk after the microfiltration process was placed
in a 400 mL glass beaker, which was incubated in a 1 L double jacketed
beaker filled with circulating water of 40 ◦ C [9,18]. The treatments were
performed in intermittent pulse mode, with an output power of 720 W,
pulse time of 5 s, intermittent time of 5 s, and a total ultrasonic time of 3
min, 9 min, or 15 min. The temperature of the samples was monitored

2.1. Skim milk preparation and experimental design
Fifty Liters of fresh raw milk was sampled from a local dairy factory
in a sterilized plastic container. The whole milk was skimmed by a disc
stack centrifuger (CLARA 20, Alfa Laval, Sweden) at room temperature
until the fat content was below 0.1% (fat content was determined ac
cording to AOAC method 989.05 [17]). After that, the skim milk was
kept in a stainless steel tank below 6 ◦ C until subsequent processing.
Skim milk was then treated with HTST pasteurization, microfiltration, or

Fig. 1. Workflow and schematic for skim milk processes.
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and did not exceed 60 ◦ C during ultrasonication. The energy density was
used to calculate the ultrasonication intensity according to the following
formula [19]:
D=

(Thermo Fisher Scientific, USA) with an ESI nanospray source was used
to analyze the samples. The digested peptides (5 µL) were injected into a
nano column (100 μm × 10 cm in-house made column packed with a
reversed-phase) and then eluted using the ReproSil-Pur C18-AQ resin (3
μm, 120 Å, Dr. Maisch GmbH, Germany). The mobile phase A and B
were 0.1% formic acid in water and acetonitrile respectively. Gradient
elution with 4% to 10% B for 5 min, 10% to 22% B for 80 min, 22% to
40% B for 25 min, 40% to 95% B for 5 min, and 95% to 95% B for 5 min
was used. For the mass spectrometry, the spray voltage was 2.2 kV and
the capillary temperature was 270 ◦ C. The MS resolution was 70,000 at
400 m/z and MS precursor m/z range was 300–1400; The MS/MS ion
scan range was started from m/z 100, and the MS/MS scan range were
set from 200 to 2000 m/z.
MaxQuant (1.6.2.10) was used to analyze the raw data files and the
proteins were identified based on a bovine protein database (source:
Uniprot UP000009136). The detailed parameters were listed below:
fixed modifications were carbamidomethyl (C), variable modifications
were oxidation (M) and acetylation (Protein N-term). The enzyme was
set as trypsin, the maximum missed cleavages was set as 2, and the
precursor ion mass tolerance and MS/MS tolerance were both set to 20
ppm. The length of peptides was set ˃7 amino acids. Proteins were
identified as highly confident based on at least two distinct peptides: at
least one unique and one unmodified. The proteomic data was further
processed by Perseus 1.6.12. The label free quantification (LFQ) in
tensity was used to quantify the identified proteins. Differences with a p
value < 0.05 were regarded as significantly different, using
Permutation-based FDR correction of the p value.

Pd × t
V

where D represents energy density (J/mL), Pd represents output power
(W), t represents treating time (s), and V represents sample volume
(mL). The energy densities of the ultrasonication used in this research
were 432, 1296, and 2160 J/mL, corresponding to a treatment time of 3,
9, and 15 min, respectively.
2.3. Microbiological analysis
After each process, total bacteria count (TBC) and coliform count of
samples were determined as described by Zhang, Liu, Li, Xu and Zhou
[13]. The bacterial count was recorded in Mean ± SD. Spores count was
determined as described by Fritsch and Moraru [20]. All the vegetative
bacteria in skim milk were inactivated by heating at 80 ◦ C for 12 min,
then determined using the same method as for TBC as described above.
2.4. Determination of native milk serum and skim milk proteins
Caseins and denatured serum proteins were precipitated by adjusting
the pH of skim milk to 4.6 with 1 M HCl [21], then samples were placed
at 4 ◦ C for an hour. After that, milk samples were ultracentrifuged
(Optima L-80, Beckman Coulter, USA) at 33100 rpm for 90 min at room
temperature to obtain milk serum samples. Based on the required sam
ple amount and availability of samples (the amount of milk serum was
limited while skim milk was available in large volumes), the protein
concentration in skim milk and milk serum was determined by Kjeldahl
apparatus (K1302, Sonnen Automated Analysis Instrument Co., Ltd.,
Shanghai, China) and Coomassie (Bradford) method, respectively.

2.8. Immunoglobulins and lactoferrin quantification
Igs (IgG, IgA, IgM) and LTF were determined by ELISA kits (Cat. No.
E10- 118, 131, 101, and 126, Bethyl Laboratories, USA) based on a
provided protocol and a previous study [9]. Each sample was deter
mined in triplicates.

2.5. SDS-PAGE of native milk serum protein

2.9. Lactoperoxidase and xanthine oxidase activity

Milk serum was diluted five times with Milli-Q water to reach
approximately 1 mg/mL and mixed with loading buffer containing 5%
of β-mercaptoethanol. After heating at 100 ◦ C for 3 min, 10 μL of the
diluted sample was loaded on an SDS-PAGE kit gel (Cat. No. P0012A,
Beyotime, China). The current setting, the staining and destaining
methods were referred to the methods of Zhang, Liu, Li, Xu and Zhou
[13].

LPO activity was determined according to a fluorescence method
[22]. Each milliliter LPO assay reagent contained 23.1 μL dye solution,
4.6 μL KSCN solution and 972.3 μL 0.1 M PBS. After that, the 80-fold
diluted milk sample and the LPO assay reagent were mixed at the
ratio of 2:13 in volume, and then 225 μL mixture was added into a 96well microplate. The microplate was incubated at 37 ◦ C for 20 min in
a microplate reader (CYTATION5, BioTek, America), after which 50 μL
H2O2 was added to activate the reaction. The fluorescence intensity was
measured under an excitation wavelength of 544 nm and an emission
wavelength of 590 nm. Different concentrations of H2O2 were prepared
as standard curve.
XO activity was also determined according to a fluorescence method
[23]. The XO reaction reagent was prepared with 10 μL 10 mM AR, 4 μL
200 U/mL HRP, 40 μL 10 mM hypoxanthine, and 946 μL 0.1 M phos
phate buffer (pH 7.4). Then, 50 μL of diluted milk samples was mixed
with 50 μL of XO reaction reagent in a 96-well microplate, after which
the fluorescence intensity was measured at 544/590 nm (excitation/
emission) every 30 s for 30 min. Different concentrations of H2O2 were
prepared as standard curve. The blank reagent was prepared by
replacing hypoxanthine with distilled water.

2.6. Protein digestion for LC-MS/MS analysis
Proteolysis was carried out according to the method of Zhang, Liu, Li,
Xu and Zhou [13]. Fifty microgram of milk protein was placed into lowbinding Eppendorf tubes and mixed with 50 mM NH4HCO3 to a total
volume of 100 µL. Then samples were reduced and alkylated by
dithiothreitol and iodoacetamide, respectively. Next, 30 µg alkylated
sample was pipetted on a Millipore Microcon centrifugal filter unit (YM10) and centrifuge at 13,200 rpm for 30 min. After adjusting the pH to
8.0 with 50 mM NH4HCO3, trypsin was added to the samples at a ratio of
1:100 and the samples was incubated at 37 ◦ C overnight. After digestion,
the obtained peptides were desalted with an C18 tip (prepared inhouse), and then evaporated with a vacuum centrifuger. The dry pep
tides were dissolved with 0.1% formic acid and 2% acetonitrile and
centrifuged at 13,200 rpm at 4 ◦ C for 10 min. The supernatant was
finally transferred to new low-binding tubes for further analysis.

2.10. Data analysis and visualization
Except for the proteomics data mentioned above, for the other data
the average and standard deviation were calculated using Excel, oneway ANOVA was performed with SPSS 16.0, and differences with a p
value < 0.05 was regarded as significant difference. Cluster analysis and
visualization were performed with MeV 4.9.0 and GraphPad 8.0.

2.7. Protein identification by Nano-LC-MS/MS
An Easy-nLC1000 system (Thermo Fisher Scientific, USA) coupled
with a Q Exactive™ Hybrid Quadrupole-Orbitrap™ Mass Spectrometer
3
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3. Results and discussion

There are lots of non-pathogenic organisms in pasteurized milk,
including bacterial spores, some spore-formers such as Paenibacillus and
some thermoduric non-spore-formers such as Coryneforms, micrococci,
and some streptococci [26]. Due to the character of filtering microor
ganisms based on pore size, microfiltration therefore, may remove more
thermoduric bacteria, including non-spore-former and spores, but can’t
remove all types of organisms. Schmidt, Kaufmann, Kulozik, Scherer and
Wenning [27] reported several major bacteria in microfiltrated milk,
including heat-resistant high G + C (base pairs of gene) Gram-positive
bacteria, obligate aerobic Gram-negative bacteria and lactic acid bac
teria. This could be the main reason for the rapid growth of bacteria in
MF and MUS1 treated milk during shelf life.

3.1. Shelf life of skim milk
Table 1 shows the total protein content and microbial quality of skim
milk after different treatments. Skim milk after different treatments all
met the standards of FDA and China (GB) for pasteurized milk (Total
bacterial count < 2 × 104 CFU/mL and < 5 × 104 CFU/mL, respectively;
Coliform < 10 CFU/mL and < 5 CFU/mL, respectively). Larger reduc
tion of total bacteria and spores were found in skim milk after micro
filtration, compared with HTST. Similarly, previous studies reported
that microfiltration could realize a reduction of vegetative bacteria from
3 to 6 log CFU/mL, and effectively remove spores [6,20]. MF relies on
physical filtration to remove microorganisms from milk, so the initial
microbial load and morphological characteristics have a great impact on
the filtration efficiency, which makes that MF can’t achieve complete
removal of all bacteria and spores [12]. As shown in Table 1, there were
2.46 log CFU/mL of bacteria left in milk after MF. These retained bac
teria were subsequently inactivated by ultrasonication (Tab.1). Fig. 2
displays the microbial quality during storage at 4 ◦ C. This further
reduction of bacteria by ultrasonication after MF in turn extended the
shelf life of skim milk in a dose-dependent manner. Different from MF,
the mechanical effects and reactive oxide species (ROS) resulting from
ultrasound-induced acoustic cavitation had strong physicochemical (e.g.
sonoporation and sonochemical) effects on the cell membrane structure
and intracellular substances of most bacteria [24], being responsible for
inactivating the bacteria, thereby extending the shelf-life of skim milk.
Otherwise, applying ultrasound alone has been shown to require a
relative long treatment time to inactivate desired numbers of bacteria
[25], which may lead to damages to the bioactive milk proteins [9].
Therefore, the combination of MF and ultrasound appear to outperform
either of these techniques alone.
During the shelf life, the bacteria count of untreated skim milk
increased rapidly and exceeded the limit of raw milk (2 × 106 CFU/mL
for GB standard) after 4 days. Although a lower microbial load was
found in MF skim milk compared to HTST skim milk, the shelf life of MF
skim milk was not significantly longer. However, compared with
microfiltration alone, microfiltration combined with ultrasonication did
extend the shelf life of skim milk, especially after ultrasonication at a
higher intensity (MUS2 and MUS3). Shelf life of MUS1 treated milk was
extended to ~ 20 days, and no noteworthy bacterial growth was found
in MUS2 and MUS3 treated skim milk even after 40 days of storage.
It is worth noting that the microorganisms in HTST, MF and MUS1
skim milk were not completely inactivated, and they all grew rapidly
during shelf life. Although the initial microbial load of MF milk was
lower, the microbial load of MF milk increased much faster than HTST
milk, which resulted in a similar shelf-life. This could be the result of the
variety of bacteria that remained in skim milk after those treatments.

3.2. Concentration of native milk serum protein and SDS-PAGE
Fig. 3A displays the concentration and protein patterns of native milk
serum proteins after different treatments. As shown in Fig. 3A, the
concentration of native serum protein was decreased in HTST treated
skim milk, while no significant change was found in MF and ultra
sonication treated skim milks. As shown in Fig. 3B, β-Lg, α-La, BSA, LTF,
and IgG-heavy chain (IgG-HC) were the major proteins in milk serum. In
contrast to raw milk, the band intensity of BSA, β-Lg, and α-La of HTST
treated skim milk remained the same as raw milk, however, the band
intensity of IgG-HC and LTF were obviously decreased. During thermal
treatment, LTF and IgG-HC easily aggregate with themselves, or with
other whey proteins and caseins through covalent interactions, such as
thiol-disulfide reactions, and were then removed during acid precipi
tation and ultracentrifugation as used during sample preparation [13].
MF, as a non-thermal processing method, didn’t decrease the major
serum proteins as shown by SDS-PAGE. Moreover, the bands of LTF and
IgG in MF combined with ultrasonication did not show an obvious
decrease, which suggests that these proteins were not damaged by either
MF or ultrasonication, as HTST did. The results of SDS-PAGE were in
accordance with the concentration of native serum proteins. Similar
results were found by Liu, Xiong, Kontopodi, Boeren, Zhang, Zhou and
Hettinga [9], they which showed that whole milk treated with ultra
sonication had no significant differences in the major serum proteins as
observed by SDS-PAGE.
3.3. Identification and analysis of milk serum proteome
In this study, a total of 283 proteins were identified. Among them, 98
proteins commonly shared in all samples were used for further analysis.
Fig. 4 shows the results of a PCA and cluster analysis of the shared
quantified proteins after different treatments. The first two principal
components (PCs) explained 50.7% of the total variance. As shown in
the score plot (Fig. 4A), milk samples were clustered separately
depending on their treatments. Among them, MF, MUS1 could not be
distinguished from the S group by the first two PCs. HTST milk is
separated from the raw milk in the direction of PC1, and MUS2 and
MUS3 treated milks were separated in the direction of PC2. The loading
plot is shown in Fig. 4B, and each black dot represents a quantified
protein. According to this loading plot, protein with a high contribution
to PC1 are mainly antithrombin-III (SERPINC1), folate receptor alpha
(FOLR1), perilipin-2 (PLIN2), polymeric immunoglobulin receptor
(PIGR), Immunoglobulin J chain (JCHAIN), Sulfhydryl oxidase
(QSOX1), fibrinogen beta chain (FGA), while for PC2 this are mainly
serpin A3-7 (SERPINA3-7), caseins, lactoferrin (LTF), Monocyte differ
entiation antigen CD14 (CD14), alpha-lactalbumin (LALBA). Among
them, PIGR, JCHAIN, FGA, CD14, LTF, and QSOX1 can act as carrier
proteins and immune effectors and were generally recognized as heatlabile [28]. Hierarchical clustering was used to further analyze the
quantified proteins, and Fig. 4C shows the resulting heatmap. This
shows that the samples are divided into two major clusters according to
their protein profiles. MF, S, and MUS1 treated samples form one cluster;
MUS2, and MUS3 form a second cluster, while HTST is on its own,

Table 1
Protein content and microbial quality of skim milk subjected to different pro
cessing methods.
Protein
concentration (mg/
mL)

Bacteria count
(log CFU/mL)

Coliform (log
CFU/mL)

Spores (log
CFU/mL)

S

36.0 ± 0.4a

6.16 ± 0.02d

2.42 ± 0.16

HTST

35.7 ± 0.2a

4.02 ± 0.09c

ND

MF
MUS1
MUS2
MUS3

35.2
34.2
34.0
33.8

± 0.1a
± 0.3a
± 1.0a
± 0.9a

2.46 ± 0.02b
1.73 ± 0.04a
ND
ND

ND
ND
ND
ND

3.69 ±
0.01a
3.64 ±
0.01a
ND
ND
ND
ND

S: skim milk, HTST: HTST pasteurization, MF: microfiltration, MUS1, MUS2 and
MUS3 represent microfiltration combination with ultrasonication (with energy
density of 432, 1296 and 2160 J/mL) respectively. Different letters in the same
column indicate significant difference (p < 0.05).
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Fig. 2. Bacteria count in skim milk after different treatments during shelf life. The black dashed lines indicate the China national standard (GB) and FDA standard for
pasteurized milk. S: Skim milk; HTST: HTST pasteurization; MF: Microfiltration; MUS1, MUS2 and MUS3: Microfiltration combined with ultrasonication with
different energy densities at 432, 1296 and 2160 J/mL, respectively.

Fig. 3. Protein concentration (A) and SDS-PAGE patterns (B) of native milk serum proteins after different treatments. S: Skim milk; HTST: HTST pasteurization; MF:
Microfiltration; MUS1, MUS2 and MUS3: Microfiltration combined with ultrasonication with different energy densities at 432, 1296 and 2160 J/mL, respectively.
Different letters on top of columns suggest significant differences (p < 0.05).

suggesting that HTST is different from all other samples. These results
also demonstrate that MF, alone or combined with low-intensity ultra
sonication treatments, would not influence the low-abundant whey
proteins, while MF combined with ultrasonication at higher intensity
would to a limited extent influence these proteins. As mentioned above,
the influence of MUS2 and MUS3 treatments on low-abundant whey
proteins still differed from HTST. The abundances of some proteins in
MUS2 and MUS3 treated milk are higher than those in HTST milk,
including e.g. osteopontin (SPP1), CD177 molecule (CD177), αs1-casein
(CSN1S1), αs2-casein (CSN1S2), β-casein (CSN2), and milk fat derived
proteins such as butyrophilin subfamily 1 member A1 (BTN1A1), and
lactadherin (MFGE8). Ultrasonication may break both the native MFGM
and the casein micelle structures, resulting in the increase of these
proteins in milk serum [29,30]. The clustering results were generally
consistent with the PCA results shown in Fig. 4A.
To further analyze these significantly different proteins, Fig. 5
demonstrates the volcano plot analysis between the treatment groups
and untreated skim milk. The significantly different proteins (|Log2 FC|
˃1, p < 0.05) are marked with their gene names, and the corresponding
protein names and more information are shown in the Supplementary
material. As shown in Fig. 5A, MF had no significant effect on the
abundance of milk serum proteins. However, 12 serum proteins were
significantly reduced in HTST treated milk compared to the untreated
skim milk (Fig. 5B), which is in agreement with previous reports [18].
Most of these reduced proteins are related to cellular processes, meta
bolic processes, binding, catalytic activity, such as polymeric

immunoglobulin receptor (PIGR), alpha-2-macroglobulin (A2M), com
plement C3 (C3), and haptoglobin (HP). PIGR is involved in the trans
port and secretion of Igs, transferring IgA and IgM from epithelial cells to
mucosal secretion [31]. A2M could inhibit protease activities and
interact with cytokines to participate in the immune regulation [32].
The complement system, similar to immunoglobulin, is part of the
innate human immune system [33], and HP plays an important role in
inflammatory response [34]. These heat-sensitive proteins are generally
aggregated by disulfide bonds with other serum proteins or caseins
during heating, leading to a loss of their bioactivities [3,5].
Fig. 5C-E show that the number of significantly different proteins
after ultrasonication gradually increased along with the increase of
ultrasonication intensity. MUS1 did not show major significant differ
ences, while MUS2 and MUS3 did cause minor changes of the milk
serum proteome. A total of 9 proteins showed significant increases in
abundance in MUS treated milk, and 9 proteins significantly decreased.
Most of these significantly decreased proteins are related to immune
or antibacterial functions, including complement factor B (CFB), pepti
doglycan recognition protein 1 (PGLYRP1), monocyte differentiation
antigen CD14 (CD14). Liu, Xiong, Kontopodi, Boeren, Zhang, Zhou and
Hettinga [9] also found that a variety of bioactive serum proteins were
significantly decreased in whole milk after ultrasonication. Ultrasound
could produce local high temperatures (2000–5000 K), high pressure,
and strong shear, which all could lead to the unfolding of milk serum
protein, resulting in the formation of aggregates through hydrophobic
interactions and disulfide bonds [14].
5
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Fig. 4. PCA analysis (Scores (A); Loadings (B)) and heatmap (C) of the quantified milk serum proteome after different treatments. S: Skim milk; HTST: HTST
pasteurization; MF: Microfiltration, MUS1, MUS2 and MUS3; Microfiltration combined with ultrasonication with different energy densities at 432, 1296 and 2160 J/
mL, respectively.

Fig. 5. Volcano plots of the quantified milk serum proteome after different treatments. S: Skim milk; HTST: HTST pasteurization; MF: Microfiltration; MUS1, MUS2
and MUS3: Microfiltration combined with ultrasonication with different energy densities at 432, 1296 and 2160 J/mL, respectively.
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phosphorylated protein with calcium binding sites that allows it to bind
to casein micelles [37]. Due to the mechanical effect of ultrasonication,
some SPP1 bound to casein micelles may have been released which may
explained its increased level in the milk serum fraction.

Among all the significantly increased proteins, milk fat globule
membrane (MFGM) proteins and caseins were the major ones, such as
platelet glycoprotein 4 (CD36), fatty acid-binding protein (FABP3), αs1casein, and osteopontin (SPP1). Submicron fat globules (100–400 nm)
or lipid-protein complexes (<500 nm) can be formed during milk pro
cessing, such as shear homogenization, and be eventually retained in
skim milk [35,36]. The MFGM proteins bound to these lipid particles can
be released into the milk serum phase by the homogenization effect of
ultrasonication [36] and then be identified. In addition, it was reported
that ultrasonication would affect the structure of milk proteins, espe
cially casein micelles [30]. The collision and interaction between pro
tein aggregates would be increased by the strong shearing effect of
ultrasonication. Proteins bound by weak hydrophobic interactions or
Van der Waals forces would partly collapse because of the collision,
resulting in decreasing particle size [14]. Ultrasonication could loosen
the structure of casein micelles, after which a part of the caseins from the
micelles could diffuse into the milk serum phase. SPP1 is a kind of acid

3.4. Immunoglobulins, and lactoferrin
To determine the bioactive proteins in skim milk after processing,
ELISA was used to determine the content of Igs and LTF. Fig. 6 shows the
retention of the concentration of bioactive proteins (IgG, LTF, IgA and
IgM). After HTST pasteurization, IgG, LTF, IgA and IgM significantly
decreased by 30%, 35%, 45%, and 60%, respectively, which is in
agreement with a previous report [4]. Comparing the different pro
cesses, MF and MUS1 didn’t reduce the concentration of those bioactive
proteins. MUS treatments did not decrease the content of IgG compared
with raw milk, while LTF, IgA and IgM concentration showed a slight
but significant decrease in the MUS2 and MUS3 treatments, which was

Fig. 6. Retention of IgG (A), LTF (B), IgA (C), IgM (D) concentrations, and LPO (E) and XO activity (F) after different treatments. S: Skim milk; HTST: HTST
pasteurization; MF: microfiltration, MUS1, MUS2 and MUS3: microfiltration combined with ultrasonication with different energy densities at 432, 1296 and 2160 J/
mL, respectively. Different letters indicate significant difference (p < 0.05).
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in a dose-dependent manner. Generally speaking, ultrasonication
treatments at higher intensity (MUS2 and MUS3) caused a limited effect
on bioactive proteins such as LTF; however, they performed better than
the HTST treatment. These findings were in agreement with the report of
Liu, Xiong, Kontopodi, Boeren, Zhang, Zhou and Hettinga [9], who also
found that thermo-ultrasonication reduced the abundance of whey
proteins to a limited extent. Retention of these bioactive proteins was
closely related with ultrasonication intensity. Although ultrasonication
with higher energy density (>1296 J/mL) showed a better inactivation
capacity (Table 1), owing to physical effects (liquid shear force, shock
wave, micro-jets, etc.), and local high temperature and pressure caused
by acoustic cavitation [24], this would simultaneously result in the
damage of bioactive proteins. In summary, MF combined with ultra
sonication applied in this study realized a better preservation of bioac
tive proteins in skim milk compared with HTST, while achieving a better
bacterial inactivation and a longer shelf life.

depending on the ultrasonication intensity, without a major decrease of
the bioactive components in milk. The results thus show that MF com
bined with ultrasonication has a better performance in preserving
bioactive proteins than the commonly used HTST pasteurization. These
findings could give inspirations to produce extended shelf-life milk with
high levels of bioactive proteins, and consequently improve the current
dairy processing. However, further studies such as milk flavor evalua
tions and development of large-scale ultrasonication equipment are
needed to realize the industrial application of ultrasonication.
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3.5. LPO and XO activity
LPO and XO are two important natural antibacterial enzymes in milk
which interact with each other to form the XO-LPO system, which may
promote the intestinal immune system of humans, especially for new
borns [38]. The XO in skimmed milk only accounts for 5–10% of the
total XO activity. It was reported that part of XO on the MFGM could be
released into skim milk during transportation and homogenization
[39,40]. The XO activity measured in this research only represents the
part of its activity in skim milk. The retention of LPO and XO activities
was demonstrated in Fig. 6E and F. As expected, HTST significantly
reduced the activities of LPO and XO by ~ 30% and 20%, respectively.
The changes in LPO activity was in agreement with the findings of
Griffiths [41], who found that ~ 70% of LPO was retained after heating
at 72 ◦ C for 15 s. The retention of LPO and XO activities gradually
decreased with the increase of ultrasonication intensity in a dosedependent manner, especially for XO activity. Villamiel and de Jong
[42] studied the effect of ultrasound on several enzymes in whole milk,
and found that LPO showed a certain resistance to ultrasound, and the
subsequent reduction of LPO activity also occurred in a dose-dependent
manner. Zhang, Liu, Li, Xu and Zhou [13] reported that HTST (72 ◦ C for
15 s) could reduce XO activity by 20% in skim milk, which was in
accordance with our results. Another research reported that the XO
activity in whole milk was reduced by 60% and 55% after heating at
63 ◦ C for 30 min and 73 ◦ C for 15 s, respectively [43]. These differences
in XO activity may be affected by the variables in milk fat content,
thermal treatment systems and parameters, or determination methods
[44]. The partial inactivation of LPO and XO in milk treated with
ultrasonication may not only relate to protein denaturation caused by
local high temperature and high shear force, but also relate to the
structural changes of the enzyme resulting from the free radicals formed
during the decomposition of H2O molecules due to ultrasonication [44].
Even though MF combined with ultrasonication would slightly reduce
the bioactive proteins in skim milk, however, ultrasonication with the
highest intensity still shows a better retention for most of these proteins
compared with HTST treatment.
In addition, to check the stability and retention status of these
bioactive components in milk. We also measured the content of LTF and
IgG during shelf life. Fig. S1 shows the changes of IgG and LTF content in
skim milk during shelf life. It could be observed that the concentration of
IgG and LTF after different treatments remained stable during the whole
shelf life.
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